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    When I want to discover something ,  I begin by reading up everything that has been 
done along that line in the past  –  that ’ s what all these books in the library are for. I 
see what has been accomplished at great labor and expense in the past. I gather 
data of many thousands of experiments as a starting point ,  and then I make thou-
sands more . 

 Attributed to Thomas Edison 

   The aim of this book is to provide a current overview of the ongoing revo-
lution in neurorehabilitation technology. This revolution began in the late 
1980s when several research groups, apparently beginning with a group at 
MIT, made the observation that robotic technologies could enhance rehabili-
tation movement training by automating parts of it. Seminal work in neuro-
plasticity emerging at the same time observed for the fi rst time that the 
nervous system retains a highly distributed capacity to alter its connectivity in 
response to repetitive sensory motor input even following severe damage and 
aging. Partially automating repetitive movement training was thus imagined 
as a way to increase movement therapy dose, improving recovery without 
increasing health care costs. 

 Thirty years later, tens and perhaps hundreds of companies worldwide 
now sell rehabilitation robotic technology. The most successful company is 
likely the Swiss company Hocoma. With the development of the gait orthosis 
‘Lokomat’ in the early 1990s, Hocoma emerged as a spin-off from the 
Balgrist University Hospital in Zürich. It is now established well with over 
1000 installations of its Lokomat gait orthosis, Armeo arm orthoses, and 
other technologies (its products and their evaluation are necessarily the focus 
of several chapters in the book). The number of papers published in rehabili-
tation robotics has increased from a few per year to over 1000 annually. 
Systematic reviews of tens of randomized controlled trials now affi rm robotic 
training as a benefi cial supplement to conventional training. 

 Yet the benefi ts provided by these devices are incremental for most patients 
and the cost high enough to limit their use mainly to fl agship rehabilitation 
facilities. We are perhaps at a stage of invention similar to that of the light 
bulb in 1878. The best light bulbs in 1878 lasted only 13 h, despite the light 
bulb having been invented in 1802 by Humphry Davy. It would take Thomas 
Edison several more years of experimental and theoretical work to increase 
the average light bulb life to over 1000 h, thus producing one of the most 
impactful technologies of all time. 

  Preface to the  Second Edition   
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 This second edition of  Neurorehabilitation Technology  details what might 
be described as the ongoing Edisonian process of improving neurorehabilita-
tion technology. World leaders in their fi elds have taken the time to step back 
from their work, evaluate the state of the art in their fi eld, and trace the devel-
opment of their own work in creating this state of the art. In their chapters, 
they detail improved knowledge of motor impairment and neuroplasticity 
mechanisms; this knowledge is fundamental for a principled approach to neu-
rorehabilitation technology design. They describe how they have not only 
incorporated robotic devices into their clinical practice, but then further 
refi ned these technologies based on their clinical experience. They highlight 
the potential of combination therapies with drugs, electrical stimulation, and 
brain-computer interfaces, to increase functional benefi ts achievable beyond 
hard limits set by neural destruction. And they describe the beginnings of the 
second wave of innovation in neurorehabilitation technology now occurring, 
this time driven by the worldwide emergence of wearable sensing, actuation, 
and computing for consumer health markets. 

 New chapters selected for the second edition include motor challenge in 
neurorehabilitation, neural coupling in neurorehabilitation after stroke, clini-
cal application of robots for children, overground exoskeletons for locomo-
tion recovery, virtual reality and computer gaming for rehabilitation, wearable 
sensors, and brain-computer interfaces for rehabilitation therapy. Chapters 
published in the fi rst edition have also been updated and reorganized to refl ect 
the ongoing revolution. Volker and I hope that this book will inspire the next 
generation of innovators—clinicians, neuroscientists, and engineers—to 
move neurorehabilitation technology forward, thus benefi tting the next gen-
eration of people with a neurologic impairment. 

 The editors thank Barbara Lopez-Lucio for her excellent technical support 
editing this book.  

    Irvine ,  USA      David     Reinkensmeyer   
    Zurich ,  Switzerland      Volker     Dietz       

Preface to the Second Edition
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  Introduction: Ration ale for Machine Use   

 Neurorehabilitation technology, which includes robotics, wearable sensors, 
virtual reality, and functional electrical stimulation, is a rapidly expanding 
fi eld in research and clinical applications. This second edition book discusses 
the state of art in this fi eld and also examines evolving developments in 
related basic research and in therapeutic applications. A key question we seek 
to answer is “What is the rationale for machine use in neurorehabilitation?” 

 During the last 25 years, it has become evident that the effi cacy of conven-
tional physio- or occupational therapy applied during neurorehabilitation of 
stroke and spinal-cord-injured (SCI) patients can hardly be demonstrated in 
the context of evidence-based medicine. Conventional physio- or occupa-
tional therapy has usually been conducted on limited populations, with little 
objective and standardized assessments of its effects on outcomes over the 
course of rehabilitation and without a sound scientifi c basis. Different thera-
peutic “schools” (e.g., Bobath/Vojta) that emerged based on individual thera-
pist experiences were not based on a rational approach driven by knowledge 
of the pathophysiological basis of impairment. 

 Relatively few, large studies have been performed to evaluate the effects of 
a given therapy or to compare the effects of different therapeutic interven-
tions. Of course, in neurorehabilitation, the optimal approaches, such as the 
use of full randomized controlled trials, are diffi cult to implement rigorously, 
because of the confounding effects of spontaneous recovery of function. 
Furthermore, comparisons with “controls,” i.e., patients without any treat-
ment, are not feasible to perform. Thus, the quantitative effects of conven-
tional physio- and occupational therapies still remain an open question. Some 
investigators have even argued that conventional therapy provides no real 
benefi t for impairment reduction beyond that offered by spontaneous biologi-
cal recovery alone, except in teaching patients compensatory strategies 
through motor learning [1, 2]. 

    Key Developments Leading to the Emergence 
of Machines for Neurorehabilitation 

 From the late 1980s to the early 1990s, several key basic and clinical research 
developments led to profound changes in neurorehabilitation interventions 
and the emergence of machines for neurorehabilitation. 
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 First, research performed in animal models showed the ability of rehabili-
tation training to alter both neural connectivity and movement function after 
injury. For example, experiments with cats with a transected spinal cord 
showed that a locomotor training approach, in which the cat walked on a 
treadmill with body weight support, was effective in promoting gait restora-
tion [3]. This fi nding renewed interest in the notion of locomotion pattern 
generators in the mammalian spinal cord and indicated that they could poten-
tially be harnessed for restoration of locomotion in the injured human as well 
[4, 5]. Recent studies using epidural spinal cord stimulation in animals and 
humans show that such stimulation heightens the responsivity of spinal net-
works, potentially further enhancing the gains possible with locomotor train-
ing [6]. 

 For the upper extremity, seminal experiments conducted with monkeys 
that had received a focal ischemic infarct showed how rehabilitative training 
of skilled hand function prevented loss of cortical representation of the hand 
and was accompanied by functional behavioral gains [7]. Intense, skilled 
hand training formed a theoretical framework for constraint-induced therapy, 
which in turn was validated in one of the few large randomized clinical trials 
of neurorehabilitation that was successful [8]. Thus, one key change that 
began in the 1980s was that basic science studies began to verify that intense 
rehabilitation training applied in a physiologically appropriate way produced 
verifi able and benefi cial changes even in the chronically injured nervous 
system. 

 Second, approaches to successfully induce axonal regeneration in animals 
with severe neural damage began to be introduced. For example, antibodies 
can be used to block the effects of myelin products on neuronal growth after 
spinal cord injury [9]. Neural stem cells engrafted into the damaged spinal 
cord promote new synapse formation and locomotor recovery [10]. Although 
these interventions hold great promise, in order to translate these approaches 
into practical therapies for humans, a standardization of assessments and con-
ventional therapies is required [11]. These developments have forced reha-
bilitation centers in Europe [11] and in the United States to begin to build 
collaborative research networks, to introduce and establish standardized clin-
ical and functional assessments, and to monitor therapeutic effects over the 
course of rehabilitation. 

 Third, we know today that elderly patients can also profi t from rehabilita-
tion procedures, a fi nding of key importance given the changing demograph-
ics of many industrialized nations. For example, it was demonstrated that the 
neurological defi cit after an SCI recovers to a similar extent as in young sub-
jects. However, elderly patients have diffi culties to translate this gain in motor 
function into activities of daily living [12,13]. Therefore, age-specifi c reha-
bilitation approaches are required and should be applied as far as possible in 
a home environment of the patient. 

 Thus, in summary, three changes that have occurred are (1) increased sci-
entifi c evidence for effectiveness of intensive neurorehabilitation therapy 
originating from studies in animal models; (2) new promise of neuroregen-
erative treatments, necessitating greater standardization and better outcome 
monitoring in rehabilitation practice; and (3) the opportunity and need to treat 
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the increasing number of elderly patients with neurologic injury, in the clinic 
as well as at home. All three of these changes contributed to the realization 
that appropriately designed robotic devices and other machines could be use-
ful for rehabilitation therapy, both scientifi cally and clinically.  

    The First Robots for Rehabilitation Training 

 The use of body-weight-supported, treadmill-based manual locomotor train-
ing of stroke/SCI subjects began in the early 1990s, relying on the aforemen-
tioned observations in the spinalized cat as motivation [3]. This training, 
primarily applied in SCI subjects, was associated with considerable addi-
tional costs and only short training periods because of the need for multiple 
physiotherapists to assist the leg movements on both sides during the step 
cycle [14], as well as the need for additional therapists to substitute for the 
treating therapists, because the intervention is demanding on both therapist 
and patients. The cyclic nature of repetitive movements to be assisted over 
longer time periods led to the idea that a robotic device could take over the 
physically demanding training [15]. 

 However, successful implementation of the fi rst robotic device for provid-
ing locomotor training of SCI/stroke subjects—the Lokomat—still required 
that several other problems be solved, and in fact the development of the 
Lokomat has been an ongoing process of refi nement. Safety constraints had 
to be established, mainly related to the forces that could be applied to the legs 
and prevention of skin ulcers. In the beginning, position-controlled fi xed 
physiological stepping movements, which had been prerecorded from healthy 
subjects, were imposed on the legs of SCI subjects using an exoskeleton robot 
[15]. However, in subsequent years, it has become evident that merely impos-
ing fi xed movements on paretic limbs is not suffi cient to achieve optimal 
training effects. Leg movements should only be assisted insofar as it is 
required by the severity of paresis of an individual subject. Therefore, ongo-
ing developmental advances have focused on patient-cooperative and assist- 
as- needed controllers, as well as providing feedback information to both the 
patient and therapists about the patient’s contribution to the locomotor move-
ments [16], increased degrees of freedom for the pelvis, and quantitative 
assessments that assay the impairments contributing to locomotor dysfunc-
tion, as reviewed in chapters in this book and in [17]. 

 For the upper extremity, the fi rst robotic therapy device, MIT-MANUS, 
which was developed starting in the 1980s, targeted a simple functional arm 
movement—reaching to targets in the horizontal plane [18]. In this case, the 
device again provided a tool for therapists and patients to extend the number 
of practice movements the patient could make and also provided a consistent, 
standardized form of assistance during practice, which was useful for scien-
tifi c studies of rehabilitation therapy. But MIT-MANUS also then has under-
gone a continual process of refi nement and testing, including adding degrees 
of freedom to make the practice movements more functional, involving 
devices for the hand and wrist, and changing the way assistance is provided 
so that it progressively challenges the patient, as described in chapters in this 
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book. In addition, the most widely used upper extremity robotic technology 
now appears to be ArmeoSpring, in use in over 700 facilities. ArmeoSpring is 
based on the T-WREX arm exoskeleton [19] and is technically not even a 
robot, because it lacks programmable actuators.  

    The Rationale for Machine Use in Rehabilitation Therapy 

 In light of the above history, it is now reasonable to ask: What is the rationale 
for applying a robotic device or other machine for rehabilitation therapy in 
patients with a neurologic injury such as stroke or SCI? At present, the main 
potential advantages are:

•    Machines allow standardized training sessions that simultaneously pro-
vide objective measures and feedback information to the patient/therapist 
about the physical aspects of the training performed (e.g., applied forces, 
velocity, duration of training, joint excursions) and about the training 
effects (i.e., the progress of recovery can be monitored). This is important 
both for improving decision-making in clinical practice and for improving 
clinical trial design and execution.  

•   Machines enable longer training times and, in some cases, more repeti-
tions to be achieved per unit of time.  

•   Machines relieve therapists from physically demanding work, allowing 
them to optimize other aspects of the individual therapy and care.     

    What Is Needed for a Successful Training? 

 Systematic reviews of clinical studies of both lower and upper extremity 
robotic therapy devices now support their effectiveness as adjuncts to conven-
tional therapy, yet the therapeutic benefi ts these devices help deliver are still 
modest [20, 21]. Robotic devices can assist to exploit neuroplasticity after a 
damage of the CNS. However, restoration of function is limited depending on 
the individual condition [22]. There are many essential questions that have to 
be answered in order to optimize training effects and advance the fi eld of 
rehabilitation technology. We conclude this Introduction by posing some of 
these questions (for more questions, see also [23]):

•    What are the essential sensory cues [24] and appropriate forms of mechan-
ical assistance/control laws [25] to optimize the training by a machine?  

•   What is the best type of feedback information for the patient during a 
machine training episode, and how should it best be delivered to reinforce 
training effects?  

•   With a machine, longer training sessions become feasible. How long should 
a training session last per day to achieve optimal effects? How do the indi-
vidual’s health condition, needs, and capabilities affect this determination?  

•   What types of movements and speeds of movements are appropriate to 
achieve the best effects? How should movement type and speed be varied 

Introduction: Rationale for Machine Use



xxi

during a training session? How “physiological” must the training condi-
tions be? When should compensatory movements be allowed?  

•   How early after a neurologic injury should a patient start machine training 
and how strongly should the patient be challenged by the training?  

•   How can technologies be developed that are appropriate and viable for 
home use?  

•   How does optimal technology design vary with patient subgroups, e.g., 
children or elderly patients?  

•   To what extent can other emerging interventions, such as virtual reality, 
brain-computer interfaces, and functional electrical stimulation, enhance 
the effectiveness of machine-based training?     
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      Learning in the Damaged Brain/
Spinal Cord: Neuroplasticity                     

     Andreas     Luft      ,     Amy     J.     Bastian      , and     Volker     Dietz    

    Abstract  

  Neuroplasticity refers to the ability of the central nervous system (CNS) to 
undergo persistent or lasting modifi cations to the function or structure of 
its elements. Neuroplasticity is a CNS mechanism that enables successful 
learning. Likely, it is also the mechanism by which recovery after CNS 
lesioning is possible. The chapter gives an overview of the phenomena that 
constitute plasticity and the cellular events leading to them. Evidence for 
neural plasticity in different regions of the brain and in the spinal cord is 
summarized in the contexts of learning, recovery, and rehabilitation 
therapy.  

  Keywords  

  Recovery   •   Rehabilitation   •   Stroke   •   Spinal cord injury   •   Brain lesion   • 
  Plasticity  

1.1       Learning in the CNS 

 Rehabilitation technologies that support move-
ment recovery make use of different brain and 
body mechanisms, one of which is the brain’s 
ability to learn. Likely, the learning in the lesioned 
brain that mediates functional recovery is not 
identical to learning in the healthy state. 
Nevertheless, there are certain mechanisms on 
the cellular of systems level, termed as  neuro-
plasticity , which are shared by healthy learning 
and recovery. Clearly, the main behavioral deter-
minants of healthy learning of novel movements, 
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activity, and repetition are also important in 
recovery. 

 Hence, movement recovery may depend in 
part on motor learning. Motor learning is a gen-
eral term that encompasses many different pro-
cesses. Distinct behavioral and neural 
mechanisms are engaged depending on the level 
of complexity of the movement to be learned and 
the stimulus driving learning. A few different 
forms of motor learning are briefl y reviewed. 

 Motor adaptation is a type of motor learning 
that acts on a time scale of minutes to hours in 
order to account for predictable perturbations to a 
movement [ 1 ]. Adaptation occurs on a trial-by- 
trial basis, correcting a given movement from one 
trial to the next. It is driven by sensory prediction 
errors, which represent the difference between 
the brain’s estimate of the sensory consequences 
of movement and the actual sensory feedback [ 2 ]. 
Once a movement has been adapted, it can be de- 
adapted when the predictable perturbation is 
reversed or removed. Discontinuation of training 
also leads to “forgetting” of the adaptations over 
relatively short periods of time [ 3 ]. 

 Associative learning can also occur on a time 
scale of minutes to hours. Classical conditioning 
is perhaps the most commonly studied form of 
associative learning. It links two previously unre-
lated phenomena in order to improve behavior. 
For example, in eyeblink conditioning, a “condi-
tioned” stimulus like a sound or tone can be 
repeatedly paired with a second, slightly delayed 
“unconditioned” stimulus like a puff of air to the 
eye [ 4 ]. Early in the learning process, the eye 
blinks in response to the puff of air (i.e., uncondi-
tioned response). However, with repeated expo-
sure, the eye begins to blink when the tone is 
presented, therefore anticipating the air puff by 
closing the eye (i.e., conditioned response). This 
type of conditioning can be used to make associa-
tions between many types of behaviors. 

 Motor learning can also be driven by feedback, 
either positive in the form of reward-based learn-
ing [ 5 ] or negative in the form of avoidance learn-
ing [ 6 ]. These learning processes can occur on 
short or long time scales depending on the type 
and complexity of the movement. Motor skills 
can also be learned via implicit reinforcement 

processes [ 7 ]. Small improvements after repeat-
ing a novel movement, e.g., when learning to play 
a piano piece, are often not obvious or consciously 
perceived. Unconscious rewarding feedback may 
play a role. The conscious reward of playing the 
piece well typically comes late and temporally 
unrelated to the movement (e.g., the audience 
applauds). Thus, implicit motor learning may be 
mediated through use-dependent or Hebbian-like 
plasticity rather than reinforcement mechanisms. 

 All of these forms of motor learning rely on 
networks of neural structures rather than single 
areas, but there are some key regions that seem to 
play especially important roles in each. Adaptation 
is known to be cerebellum dependent [ 8 ]. Classical 
conditioning can involve the cerebellum and hip-
pocampus depending on the specifi c timing 
between stimuli [ 4 ]. Reward and avoidance learn-
ing are dependent on basal ganglia circuitry [ 9 ]. 
Use-dependent learning likely occurs at many lev-
els of the nervous system, including the spinal 
cord, brain stem, and cerebral structures. Complex 
motor skill learning induces plasticity in the 
motor cortex especially during consolidation of 
the learned movement [ 10 – 12 ]. Importantly, all 
forms of motor learning are dependent on cellular 
mechanisms of plasticity including long-term 
potentiation and long- term depression. As such, 
these mechanisms are reviewed below.  

1.2     Mechanisms 
of Neuroplasticity 
in Learning and After 
Lesions 

1.2.1     Gene Expression 

 Learning of a motor skill requires gene expres-
sion in the primary motor cortex (M1) [ 11 ,  12 ]. If 
this expression is pharmacologically blocked, 
learning is reduced. Gene and subsequent protein 
expression is a common requirement of various 
learning processes [ 13 ,  14 ] as well as for cellular 
equivalents of learning, i.e., the changes in neu-
ronal structure [ 15 ] and synaptic strength in the 
form of long-term potentiation (LTP) and long- 
term depression (LTD) [ 16 ]. For motor skill 
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learning, proteins are not only expressed during 
training but also thereafter while the subject is 
resting [ 11 ]. This delayed synthesis can be 
regarded as refl ecting intersession consolidation 
processes [ 17 ]. The genes induced by learning 
are manifold, including immediate early genes 
(IEG, transcription factors). Expression of the 
IEG Arc in M1 was shown to occur specifi cally 
during skill learning but not during movement 
without learning [ 18 ]. 

 Gene expression is induced by ischemia, espe-
cially in the peri-infarct cortex [ 19 ]. Some of 
these genes could also promote cellular plasticity 
offering the potential for stroke-induced plastic-
ity as self-healing mechanisms of the brain. 
Genes and proteins induced by ischemia include 
axonal growth stimulators, while growth inhibi-
tors are suppressed [ 20 ,  21 ].  

1.2.2     Cellular Plasticity 

 Long-term potentiation (LTP) and long-term 
depression (LTD) are commonly seen as cellular 
equivalents of the brain’s learning abilities [ 22 ]. 
Either by repetitive stimulation, seen as the equiv-
alent to repetitive training, or by synchronizing 
two signals that converge at one neuron, poten-
tially refl ecting associative learning phenomena, 
an increase in synaptic strength is induced that 
lasts from hours to days, termed LTP [ 23 ]. LTD is 
induced by low-frequency stimulation and leads to 
a lasting reduction in synaptic strength [ 22 ]. Both 
LTP and LTD have been described in various brain 
regions including the primary motor cortex (M1) 
[ 24 ]. The observation that the ability of M1 neu-
rons to undergo LTP and LTD is reduced in trained 
animals provides indirect evidence for the hypoth-
esis that the primary motor cortex LTP/LTD is 
involved in motor skill learning [ 25 ]. In other 
words, the cellular mechanism that may lead to the 
formation of a movement memory trace has been 
used up by the learning process and needs time to 
recover before new learning can be accomplished. 
Two months after a skill has been learned in a 
2-week training period and is well remembered, 
the synaptic strengthening that is observed in M1 
shortly after training persists. But the ability to 

undergo LTP has recovered and is now expressed 
on a higher level of synaptic strength [ 24 ]. 

 In addition to changes in synaptic strength, the 
structure of neuronal networks is reorganized in 
association with motor skill learning. Apical and 
basal dendrites expand in association with skill 
training [ 26 ,  27 ]. This expansion is specifi c to the 
neurons involved in the control of the muscles used 
in the trained movement but not in other muscula-
ture [ 28 ]. It remains open whether these changes 
are permanent or refl ect a temporary expansion of 
M1 connectivity. Changes in dendritic spines, in 
contrast, were shown to be temporary and return to 
baseline 1 week after training has ended [ 29 ]. 

 In the context of recovery after brain or spinal 
cord injury, the role of LTP and LTD is unclear. 
LTP is facilitated in the peri-infarct cortex [ 30 ]. 
This result may be incompatible with the hypoth-
esis that LTP is used up during recovery as it is 
after healthy skill learning; hence, LTP would be 
reduced in the peri-infarct cortex not facilitated. 
But the study lacks information about recovery of 
function or lesion size, so a valid comparison to 
healthy learning is impossible, and the issue of 
LTP utilization during recovery is left unan-
swered. In the hippocampus, short-term ischemia 
leads to a disruption of LTP formation [ 31 ]. In 
humans, preliminary evidence indicates that 
LTP-like phenomena elicited in M1 of the 
lesioned hemisphere (cortical or subcortical 
lesions) by repetitive transcranial magnetic stim-
ulation (TMS) predict good recovery at 6 months 
[ 32 ]. Paired associative stimulation (peripheral 
muscle and TMS stimulation of M1)—a potential 
human equivalent of associative LTP—can be 
elicited in the affected hemisphere M1, espe-
cially in those patients with limited defi cits [ 33 ]. 
LTP-like phenomena are enhanced by serotonin 
[ 34 ] possibly explaining the benefi cial effect of 
serotonin reuptake inhibitors in stroke recovery 
[ 35 ]. Hence, the ability of the lesioned cortex to 
undergo LTP may be a requisite for recovery.  

1.2.3     Systems Plasticity in the Brain 

 Plasticity phenomena not only exist on the level 
of single neurons or networks but also in distinct 
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functional systems of the brain. The input-output 
organization and the somatotopy of M1 undergo 
persistent changes during motor skill learning. 
Skill learning leads to an expansion of the corti-
cal representation of the trained limb [ 36 ,  37 ]. 
Longitudinal motor cortex-mapping experiments 
in rats show that this expansion is transient and is 
reversed after training ends although the skill is 
maintained [ 38 ]. In humans who continuously 
train new motor skills, e.g., professional pianists, 
task-related activation is smaller in area and more 
focused [ 39 ,  40 ]. Musicians also have enlarged 
gray matter volumes in various areas of the cor-
tex including the motor cortices [ 41 ]. The M1 of 
musicians contains memory traces of practiced 
skills that can be probed by TMS [ 42 ]. 

 Representations in the primary motor cortex 
are also modifi ed while recovering from a stroke. 
Initially, large areas of motor and adjacent corti-
ces are recruited in the attempt to accomplish a 
movement as detected by functional magnetic 
resonance imaging (fMRI) [ 43 ,  44 ]. If M1 itself 
is lesioned, expanded activation is found in peri- 
infarct cortex [ 45 ] or in premotor cortex [ 46 ]. As 
subjects recover, this hyper-activation is reduced, 
and movement-related activity focuses in the 
ipsilesional hemisphere contralateral to the mov-
ing limb [ 47 – 49 ]. If recovery is unsuccessful, 
cortices remain hyper-activated in the lesioned as 
well as the non-lesioned hemisphere which has 
been interpreted as a sign of a continuous attempt 
to initiate recovery [ 50 ]. But recovery is not only 
accompanied by cortical activation changes. 
Larger activation in the cerebellum ipsilateral to 
the moving limb [ 47 ] and smaller activation in 
the contralateral cerebellum are associated with 
better recovery [ 48 ]. 

 Connectivity between different cortical 
regions in the brain is impaired after stroke, not 
only in areas in vicinity to the lesion but also in 
the intact hemisphere [ 51 ]. There is reduced 
interhemispheric connectivity after stroke, espe-
cially between primary motor cortices [ 52 ]. 

 While movement-related activation observed 
with functional imaging methods demonstrates 
the brain areas that are involved in the control of 
the movement performed during imaging, TMS 
can directly assess the output effi cacy and the 

viability of descending pathways in the lesioned 
hemisphere. Larger motor evoked potentials in 
response to TMS and absence of ipsilateral 
responses to stimulation of the intact hemi-
sphere are correlated with good functional 
recovery [ 53 ,  54 ].  

1.2.4     Plasticity in the Spinal Cord 

 There is convincing evidence in animals with a 
transected spinal cord that a use-dependent plas-
ticity of neuronal circuits within the spinal cord 
exists [ 55 ,  56 ]. When stepping is practiced in spi-
nal cat, this task can be performed more success-
fully than when it is not practiced, but standing 
duration is not improved and vice versa, training 
of standing has only an effect on this task [ 57 , 
 58 ]. The training effects of any motor task criti-
cally depend on the provision of suffi cient and 
appropriate proprioceptive feedback information 
to initiate a reorganization of neural networks 
within the spinal cord. This is usually achieved 
by a functional training. In contrast, the loss of 
motor capacity is associated with the develop-
ment of neuronal dysfunction below the level of 
lesion in humans [ 44 ], and rodents [ 45 ] following 
neural injury becomes enhanced when locomotor 
networks are no longer used, for example, fol-
lowing an SCI or stroke [ 55 ]. 

1.2.4.1     Spinal Refl ex Plasticity 
 The isolated spinal cord can exhibit some neuronal 
plasticity. Evidence for such plasticity at a spinal 
level has been obtained for the relatively simple 
monosynaptic refl ex arc [ 44 ]. Monkeys could 
either be trained to voluntarily increase or decrease 
the amplitude of the monosynaptic stretch refl ex in 
response to an imposed muscle lengthening [ 44 ], 
as well as of its analogue, the H-refl ex [ 45 ]. The 
fact that the training effects persist after spinal 
cord transection [ 46 ] indicates that some kind of 
learning by neuronal circuits within the spinal cord 
is possible. Similarly, humans can be trained to 
change the gain of the monosynaptic stretch refl ex 
([ 47 ]; for review, see [ 48 ]). 

 The idea that the neuronal circuits within the 
spinal cord can learn is also supported by studies 
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of spinal refl ex conditioning. Simple hind limb 
motor responses to cutaneous or electrical stimu-
lation are enhanced in animals with transected 
spinal cords via classical refl ex conditioning (i.e., 
pairing the stimulus with another stimulus that 
evokes a stronger motor response) [ 49 ]. These 
refl ex responses are enhanced within minutes of 
conditioning indicating that synaptic effi cacy 
along the refl ex arc has changed, perhaps through 
long-term potentiation [ 49 ].  

1.2.4.2     Task-Specifi c Plasticity Here 
 Today, it is obvious that there is also a consider-
able task-specifi c plasticity of the sensorimotor 
networks of the adult mammalian lumbosacral 
spinal cord (for review, see [ 55 ,  56 ,  59 – 61 ]). The 
detailed assessment of the modifi ability of neuro-
nal network function is refl ected in the research 
on central pattern generators (CPGs) underlying 
stepping movements [ 62 – 65 ]. The lumbosacral 
spinal cord obviously can execute stepping or 
standing more successfully if that specifi c task is 
practiced. Observations in spinal cats indicate 
that if the training of a motor task is discontinued 
and no similar task is subsequently trained, then 
the performance of the task previously trained is 
degraded [ 55 ]. Consequently, plasticity can be 
exploited by rehabilitative purposes using spe-
cifi c training approaches following a neural 
injury. 

 In the cat, recovery of locomotor function fol-
lowing spinal cord transection can be improved 
using regular training, even in adult animals [ 66 , 
 67 ]. The provision of an adequate sensory input 
to the spinal cord during training is of great 
importance to achieve an optimal output of the 
spinal neuronal circuitry with the consequence of 
an improved function. This essential aspect of 
training could meanwhile also be demonstrated 
for the locomotor training of subjects with an SCI 
[ 68 ]. Furthermore, in association with hind limb 
exercise, refl ex activity becomes normalized in 
adult rats following spinal cord transection [ 69 ]. 
Exercise obviously helps to normalize the excit-
ability of spinal refl exes. 

 Several neurotransmitter systems within the 
spinal cord (glycinergic and GABA-ergic sys-
tems) are suggested to be involved in the 

mediation of plastic changes following repetitive 
task performance [ 55 ]. In animals with a spinal 
cord transection, stepping can be induced by the 
administration of the noradrenergic agonist cloni-
dine, which enhances the activity in spinal neuro-
nal circuits that generate locomotor activity 
[ 70 – 72 ]. However, application of dopamine in 
patients with an SCI has no effect on outcome of 
function [ 73 ]. Furthermore, serotonin seems to 
be involved in the production of locomotor 
rhythms [ 74 ]. 

 Training paradigms of stepping and standing 
can modify the effi cacy of the inhibitory neu-
rotransmitter, glycine [ 55 ]. For example, when 
glycine is administered to a chronic spinal cat 
that has acquired the ability to step successfully, 
there is little change in its locomotor capability. 
If it is administered to a stand-trained cat, it 
becomes able to successfully step with body sup-
port [ 55 ,  61 ]. These fi ndings suggest that the 
effect of glycine is insofar specifi c in its action as 
it enables spinal networks to integrate sensory 
input by reducing inhibition [ 71 ,  72 ].   

1.2.5     Subcortical Contributions 
to Movement Learning 

 The cerebellum is thought to use adaptive learn-
ing mechanisms to calibrate internal models for 
predictive control of movement. Such models are 
needed because sensory feedback is too slow for 
movements that need to be both fast and accu-
rate—corrections would be issued too late. 
Instead, the brain generates motor commands 
based on internal predictions of how the com-
mand would move the body [ 75 ]. This feedfor-
ward control requires stored knowledge (i.e., 
“models”) of the body’s dynamics, the environ-
ment, and any object to be manipulated. For 
example, recent work has demonstrated that cer-
ebellar damage causes a bias in the brain’s 
 representation of limb inertia relative to actual 
inertia, which results in characteristic patterns of 
reaching dysmetria (i.e., over- or under-shooting 
targets) [ 76 ]. This specifi c defi cit was confi rmed 
in simulation and in behavioral studies of control 
subjects reaching with their limb inertia 
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unexpectedly changed via an exoskeleton robot. 
Perhaps most importantly, this work also demon-
strated a way of correcting this mismatch using 
cerebellar patient-specifi c compensations ren-
dered by an exoskeleton robot. This suggests that 
there may be ways to compensate for biases in 
internal model representations using robotics. 
Unfortunately, cerebellar patients cannot learn to 
correct their internal model biases due to a loss of 
a cerebellum-dependent learning process often 
referred to as adaptation. 

 Many studies have shown that the cerebellum 
is essential for adapting a motor behavior through 
repeated practice—it uses error information from 
one trial to improve performance on subsequent 
trials. It is important to note that cerebellum- 
dependent motor learning is driven by errors 
directly occurring during the movement rather 
than other types of feedback, such as knowledge 
of results after the fact (e.g., hit or miss). Studies 
have suggested that the type of error that drives 
cerebellum-dependent learning is not the target 
error (i.e., “How far am I from the desired tar-
get?”), but instead what has been referred to as a 
sensory prediction error (i.e., “How far am I from 
where I predicted I would be?”) [ 2 ]. Damage to 
the cerebellum impairs the ability to adapt many 
types of movements, including reaching [ 77 ], 
walking [ 78 ], balance [ 79 ], and eye movements 
[ 80 ]. To date, there has been no systematic way to 
substitute or compensate for defi cits in this form 
of learning. 

 The microcircuit involved in cerebellar adap-
tation was fi rst proposed by Marr [ 81 ], Albus 
[ 82 ], and Ito [ 83 ]. These works continue to pro-
vide the basis for many of the current theories of 
cerebellar function. Central to the idea of cere-
bellar involvement in learning was the discovery 
that Purkinje cell output can be radically altered 
by climbing fi ber induction of long-term depres-
sion (LTD) of the parallel fi ber-Purkinje cell 
synapse [ 84 ]. Hence, climbing fi ber inputs onto 
Purkinje cells can be viewed as providing a 
unique type of teaching or error signal to the 
cerebellum. Recent work has shown that the 
climbing fi ber may not simply be an all-or-none 
signal indicating error [ 85 ]. Instead, the dura-
tion of climbing fi ber bursts is predictive of the 

magnitude of plasticity and learning, making it 
a graded instructive signal for adaptation. In 
addition to the climbing fi ber-dependent LTD, 
there are many other sites of plasticity in the 
cerebellar cortex and deep nuclei that involve 
LTP and non- synaptic plasticity [for review, see 
[ 86 ]]. Thus, there are multiple avenues for activ-
ity-dependent plasticity to occur within the cer-
ebellum over relatively short time scales. It is 
presumed that the plastic changes in cerebellar 
output are responsible for changing motor 
behavior during the process of adaptation. 

 Another subcortical brain region involved in 
motor learning is the ventral tegmental area 
(VTA). This site is more involved in motor skill 
learning rather than motor adaptation. Ipsilateral 
dopaminergic projections from VTA to M1 [ 87 ] 
are specifi cally necessary for acquiring but not 
for performing a skill once acquired. Elimination 
of dopaminergic terminals in M1 [ 88 ] or destruc-
tion of dopaminergic neurons in VTA impairs the 
acquisition of a reaching skill in rat [ 89 ]. 
Dopamine modulates the excitability of M1 [ 90 ] 
and S1 [ 91 ] and, more importantly, is necessary 
for the formation of LTP in layer II/III synapses 
[ 88 ] that link different cortical regions (such as 
M1 and S1) via horizontal connections. The same 
synapses are the ones at which LTP can no longer 
be elicited after skill learning—LTP is used up as 
described above [ 18 ]. It is likely that the VTA- 
to- M1 projection relays signals of the same 
nature as compared to those that activate dopami-
nergic neurons from VTA to nucleus accumbens 
and prefrontal cortex. The latter encodes reward-
ing feedback to behavior [ 92 ] (Fig.  1.1 ).

1.3         Learning and Plasticity 
During Rehabilitation 
Therapy 

1.3.1     Lesions of Cortex 
and Descending Pathways 

 Rehabilitative training is associated with neuro-
physiological alterations that are related to the 
improvement in motor function observed in 
individual stroke survivors [ 93 ]. Although 
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correlation is not proof for causation, these 
studies provide an argument for neuroplasticity 
being one possible mechanism by which reha-
bilitative training can operate effectively. While 
bilateral arm training was associated with an 
increase in premotor cortex activation in both 
hemispheres that correlated with functional 
improvement in the Fugl-Meyer [ 94 ] and Wolf 
tests [ 95 ], conventional physical therapy (based 
on Bobath exercises) did not show altered brain 
activation despite being equally effective [ 95 ]. 
Conventional physical exercise may have uti-
lized a mechanism other than those detectable 
by fMRI, e.g., by inducing changes in the mus-
cle, peripheral nerves, or spinal cord. 

 Lower extremity repetitive exercises in the 
form of aerobic treadmill training likely utilize 
yet another form of brain reorganization to 
improve gait. As compared with stretching 
exercises, improvements by treadmill training 
were related to increased activation of the cer-
ebellum and brain stem as detected with fMRI 
of paretic knee movement [ 96 ]. Interestingly, 
the areas recruited in the cerebellum and brain 
stem corresponded to regions that control spi-
nal pattern generators (cerebellar and midbrain 

locomotor region). These regions may have 
compensated for the loss of corticospinal pro-
jections that were injured by the stroke. It has 
also been shown that individuals with cerebral 
stroke can improve walking symmetry using 
adaptive mechanisms of learning on a split-belt 
treadmill [ 97 – 99 ]. Repeated split-belt training 
over a 1-month time resulted in improvements 
in step length symmetry in chronic stroke survi-
vors [ 99 ]. Importantly, the split-belt treadmill 
was used to augment the step asymmetry errors 
that the stroke survivors produced. This was 
done to drive a cerebellum- dependent learning 
process that would correct their error. Stated 
simply, making their error bigger drove the ner-
vous system to learn how to correct it. After 
training, when they walked over ground, they 
had learned to correct their step length asym-
metry. Training over 4 weeks led to improve-
ments that lasted (and even improved further) at 
3 months post training. Here again, the hypoth-
esis is that intact cerebellar mechanisms are 
responsible for this form of motor learning. 
Hence, subcortical reorganization may be the 
mechanism to target in lower extremity, and par-
ticularly walking, rehabilitation. 

Nucleus accumbens
prefrontal cortex

Sensorimotor cortex

Explicit
reward

Synaptic plasticity

Sensory input Motor output

DA signal
DA signal

Environment

VTA

Implicit
reward

  Fig. 1.1    Schematic 
representation of the 
integration of a postulated 
“implicit reward” into the 
simplifi ed circuit that is 
required for motor learning. 
Via the dopamine ( DA ) signal, 
the reward could directly 
modulate synaptic plasticity in 
sensorimotor cortex synapses 
to store a new motor program       
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 The availability of treatments that operate 
through distinct mechanisms may provide the 
rehabilitation clinician with many tools to indi-
vidualize therapy for the particular patient. It 
seems likely that different patients with different 
brain injury and lesion profi les will require dif-
ferent therapeutic approaches.  

1.3.2     Cerebellar Lesions 

 Recovery from a fi rst ischemic cerebellar stroke 
is often very good, with minimal to no residual 
defi cits in up to 83 % of patients [ 100 – 102 ]. On 
the other hand, individuals with degenerative cer-
ebellar disorders tend to have persistent or pro-
gressively worsening clinical signs and symptoms 
[ 103 ]. One study has shown that people with 
damage to the deep nuclei do not recover as well 
as those with damage to only the cerebellar cor-
tex and white matter [ 104 ]. Thus, the etiology of 
the lesion and extent of damage are major indica-
tors in recovery. 

 There is a growing body of literature on the 
effectiveness of rehabilitation interventions for 
individuals with primary cerebellar damage. To 
date, there have been no randomized controlled 
trials published. There are studies on the effects 
of rehabilitation interventions in this patient pop-
ulation, but all have been nonrandomized, non-
controlled small group [e.g.,  105 ] or case study 
designs [e.g.,  106 ]. Most work has been done on 
walking rehabilitation with common interven-
tions including combinations of exercises target-
ing gaze, static stance, dynamic stance, gait, and 
complex gait activities [ 105 ,  106 ]. Dynamic bal-
ance activities in sitting, kneeling, and quadruped 
have also been advocated [ 105 ]. Individuals with 
acute cerebellar stroke seem to recover similarly 
regardless of whether they participated in a 
2-week treadmill training intervention [ 107 ]. 
Further, individuals with superior cerebellar 
artery infarcts tend to show more severe ataxia 
than those with posterior inferior cerebellar 
artery infarcts early on, but both groups tend to 
recover to the same extent after 3 months. People 
with degenerative disorders tend to benefi t more 
from rehabilitation training. Ilg found that 

4 weeks of an intensive coordination training fol-
lowed by 8 weeks of home exercise could 
improve walking coordination and static and 
dynamic balance scores. It has also been shown 
that a 6-week home balance exercise program 
can improve balance and walking measures in 
people with cerebellar degeneration [ 108 ]. In that 
study, it was shown that the diffi culty of the bal-
ance exercise is what predicted the best out-
comes, with more challenging balance activities 
resulting in the greatest improvement. It was also 
shown that the effects of home exercise lasted for 
a month after therapy. In all of these studies, it is 
not known whether such changes actually trans-
late to improved real-world function. 

 Locomotor training over ground and on tread-
mills, and with and without body weight support, 
has also been used with some success in single- 
case examples [ 109 ,  110 ]. It is not clear how 
imbalance is corrected in the body weight sup-
port environment, however. With all gait and bal-
ance activities, it seems critical that the exercise 
be suffi ciently and increasingly challenging, so 
as to facilitate plasticity in other intact areas of 
the nervous system [ 111 ,  112 ].  

1.3.3     Spinal Lesions 

1.3.3.1     Plasticity of Spinal Neuronal 
Circuits: Rehabilitation Issues 

 On the basis of the knowledge gained from ani-
mal experiments, the aim of rehabilitation after 
stroke or SCI should be concentrated on the 
improvement of function by taking advantage of 
the plasticity of spinal and supraspinal neuronal 
circuits and should less be directed to the correc-
tion of isolated clinical signs, such as the refl ex 
excitability and muscle tone. For the monitoring 
of outcome and for the assessment of the effec-
tiveness of any interventional therapy, standard-
ized functional tests should be applied.  

1.3.3.2     Functional Training in Persons 
with a Spinal Cord Injury 

 The coordination of human gait seems to be con-
trolled in much the same way as in other mam-
mals [ 113 ]. Therefore, it is not surprising that in 
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persons with a complete or incomplete paraple-
gia, due to a spinal cord injury, locomotor EMG 
activity and movements can be both elicited and 
trained similar as in the cat. This is achieved by 
partially unloading (up to 80 %) the patients who 
are standing on a moving treadmill ([ 114 ,  115 ]; 
for review, see [ 68 ,  116 ]). In severely affected 
patients, the leg movements usually have to be 
assisted externally, especially during the trans-
mission from stance to swing. In addition, leg 
fl exor activation can be enhanced by fl exor refl ex 
stimulation of the peroneal nerve during the 
swing phase [ 117 ]. The timing of the pattern of 
leg muscle Electromyogram activity recorded in 
such a condition is similar to that seen in healthy 
subjects. However, the amplitude of leg muscle 
EMG is considerably reduced and is less well 
modulated. This makes the body unloading nec-
essary for the locomotor training. There are sev-
eral reports about the benefi cial effect of 
locomotor training in incomplete paraplegic 
patients (for review, see [ 67 ,  118 ,  119 ]), and 
patients who undergo locomotor training have a 
greater mobility compared to a control group 
without training [ 120 ]. The neuronal networks 
below the level of an SCI can be activated to gen-
erate locomotor activity even in the absence of 
supraspinal input [ 71 ,  72 ,  121 ]. The analysis of 
the locomotor pattern induced in complete para-
plegic patients indicates that it is unlikely to be 
due to rhythmic stretches of the leg muscle 
because leg muscle EMG activity is, as in healthy 
subjects, equally distributed during muscle 
lengthening and shortening [ 122 ]. In addition, 
recent observations indicate that locomotor 
movements induced by a robotic device in 
patients who are completely unloaded do not lead 
to a signifi cant leg muscle activation [ 123 ]. This 
implies that the generation of the leg muscle 
EMG pattern in these patients is programmed at a 
spinal level and requires appropriate afferent 
input from load signaling receptors. 

 During the course of daily locomotor training, 
the amplitude of the EMG in the leg extensor 
muscles increases and becomes better modulated 
during the stance phase, and inappropriate leg 
fl exor activity decreases. Such training effects are 
seen both in complete and incomplete paraplegic 

patients [ 114 ]. These training effects lead to a 
greater weight-bearing function of the leg exten-
sors, i.e., body unloading during treadmill loco-
motion can be reduced during the course of 
training. This indicates that even the isolated 
human spinal cord has the capacity not only to 
generate a locomotor pattern but also to show 
some neuroplasticity which can be exploited by a 
functional training [ 124 – 127 ]. However, only per-
sons with incomplete paraplegia benefi t from the 
training program insofar as they can learn to per-
form unsupported stepping movements on solid 
ground [ 114 ]. Neuroplastic changes also occur in 
elderly SCI subjects. This becomes refl ected in an 
improvement of neurological defi cit similar to 
that of young subjects. However, the translation of 
this improvement to function is signifi cantly 
worse in elderly subjects [ 128 ]. Therefore, it is 
required to develop and apply specifi c rehabilita-
tion procedures in elderly subjects. 

 In complete paraplegic patients, the training 
effects on leg muscle activation become lost 
after the training has been stopped [ 121 ]. 
Furthermore, after about 1 year after injury, 
complete paraplegic patients develop a neuronal 
dysfunction below the level of injury [ 129 ] 
which might have adverse consequences for 
future regeneration- inducing therapies. 
According to rodent experiments, this dysfunc-
tion is thought to be due to an undirected sprout-
ing within neuronal circuits [ 45 ].  

1.3.3.3     Prerequisites for a Successful 
Training 

 The spinal pattern generator has to be activated 
by the provision of an appropriate afferent input 
by proprioceptive feedback that leads to a mean-
ingful muscle activation associated with plastic 
neuronal changes and consequently to an 
improvement of function [ 123 ]. 

 Afferent input from receptors signaling con-
tact forces during the stance phase of gait is 
essential for the activation of spinal locomotor 
centers [ 123 ,  127 ,  130 – 132 ] and is important to 
achieve training effects in paraplegic patients 
[ 114 ] (Fig.  1.2 ). Furthermore, hip joint-related 
afferent input seems to be required to generate a 
locomotor pattern [ 123 ]. In addition, for a 
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 successful training program for stroke and SCI 
 subjects, spastic muscle tone has to be present as 
a partial compensation for paresis [ 133 ].

   Only in patients with moderately impaired 
motor function, a close relationship between motor 
scores (clinical assessment of voluntary muscle 
contraction) and locomotor ability exists. More 
severely affected SCI subjects with a low motor 
score undergoing a locomotor training can achieve 
an improved locomotor function without or with 
little change in motor scores [ 126 ,  134 ,  135 ]. In 
these cases, a relatively low voluntary force level 
in the leg muscles (refl ected in the ASIA score) is 
required to achieve an automatic synergistic 
 muscle activation with the ability to walk. 

 A considerable degree of locomotor recovery 
can be attributed to a reorganization of spared neu-
ral pathways ([ 136 ]; for review, see [ 137 ]). It has 
been estimated that if as little as 10–15 % of the 
descending spinal tracts are spared, some 

 locomotor function can recover [ 138 ,  139 ]. In 
addition, by a training approach with the provision 
of appropriate afferent input, a directed, meaning-
ful sprouting within neural circuits takes place 
below the level of lesion with the consequence of 
an improved recovery of function in the rat [ 45 ]. 

 The improvement of locomotor activity might 
be attributed to a spontaneous recovery of spinal 
cord function that can occur over several months 
following a spinal cord injury [ 137 ,  140 ]. However, 
several observations indicate that the increase of 
leg extensor EMG activity also occurs indepen-
dently from the spontaneous recovery of spinal 
cord function, as assessed by clinical and electro-
physiological means [ 115 ,  125 ,  135 ,  137 ,  141 ]. 
Thus, functional training effects on spinal locomo-
tor centers most likely contribute to an improve-
ment of locomotor function in incomplete SCI 
subjects [ 115 ,  141 ]. However, part of the recovery 
in locomotion corresponding to observations in the 
rat [ 55 ] might also be attributed to changes in mus-
cle properties that occur during the training period.    

    Conclusion 

 Neuroplasticity mechanisms and training 
methods can improve patients with cerebral, 
cerebellar, and spinal cord injury. However, 
patients with complete or almost complete 
hemi- or paraplegia do not, as yet, profi t from 
training because they cannot actively train. In 
the future, in these patients a combination of 
regeneration-inducing therapy and exploita-
tion of neuronal plasticity possibly by using 
novel training devices could have a benefi cial 
effect on the recovery of function, as the 
research in spinal cord regeneration appears to 
be quite encouraging (for review, see [ 142 ]). 
Novel training devices (often referred to as 
rehabilitation robots) become increasingly 
important and popular in clinical and rehabili-
tation settings for functional training and 
 standardized assessments (for review cf. 
[ 143 ]). Such devices allow a prolonged train-
ing duration, increased number of repetitions 
of movements, improved patient’s safety, and 
less physical demands for the therapists. 
Supportive therapies that enhance the brain’s 
potential to undergo plastic changes could 
supplement the training itself. For all these 

Muscle-
joint-
skin-
afferents

Hip

Load

  Fig. 1.2    Schematic demonstration of proprioceptive 
input during locomotor training in SCI subjects. The 
input from load and hip joint afferents was shown to 
be essential to achieve training effects       
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developments, testing in clinical trials will be 
required to prove effi cacy and optimize the 
treatment for various disease and lesion types.     
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    Abstract  

  Research into the neural control of movement has elucidated important prin-
ciples that can provide guidelines to rehabilitation professionals for enhanc-
ing recovery of motor function in stroke patients. In this chapter, we elaborate 
principles that have been derived from research on neural control of move-
ment, including optimal control, impedance control, motor lateralization, 
and principles of motor learning. Research on optimal control has indicated 
that two major categories of cost contribute to motor planning: explicit task-
level costs, such as movement accuracy and speed, and implicit costs, such 
as energy and movement variability. Impedance control refers to neural 
mechanisms that modulate rapid sensorimotor circuits, such as refl exes, in 
order to impede perturbations that cannot be anticipated prior to movement. 
Research on motor lateralization has indicated that different aspects of motor 
control have been specialized to the two cerebral hemispheres. This organi-
zation leads to hemisphere-specifi c motor defi cits in both the ipsilesional and 
contralesional arms of stroke patients. Ipsilesional defi cits increase with 
severity of contralesional impairment level and have a substantial effect on 
functional independence. Finally, motor learning research has indicated that 
different neural mechanisms underlie different aspects of motor learning, 
such as adaptation vs skill learning, and that learning different aspects of 
tasks can generalize across different coordinates. In this chapter, we discuss 
the neurobiological basis of these principles and elaborate the implications 
for designing and implementing occupational and physical therapy treatment 
for movement defi cits in stroke patients.  
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2.1       Introduction 

 Deficits that result from strokes in sensory and 
motor regions of the brain represent a major 
impediment to recovery of function in activi-
ties of daily living for stroke survivors. Such 
deficits most commonly include hemiparesis, 
a syndrome encompassing unilateral motor 
dysfunction on the side of the body opposite to 
the brain lesion, and spasticity, characterized 
by abnormally high muscle tone and atypical 
expression of reflexes. Occupational and 
physical therapy interventions often focus on 
reducing motor impairment, following stroke, 
by exposing patients to a range of movement 
activities, with a major focus on repetitive 
experience or practice. In general, the amount 
of practice corresponds to improvements in 
motor function, as measured by a variety of 
scales [ 1 ]. Unfortunately, gains made during 
therapy often show limited translation to 
activities of daily living (ADLs) and carry 
over to the home environment. 

 Over the past decade, rehabilitation 
approaches have incorporated technological 
innovations that can provide more cost-effec-
tive means of achieving higher intensity prac-
tice over longer periods of time. These 
computer-based and robotic technologies [ 2 – 5 ] 
have been shown to match or even exceed the 
effi cacy of traditional therapy in promoting 
improvements in motor performance [ 6 ]. 
However, these interventions hold greater 
promise than simply replicating traditional 
therapy, by providing therapists with an 
unprecedented ability to specify and measure 
movement features such as speed, direction, 
amplitude, as well as joint coordination pat-
terns. As these technologies become more 
readily available in the clinic, the most press-
ing question is how therapists can best utilize 
them to accelerate recovery of function. In this 
chapter, we will discuss principles that have 
been derived from research in motor control 
and learning that could be applied to training 
strategies using computer-based movement 
interventions.  

2.2     Principle 1: Optimal Control 

 While most therapists recognize that practice and 
repetition of motor activities lead to improve-
ments in motor performance, a systematic identi-
fi cation of which movements should be practiced 
is often lacking. This is partly because the ques-
tion of what defi nes a desirable movement has 
yielded no clear answer. Traditionally, a common 
guiding principle employed in occupational and 
physical therapy has been to make movements 
more “normal.” Thus, the goal is to develop move-
ment patterns that are similar to those exhibited 
by non-impaired individuals. This idea emerged 
from the observation that certain characteristics of 
movements made by healthy individuals are fairly 
similar within a given task and even across tasks. 
For example, when reaching for an object in 
space, movement trajectories across healthy indi-
viduals appear fairly straight and smooth [ 7 ]. 
Such reliability of motor behavior is particularly 
interesting because of the abundance of possible 
solutions to most movement tasks and the variety 
of environments we move in. For example, when 
reaching for a cup of coffee in front of us, we have 
the choice of using one arm or both arms, stand-
ing up or remaining seated, leaning the trunk for-
ward or reaching further with the selected arm(s), 
twisting our trunk to require shoulder abduction, 
or keeping it straight to require shoulder fl exion, 
among other options (see Fig.  2.1 ). In addition, 
the relative motions between our body segments 
can produce a wide variety of curved trajectories 
of the hand, in order to procure the cup. Each pos-
sible motion can also be achieved at a variety of 
speeds, as well as a variety of possible muscle 
activation patterns. There are literally infi nite 
solutions to this simple task.

   Regardless of these vast possibilities, people 
tend to display movement patterns that are 
 consistent across different instances of the same 
movement or even across different movements, 
whether made by the same or different 
 individuals. These similarities are often referred 
to as “invariant characteristics” of movement. 
Many studies have shown that when different 
people make reaching movements, invariant 
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characteristics include approximate straightness 
of the hand trajectory and smooth bell-shaped 
velocity  profi les (see Fig.  2.2 ) [ 7 – 11 ]. How do 
different people arrive at similar solutions within 
and across tasks despite the extensive redun-
dancy in the musculoskeletal system and the 
diversity and uncertainty of the environments we 
move in? One way to arrive at the “best” solution 
when confronted with many different options is 
to employ optimization strategies when planning 
the movement. Optimization procedures have 
been developed for use in engineering applica-
tions and seek the minimum or maximum 
for a given “cost function,” subject to a set of 
constraints. For example, we can fi nd the mini-
mum price of a pound of coffee (function) for all 
the stores within a 10-mile radius of our house 
(constraint). Whereas this particular problem 
may be quite trivial, optimization routines are 
typically employed to fi nd values for more com-
plex problems, such as might be applied to 
human movement. Researchers have tested vari-
ous cost functions that make sense heuristically 

and have shown that optimization of these costs 
reproduces many invariant characteristics 
observed in human motion. For example, Flash 
and Hogan [ 9 ] tested the idea that the smooth-
ness of hand trajectories might refl ect an impor-
tant cost in the planning of reaching movements 
and proposed a model that minimized the jerki-
ness of the hand trajectory (mathematically 
defi ned as the derivative of acceleration with 
respect to time). Their simulation predicted 
straight movements with symmetrical, single-
peaked, bell-shaped velocity profi les.

   However, under several experimental condi-
tions, minimum jerk trajectories and experimen-
tally observed hand paths diverged, which led 
researchers to examine other plausible cost func-
tions. For example, some researchers speculated 
that mechanical aspects of movements might 
refl ect important costs for planning movements. 
Such cost functions have included mean-squared 
torque change [ 10 ], peak work [ 12 ], or muscle 
energy [ 13 ,  14 ], among others. These models 
accounted for some experimental observations 

  Fig. 2.1    Different ways of picking up a coffee cup starting 
from the same initial posture. The left pose involves shoul-
der fl exion and elbow extension. The middle pose involves 

fl exion of the trunk, slightly less shoulder fl exion, and more 
elbow extension. The right pose shows some trunk fl exion, 
shoulder abduction, elbow fl exion, and forearm pronation       
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that could not be accounted for by optimizations 
based on kinematic parameters [ 11 ]. While mini-
mization of cost functions such as smoothness or 
torque change accurately predicted average 
behavior, Wolpert and colleagues [ 8 ] also 
accounted for the small yet important  trial-to- trial 
variability seen during repetitions of the same 
task. They proposed that motor commands are 
corrupted with variability inducing noise, and in 
the presence of such noise, the CNS seeks to min-
imize the variance of the fi nal arm position. This 
model also predicted many observed invariant 
characteristics of movements such as trajectory 
smoothness and the trade-off between movement 
accuracy and speed. 

 Two important inferences can be drawn from 
studies that have attempted to explain movement 
patterns based on optimization principles: (1) the 
nature of the costs associated with different tasks 
is often different and (2) costs such as end point 
variability and mechanical energy do not refl ect 
variables that we tend to have conscious 
 awareness of, yet they appear to be accounted for 
during the process of motor planning. In other 
words, the planning of movements entails explicit 

 performance criteria that are associated with 
 successful task performance, such as getting hold 
of a cup of coffee, but also entails implicit criteria 
that we don’t consciously consider, such as 
 making energetically effi cient and reliable 
movements. 

 An important aspect of the models discussed 
above is that optimization of a single cost func-
tion yields a desired trajectory that is then simply 
executed in an open-loop manner, once it is 
planned. The role of sensory feedback mecha-
nisms in these models is simply to correct devia-
tions from the planned or desired trajectory, 
regardless of whether these deviations resist or 
assist in task completion. Thus, the output of 
feedback circuits is not incorporated in the opti-
mization phase. More recently, the idea that 
determination of an optimal “control policy” 
incorporates knowledge about the “state” of the 
body and the environment, as relayed by feed-
back circuits and mechanisms that predict sen-
sory consequences of motor commands, has 
gained prominence. According to this idea, the 
optimal solution is the best possible transforma-
tion from the current state to the motor com-

  Fig. 2.2    Some “invariant characteristics” of point-to- point 
movements. The  top panel  shows fairly straight trajectories 
for multiple movements starting from and ending at varying 

locations for three different subjects. The  bottom panel  
shows fairly similar bell-shaped velocity profi les for four 
different movements (Adapted from Morasso [ 7 ])       
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mands that aid in achieving the task goal [ 15 ]. 
Not too surprisingly then, this  optimal feedback 
control  scheme yields task-specifi c cost func-
tions that often represent a hybrid mix of explicit 
task-level variables that relate to performance 
goals, such as movement precision, as well as 
implicit mechanically related costs that corre-
spond to muscle force or effort. For example, in a 
task that examined corrections to target displace-
ments that occurred late in the movement, Liu 
and Todorov [ 16 ] showed that subjects’ perfor-
mance could be best described using a composite 
cost function that optimized for movement dura-
tion, accuracy, end point stability, and energy 
consumption. More importantly, subjects implic-
itly changed the relative contribution of these 
costs as the accuracy and stability requirements 
of the task were changed. Thus, rather than adopt 
a fi xed policy across task conditions, subjects 
were able to fl exibly adapt their control strategy 
in order to ensure maximum task success. These 
ideas of fl exible control strategies and hybrid cost 
functions that include task-related and intrinsic 
biomechanical variables have important implica-
tions for designing therapy regimes. 

  Implications for Rehabilitation     It is important 
to recognize that damage to the CNS from stroke 
and the associated secondary changes in the mus-
culoskeletal system could induce changes in the 
set of possible solutions as well as the costs asso-
ciated with any given task. Therefore, patients 
may arrive at solutions to a motor task that may 
not look “normal,” but may be “optimal” given 
physiological and biomechanical pathologies 
[ 17 ]. Thus, rather than simply attempting to make 
movements look more “normal,” it is important 
to understand the biomechanical costs associated 
with different tasks. Most importantly, if move-
ments of the hemiparetic arm elicit energetic 
costs that are substantially higher than those of 
the ipsilesional arm, it is very unlikely that the 
hemiparetic arm use will be spontaneously 
 integrated into activities of daily living. As the 
 technologies discussed in this volume become 
available in the clinic, assessment of biomechani-
cal variables, such as joint power, will also 
become available. While most clinical assess-

ments of function include either the ability to per-
form certain ADL tasks (Functional Independence 
Measure—FIM [ 18 ,  19 ]) or the ability to perform 
simulated ADL tasks in particular times 
 (Jebsen- Taylor Hand Function Test [ 20 ]), we 
suggest that direct analysis of biomechanical 
costs may provide an important supplement to 
these tests, as an indicator of energetic effi ciency. 
It may also be important to assess one’s subjec-
tive sense of effort, which does not always accu-
rately refl ect measures of biomechanical cost 
[ 21 ]. This should provide a valuable addition to 
therapeutic assessment because even when ADLs 
are completed independently, if they are not per-
formed within reasonable energetic costs, one 
might expect minimal carryover into the patient’s 
spontaneous behavior.  

 It should be stressed that the role of task-level 
costs is also important for determining optimal 
control strategies for a given task. Such costs 
might include the accuracy and duration of move-
ments. Computer-based technologies allow ther-
apists to modify feedback to stress particular 
performance criteria, so as to emphasize certain 
costs. For example, in a targeted reaching task, 
one could provide reward based on duration, 
when focusing on improving movement time. 
However, if movement direction and straightness 
need to be stressed, visual feedback can be modi-
fi ed to amplify errors perpendicular to the desired 
trajectory while reducing errors in the direction 
of the desired movement. Such changes would 
penalize deviations from the desired movement 
path, while allowing errors in the direction of 
movement. This approach would assign different 
costs to errors that contribute to task success ver-
sus those that don’t. In fact, Ballester et al. [ 22 ] 
recently reported exactly this manipulation, using 
a virtual reality environment to train reaching in 
hemiparetic stroke patients. The movements of a 
virtual representation of the patients’ paretic limb 
were amplifi ed in only the dimension parallel to 
the target direction. Following virtual reality 
training, the authors reported that the probability 
of using the paretic limb during a subsequent 
real-world task was increased by the reinforcing 
experience of seeing the virtual limb reach the 
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target during training. These types of capabilities 
are now becoming available in the clinic, due to 
the increasing availability of computer-based 
robotic and virtual reality technologies.  

2.3     Principle 2: Impedance 
Control 

 Optimal feedback control theory emphasizes that 
the derivation of the optimal control signal incor-
porates knowledge about the state of the body and 
the environment. If the state changes unexpect-
edly due to an external perturbation or random 
noise, what should its infl uence be on the control 
strategy? For example, when a passenger in a 
vehicle drinks a cup of coffee, what should the 
control system do when the movement of the cup 
is unexpectedly perturbed by a bump in the road? 
Ideally, the components of the perturbing forces 
that assist in bringing the cup to the mouth 
smoothly should not be impeded. However, the 
components of the forces that resist in achieve-
ment of the task goal, such as accelerating the cup 
too rapidly or in the outward or downward direc-
tions, should be compensated. According to the 
principle of minimal intervention proposed by 
optimal feedback control, the central nervous sys-
tem “intervenes” only when errors are detrimental 

to goal achievement. Such a selective compensa-
tion of errors might explain why people allow 
slight variability in their performance as long as 
the overall goals of the task are satisfi ed. 

 This type of selective modulation of feedback 
gains is consistent with evidence that even the 
simplest feedback circuits, refl exes, can be mod-
ulated based on task demands. The stretch refl ex 
represents the simplest and most ubiquitous feed-
back circuit in the mammalian system. The typi-
cal response to a stretch of a muscle includes a 
characteristic three-phase response [ 23 ,  24 ], 
measured in the electromyogram (EMG) as 
shown in Fig.  2.3 : the shortest latency response, 
often referred to as M1, occurs within some 
20–50 ms following perturbation onset and 
refl ects circuitry contained within the spinal cord. 
Following this, a medium latency response, M2, 
is observed some 60–80 ms following the pertur-
bation onset and is thought to refl ect longer- 
latency spinal as well as transcortical circuits. 
This is followed by M3, a longer-latency reaction 
that is thought to refl ect a voluntary corrective 
process. Studies examining how these responses 
are modulated have shown differential effects of 
different task conditions on the early and later 
phases of the refl ex.

   Early studies in which subjects were 
instructed to  resist  or to  not resist  a perturbation 

  Fig. 2.3    Typical refl ex response to muscle stretch. An 
example of the wrist extensor being stretched using a motor 
is shown on the  left . The  right panel  shows the typical com-

ponents of the electromyographic response to muscle stretch: 
the short-latency component M1 and the longer-latency 
components M2 and M3 (Adapted from Matthews [ 24 ])       
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showed that M1 was not modifi ed by such com-
mands, while M2 could be greatly attenuated by 
the instruction to not resist, and M3 could actu-
ally be completely eliminated by this instruction 
[ 25 ]. More recent studies have shown that M2 
can be modulated by spatial conditions in a task, 
such as when subjects are told to allow their 
hand to displace toward a particular target: when 
the arm is pushed toward the target, the later 
phases (M2, M3) of the stretch refl ex that resist 
the perturbation are reduced. However, when 
the arm is pushed away from the target, the 
gains of these responses are increased. More 
importantly, this modulation varies with both 
the direction and the distance of the target [ 18 ]. 
This demonstrates that feedback circuits such as 
refl exes can be modulated in accord with task 
goals through implicit mechanisms. In fact 
modulation of refl exes appears to be a funda-
mental mechanism that our nervous system 
employs to control limb impedance and thus 
resist perturbations. An elegant example of such 
refl ex modulation was provided by Lacquaniti 
and colleagues for a ball-catching task [ 26 ]. 
This study demonstrated not only modulation 
but also reversal of the stretch refl ex, in response 
to ball impact. Both the amplitude and expres-
sion of the stretch refl ex were modulated in a 
systematic way as the ball dropped toward the 
hand. The result of this refl ex modulation was to 
generate impedance to the forces imposed by 
ball impact, thereby generating a smooth and 
effective catching response. 

 Why is active impedance control through 
refl ex modulation important for motor perfor-
mance? During everyday tasks, many environ-
mental perturbations cannot be predicted prior 
to movement. In the example of a passenger 
drinking coffee in a moving vehicle, changes in 
vehicle acceleration due to bumps and breaking 
can rarely be anticipated. One can increase 
overall arm stiffness by coactivating muscles, 
but this uses a great deal of metabolic energy 
and interferes with the ability to bring the cup to 
the mouth. Franklin [ 27 ] and colleagues directly 
tested how subjects might selectively modify 
impedance without interfering with coordina-
tion of the intended movement. In this study, 

subjects performed reaching movements with 
the arm attached to a robotic manipulandum that 
imposed unstable force fi elds that had compo-
nents directed perpendicular to the required 
movement (see Fig.  2.4a ). With practice, the 
participants were able to adapt to the novel 
dynamics and produce straight trajectories. 
They achieved this adaptation by selectively 
increasing stiffness in the direction of the insta-
bility, but not along the movement direction (see 
Fig.  2.4b ). Remarkably, at the joint level, this 
impedance modifi cation was achieved without 
changing baseline force and torque profi les (see 
Fig.  2.4c ): the coordination strategy remained 
kinetically effi cient, even though subjects were 
also able to effectively impede the imposed per-
turbations. These authors concluded that the 
nervous system is able to simultaneously main-
tain stability through impedance control and 
coordinate movements in a manner consistent 
with optimized energy expenditure.

   We recently showed that such selective mod-
ifi cation of limb impedance occurs through 
continuous modulation of short- and long-
latency refl exes [ 28 ]. In our study, participants 
reached to a visual target that occasionally 
jumped to a new location during movement ini-
tiation, thus changing the task goal during the 
course of motion. Unpredictable mechanical 
perturbations were occasionally applied, 
100 ms after the target jump. Our results showed 
that refl ex responses were tuned to the direction 
of the target jump: response amplitudes were 
increased or decreased depending on whether 
the perturbation opposed or assisted achieve-
ment of the new task goal, respectively. We also 
showed that this refl ex modulation resulted in 
changes in limb impedance to the perturba-
tions. However, under conditions in which the 
movements were not mechanically perturbed, 
no changes in EMG or joint torque occurred at 
refl ex latency relative to movements made with 
mechanical perturbations. These fi ndings sup-
ported those of Franklin and colleagues by con-
fi rming that limb impedance is controlled 
without interfering with optimal coordination, 
by selectively modulating the expression of 
short- and long-latency refl ex responses. 
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 The studies discussed above point to the 
remarkable ability of the nervous system to 
 determine optimal responses to unpredictable 
situations. Such control policies appear to medi-
ate the modulation of limb impedance through 
regulation of feedback circuits such as refl exes to 
ensure that unexpected perturbations are coun-
tered in a task-specifi c manner. Refl exive resis-
tance to a perturbation is increased when it is 
inconsistent with the task goal, but decreased 
when the perturbation is congruent with the goal 
of the task. These fi ndings agree with the “mini-

mum intervention principle” within the optimal 
feedback control framework. Thus, controlling 
limb impedance in a task-specifi c manner appears 
to be an integral component of the motor control 
process. 

  Implications for Rehabilitation     The research 
summarized above indicates that the central ner-
vous system invokes at least two aspects of con-
trol to achieve coordinated movements. First, the 
commands are specifi ed that result in optimal 
coordination patterns that satisfy both costs asso-
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  Fig. 2.4    Modulation of limb impedance. ( a ) The typical 
setup and the perturbing force fi eld. The fi eld acts to push 
the arm perpendicular (along  X-axis ) to the direction of 
motion ( Y-axis ). ( b ) An increase in limb stiffness along 

the  X - but not  Y -axis for all subjects. ( c ) Shoulder and 
elbow joint stiffnesses were independent of the respective 
joint torques (Adapted from Franklin et al. [ 27 ])       
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ciated with task performance and energetic costs. 
In addition, the nervous system appears to set 
control policies that modulate sensorimotor cir-
cuits such as refl exes, to account for perturba-
tions from unexpected changes in environmental 
or internal conditions. The importance of recog-
nizing both of these features of control in clinical 
environments is fundamentally important because 
brain damage due to stroke can have differential 
effects on these two aspects of coordination. For 
example, Beer et al. [ 29 ] showed that hemipare-
sis disrupts optimal intersegmental coordination, 
resulting in ineffi cient coordination that fails to 
account for the dynamic interactions between the 
segments. This defi cit does not appear to depend 
on extent of hemiparesis.  

 Traditional therapeutic strategies, as well as 
more recent robot-aided rehabilitation strategies, 
tend to target the optimal control process by prac-
ticing fairly consistent patterns of coordination 
and reinforcing task success. While this type of 
practice is critical for improving coordination and 
voluntary control, focusing on repetitive move-
ments under consistent environmental conditions 
should only be a fi rst step in rehabilitation training. 
In itself, this training may improve  voluntary con-
trol of optimal coordination patterns, but is 
unlikely to train impedance control mechanisms. 
Because of this, patients may become adept at the 
training protocols, but show limited transfer to 
activities of daily living. We suggest that as 
patients improve their movement patterns under 
predictable conditions, training protocols should 
progressively incorporate unpredictable condi-
tions. Such conditions might include random 
changes in target positions and varying force per-
turbations, thereby training patients to impede 
variations in environmental conditions that inter-
fere with task performance.  

2.4     Principle 3: Motor 
Lateralization 

 As discussed thus far, both optimal control and 
impedance control are component mechanisms 
underlying control of voluntary movements. Our 

recent work has suggested that these two mecha-
nisms are lateralized to the left and right brain 
hemispheres, respectively. The seminal research 
of Sperry and Gazzaniga [ 30 ] on disconnection 
syndrome in split-brain patients fi rst established 
neural lateralization as a fundamental principle 
of the cerebral organization. Gazzaniga proposed 
that distributing different neural processes across 
the hemispheres was a natural consequence of 
developing complex functions during the course 
of evolution. His research provided elegant sup-
port for this view of cerebral lateralization as a 
neural optimization process. 

 Interestingly, early research on hemispheric 
lateralization was largely limited to cognitive and 
perceptual processes, with little attention to the 
motor systems. We introduced the dynamic- 
dominance hypothesis of motor lateralization 
[ 31 ], based on left- and right-arm advantages in 
reaching performance in healthy adults, and 
expanded this hypothesis based on computational 
modeling studies [ 32 ,  33 ] and studies in patients 
with unilateral brain lesions [ 34 – 39 ]. The 
dynamic-dominance model proposes that the left 
hemisphere, in right-handers, is specialized for 
predictive processes that specify smooth and effi -
cient movement trajectories under mechanically 
stable environmental circumstances, while the 
right hemisphere is specialized for impedance 
control mechanisms that confer robustness to 
movements performed under unpredictable and 
mechanically unstable environmental conditions. 
In fact, this type of division of labor between the 
two sides of the brain appears to predate humans 
by half a billion years [ 40 ]. Rogers and col-
leagues have proposed a single-organizing prin-
ciple that might account for the large array of 
emotional, language, perceptual, and cognitive 
asymmetries that have been described across the 
evolutionary spectrum of vertebrates. While the 
left hemisphere appears “specialized for control 
of well-established patterns of behavior, under 
ordinary and familiar circumstances,” the right 
hemisphere is specialized for “detecting and 
responding to unexpected stimuli in the environ-
ment” [ 41 ]. The dynamic-dominance model pro-
vides the movement analogue to Roger’s model 
and thus places handedness in the context of a 
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larger array of neurobehavioral asymmetries 
across the animal kingdom [ 42 ]. 

 An important feature of these models is that 
both hemispheres are recruited for their compli-
mentary contributions to integrated functional 
activities. Thus, during the movement of a single 
arm, both hemispheres contribute their specifi c 
aspects of control [ 43 ]. Because each hemisphere 
contributes specialized processes to control of 
each arm, unilateral brain damage actually pro-
duces hemisphere-specifi c movement defi cits in 
the non-paretic, ipsilesional arm, as well as the 
contralesional arm. Remarkably, this is the arm 
that is usually considered unaffected by unilateral 
brain damage. The idea that each hemisphere con-
tributes to motor coordination of both arms is an 
important implication of ipsilesional, non- paretic 
arm motor defi cits. While the role of contralateral 
motor areas in controlling limb movements is well 
understood [ 44 ], the role of the ipsilateral hemi-
sphere has more recently been implicated by the 
robust occurrence of ipsilesional motor defi cits in 
both animal models of unilateral brain damage 
[ 45 – 47 ] as well as human stroke survivors [ 34 ,  36 , 
 39 ,  48 – 58 ]. In addition, both electrophysiological 
and neural imaging studies have shown that unilat-
eral arm and hand movements recruit motor-
related areas in both cerebral hemispheres [ 43 , 
 59 – 61 ]. Thus, it is the loss of the contributions of 
the ipsilateral hemisphere to movement control 
that gives rise to motor defi cits in the non-paretic 
arm of stroke patients. Most importantly, these 
defi cits can substantially limit functional perfor-
mance [ 51 ,  54 ], a particularly concerning phenom-
enon, given that patients with severe contralesional 
paresis depend on the ipsilesional arm for the 
majority of their activities of daily living. 

 Our recent studies have examined the specifi c 
nature of the ipsilesional movement defi cits that 
result from left or right brain damage, shedding 
light on motor lateralization. These studies have 
confi rmed that right and left sensorimotor strokes 
produce predictable defi cits in impedance control 
or optimal control, respectively [ 51 ,  62 ]. For 
example, Schaefer et al. [ 51 ] compared reaching 
movements in the ipsilesional arm of hemisphere- 
damaged patients with those of healthy control 
subjects matched for age and other demographic 

factors. Subjects performed targeted reaching 
movements in different directions within a work-
space to the same side of midline as their reaching 
arm. The left-hemisphere-damaged group showed 
defi cits in controlling the arm’s trajectory due to 
impaired interjoint coordination, but showed no 
defi cits in achieving accurate fi nal positions. In 
contrast, the right-hemisphere- damaged group 
showed defi cits in fi nal position accuracy but not 
in interjoint coordination. These fi ndings are 
exemplifi ed in the hand paths shown in Fig.  2.5a . 
While control subjects made relatively straight 
and accurate movements, patients with left-hemi-
sphere damage made movements that were very 
curved, but nevertheless were accurate in fi nal 
position. In contrast, patients with right-hemi-
sphere damage made straight movements with 
poor fi nal position accuracies. This double disso-
ciation between the type of error (trajectory or 
fi nal position) and the side of hemisphere damage 
(right or left) is emphasized in Fig.  2.5b , which 
shows the variance in hand positions during the 
initial trajectory phase (cross) or the fi nal position 
phase (circle) of the movement. The ratio of errors 
at these two points in movement (peak velocity, 
movement  termination) is quantifi ed across 
 subjects in the bar graphs, revealing that RHD 
patients had the greatest variance in fi nal position, 
while LHD patients had the greatest variance in 
trajectory. Thus, these results indicate the distinct 
lateralization of optimal trajectory control and 
impedance- mediated fi nal position control to the 
left and right hemispheres, respectively. It should 
be emphasized that these errors were associated 
with functional impairments in the ipsilesional 
arm, as measured by the Jebsen-Taylor Hand 
Function Test (JTHFT). Thus, motor lateraliza-
tion leads to defi cits that depend on the side of the 
stroke and can lead to signifi cant defi cits, as tested 
with clinical assessments, such as the JTHFT.

   Figure  2.6  shows data from 72 age- and 
 gender- matched control subjects, 22 left- 
hemisphere- damaged stroke survivors, and 29 
right-hemisphere-damaged stroke survivors. The 
 Y -axis represents the JTHFT score, taken as a per-
centage of right dominant arm function in our 
control group. Thus, 100 % is the mean for the 
right hand of 36 of the control subjects (those who 
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used their right hand). The JTHFT is a rather thor-
ough assessment of unilateral arm function that 
includes a large range of tasks that elicit the coor-
dination requirements of functional daily activi-
ties, such as writing, turning pages, placing large 
and small objects on a table, stacking checkers, 
and feeding. The left column (control) shows the 
difference between healthy subjects performing 
with the left arm and right arm.

   The data are stratifi ed on the  X -axis by both 
hand (right/left; in the case of stroke survivors, 
this is only the ipsilesional arm) and severity of 
contralesional paresis, as measured by the upper 
limb component of the Fugl-Meyer et al. [ 63 ] 
assessment of motor impairment (mild ≥ 55, mod-
erate >35, severe ≤ 35). In healthy subjects, the 
left nondominant arm takes, on average, 33 % lon-
ger than the right arm to carry out these tasks. For 
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  Fig. 2.5    Lateralization of 
motor defi cits after stroke. ( a ) 
Shows typical hand paths for 
healthy control subjects 
performing with their right or 
left arm ( top panel ) and 
left- and right-hemisphere-
damaged stroke patients 
performing with their 
ipsilesional arm ( bottom 
panel ). ( b ) Shows hand 
locations at peak velocity 
( crosses ) and movement end 
( circles ) for a typical left- 
and right-hemisphere- 
damaged stroke patient ( top 
panel ). Ellipses represent 
95 % confi dence intervals. 
The  bottom panel  shows 
mean ratio of variables error 
at peak velocity to variable 
error at movement end across 
all subjects for the control 
and stroke groups (Adapted 
from Schaefer et al. [ 51 ])       
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reference, this refl ects the frustration a typical 
adult would experience when trying to get through 
their day with only the nondominant arm, for 
example, due to a broken dominant arm. In our 
stroke survivors, there is a substantial effect of 
both severity of impairment in the paretic arm and 
side of the brain lesion on JTHFT performance 
with the non-paretic arm. First, the more severe 
the contralesional paresis, the greater the impair-
ment in the non-paretic arm. This effect is potenti-
ated by the side of lesion, such that 
left- hemisphere- damaged survivors who have 
severe paresis in their contralesional arm take 
216 % longer to complete the JTHFT than the 
dominant arm of control subjects, whereas right- 
hemisphere- damaged survivors with severe con-
tralesional paresis take 51 % longer than do 
control subjects. Functionally, this effect is con-
cerning for two reasons: First, the fi nding that the 
extent of ipsilesional defi cit varies with the extent 
of contralesional paresis indicates that the survi-
vors who must depend most on the ipsilesional 
arm for function have the greatest impairments in 
that arm. Second, these stroke survivors were 
tested, on average 1.8 years following their stroke, 
suggesting that these defi cits do not  spontaneously 
change over time. Even right- hemisphere- 

damaged patients with severe paresis take nearly 
52 % longer than age-matched control subjects to 
complete the JTHFT, regardless of the “forced 
use” of the ipsilesional arm imposed by severe 
contralesional paresis. This introduces the ques-
tions of whether focused remedial therapy might 
improve function by increasing the speed and dex-
terity of the non-paretic arm in patients with mod-
erate to severe contralesional paresis (Fig.  2.6 ).

   Implications for Rehabilitation     While most 
robotic rehabilitation devices have been focused 
on training movements in the contralesional arm, 
the research discussed above provides compel-
ling evidence that ipsilesional practice should 
also be encouraged. In fact, for many patients, the 
ipsilesional arm will become the primary manip-
ulator; thus, effi cient coordination of this arm and 
hand should be critical for effective performance 
of activities of daily living [ 64 ].  

 It is, thus likely that intensive training of the 
ipsilesional, non-paretic arm could substantially 
improve functional independence in patients with 
hemiparesis. However, it should be noted that 
 remediation of the non - paretic arm is so novel 
that little empirical evidence exists as to whether 
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hand score. Scores for non-paretic arm of stroke survivors. 
Control subjects were matched to gender and age distribu-
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damaged group comprised 22 stroke survivors, whereas 
the right-hemisphere-damaged group comprised 29 stroke 
survivors. On the  X -axis, these groups are stratifi ed by 
severity of contralesional arm paresis       
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such intervention might lead to positive effects on 
motor performance and functional independence . 
One recent pilot intervention study compared a 
group of patients who received therapy that 
included training of the non-paretic arm to 
another group who only received traditional ther-
apy, without non-paretic arm training [ 65 ]. The 
results indicated that when traditional therapy 
was combined with non-paretic arm training, the 
speed and accuracy of non-paretic arm move-
ments improved, as did the impairment level of 
the paretic arm, when compared to patients who 
received traditional therapy alone. This suggests 
that focused non-paretic arm training might pro-
duce both improvements in non-paretic arm 
motor performance and modest improvements in 
paretic arm function, both of which should facili-
tate improvements in functional independence. 
However, some caution is indicated because of 
the phenomenon of learned nonuse of the paretic 
arm, an effect that has been successfully 
addressed by constraining the non-paretic arm in 
patients with moderate to mild paresis [ 66 – 69 ]. 
While the pilot results cited above suggest posi-
tive effects of non-paretic arm training on paretic 
arm function, there currently is no conclusive 
evidence to predict whether non-paretic arm 
training will infl uence paretic arm function, 
either positively or negatively.  This is an impor-
tant area for future research in rehabilitation 
intervention for stroke patients . 

 In contrast to focused non-paretic arm train-
ing, bilateral training has a long history in reha-
bilitation research and practice and should 
represent a critical component to therapeutic 
intervention in unilateral stroke. In fact, most 
activities of daily living are performed with both 
hands contributing to different aspects of the 
activity [ 54 ,  64 ]. For example, when buttoning a 
shirt, the nondominant arm tends to stabilize the 
buttonhole, while the dominant arm manipulates 
the button through the hole. Bilateral training is 
not only important to facilitate remediation in the 
ipsilesional arm but also because unilateral train-
ing may not automatically carry over to sponta-
neous bilateral performance. In fact, recent 
research has indicated that learning novel kinetic 
and visuomotor environments with a single arm 

transfers only partially to bilateral movements, in 
which the same arm experiences the imposed 
environments [ 70 ,  71 ]. It is, therefore, critical 
that rehabilitation focus not only on unilateral 
performance but that training be extended to 
bilateral movements. While some robotic devices 
are designed for bilateral movements [ 72 ], unilat-
eral robotic training can be followed by bilateral 
training, even in the absence of bilateral robotic 
systems. In fact, bilateral training has a long 
 history in occupational therapy treatment, where 
manipulation of dowels and rolling pins has often 
been used to encourage bilateral arm use. 

 More importantly is the question of whether 
remediation focused on the non-paretic arm 
might improve stroke survivor’s participation in 
daily activities, for those patients who rely on 
this arm as their sole or primary manipulator and 
have substantial ipsilesional motor defi cits. 
Currently, the usual standard of care in rehabili-
tation for patients with  low moderate to severe 
paresis  tends to focus on task training in essen-
tial ADL activities rather than on intensive reme-
diation. We suggest that the combination of 
moderate to severe paresis with persistent motor 
defi cits in the non-paretic arm limits perfor-
mance of and participation in activities of daily 
living. We, thus, predict that intense rehabilita-
tion, sequentially focused on each arm, should 
provide a durable and substantial improvement 
in functional performance. However, this 
approach must be addressed with some caution 
because while sequential arm training has never 
been studied in human stroke survivors, Jones 
et al. [ 73 ] showed, in an acute model of stroke in 
rats, that initial training of ipsilesional forelimb 
reaches can limit the subsequent response to 
training in the contralesional forelimb (2010). 
On the other hand, interlimb transfer of motor 
learning often shows a positive effect in healthy 
individuals [ 74 – 77 ], and mirror training has 
shown positive transfer between the arms in 
stroke patients [ 78 – 80 ]. It is critical to carry out 
studies of ipsilesional arm intervention in survi-
vors with moderate to severe contralesional 
paresis to determine whether such training can 
positively affect functional outcomes and par-
ticipation in human stroke survivors.  
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2.5     Principle 4: Motor Learning 

 The discussion so far noted that rehabilitation 
should focus on improving both optimal control 
and impedance control while bearing in mind 
that these control mechanisms are likely lateral-
ized to different brain hemispheres. However, 
rehabilitation itself rests on the assumption that 
patients can relearn such control with repeated 
practice. As such, knowledge of how motor 
learning occurs, how it is retained, and how it 
generalizes to other conditions that haven’t been 
practiced is central to the development of effec-
tive rehabilitation strategies. 

 Motor learning is used as an umbrella term to 
incorporate any practice-related improvement in 
motor performance. The primary paradigm used 
in recent motor learning research has been focused 
on fairly short-term motor adaptation, where 
researchers have explored adjustments in move-
ment patterns to various kinds of altered environ-
ments. Typically, subjects are exposed to novel 
task conditions such as when a cursor, represent-
ing the location of the hand on a screen, deviates 
from the actual hand location or when the hand is 
pushed from its intended trajectory using force 
perturbations. Under such conditions, subjects 
readily adapt to the new environment, a process 
that appears to occur, at least in part, through 
changes in predictive control or, in other words, 
movement planning [ 81 ,  82 ]. The predictive 
nature of such adaptation is refl ected by the occur-
rence of “aftereffects” following removal of the 
imposed environmental perturbation. Such after-
effects tend to mirror image the movement pat-
terns seen on early exposure to the imposed 
perturbation and are based on the  subject’s expec-
tation that they will continue to experience the 
novel environment. In other words, the effects of 
the perturbation are predicted and accounted for, 
and the motor output is appropriately modifi ed 
[ 83 ,  84 ]. Computationally, such adaptation can be 
modeled as an iterative update of a forward model, 
defi ned as a transformation from movement com-
mands to their desired sensory consequences. In 
this scheme, sensory prediction errors or the dif-
ference between the intended and actual sensory 
feedback should drive the process of improving 

the accuracy of the forward model, so that the pre-
dicted sensory consequences of motor commands 
coincide with the actual sensory feedback. This 
process has been shown to occur implicitly [ 83 ], 
although new research suggests that adaptation 
may also involve explicit or declarative strategies 
[ 85 ] as well as reinforcement mechanisms that are 
driven by task success [ 86 ]. 

 In order to examine how motor learning might 
be represented in the nervous system, many stud-
ies have examined conditions to which the learn-
ing generalizes. Interestingly, these studies have 
generally suggested that generalization of visuo-
motor adaption is different from generalization of 
adaptation to novel dynamic conditions such as 
force fi elds. For example, Krakauer et al. [ 87 ] 
examined generalization of visuomotor adaptation 
and found that subjects generalized to movements 
that were made in the same direction, but from a 
different starting confi guration of the arm. We 
have also shown that such adaptation can transfer 
between the limbs [ 31 ]. These results are consis-
tent with other studies that have suggested that 
adaptation to errors introduced at the extrinsic task 
level transfers along the same coordinates [ 88 ,  89 ]. 
Generalization of adaptation to dynamic condi-
tions such as novel force fi elds in contrast has been 
shown to occur along intrinsic or joint coordinates 
[ 77 ,  90 ]. Malfait et al. [ 91 ] showed that learning of 
novel force fi elds transferred to movements made 
in different regions of the workspace, if similar 
joint excursions were required, but poorly to 
movements in which joint excursions changed. 
Thus, representation of the applied force fi eld 
appeared to be linked to joint motions or intrinsic 
coordinates. Mussa- Ivaldi and colleagues [ 92 ] 
have proposed that generalization of learning 
novel mechanical conditions is tightly linked to 
the dynamic state of the arm, indicated by the 
velocity and positions of the arm experienced dur-
ing learning. In support of this idea, when novel 
dynamics are learned with the dominant arm, they 
appear to transfer to the nondominant arm along 
intrinsic coordinates [ 77 ,  90 ]. Thus, while learning 
of novel visuomotor conditions appears to gener-
alize in extrinsic coordinates, learning of novel 
dynamic conditions appears to transfer along 
intrinsic coordinates. 
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 To explore the neural basis of adaptation, which 
has important implications for rehabilitation post-
stroke, we recently examined the impact of differ-
ent brain lesions on the ability to adapt to novel 
visuomotor conditions. In general, we have found 
that left-hemisphere damage, particularly to poste-
rior parietal regions, impairs visuomotor  adaptation 
[ 39 ]. Our results signifi cantly expanded on prior 
studies that focused on the cerebellum as the neural 
substrate critical for adaptation [ 93 – 96 ]. Our results 
also agreed with Tanaka et al. [ 97 ] who showed 
that experimentally observed visuomotor adapta-
tion and generalization patterns could be repro-
duced using a population-coding model in which 
adaptation induced changes in the synaptic weights 
between narrowly tuned, parietal like neurons and 
units in the motor cortex. Importantly, models that 
utilized tuning properties of motor cortical or cer-
ebellar neurons could not reproduce behavioral 
data. Thus, more recent fi ndings have strongly 
implicated posterior parietal regions for adaptation, 
particularly under conditions in which visuomotor 
errors are imposed. The neural substrates critical 
for dynamic adaptation are less clear. 

 In contrast to adaptation, which requires 
improvement in performance in response to 
 environmentally induced errors, learning in the 
absence of such errors has not been as exten-
sively studied. Newer studies term such learning 
in the absence of sensory prediction errors as 
“skill learning,” and it is thought that mecha-
nisms that drive learning of new skills are differ-
ent from those that drive adaptation [ 98 ]. 
Behaviorally, adaptation only focuses on return 
to baseline level of performance in the presence 
of error- inducing perturbations, progresses rap-
idly, is short-lived, and shows limited generaliza-
tion. In contrast, skill learning occurs over much 
slower time scales, and learned skills are rarely 
forgotten [ 86 ]. Research suggests that learning of 
skills may recruit reinforcement-like processes, 
where a successful action is found through trial 
and error, and is then repeated since it leads to a 
rewarding outcome. However, this needs to be 
explored further. Neurophysiologically, skill 
learning has been mapped on to substrates that 
appear to be different from adaptation. For 
instance, primary motor cortex and basal ganglia 

are believed to be crucial for learning of new 
skills, but not for adaptation. For example, tran-
scranial magnetic stimulation applied over M1 
does not appear to impair adaptation [ 99 ], but 
facilitation of M1 via anodal direct current 
 stimulation enhances skill learning [ 99 ], 
 suggesting that M1 might play a different role in 
these two processes. 

 Despite these differences, however, there is 
good reason to believe that adaptation and skill 
learning processes interact during the learning of 
real-life tasks. For instance, recent results suggest 
that even in what would otherwise be classifi ed as 
a pure adaptation task, reinforcement mechanisms 
are recruited [ 86 ]. Under certain conditions, adap-
tation to errors can in fact be driven completely by 
reward-based reinforcement mechanisms [ 100 ]. 
Other mechanisms, including the use of explicit 
strategies [ 101 ,  102 ] and declarative memory 
[ 85 ], have also been suggested to contribute sig-
nifi cantly during motor learning. 

  Implications for Rehabilitation     The array of 
fi ndings on motor learning and its underlying 
neural substrates has several potential implica-
tions for rehabilitation. First, it is critical to rec-
ognize that multiple mechanisms, presumably 
dependent on distinct neural substrates, contrib-
ute to an improvement in motor performance 
with practice. Loss of a particular component 
process because of focal lesions in different 
regions of the brain therefore does not automati-
cally imply a complete loss of learning capacity. 
Different processes and alternate “routes” can be 
exploited for improvement in motor function. For 
instance, for a patient with injury to parietal 
regions, which might affect his/her capacity to 
adapt to a novel environment, reinforcement 
mechanisms could be exploited for learning in 
the same environment. Second, given that adap-
tation and skill might recruit different neural 
resources, rehabilitation approaches must focus 
on training or facilitating both these processes, 
possibly along with other mechanisms such as 
use of explicit strategies and declarative memory 
processes. Third, the fact that learning might 
occur and generalize in different coordinate sys-
tems must be taken into account. While learning 
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in environments that perturb performance in the 
extrinsic, task space allows adaptation to task 
constraints, such as improving accuracy and pre-
cision, learning in dynamic environments allows 
the central nervous system to optimize intrinsic 
coordination and mechanical energy. It is there-
fore important for therapists to consider both 
intrinsic and extrinsic aspects of task perfor-
mance. It is typical to consider the similarities 
between two tasks in terms of extrinsic, task- 
related coordinates because one can readily 
determine whether the task is in the same region 
of space, is oriented similarly, and is performed 
at similar speeds as the task or tasks that are tar-
geted for transfer. For example, one can practice 
stacking cones on a surface and expect that this 
might transfer to the task of procuring a glass 
from the cupboard (target ADL skill). However, 
one must also consider the dynamic requirements 
of the two tasks, in terms of both postural and 
limb movement requirements. Whether the two 
tasks are similar in terms of joint torques or joint 
power might depend on subtle differences in 
body confi gurations and relative segment 
motions. This would be diffi cult to determine for 
a large range of ADL activities. It is, therefore, 
important to provide a great deal of variation in 
dynamic experience when practicing a given 
task, particularly as patients become profi cient at 
a given set of movement patterns. Robotic- and 
technology-aided rehabilitation, which have the 
capacity to provide a large range of interactive 
visual and dynamic environments along with the 
capacity for high- intensity and high-dose prac-
tice, hold great promise in this regard.   

2.6     Summary and Conclusions 

 As the technology-based intervention tools dis-
cussed in this volume enter the clinic, they will 
provide rehabilitation professionals with the abil-
ity to prescribe and monitor movement experi-
ences with unprecedented precision. This 
introduces the question of what specifi c aspects 
of movement should be practiced and monitored 
with these tools. In this chapter, we presented 
four tenets derived from research in movement 

neuroscience that have an impact on this question 
and that have been derived from literature on the 
neural control of movement. These tenets are 
optimal control, impedance control, motor 
 lateralization, and motor learning. We will review 
these principles and the implications for rehabili-
tation below. 

 Optimal control theory has examined plausi-
ble costs that might be considered by the nervous 
system during motor planning and that might 
account for the reliable, or “invariant,” features of 
movements that occur across tasks and individu-
als. This line of research has indicated two major 
categories of cost that contribute to motor plan-
ning: explicit task-level costs, such as movement 
accuracy and speed, and implicit costs, such as 
energy and movement variability. When design-
ing movement practice for patients, it is impor-
tant to consider both types of costs, when grading 
the diffi culty of the task. We also suggest that it is 
critical to consider biomechanical variables 
related to energetic effi ciency, when evaluating 
patients’ progress. While many clinical tests 
assess the ability to perform ADLs, as well as the 
time of such performance, a critical factor that 
should determine carryover into spontaneous 
daily activities is whether the movement can be 
performed at a reasonable energy cost. As the 
technologies discussed in this volume become 
available in the clinic, many of the devices will 
allow measures of mechanically related vari-
ables, such as work, power, and torque. Such 
variables can be exploited to monitor progress in 
making not only accurate and rapid but also ener-
getically effi cient movements. 

 Impedance control refers to neural mecha-
nisms that modulate rapid sensorimotor cir-
cuits, such as stretch refl exes, in order to impede 
perturbations that cannot be anticipated during 
motor planning. These include forces that arise 
from the environment, such as inertial forces 
that result from braking and acceleration of a 
vehicle, or even inaccurate movements of one’s 
own body, such as the effect on the upper body 
and arms of stepping on an uneven surface 
while holding a cup. Robot-aided and virtual 
reality technologies allow the introduction of 
perturbations into patients’ movement training 

R.L. Sainburg and P.K. Mutha



35

 experience. While it is currently most common 
to practice repetitive patterns under stereotyped 
conditions, introducing unpredictable perturba-
tions should consolidate this learning and 
 prepare patients for movement under natural 
environmental conditions. 

 Motor lateralization research has indicated 
that different aspects of motor control have been 
specialized to the different cerebral hemispheres. 
The hypothesis that both hemispheres are nor-
mally recruited for each respective control mech-
anism, optimal trajectory control, and impedance 
control predicts that damage to a single hemi-
sphere should produce defi cits in the ipsilesional 
arm, often considered the unaffected arm in 
stroke patients. Recent research has verifi ed this 
prediction, demonstrating defi cits in trajectory 
control following left-hemisphere damage and 
defi cits in achieving accurate steady-state posi-
tions following right-hemisphere damage. The 
implications for rehabilitation are substantial: 
patients with persistent hemiparesis will need to 
use the ipsilesional arm as the lead, or often the 
sole, manipulator for activities of daily living. 
Thus, effi cient performance of ADL will require 
well-coordinated movements of this arm. This is 
particularly important for patients who have 
severe contralesional paresis, which tends to be 
associated with substantial ipsilesional motor 
defi cits. Intensive training focused on the ipsile-
sional arm can improve coordination, but research 
is needed to determine whether this will impact 
function, either positively or negatively, of the 
contralesional arm. Because most ADL tasks 
require some degree of bilateral coordination, we 
recommend that following sequential unilateral 
training with each arm, both arms be trained 
simultaneously using bilateral tasks. Virtual real-
ity environments provide an excellent paradigm 
to manipulate task conditions during bilateral 
arm training, such as requiring both arms to coor-
dinate with each other for goal achievement and 
manipulating virtual objects. 

 Motor learning research has shown that multi-
ple brain regions represent distinct motor learning 
processes. These processes include skill learning, 
in which one develops new sensorimotor patterns 
that were not previously learned, and adaptation, 

in which one learns to compensate for an environ-
mental or sensory disturbance in order to perform 
a previously well-practiced task, such as reaching 
in a force fi eld, or under the infl uence of altered 
visuomotor feedback. It should be stressed that as 
stroke survivors learn to adapt to their new sen-
sory and motor conditions, both of these forms of 
learning should be required. Even well-learned 
tasks, such as brushing one’s teeth, may require 
substantially new skill development, given altered 
motor capacities. Similarly, distortions in sensory 
feedback including visual fi eld defi cits and pro-
prioceptive and tactile defi cits can require adapta-
tion to recover old skills. Generalization is also an 
aspect of motor learning with particular applica-
tion to neurorehabilitation. It should be stressed 
that one cannot assume a particular pattern of 
motor generalization, following training. This is 
because some aspects of learning transfer along 
different coordinates than others. For example, 
task dynamics seem to be learned and transferred 
in intrinsic coordinates, whereas visuomotor dis-
tortions are transferred across extrinsic coordi-
nates. Since it is not simple, or even possible, to 
segregate these aspects of learning in a clinical 
environment, it is important to provide a range of 
training experiences that can ensure generaliza-
tion across a range of tasks. Task-specifi c train-
ing, of course, should be done for key activities of 
daily living, but limiting training to specifi c tasks 
severely limits the potential of physical rehabilita-
tion. We therefore strongly recommend providing 
a range of dynamic and kinematic training experi-
ences that include the requirement for variability 
and response to unpredictable perturbations.     
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      Designing Robots That Challenge 
to Optimize Motor Learning                     

     David     A.     Brown      ,     Timothy     D.     Lee     , 
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    Abstract  

  The purpose of this chapter is to provide the reader with a better 
 understanding of the theory and practice of providing effective levels of 
 challenge for people with motor disability, using rehabilitation robotics to 
provide the safety and assurance that is necessary to prevent physical harm 
and mental frustration. First, we describe the therapeutic context with 
which clinicians encounter the need to design challenge into the motor 
learning sessions that are typical for individuals who are recovering from 
impaired movement. Second, we explore the challenge point framework 
as a major breakthrough in our understanding of the nature of challenge in 
motor performance and how this challenge contributes to effi cacious 
motor learning. Next, we describe ways in which rehabilitation robotics 
can be designed and implemented to explore the ways in which people 
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with motor disability can learn to move again and how results with these 
devices suggest extending the challenge point framework to take into 
account self-effi cacy and willingness to practice. Finally, we provide a 
detailed example of a robotic system that works collaboratively with the 
clinician to provide physical challenge during walking and balance train-
ing in people with poststroke hemiparesis using a library of novel tech-
niques. We conclude by providing further thoughts to engineers and 
clinicians who collaborate to develop a next generation of rehabilitation 
robotics that build on the concepts of optimal challenge into the engineer-
ing design.  

  Keywords  

  Movement rehabilitation   •   Motor learning   •   Rehabilitation technology   • 
  Challenge   •   Practice psychology   •   Self-effi cacy   •   Stroke   •   Psychomotor 
performance  

3.1       Therapeutic Context 
of Physical Challenge 
During the Rehabilitation 
Process 

 Impaired motor performance results in disability 
that becomes a major obstacle to community 
function in persons with movement disorders 
such as poststroke hemiplegia, spinal cord injury, 
Parkinson’s disease, multiple sclerosis, head 
injury, osteoarthritis, postamputation loss of 
limb, etc. This disability is characterized by func-
tional defi cits, such as slow walking, inability to 
grasp objects, moving in a manner so as to avoid 
pain, and avoiding situations in life that may 
result in falls. Often these functional defi cits are 
due to a combination of motor impairments such 
as reduced muscle strength, slow movement 
speed, poor balance and coordination, poor aero-
bic endurance and muscle fatigue, and an inabil-
ity to move under conditions of environmental 
distractions due to fear of falling or lack of atten-
tion to movement. The inability to move func-
tionally in a complex environment can result in 
some dire consequences. For example, in the case 
of persons with gait and balance impairments, 
there can be a high risk for falls at the home and 
in the community. 

 One of the promises of robotic rehabilitation 
applications is in providing persons with  disability 

the opportunity to be physically  challenged in a 
safe and effi cacious manner. While clinicians are 
very effective at matching the capabilities of a 
person with disability with the challenge of the 
exercise, physical limitations in a clinician’s 
strength and endurance can reduce the potential 
for providing consistently  challenging and ever- 
progressing environments for continued perfor-
mance improvement. In addition, there are some 
domains of challenge, such as with balance, 
strength training, and speed training, where smart 
machines, such as robots, can provide tireless and 
adaptable challenging exercise and motor learn-
ing environments. 

 It also may be argued that, unless the person is 
challenged to perform beyond their current capa-
bility, acquisition of new and improved func-
tional movement behaviors will be limited. In 
fact, in such wide-ranging fi elds as athletic per-
formance, musical instrument expertise, and 
chess mastery, the evidence shows that mastery 
in a task is best achieved with deliberate and per-
sistent practice sessions that push a person to 
move beyond their current performance limita-
tions. Of course, the physical risks of harm and 
mental frustration that come along with attempts 
to move against high-level challenges should 
cause concern. However, rehabilitation robotics, 
if designed appropriately, can allow individuals 
who are learning to move more functionally, to 
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attempt increasingly challenging tasks without 
fear of harm and with the knowledge that, if they 
make mistakes during the training, they can learn 
from the mistakes. 

 Further, in the case of neurological injury or 
disease, the concept of challenge must be applied 
intelligently when used as an adjunct to disorders 
that may limit ability to recover movement 
 capability. Factors such as impaired sensory input 
(i.e., proprioceptive, cutaneous, visual, vestibular, 
etc.), inappropriate coupling of muscle activations, 
muscle hyper- or hypotonicity, poorly prepared 
and planned movement sequences, diffi culty with 
starting and stopping movements, and psychologi-
cal factors (i.e., cognitive status, memory, motiva-
tion, etc.). The sections that follow describe the 
concept of challenge; however, one must always 
remember that the nervous system can be over-
stimulated; therefore, a sensitive clinician will 
always monitor physiologic and behavioral 
responses when providing challenging learning 
environments. Optimal challenge conditions in the 
case of recovery of walking and balance poststroke 
will be discussed in Sect.  3.4 .  

3.2     The Challenge Point 
Framework 

 Motor performance and motor learning share a 
fl uctuating relationship. A  performance  is usu-
ally defi ned as the outcome of an action. It can be 
measured at any one time or over a series of 
short-term intervals. In contrast, the term  learn-
ing  refers to performance improvements that 
“stick”; improvements that are relatively perma-
nent over a longer term. One might assume that 
good short-term performances naturally lead to 
good longer-term improvements. But, that 
assumption does not hold, and in fact, many 
times the reverse is true—better learning often 
results from poor performances. Guadagnoli and 
Lee [ 1 ] introduced the “challenge point frame-
work” (CPF) in an attempt to defi ne how the rela-
tionship between performance and learning could 
be optimized. 

 Motor performance is critically dependent on 
the diffi culty of the task. All other issues being 

equal, more diffi cult tasks generally result in less 
successful performances. However, learning can 
sometimes benefi t from diffi culties. Bjork [ 2 ] 
termed these as “desirable diffi culties.” Clearly, 
though, not all diffi culties are desirable. 
Guadagnoli and Lee [ 1 ] hypothesized that diffi -
culties could be optimized in order to promote the 
desirable and minimize the undesirable effects. 

 The CPF hypothesized a systematic attempt to 
introduce challenges to the learning environment. 
The critical factors that combined to defi ne a 
challenge point included the task, the individual, 
and the practice-related constraints. Some tasks 
are more diffi cult to perform than other tasks, and 
optimal learning conditions are predicted to be 
associated with levels of task diffi culty that are 
appropriate for the skill level of the learner. The 
CPF predicted that there are levels of task diffi -
culty that are too easy for some individuals and 
levels that are too diffi cult for others. And, 
although there may exist a level of task diffi culty 
that optimizes learning for each individual at 
some point in time, the level must be adaptable to 
changes in the performer that occur with learning 
(see also [ 3 – 5 ]). 

 The CPF considered adapted task diffi culty as 
a key component for setting appropriate condi-
tions of practice for learning. For example, an 
easy task, practiced under random practice condi-
tions, makes performance on the task more diffi -
cult in a  functional  sense. Conversely, a diffi cult 
task, subjected to physically restricted guidance, 
makes performance on the task  functionally  less 
diffi cult. There are many other practice-related 
conditions that change the functional diffi culty of 
practice too (such as rote repetition, the provision 
of feedback, and so on). 

 The CPF therefore considered the effects of 
functional task diffi culty from a perspective of 
both performance in practice and the potential for 
learning that might result. Figure  3.1  illustrates a 
predicted optimal point at which increasing the 
functional task diffi culty would maximum learn-
ing at the least cost to immediate performance. 
The goal of optimizing the functional task diffi -
culty was to maximize the positive boost to learn-
ing combined with the negative detriments to 
immediate performance. Beyond the optimal 
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point, the framework predicts that performance 
will deteriorate rapidly at a cost to learning as 
well. Figure  3.1  illustrates the prediction from 
the framework that an optimal challenge point 
would occur at a level of functional task diffi culty 
that was considerably lower for a novice than for 
a skilled performer.

   Let’s use golf practice as an example of how 
the CPF might be useful. For the beginner, 
striking a golf ball to result in an airborne tra-
jectory is a very diffi cult task. Repeated failures 
do not optimize learning—at the beginner 
stage, learning is facilitated by successful per-
formance. For the novice, physically restricted 
guidance devices, for example, make the task 

functionally, less diffi cult, which should 
 positively infl uence both performance and 
learning. The use of physically restricted guid-
ance devices, however, might have the opposite 
effect for the more advanced golfer. In this 
case, the learner needs to be challenged by 
more functionally diffi cult practice conditions, 
because the task itself does not bring about the 
same level of challenge as it did for the novice. 
Changing golf clubs on each practice attempt, 
or playing shots out of imperfect lies in the 
grass, adds a desirable challenge for the more 
advanced golfer that would optimize the bene-
fi ts of practice that would “stick” for the longer 
term (see [ 6 ] for more examples). 
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  Fig. 3.1    The optimal challenge point predicts the level of 
functional task diffi culty that maximizes learning at the 
least cost to performance during practice. This optimal 
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3.2.1     Application of the CPF 
to Stroke Rehabilitation: 
A Pilot Study 

 Some predictions made in the CPF were  examined 
in a randomized controlled pilot trial by Griffi ths 
[ 7 ], involving patients in an inpatient stroke reha-
bilitation program. A small sample of partici-
pants, 2–12 weeks poststroke, was assigned to 
one of three training groups. A control group 
( n  = 3) received a usual-care, strength training 
protocol. A second group of participants ( n  = 3) 
were assigned to a condition in which they were 
encouraged to select a set of specifi c tasks to be 
used in therapy with the goal to challenge their 
current capabilities as much as possible. As per-
formance improved participants were taught how 
to change the tasks to make them more challeng-
ing. The third group of individuals poststroke 
( n  = 5) also practiced challenging tasks, but these 
were assigned by the therapist, rather than self- 
selected. Physical therapy was administered for 
15 sessions over a 3- or 4-week period, which was 
followed by 4 weeks of self-managed  physical 
therapy that usually occurred in the home post-
discharge. A number of primary and secondary 

recovery-of-function assessments were taken at 
three time periods: pre-intervention (T1), post-
intervention (T2, following the 15 sessions of 
physical therapy), and after the 4 weeks of self-
managed therapy (T3). The general goal in select-
ing the tasks to be performed in the therapy 
session was that they were to be neither too diffi -
cult nor too easy to perform. Note that the differ-
ence between the two experimental groups was 
that in the self-selected group, the participants 
were taught to determine the tasks that optimally 
challenged their current skill capability, and in the 
therapist-selected group, the therapist chose the 
tasks to optimally challenge the participants’ cur-
rent capability. 

 The effect of the therapy conditions on the 
(CAHAI) Chedoke Arm and Hand Activity 
Inventory, a measure of functional activity per-
formance, illustrated in Fig.  3.2 , represents just 
one of the primary assessments. Many of these 
other outcomes showed similar effects, although 
not all were signifi cant due to the small sample 
and low statistical power. The results for the 
CAHAI revealed that the self-selected group pro-
duced the best recovery-of-function result at T3 
(after the self-management period), even though 
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  Fig. 3.2    Performance 
of three poststroke 
treatment conditions on 
the Chedoke Arm and 
Hand Activity Inventory 
(CAHAI) at T1 (prior 
to treatment), T2 (after 
a 15-session inpatient 
treatment), and T3 
(after 4 weeks of 
at-home self- 
administered treatment) 
(From Griffi ths [ 7 ]; 
used with permission)       
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the participants in control group were much 
 better at T1. In terms of proportional recovery of 
function, the self-select group improved by 
41.7 % from T1 (pretest) to T2 (after the inpatient 
therapy) and by 70.0 % when considered from T1 
to T3. The patients receiving therapist-selected 
tasks improved by 19.6 and 28.6 % over these 
same periods. Both of these proportional 
improvements were higher than the improve-
ments seen in the control groups (3.0 % and 9.1 % 
in T1–T2 and T1–T3, respectively).

   Perhaps of equal, if not more important, how-
ever, were the task repetition records that were 
observed in the patients’ diaries over the 4-week 
period of self-managed treatment. These fi nd-
ings, illustrated as the cumulative number of task 
repetitions in Fig.  3.3 , revealed that both the self- 
selected and therapist-selected groups continued 
the self-managed treatment with a signifi cantly 
higher dose of training than the control group. 
This fi nding was unexpected, and Griffi ths 
 suggested that the fi nding indicated that the 
increasingly challenging aspects of the therapies 
resulted in higher, sustained motivation to con-
tinue self- managed treatment at home.

   Minimally, the fi ndings of this pilot study 
 suggest that a larger trial is warranted. The data 

support the potential role of providing task 
 appropriate challenges to individuals poststroke 
during physical rehabilitation, both in terms of 
recovery of function and in terms of enhanced 
motivation to continue treatment. The latter fi nd-
ing supports the long-held view in motor learning 
that  amount and intensity  of practice are the most 
important determinants of skill improvement. If 
that statement is true also for recovery of func-
tion following stroke (as many believe it to be), 
then therapy treatment conditions that facilitate 
recovery of function  and  motivate the individual 
to continue therapy serve as dual-purpose advan-
tages. The CPF is one possible mechanism that 
could inform therapy (see also [ 8 ]).   

3.3     Using Robotic Technologies 
to Provide Challenge 
in Rehabilitation Therapy 

 Based on the prior discussion, it is clear that a key 
issue in the design of neurorehabilitation therapy 
technology is to provide appropriate challenge dur-
ing training. This section describes the evolution of 
robotic therapy device design to meet this require-
ment. Two initial strategies have been to provide 
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mechanical assistance for movement and, more 
recently, to automatically adjust therapeutic param-
eters using sensors and software algorithms. 

3.3.1     Providing Appropriate 
Challenge by Providing 
Mechanical Assistance 

 The fi rst robotic therapy devices were designed to 
provide mechanical assistance to help individuals 
complete training tasks (for reviews, see [ 9 ,  10 ]). 
This strategy mimicked the strategy of active 
assistance sometimes used by rehabilitation thera-
pists, in which the therapist physically assists the 
active patient in completing movements. 
Therapists use active assistance for both the upper 
extremity, for example, for reach practicing, or for 
the lower extremity, for example, by providing 
balance support during overground walking train-
ing. Likewise, initial robotic therapy devices for 
the upper extremity, like MIT- MANUS [ 10 ], 
MIME [ 11 ], and the ARM Guide [ 12 ], assisted 
patients in completing reaching movements, 
while initial devices for the lower extremity, like 
the Lokomat [ 13 ] and the Gait Trainer [ 14 ], 
assisted patients in maintaining balance and 
achieving a stepping-like pattern of leg motions. 
These machines physically attached to the patient 
and essentially tried to work in harmony to 
achieve desired movements, specifi ed by video 
games for the upper extremity or using a norma-
tive gait trajectory for the lower extremity. 

 Within the challenge point framework, this 
strategy of providing assistance can be viewed as 
a way to make rehabilitation tasks that are overly 
diffi cult practicable by individuals with severe 
impairment. As explained above, making a task 
practicable may make it more learnable. In addi-
tion, making tasks practicable may play a role in 
motivation. In the words of one participant with a 
stroke in a study with the arm training exoskele-
ton T-WREX, “If I can’t do something once, why 
would I do it a hundred times?” [ 15 ]. 

 The motivational signifi cance of robotic assis-
tance was recently confi rmed in a study of the 
FINGER robotic fi nger training exoskeleton. In 
this study [ 16 ], 30 individuals with a moderate to 

severe fi nger movement impairment after chronic 
stroke were randomized to either a high success 
or low success group, where success was defi ned 
as the percentage of musical notes they success-
fully hit as they played a computer game similar 
to Guitar Hero. The FINGER robot adaptively 
assisted the participants to achieve either an 85 % 
success rate (high success) or a 60 % success rate 
(low success). Participants were asked to rate 
how motivating the rehabilitation training was 
after each of nine training sessions using a vali-
dated scale, the Intrinsic Motivation Inventory 
[ 17 ]. Figure  3.4  illustrates that the participants 
who received more assistance from the robot, and 
thus achieved higher success levels, consistently 
rated the robotic training as more motivating.

   Despite positive motivational effects of active 
assist robotic therapy, what became increasingly 
clear with ongoing clinical studies was that there 
was a danger of over assisting a patient and 
thereby decrementing the amount of learning that 
could happen during training. As outlined above, 
the challenge point theory states that there is an 
optimal challenge point that is patient specifi c, 
which will change with practice. Thus, using the 
golf example above, physical assisting of the golf 
swing may be appropriate early in learning but 
less appropriate as learning proceeds. In two key 
robotic therapy studies [ 18 ,  19 ], the Lokomat was 
used for gait training by patients with stroke who 
were already ambulatory and compared two con-
trol groups that trained with conventional gait 
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  Fig. 3.4    Participants who received more assistance from 
the robot and thus achieved high success levels (high), 
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training techniques. While patients improved 
their gait speed through training with the Lokomat, 
they improved less than via conventional training. 
One interpretation is that the Lokomat created a 
training environment with too low of challenge by 
over assisting the trainee. 

 Around the same time, research in human- 
robot interaction with upper extremity robotic 
training devices showed the intrinsic and auto-
matic capacity of the human motor system to 
“slack.” That is, when interacting with an assis-
tive robotic device, the human motor system will 
automatically reduce its effort unless precau-
tions are taken [ 20 ,  21 ]. Slacking was shown to 
be a consequence of the fact that the motor sys-
tem acts as if it were trying to minimize a cost 
function with both error and effort terms [ 22 ]. 
When error is small, because, for example, a 
robotic device is assisting, then the motor system 
essentially minimizes a cost function with just 
an effort term. A reduction of effort in the pres-

ence of robotic assistance was also shown in a 
metabolic study with the Lokomat [ 23 ]. Reduced 
effort during rehabilitation training correlates 
with worse outcomes [ 24 ]. 

 In part as a reaction to these fi ndings, other 
robotic movement training studies began  examining 
the use of error augmentation in training [ 25 ,  26 ]. 
Error augmentation can be seen as essentially the 
inverse of active assistance. Instead of a machine 
that reduces error, the trainee interacts with a 
machine that amplifi es sensed movement errors. 
Studies of error augmentation with individuals 
with stroke showed that the technique could correct 
chronic reaching trajectory abnormalities that per-
sisted throughout normal reaching practice [ 25 ], 
and, importantly, training with error augmentation 
produced better upper extremity outcomes for indi-
viduals with a chronic stroke than a matched 
amount of reach training without error augmenta-
tion [ 27 ]. On the other hand, a recent study that 
used a temporary bout of error augmentation to try 
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to enhance learning of golf putting found that 
increasing errors decreased trainee motivation, in a 
way that persisted days after the use of the error 
 augmentation (Fig.  3.5  [ 28 ]). Thus error 
 augmentation may have negative motivational 
effects, an important consideration for training 
techniques that are to be implemented in real-world 
clinical and home environments.

   What is suggested by these results is that 
robotic therapy devices should be designed to 
provide gradable amounts of mechanical inter-
vention. The key question is not whether active 
assistance, no mechanical intervention, or error 
augmentation should be used but where, on a 
continuum of levels of mechanical intervention, 
each patient should practice. Providing less active 
assistance to a severely impaired patient can be 
viewed as a form of error augmentation. Likewise, 
providing less error augmentation to a less 
severely impaired patient can be viewed as a 
form of active assistance. Several studies of 
robotic training with unimpaired participants 
already suggest that the effectiveness of active 
assistance or error augmentation may depend on 
the initial skill level of the trainee [ 28 – 32 ]. What 
is needed are ways to adjust the training environ-
ment to the challenge point of the trainee.  

3.3.2     Adapting Challenge 

 What is promising for meeting this goal is the fact 
that adjustability is a fundamental property of 
robotic therapy technology. And not only are 
robotic therapy devices adjustable, but they are 
adjustable in real time based on automated read-
ings from their sensors. Almost from the begin-
ning of robotic therapy, developers began 
implementing ad hoc algorithms to provide vary-
ing amounts of assistance (see review [ 33 ]). It can-
not be claimed that these algorithms have achieved 
the goal of automated challenge point selection, 
but they are fi rst steps, as we survey now. 

 One of the fi rst strategies tried was to provide 
assistance for movement only when a threshold 
of movement was not met within a specifi ed time 
frame (see [ 33 ] for review of strategies to provide 
assistance). Soon, other algorithms were devel-
oped to adapt the forces applied to the trainee or 
the mechanical impedance of the training envi-

ronment. These adjustments could be based on 
the ongoing performance of the trainee,  analogous 
to the way the human motor system adjusts its 
own arm forces and impedance during interaction 
with dynamic environments. 

 For the Pneu-WREX arm exoskeleton, a 
model-based assist-as-needed paradigm was 
implemented, in which a sliding adaptive con-
troller was used to build a real-time model of the 
patient’s weakness using a radial basis function 
representation [ 20 ]. In a study of this algorithm, 
it was shown to be necessary for the robot to 
include a slacking term itself, to ensure that the 
patient did not slack [ 20 ]. With a robot slacking 
term, the assistance-as-needed strategy provided 
a level of mechanical support proportional to the 
patient’s clinical impairment level. Recently, 
with the FINGER robot, an algorithm was imple-
mented to transition the robot from active assis-
tance to error augmentation based on the game 
success rate of the patient during training [ 34 ]. 

 Besides adapting the forces, it is also possible 
to adapt game parameters. For example, using the 
BONES arm exoskeleton, the speed at which a 
virtual baseball was pitched was varied based on 
the success of catching the previous ball. In other 
words, this simple adaptive challenge algorithm 
altered a task diffi culty parameter following each 
task attempt based on a binary measure of perfor-
mance (success or failure). Spencer [ 35 ] showed 
that the average success rate can be controlled by 
adjusting the ratio of up-steps to down-steps, and 
the rate and variance of convergence can be 
adjusted by setting the overall step size. 

 Choi et al. [ 36 ] developed a novel upper 
extremity robotic training system that can auto-
matically switch out objects for the patient to 
attempt to manipulate. A high-level task sched-
uler selects the task to practice and adjusts the 
task diffi culty based on the previous performance 
at the task. Caurin et al. [ 37 ] used an adaptive 
algorithm to select the level of diffi culty of a 
pong game based on measures of the user’s moti-
vation and performance during training. Metzger 
et al. [ 38 ] automatically adjusted the diffi culty 
level from one session to the next in a hand reha-
bilitation program so that patients trained at a tar-
get level of 70 % found reductions in both motor 
and sensory impairments. As a fi nal example of 
exercise adaptation, Zimmerli et al. [ 39 ] matched 
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the diffi culty of a reaching task to the capabilities 
of the patients by controlling the time available 
for patients to reach a given target. 

 The algorithms developed so far are primarily 
based on the premise that task diffi culty should be 
adjusted based on a performance measure. However, 
as shown in Fig.  3.5 , performance levels may not be 
the same for different individuals at their optimal 
challenge point. A key question is whether perfor-
mance, or possibly some other measure, should be 
the basis for task diffi culty adaptation.  

3.3.3     Implication of Challenge 
on Motivation 
and Self-Effi cacy 

 As implicated in the discussion above, another 
factor that may be important for determining the 
optimal challenge level of a motor task is the 
level of motivation of the trainee. Specifi cally, 
the challenge level must be selected so that it 
maximizes the degree of engagement during 
practice and, in the case of neurological rehabili-
tation, motivates patients to use their impaired 
limbs in unsupervised practice beyond the clinic 
as seen in Griffi ths’ pilot study above [ 7 ]; this is 
especially important because of strong evidence 
that the current doses of rehabilitation training in 
areas such as stroke are insuffi cient to drive clini-
cally meaningful improvements [ 40 ]. 

 It may be possible to extend the challenge 
point framework [ 1 ] to incorporate the effect of 
motivation on a trainee’s ongoing willingness to 
engage in motor training. As demonstrated 
recently in the FINGER study, using an adaptive 
challenge algorithm to regulate the rate of suc-
cess during rehabilitation training led those 
stroke patients that trained with a higher success 
rate to self-report higher motivation about the 
task. In a similar implementation of this algo-
rithm, this time tested with a rat model of reha-
bilitation following spinal cord injury, rats that 
trained at a lower challenge level and thus reached 
a higher success rate were more willing to engage 
in the training task, performing more repetitions 
in a fi xed amount of time [ 41 ]. Thus, incorporat-
ing measures of motivation and engagement to 

determine the optimal challenge point may lead 
to therapies that are more motivating and ulti-
mately increase the willingness to practice both 
during supervised and unsupervised practice. 

 This idea is illustrated in Fig.  3.6  where, fol-
lowing the convention of the CPF and including 
plausible curves for different levels of expertise, 
the functional diffi culty of the task determines 
the willingness to engage in practice. For a nov-
ice, or for someone who has just started rehabili-
tation training, a lower diffi culty level is 
accompanied by a high level of performance in 
practice (consistent with the CPF), and the 
 willingness to practice is expected to increase as 
shown in the rat study above. However, as the 
trainee—or patient in the case of rehabilitation—
gains mastery of the motor skill and transitions to 
higher skill levels, the engagement in the task and 
willingness to practice is expected to decrease for 
lower diffi culty levels. On the other hand, as the 
diffi culty is increased, the performance in prac-
tice may worsen to a point that leads to frustra-
tion and a decreased willingness to practice; this 
was evident in the recent FINGER study. There is 
therefore a point where the functional diffi culty 
of the task maximizes the trainee’s willingness to 
practice the task. This point must be combined 
with the optimal challenge point predicted by the 
CPF in order to strike a balance between motor 
performance, motor learning, and motivation.

   Considering that for many patients the bulk of 
rehabilitation occurs away from direct supervi-
sion and that in many cases motor capacity 
exceeds actual performance [ 42 ,  43 ], an important 
goal of rehabilitation training is then to provide 
patients not only with the motor capacity but also 
the motivation to use their impaired limbs during 
activities of daily living and in unsupervised prac-
tice. An important concept to consider in this con-
text is self-effi cacy. Self-effi cacy relates to a 
person’s belief that he has the capacity to execute 
a specifi c action or achieve a specifi c goal [ 44 ]. 
Self-effi cacy has been found to infl uence people’s 
motivational, cognitive, and affective states [ 44 ], 
and increased self-effi cacy has been shown to 
have positive effects on motor learning [ 45 ,  46 ]. 
Importantly for rehabilitation, self-effi cacy has 
been shown to infl uence a  person’s level of effort, 
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  Fig. 3.6    [ Top ] Willingness to practice curves. The 
 functional task diffi culty determines the willingness to prac-
tice for trainees of different skill levels. For a novice, or 
someone who has recently begun rehabilitation training, a 
lower diffi culty level means the task is doable and the trainee 
is likely to have a high willingness to practice. However, as 
the trainee gains mastery of the motor skill and transitions to 
higher skill levels, the engagement and willingness to 

 practice is expected to decrease for lower diffi culty levels. 
On the other hand, as the diffi culty increases past the abili-
ties of the trainee, then the performance in practice may 
worsen to a point that the willingness to practice will 
decrease. [ Bottom ] Based on the challenge point framework 
by Guadagnoli and Lee [ 1 ], the optimal challenge point may 
need to be shifted toward lower levels of functional task dif-
fi culty in order to promote higher self-effi cacy levels       
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persistence, adherence to therapy, and resilience 
when confronted with failure [ 47 ,  48 ]. Studies of 
self-effi cacy with populations of stroke and spinal 
cord injury patients have shown strong relations to 
measures of quality of life and well-being [ 49 – 51 ]. 
In another study, focused on self-effi cacy as it 
relates to balance and falling, self-effi cacy was 
found to be a strong predictor of ADL perfor-
mance 10 months poststroke [ 52 ]. As a result of 
these fi ndings, researchers have recommended the 
development of rehabilitation programs that, in 
addition to the development of patients’ motor 
capacities, also take into account their level of 
self-effi cacy [ 47 ,  49 ,  53 ]. 

 In the context of robotic rehabilitation and 
challenge, it is important to know that the main 
source of effi cacy information about a given task 
is based on a person’s experience of success in 
performing the task [ 54 ]. These beliefs are not 
based on the person’s motor capacity but rather 
on his beliefs of what he can accomplish with 
that capacity [ 55 ]; this is of special importance 
when translating motor capacities from therapy 
to the real world. For example, a patient who may 
display the motor capacity to reach out for and 
grab a glass of water in a therapy setting may be 
limited by fear to perform this same task in unsu-
pervised practice if her level of self-effi cacy is 
low. However, if self-effi cacy is increased during 
therapy, for example, by providing increased 
assistance from a robotic device to decrease the 
functional diffi culty of the task, then it may 
increase patient’s willingness to use their 
impaired limbs in their activities of daily living 
and in unsupervised practice. This idea is consis-
tent with the existence of a threshold of hand and 
arm function that predicts long-term use of a 
patient’s impaired arm in activities of daily life 
[ 56 ]. Specifi cally, patients with function above 
the threshold are more likely to use their impaired 
arm than those below the threshold. As a result, 
these patients used their impaired arm outside of 
training and showed increased recovery. This 
functional threshold highlights the importance of 
developing therapies that give patients not only 
the motor capacity but also the motivation, to use 
their impaired limbs throughout their daily lives 
and beyond the rehabilitation clinic alone. 

 One approach may be to use measures of self- 
effi cacy as feedback to adjust the functional task 
diffi culty during training. Expanding again on the 
challenge point framework, this may require 
adjustments of the optimal challenge point—as 
defi ned by performance in training and the poten-
tial learning benefi t—to account for patients’ 
self-effi cacy. These adjustments may come at the 
expense of lower potential learning benefi ts per 
unit of practice (as shown in Fig.  3.6 ) but with the 
benefi t of increasing self-effi cacy, motivation, 
and ultimately patient’s willingness to engage in 
supervised and unsupervised practice, thereby 
ultimately resulting in greater amounts of 
learning.   

3.4      Expanding Options 
for Patient Challenge 
with Rehabilitation Robotics: 
The KineAssist TM -Mobility 
eXtreme as a Case Study 

 Robotic rehabilitation systems continue to evolve 
to be more capable of providing optimal chal-
lenge. In this section, we provide a detailed case 
study of a new rehabilitation robotic system, the 
KineAssist Mobility eXtreme, which works col-
laboratively with the patient and provides an 
extensive library of features for providing physi-
cal challenge during walking and balance train-
ing in people with poststroke hemiparesis. 

 Collaboration is an emerging emphasis in 
robotics that refers to devices that sense human 
movement and take direction from this move-
ment. In rehabilitation robotics, the term is used 
to describe mechanized systems that sense the 
intent of the user and work with the user to 
accomplish some movement goal. This type of 
system can be a useful tool for clinicians who are 
working with clients who are at risk for harm 
during challenging movements and/or who will 
likely experience frustration if presented with 
tasks that are too diffi cult to achieve. In addition, 
since the “intent to move” feature of these robots 
require the person to desire movement, the per-
son is able to develop their autonomy and inde-
pendence during the rehabilitation process. 
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 The KineAssist™-Mobility eXtreme (MX) is 
an example of a collaborative device that senses 
intentional forces at a specialized pelvis interface 
and drives a treadmill surface to move in the 
user’s intended direction and at an intended 
speed. The device is used by clinicians to chal-
lenge individuals, recovering from mobility dis-
orders, to recover from perturbations, and to 
improve dynamic balance function during tread-
mill training that is performed within a locomo-
tor control context (Fig.  3.7 ). This device 
addresses the fact that standard Body-weight 
supported treadmill or BWSTT exercise fails to 
incorporate progressive resistive gait training, 
high speed training, perturbation recovery train-
ing, and functional balance task training. Also, it 
is innovative because it enables fully expressed 
stumbling corrective responses, and it will drive 

the treadmill belt at speeds that are appropriate 
for each given specifi c dynamic task (solid, slip-
pery, and foam surface stepping, front and back-
ward perturbations, step length and step height 
hurdles, isotonic and isokinetic resistance walk-
ing). The implementation of these types of exer-
cises during body -weight supported treadmill 
training represents a further progression in pro-
viding different forms and amounts of robotic 
challenge in rehabilitation practice that we expect 
to help generate advancements in the science of 
balance and walking control in neurologically 
impaired individuals.

3.4.1       Introducing Challenge 
During Balance and Walking 
Training Poststroke 

 Robotics allows for an exploration of a wide vari-
ety of challenging motor learning environments 
in a safe manner. With respect to poststroke 
recovery of balance and walking, the major issues 
to overcome are slow walking speeds and 
increased risk for falls that people experience 
when trying to regain function during the reha-
bilitation process. With slow movement and high 
fall risk, low propulsive ground reaction forces 
are generated, balance and stepping reactions are 
delayed, appropriate target levels of heart rate 
cannot be reached or sustained, and  environmental 
distractions arrest movement. With the benefi t of 
collaborative robotics, we have focused on devel-
oping methods for providing the highest level of 
challenge to three key areas of balance and walk-
ing recovery in stroke survivors—force genera-
tion, speed generation, and dynamic balance. 

 To introduce challenge in each of these three 
areas, certain key ideas were explored. First, the 
challenge should involve a motor task with some 
ecological validity. That is, the task should be 
meaningful to the person and represent some 
real-world problem that a person will encounter. 
Second, the challenge should be gradable, from 
very low levels of task diffi culty to very high lev-
els of task diffi culty, so that the level of challenge 
that is introduced can be scaled up or down 
depending on the client’s abilities. Finally, the 

  Fig. 3.7    Example of robotic device (KineAssist MX, 
HDT Robotics) that was used to enable to stroke survivors 
to practice highly challenging balance and walking tasks 
while also providing safety and stability against falls. 
(Photo courtesy of HDT Robotics)       
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intervention challenge should be preceded by an 
assessment of each individual’s highest capacity 
to perform the particular movement task so that 
the appropriate level of challenge can be intro-
duced during the training session. This last 
requirement allows individuals with very differ-
ent capacities (e.g., age, neurologic defi cit, pre-
morbid status, etc.) to be trained at a level that is 
appropriate for their particular situation. 

  Force challenge :  Individuals poststroke gener-
ate reduced muscle power during walking . 
Impairment in muscle strength is an important 
limiting factor in determining walking speed 
after stroke. There is a positive correlation 
between muscle strength and maximum gait 
speed [ 57 – 62 ]. Specifi c muscle groups that dem-
onstrate the strongest relationship with walking 
speed vary greatly among studies, depending on 
the number of muscles investigated, the parame-
ter used to quantify strength, and the method of 
documenting gait speed [ 57 – 62 ]. 

 To assess the highest level of force capability, 
individuals are tested, while walking against vari-
ous levels of resistance provided to the pelvis by 
the robotic interface. During the force challenge 
(FG) walking mode, participants walk on a tread-
mill belt while attached to the same KineAssist 
MX. The horizontal forces exerted by the partici-
pant, against the pelvic harness, are used by the 
KineAssist MX to specify the speed of the tread-
mill belt. In this mode the participant is asked to 
walk at a comfortable speed while the amount of 
force required to generate that particular tread-
mill belt speed is progressively increased. As the 
participant encounters higher and higher resistive 
forces, their walking speed begins to slow until 
they can barely move the treadmill belt with their 
attempted horizontal force output. We then calcu-
late a theoretical maximum walking force mea-
sure that represents the highest amount of force 
that a person can generate in the forward, propul-
sive direction during walking. Figure  3.8  demon-
strates the results of two participants, one person 
with no neurological impairment and another 
person with poststroke hemiplegia. The individ-
ual poststroke shows an extrapolated maximum 
horizontal force value of 120.8 N while the non- 
impaired person shows a value of 307.6 N. We 
are now confi rming these results in a larger 

 number of individuals poststroke and relating the 
measured parameters to walking speed and 
mobility participation scores.

   Once the maximal propulsive force capability 
during walking is determined, the individual can 
engage in a progressive resistive exercise (PRE) 
regimen where a percent of maximum is applied 
for a predetermined number of steps. This PRE 
approach is very common in the strength training 
literature and enables an exerciser to constantly 
progress and increase the level of effort that they 
apply as they get stronger and more able to gener-
ate propulsive force during walking. 

  Speed challenge :  Individuals with poststroke 
hemiplegia move slowly . After stroke, most patients 
walk at speeds that range from approximately 0.2 
to 0.8 m/s [ 63 – 66 ] when asked to walk at a com-
fortable pace; these velocities are signifi cantly 
lower than age-matched individuals (1.3–1.4 m/s) 
[ 64 ,  65 ,  67 ]. Also, when stroke survivors were 
encouraged to walk at their self-selected maximum 
walking speed, they achieved walking speeds from 
0.3 m/s to 1.3 m/s [ 63 ,  65 ,  66 ,  68 ]. This suggests 
that this population has limited capability to adapt 
comfortable gait in order to increase walking speed 
to reach higher functional levels. 

 To assess the highest level of speed capability, 
the robotic interface can provide assistive 
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 horizontal forces to the pelvis interface so that a 
person can be “pushed” to walk at faster speeds 
without the added requirement of needing to gen-
erate propulsive forces. Since the robotic system 
is providing the horizontal propulsive forces, the 
individual is challenged to move the legs in suc-
cessive steps at the fastest speeds possible until a 
speed is found where the person fails to keep up 
with the treadmill belt, and the device safely 
catches the person and prevents a fall from occur-
ring. With this method, the clinician can fi nd the 
fastest speed that a person is capable of achieving 
while walking. 

 We compared the “push” mode to the overhead 
harness treadmill mode in a recent published study 
[ 69 ]. Stroke survivors were able to walk at self-
selected comfortable speeds (SSCWS) overground 
of 0.67 ± 0.04 m/s. Stroke survivors reached sig-
nifi cantly faster speeds in the push mode 
(1.92 ± 0.06 m/s;  p  < 0.05) than on the treadmill 
(1.67 ± 0.11 m/s;  p  < 0.05), and both were faster 
than overground (1.19 ± 0.09 m/s;  p  < 0.05), as 
seen in Fig.  3.9 , and show the speed, average step 
length, and average cadence achieved by partici-
pants during the greatest maximum walking speed.

   Once the fastest possible speed of walking is 
obtained, the clinician can then apply sprint train-
ing methods to expose the person to brief bouts 
of high speed sprinting, followed by adequate 
recovery walking at much slower speeds. 

  Dynamic balance challenge :  Individuals with 
poststroke hemiplegia are at high risk for falls 
due to poor balance and inability to tolerate envi-
ronmental challenges . We have selected specifi c 
environmental hazards by turning to the current 
literature related to why people fall in the home 
or nonclinical environment. Research has identi-
fi ed specifi c risk factors for falls in people with 
stroke [ 70 ]. Fallers have shown poorer balance 
[ 70 ], lower physical function measures than non- 
fallers [ 70 ], greater standing sway [ 71 ], impulsiv-
ity [ 72 ], and slowed response times [ 73 ], in 
addition to greater postural sway and reduced 
force generation when standing up and sitting 
down [ 74 ]. Forster and Young [ 75 ] found that 
fallers were more depressed and less socially 
active that non-fallers. They found that most falls 
occurred in patients’ homes while walking or 
during transfers. Individuals reported loss of bal-

ance, getting their foot stuck, and diffi culty per-
forming transfers as reasons why they fell. 
Hyndman et al. [ 76 ] found that repeat fallers had 
signifi cantly reduced arm function and ADL 
 ability compared with those who did not fall, and 
the measure of mobility showed a trend for repeat 
fallers to have greater mobility defi cits than non- 
fallers, although the difference was not  signifi cant. 
However, fallers had a signifi cantly higher 
depression score. 
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 To assess the highest level of dynamic balance 
capability, we developed nine different dynamic 
balance tasks that are related to real-world bal-
ance activities. These nine tasks are (1) respond-
ing to a forward push, (2) responding to a 
backward push, stepping up onto a step, (3) step-
ping up onto a compliant surface, (4) stepping 
onto a slippery surface, (5) reaching forward as 
far as possible, (6) stepping forward as far as pos-
sible, (7) standing up out of a chair, (8) and step-
ping over a hurdle. Each task is gradable so that 
there is a very low level to a very high level of 
challenge. For example, with the stepping onto 
step task, the height of the step can be made pro-
gressively challenging by successively adding 
one of each platform to the height of the step until 
a height is reached where the person is no longer 
able to step up successfully. With each of the nine 
tasks, we can determine the highest level of per-
formance for the individual. 

 We determined the concurrent and construct 
validity of a new balance measure, the KineAssist 
9 Task Balance Test (K-9), by comparison to a 
gold standard, the Berg Balance Scale (BBS). 
The K-9 represented 9 dynamic balance tasks, 
such as stepping on to a high step, stepping over 

a hurdle, forward reaching, and responding to 
forward and backward pushes, that were tested at 
a range of levels of diffi culty until we determined 
the highest level where the participant was able to 
succeed at the task. There was a statistically sig-
nifi cant correlation ( R  2  = 0.632;  p  < 0.0004) 
between the scores on the K-9 and the BBS in 
chronic stroke survivors but not with  non- impaired 
subjects. The non-impaired subjects scored sig-
nifi cantly higher that the chronic stroke survivors 
on the K-9 ( p  < 0.0001;  t  = −6.341). The K-9 was 
able to discriminate between subjects with bal-
ance impairments poststroke and non- impaired 
subjects. Thus, the K-9 is a valid measure of bal-
ance impairment in the clinic for community-
dwelling stroke survivors but now must be tested 
using the new KineAssist MX. 

 Once the highest level of performance is 
reached, then the clinician can choose a level of 
challenge that will optimize the learning of the 
task. In our laboratory, we challenge the individ-
ual to attempt to succeed at levels which are just 
one grade above the highest level that they were 
able to perform during the testing. This approach 
has resulted in some very successful performances 
during training week after week (Fig.  3.10 ).

Weeks 1-2
0

0.5

1

1.5

2

3.5

4

4.5

3

2.5

O
ffl

in
e 

Le
ar

ni
ng

(in
ch

es
 o

f s
te

p)

Step onto Step

SPT

FK
SK

Weeks 5-6Weeks 4-5Weeks 3-4Weeks 2-3

  Fig. 3.10    This graph shows the results of a randomized 
controlled trial (Brown DA et al. 2014, unpublished) for 
week after week changes in task performance for stepping 
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training group ( n  = 12),  SK  robot guarded, where the par-
ticipant was trained on the highest height that they were 

capable of performing ( n  = 12), and  FK  robot guarded, 
where the  participant was asked to perform beyond their 
initial capability ( n  = 12). All participants gained in per-
formance week after week; however, the FK group 
showed the greatest gains over the 6-week period       
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   Clinicians understand that many neurologic 
conditions leave an individual with limits to 
recovery, and adjunctive therapies such as phar-
macologic agents and electrical stimulation may 
help a person to compensate for lost neurologic 
function. Perhaps the only way to truly recognize 
a person’s limitations to recovery is to provide 
consistently high challenges to movement and 
then observe if the behavior can or cannot match 
the challenge requirements. Our experience 
seems to suggest that, if given enough time to 
attempt multiple strategies, stroke survivors have 
a more expanded capacity to meet higher expec-
tations than might be presumed by considering 
only physiologic factors.   

    Conclusion 

 This chapter described important consider-
ations for design and implementation of reha-
bilitation robotics in order to enable exercise 
and motor learning under optimal challenge 
conditions. In Table  3.1 , we have summarized 

the aspects of challenge that were discussed in 
this chapter. Individuals engaged in developing 
new robotics may wish to use this table as a 
guide for determining the extent to which their 
system allows for adequate provision of chal-
lenge during training. We suggest that there is 
still much work to be done to design and imple-
ment safe and effective robotic tools for allow-
ing optimal motor recovery during the 
rehabilitation process and forward as the per-
son continues to move toward to the goal of 
high quality of life. Clearly, more research into 
the science of motor learning and the ideal con-
ditions for a person to reacquire lost motor 
skills is needed. New developments in rehabili-
tation robotics might be best informed by ask-
ing questions about how the interface between 
the person and the machine will facilitate opti-
mal motor learning and exercise training 
parameters. Elegant mechanical robotic sys-
tems that under- challenge, or even ignore, the 
physical involvement of the user run the risk of 
facilitating passivity and an expectation for 
movement assistance, even when the person 
has great potential to recover function. Rather, 
the fl exibility of robotic  systems can be used as 
a tool to grade challenge. Our challenge to the 
rehabilitation robotics community is to begin 
the development of any new project by asking 
the question, how can a new robot optimize 
motor learning and exercise effectiveness?
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      Multisystem Neurorehabilitation 
in Rodents with Spinal Cord Injury                     

     Grégoire     Courtine      ,     Rubia     van den     Brand     , 
    Roland     R.     Roy     , and     V.     Reggie     Edgerton    

    Abstract  

  A number of neurorehabilitative strategies have demonstrated effi cacy in 
enhancing the recovery of sensorimotor function after a spinal cord injury 
(SCI). Combinations of task-specifi c motor training, epidural electrical 
stimulation of the spinal cord, and pharmacological interventions such as 
the administration of serotonergic agonists have resulted in remarkable 
improvements of locomotor and/or postural functions in rats with a com-
plete SCI. Similar results are emerging in human patients with severe spi-
nal cord damage. Synergistic amelioration of the loss of sensorimotor 
function through combinatorial approaches, i.e., the use of two or more 
interventions simultaneously, indicates that individual interventions can 
have both specifi c and complementary infl uences. For example, electrical 
stimulation applied at distinct rostrocaudal locations or agonists to specifi c 
receptor subtypes administered systemically tune unique aspects of loco-
motor movements. When administered simultaneously, the effects of these 
interventions can combine synergistically and result in signifi cantly 
greater improvements in locomotor performance than either intervention 
alone. In addition, the use of robotic assistance during motor training, in 
particular in an “assist-as-needed” mode that allows a normal amount of 
variability in performing the task as opposed to a repetitive rigid training 
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mode, can strongly enhance the effect of locomotor rehabilitation. We 
suggest that all of these interventions are enabling factors. They enable 
spinal neural circuitries to interpret task-specifi c sensory input and use this 
information in a feedforward manner to produce appropriate motor 
responses. Continued advancement in the development and refi nement of 
such neurorehabilitative interventions will ensure progress toward improv-
ing the quality of life of individuals with a SCI or other severe sensorimo-
tor dysfunctions.  

  Keywords  

  Spinal cord injury   •   Epidural electrical stimulation (EES)   •   Monoamine 
administration   •   Robotic training   •   Rehabilitation  

4.1       Introduction 

 Severe spinal cord injury (SCI) signifi cantly 
impacts the ability of affected individuals to gen-
erate functional standing and walking move-
ments. A century of research on the organization 
of the neural processes that control movements in 
mammals, however, has demonstrated that the 
basic neuronal circuitries suffi cient to generate 
effi cient stepping patterns and independent stand-
ing are embedded within the lumbosacral seg-
ments of the spinal cord [ 1 – 3 ], i.e., caudal to the 
level of most human SCI. Indeed, current views 
on motor control suggest that the descending sys-
tems provide excitatory and modulatory drives to 
spinal circuits, but the operations underlying the 
elaboration of motor patterns for walking and 
standing are essentially achieved by the neuronal 
networks in the spinal cord. Therefore, the ques-
tion becomes: how can we transform nonfunc-
tional spinal motor circuitries into highly 
functional and adaptive networks after a severe 
SCI to enable motor control during neuroreha-
bilitation and thus restore functional capacities in 
paralyzed subjects? 

 In this chapter, we briefl y summarize the basic 
historical concepts underlying the control of 
locomotion and the plasticity of spinal neuronal 
networks with neurorehabilitation. We then show 
how this fundamental knowledge can be exploited 
to design enabling multisystem interventions 
after a severe SCI, i.e., combinations of electrical 
and pharmacological stimulation paradigms, 

robotic devices, and sensory-based motor train-
ing that are capable of restoring motor control 
abilities after the loss of descending input 
(Fig.  4.1 ). We describe recent experiments in ani-
mal models of SCI that demonstrate the impres-
sive capacity of this multisystem approach to 
improve motor functions after the complete inter-
ruption of supraspinal information. Next, we 
describe current efforts for the development of 
technologies to optimize this approach. Finally, 
we discuss the potential of this technologically 
intensive but physiology-based neurorehabilita-
tion approach to crystallize into fully operative 
neuroprosthetic systems and robotically assisted 
training procedures capable of restoring useful 
functional capacities in humans with severe spi-
nal cord damage.

4.2        Experimental Concepts 
Underlying  Activity- 
Dependent Plasticity 
After a SCI 

 At the beginning of the past century, Philippson 
[ 2 ] and Sherrington [ 1 ] reported unexpected 
observations that revolutionized our conception 
of the neural control of movements. They showed 
that after a complete transection of the thoracic 
spinal cord in cats and dogs, the hindlimbs could 
still exhibit a range of motor patterns in response 
to changing sensory inputs. These observations 
led Sherrington to conceive the production of 
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locomotor movements as “a train of motor acts 
resulting from a train of successive external situ-
ations” [ 1 ]. Sherrington aimed to emphasize the 
crucial importance of afferent information in 
allowing, selecting, and controlling spinal motor 
outputs after the loss of supraspinal infl uences 
(see discussions in [ 4 ]). How can this conceptual 
view be exploited to improve functional capaci-
ties after a SCI? 

 In the early 1980s, Edgerton and Rossignol 
reasoned that if sensory input can access and 
control spinal circuits deprived of brain input, 
the repetitive exposure to organized patterns of 
sensory input with training might promote ben-

efi cial functional changes in the activated neu-
ronal networks. Their work clearly demonstrated 
the potential utility of intense daily exercise on 
a treadmill for improving the stepping capaci-
ties of adult cats with a complete spinal cord 
transection at the thoracic level. They further 
reported that after several months of daily step 
training, the spinal cats regained an impressive 
ability to  produce full weight-bearing locomo-
tion for extended periods of time [ 5 ,  6 ]. Fueled 
by these fi ndings, Edgerton and his team evalu-
ated the potential of rehabilitative training and 
weight-bearing afferent input to improve func-
tion after a SCI by evaluating the ability of 

  Fig. 4.1    Multisystem neurorehabilitation to restore 
motor functions after a severe SCI. Schematic drawings of 
locomotor circuits are shown after a SCI at the thoracic 
level that interrupts both glutamatergic ( blue ) and mono-
aminergic ( red ) descending pathways originating from 
various brainstem areas. The combination of monoamine 
receptor agonists and epidural electrical stimulation at the 
L2 and S1 levels can tune the physiological state of the 
spinal circuits to a level suffi cient for motor control to 
occur. Therefore, these interventions are termed pharma-
cologically ( fEMC ) and electrically ( eEMC ) enabled 
motor control. The generation of effi cient locomotor 

movements under their combined infl uences, termed 
efEMC, results from the ability of spinal circuitries to 
ensure a continuous match between afferent input and 
efferent output defi ning optimal motor states. To ensure 
appropriate interactions between the locomotor system 
and the external world during training, robotic interfaces 
can be interposed to provide robotically enabled motor 
control conditions. Such robotic systems can assist limb 
movements for propulsion as well as trunk motion for bal-
ance. Finally, these various motor control-enabling sys-
tems can be used in combination to facilitate 
neurorehabilitation       
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spinal cats to develop the capacity to stand [ 7 ]. 
They discovered a surprising property of spinal 
circuitries: cats that had been trained intensely 
to stand, developed the remarkable ability to 
support their entire body weight for up to 1 h, 
but they stepped very poorly on the treadmill, 
i.e., the spinal cord learned the sensorimotor 
task that was specifi cally practiced and trained 
[ 8 ,  9 ]. These results led to the concept of spinal 
learning via activity-dependent plasticity: as 
repetitive activation of a synapse can change its 
properties within a time frame that ranges from 
milliseconds to months [ 10 ], the repetitive and 
simultaneous activation of certain sensory and 
motor pathways with task-specifi c training can 
select and reinforce those circuits and connec-
tions in a way that  signifi cantly improves their 
ability to perform the practiced movement suc-
cessfully [ 11 ,  12 ]. This Hebbian- type plasticity 
at a systems level predicts that the outcome of a 
neurorehabilitative program will strongly 
depend upon the type and quality of the motor 
function that is trained. Moreover, this concept 
emphasizes the crucial importance of concur-
rent sensory information in shaping the func-
tional remodeling of spinal circuitries with 
training. 

 Following these observations, there has been 
substantial success in translating activity-based 
rehabilitation therapies from cats to humans with 
a partial SCI [ 13 ,  14 ]. Improvements of ambula-
tory function in response to locomotor training in 
patients with an incomplete SCI have been 
reported in several studies from different labora-
tories [ 15 – 18 ]. A clinical trial demonstrated that 
with weight-bearing training, 92 % of subjects 
with an incomplete SCI (ASIA C or D) regained 
the ability to walk at a functional speed within 
3 months [ 19 ]. In contrast, in individuals with a 
severe SCI classifi ed as ASIA A, B, and most Cs 
with low lower limb motor scores [ 20 ], locomo-
tor training has not resulted in successful over-
ground walking, even with the aid of any walking 
device. Why does locomotor training fail to sig-
nifi cantly ameliorate motor functions in severely 
affected individuals? 

 The answer may be deceptively simple: 
robust neural activity needs to be present for 

activity- dependent plasticity to occur, i.e., some 
critical level of excitability must be present 
within the locomotor networks to respond to 
proprioceptive input. In contrast to individuals 
with an incomplete SCI who progressively 
regain basic walking capacities after recovering 
from the initial spinal shock, patients with a 
severe SCI exhibit limited or no residual func-
tion to be trained [ 18 ], and locomotor rehabili-
tation thus fails to promote useful plasticity in 
the sensorimotor pathways [ 21 ]. Therefore, 
given the assumption that the locomotor net-
works remain functional in the lumbosacral spi-
nal cord after these severe injuries, the next 
logical step was to develop interventions to 
gain access to the dormant spinal locomotor 
circuitries after a SCI, with the aim of enabling 
motor control during rehabilitation to mediate 
use-dependent plasticity in the trained neuronal 
networks.  

4.3     Motor Control-Enabling 
Systems After a SCI 

 A severe lesion of the spinal cord signifi cantly 
compromises the degree of sustainable excitabil-
ity in the lumbosacral circuitries. Thus, the 
inability to produce standing and stepping pat-
terns after a severe SCI is not due only to the 
interruption of the descending motor commands 
but also, and above all, to the markedly depressed 
state of the spinal neuronal networks [ 21 ]. 
Consequently, in the past decade, much effort has 
been focused on developing paradigms to tune 
the physiological state of the spinal circuits to a 
level suffi cient for stepping and standing to occur. 
Various strategies including electrical stimula-
tion of the muscles [ 22 ,  23 ] or dorsal roots [ 24 ], 
epidural [ 25 – 27 ] or intraspinal [ 22 ,  24 ] electrical 
spinal cord stimulation, administration of a vari-
ety of pharmacological agents [ 28 – 32 ], and smart 
robotic systems [ 33 ,  34 ] have shown the capacity 
to facilitate standing and/or stepping after a 
severe SCI. Since these interventions are not used 
to induce but rather to allow the production of 
movements, we term these paradigms  motor 
control- enabling systems  (Fig.  4.1 ). 
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4.3.1     Electrically Enabled Motor 
Control ( eEMC ) 

 Weight-bearing locomotion and standing have 
been induced in complete spinal mammals by 
electrical stimulation, using both penetrating 
electrodes inserted into the spinal cord tissue and 
electrodes placed on the surface of the dura. 
Using penetrating microelectrodes, Shik and col-
leagues [ 35 ] originally observed that stimulation 
of the dorsolateral funiculi at the cervical and 
thoracic spinal cord levels initiates stepping in 
decerebrate cats via activation of intraspinal 
fi bers. More recently, the Mushahwar, Prochazka, 
and Rossignol research teams have developed 
systems of intraspinal stimulating microelec-
trodes for rats and cats whereby a set of penetrat-
ing electrodes is inserted in the ventral horn to 
facilitate the activity of the neuronal networks 
that control stepping [ 36 – 38 ]. Using a less 
 invasive technique, Garcia-Rill and colleagues 
[ 39 ] reported that epidural electrical stimulation 
of both the cervical and lumbar enlargements 
with plate electrodes induces locomotion in 
decerebrate cats. Since then, tonic  eEMC  applied 
over the dorsal surface of virtually any lumbar or 
sacral segment [ 40 ] has shown the ability to facil-
itate stepping on a treadmill as well as standing in 
rats [ 29 ,  41 ], rabbits [ 42 ], cats [ 42 ], and humans 
with a severe SCI [ 43 ,  44 ]. 

 While intraspinal microstimulation offers the 
advantage of closer juxtaposition of the electrode 
to motoneurons and interneurons in the interme-
diate and ventral laminae, the insertion of multi-
ple penetrating electrodes into the spinal cord is a 
complex procedure [ 22 ] that can infl ict signifi -
cant tissue damage [ 45 ]. Their placement may be 
diffi cult to maintain in ambulatory individuals, 
particularly for very long periods. In addition, 
recent evidence suggests that many of the benefi -
cial effects of intraspinal microstimulation may 
rely on the same mechanisms as epidural electri-
cal stimulation (EES) [ 46 ]. While the direct stim-
ulation of muscles using computer-controlled 
patterns of activation has had some success in the 
recovery of hand control [ 47 ], acceptability by 
individuals with a SCI has not been high. One 
limitation is the absence of feedback mechanisms 

for maintaining adaptive control. We therefore 
focus this section on the principles of and mecha-
nisms through which EES enables motor control 
after a SCI while retaining some adaptive 
features. 

 The mechanisms underlying the facilitation of 
motor activities with  eEMC  are not yet fully 
understood [ 48 ]. Electrophysiological recordings 
[ 49 ] and computer simulations [ 46 ,  50 ] suggest 
that EES can directly engage spinal circuits pri-
marily by recruiting posterior root fi bers at their 
entry into the spinal cord, as well as along the lon-
gitudinal portions of the fi ber trajectories. When 
the stimulation is used to actually induce evoked 
potentials during quiet standing, three to four well-
defi ned motor responses in lower limb muscles 
can be classifi ed based on their respective laten-
cies and threshold (Fig.  4.2 ). The early response 
(ER), which only appears at higher intensities 
when stimulating the more caudal segments, 
results from the direct stimulation of motoneurons 
and/or motor nerves. The middle (MR) response is 
essentially mediated by the monosynaptic connec-
tions between Ia fi bers and motoneurons, i.e., a 
response equivalent to the H-refl ex [ 49 ,  51 ] 
(Fig.  4.2 ). The neural elements associated with the 
polysynaptic response (PR) and long latency 
response (LR) remain undetermined but are likely 
to rely on multiple afferent systems. Based on the 
electrophysiological signature of these responses, 
we argue that the PR relies in part on the disynap-
tic and/or oligosynaptic connections between 
group II fi bers and motoneurons [ 25 ,  49 ] (Fig.  4.2 ). 
We also surmise that EES recruits large-diameter 
cutaneous afferent fi bers that contact multisenso-
rial interneurons (Fig.  4.2 ), facilitate transmission 
in group Ib and II pathways [ 52 ], and can elicit 
coordinated bilateral motor responses in fl exor and 
extensor muscles [ 53 ]. Cutaneous sensory systems 
may contribute to both PR and LR responses. It is 
worth noting, however, that this intuitive explana-
tion is not clearly applicable to the “enabling” 
mode of stimulation whereby modest stimulation 
levels induce little or no measurable evoked poten-
tials. At this intensity, the stimulation instead mod-
ifi es the physiological state of the locomotor 
circuitry via the activation of proprioceptive input 
associated with standing and stepping [ 54 ].
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   How do electrically induced motor responses 
translate into functional patterns of electromyo-
graphic (EMG) activity during stepping and 

standing? When a spinal rat is positioned biped-
ally on a stationary treadmill belt, continuous 
EES applied at the sacral level (S1) induces 
tonic levels of EMG activity in extensor mus-
cles, which enables the maintenance of a con-
tinuous standing posture (Fig.  4.3 ) [ 28 ]. A close 
inspection of muscle EMG traces reveals that 
the sustained EMG activity in extensors is com-
posed of a succession of motor responses that 
are closely linked to the electrical stimulation 
(Fig.  4.3 ). When treadmill belt motion is initi-
ated, all hindlimb joints undergo changes toward 
extension (limb moving backward), creating 
dynamic proprioceptive input that immediately 
 transforms the motor patterns from a tonic to a 
rhythmic state (Fig.  4.3 ). Under such locomotor 
states, we found that EMG bursts are essentially 
built from a sequence of MR responses in exten-
sor muscles and MR and PR responses in fl exor 
muscles (Fig.  4.3 ) [ 25 ]. Both responses are 
markedly modulated in amplitude throughout 
the gait cycle according to the phase of the 
movement [ 25 ,  49 ,  51 ] (Fig.  4.3 ). This phase-
dependent modulation of electrically evoked 
motor responses in fl exor and extensor muscles 
creates rhythmic and alternating bursts of EMG 
activity suffi cient to sustain continuous hindlimb 
locomotion on a treadmill [ 25 ]. MR and PR 
motor components show similar behaviors when 
eliciting steplike patterns with epidural stimula-
tion in the paralyzed legs of human subjects 
[ 43 ]. Together, these data indicate that central 
mechanisms dynamically update the level of 
excitability in motor pools and strictly tune the 
gain in afferent pathways based on the current 
sensory and motor states of the locomotor appa-
ratus [ 55 ]. Although experimental evidence is 
still incomplete,  eEMC  seems to play a crucial 
role in augmenting the excitability of the spinal 
circuitries that underlie and control postural and 
locomotor tasks.

   Analysis of EMG activity during standing and 
stepping showed that EES engages motor pools 
through the recruitment of afferent pathways, 
which follow a strict muscle-specifi c architecture 
along the rostrocaudal extent of the spinal cord 
[ 56 ]; consequently, it is plausible to determine 
whether  eEMC  delivered at specifi c locations 

  Fig. 4.2    EES elicits distinct motor responses through the 
recruitment of specifi c pathways. Schematic illustration 
of the afferent systems putatively recruited when deliver-
ing single-pulse EES over spinal segment S1. When 
applied over the dorsal aspect of the spinal cord, the elec-
trical stimulus typically elicits three or four responses in 
all hindlimb muscles. The responses are termed early 
response ( ER ), middle response ( MR ), polysynaptic 
response ( PR ), and late response ( LR ) based on their 
respective latencies and thresholds (see text for details).  In  
interneuron,  Mn  motoneuron       
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elicits distinct patterns of motor responses in 
lower limb muscles. To address this issue, we 
applied  eEMC  over lumbar (L2) versus sacral 
(S1) segments during both standing and stepping 
in spinal rats [ 28 ]. Consistent with the rostrocau-
dal anatomical gradient of fl exor and extensor 
motor pools, we observed a facilitation of fl exion 
with lumbar EES, whereas stimulation applied at 
the sacral level primarily facilitated extension, 
both during standing (Fig.  4.4a ) and stepping 
(Fig.  4.4b ). Moreover, the combination of two 
[ 28 ], and even more effi ciently three [ 41 ], sites of 
 eEMC  promoted clear synergistic facilitation of 
stepping which was evident in the increased con-

sistency of hindlimb kinematics and enhanced 
weight-bearing capacities.

   Under normal conditions, glutamatergic retic-
ulospinal neurons provide the tonic excitatory 
drive to engage spinal locomotor networks [ 57 ]. 
Here, we summarize results from various studies 
that collectively demonstrate the powerful ability 
of basic spinal cord electrical stimulation to 
replace the descending source of tonic excitation 
to enable standing and stepping in paralyzed sub-
jects with a severe SCI. We therefore term this 
intervention  electrically enabled motor control  or 
 eEMC  (Fig.  4.1 ). In the complete absence of 
monoaminergic input, however,  eEMC  alone 

  Fig. 4.3    Modulation of spinal circuits with EES during 
stepping in spinal rats. Hindlimb kinematics and EMG 
activity from tibialis anterior ( TA ) and medial gastrocne-
mius ( MG ) muscles are shown for a spinal rat receiving 
continuous (40 Hz) EES at the sacral (S1) level. During 
the represented sequence, the treadmill belt abruptly 
switches from static (no motion) to a dynamic (13 cm/s) 
condition. The lower insets display the responses occur-
ring during the highlighted region of the EMG recordings. 

During standing, the sustained EMG activity in extensor 
muscles ( left inset ) is composed of a succession of MR 
responses that are locked to the stimulation. The emer-
gence of the dynamic state (belt motion) induces the 
immediate modulation of motor evoked responses 
whereby the MR in the MG is facilitated during stance 
( middle inset ) and inhibited during swing ( right inset ), 
whereas the MR and LR are suppressed in fl exor muscles 
during stance, but substantially facilitated during swing       
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fails to promote substantial levels of weight bear-
ing with plantar placement of the feet on the 
treadmill belt [ 28 ]. Similarly, descending gluta-
matergic input alone fails to elicit long-lasting 
steplike patterns in mice without the presence of 
monoamines [ 57 ]. We show in the next section 
that to attain robust stepping capacities after a 
severe SCI,  eEMC  needs to be combined with 
pharmacological agents that replace the lost 
modulatory monoaminergic input.  

4.3.2     Pharmacologically Enabled 
Motor Control ( fEMC ) 

 Spontaneous locomotor activity is associated with 
a substantial release of monoamines within most 
laminae of the lumbosacral segments [ 58 ]. These 
monoaminergic inputs are not restricted to the 
classical, hardwired synaptic communication but 
primarily operate perisynaptically through three-
dimensional chemical diffusion, i.e., volume 

  Fig. 4.4    Specifi c modulation of hindlimb movements 
mediated by EES and monoaminergic agonists during 
standing and stepping. ( a ) Stick diagram decomposition 
of hindlimb movements and associated time course of 
changes in hindlimb joint angles (increase toward exten-
sion) when delivering EES at L2 ( left ) or S1 ( right ) during 
standing. ( b ) Effects of increasing stimulation intensity at 
L2 during swing ( top ) and at S1 during stance ( bottom ) on 
hindlimb stepping movements enabled by dual-site EES 
and serotonin agonists. ( c ) Representative features of 
locomotion recorded in spinal rats under EES at L2 + S1 
and agonists to various monoaminergic receptors (indi-
cated  above ). A representative stick diagram decomposi-

tion of hindlimb motion during swing is shown for each 
condition with the successive color- coded trajectories of 
limb endpoint. Vectors represent the direction and inten-
sity of the limb endpoint velocity at swing onset. A 
sequence of raw EMG activity from TA and MG muscles 
is displayed at the bottom.  Gray  and  red bars  indicate the 
duration of stance and drag phases, respectively. ( d ) 
Three-dimensional statistical representation of locomotor 
patterns based on principal component analysis applied 
on a large number of gait parameters ( n  = 135). Gaits asso-
ciated with a given monoaminergic receptor clustered in a 
distinct location, revealing that each receptor promoted 
unique stepping patterns [ 61 ]       
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transmission [ 59 ]. Monoaminergic neurotrans-
mitters easily escape the synaptic cleft, enter the 
extracellular space, and reach extrasynaptic 
G-protein-coupled receptors located on the sur-
face membrane of neighboring cells. This signal-
ing transduction pathway profoundly alters cell 
properties over timescales that span from minutes 
to hours [ 59 ]. Volume transmission  communication 
suggests that pharmacological agents mimicking 
the action of monoamines could act in concert 
with EES to orchestrate the functional tuning of 
spinal circuitries in SCI subjects [ 60 ]. 

 We directly tested this hypothesis in adult rats 
with a complete SCI [ 28 ]. We selected agonists to 
5-HT 1A  and 5-HT 7  (8-OHDPAT) and 5-HT 2A/C  
(quipazine) receptors since these pharmacologi-
cal agents have previously shown the ability to 
facilitate locomotion in rodents with a SCI [ 29 , 
 30 ]. In the subacute phase after the injury, the 
functional state of the spinal circuitries is mark-
edly depressed. Accordingly, neither electrical 
stimulation nor serotonin agonists could induce 
functional states that would enable stepping 
movements on the treadmill at 1 week post- 
injury. In striking contrast, the combination of 
dual-site EES and serotonin agonists promoted 
coordinated locomotion with plantar placement 
and substantial levels of weight bearing on the 
treadmill. Detailed statistical analyses revealed 
that each pharmacological or electrical interven-
tion modulates distinct aspects of the locomotor 
movements, suggesting a fi ne-tuning of selective 
functional circuits (Fig.  4.4d ). For example, 
5-HT 2A/C  receptors primarily facilitated extension 
and weight-bearing capacities, whereas 5-HT 1A  
and 5-HT 7  receptors facilitated rhythmic compo-
nents and promoted stepping patterns biased 
toward fl exion (Fig.  4.4c ). The functional speci-
fi cities of electrical and pharmacological stimula-
tions, in turn, provided the means for the exquisite 
synergy between the two paradigms, such that 
only a combination of serotonin agonists and 
EES was able to engage spinal locomotor net-
works as early as 1 week after a complete SCI. We 
recently investigated whether this receptor- 
specifi c functional tuning of gait could apply to a 
broader range of monoaminergic receptors. 
Using advanced neurobiomechanical analyses 

(Fig.  4.4c ), we demonstrated the intriguing abil-
ity of serotonergic, dopaminergic, and noradren-
ergic receptor subtypes to modulate stepping 
behavior in qualitatively unique ways in adult 
spinal rats [ 61 ]. Thus, stimulation of spinal 
monoaminergic receptors pharmacologically and 
recruitment of spinal circuits electrically can 
modulate recognizable qualitative features of 
locomotion independently as well as collectively 
in rats deprived of any supraspinal infl uences. 
Since the benefi cial infl uences of  fEMC  and 
 eEMC  do not simply sum algebraically but actu-
ally enable novel and specifi c motor control 
states, we term this synergistic combination 
 efEMC  for  electropharmacologically enabled 
motor control  (Fig.  4.1 ).  

4.3.3      Robotically Enabled Motor 
Control ( rEMC ) 

 There are various lessons to be learned on the 
advantages of developing the engineering aspects 
of robotic technologies in coordination with input 
from neurophysiologists and rehabilitative spe-
cialists [ 62 ]. One example of this multidisci-
plinary perspective is the importance of the type 
of control that is designed to operate a robot when 
attempting to assist in the recovery of stepping 
after a SCI [ 11 ,  12 ,  33 ,  34 ,  54 ,  63 ]. More specifi -
cally, we fi rst observed that adult mice with a 
complete midthoracic SCI could learn to step 
more successfully when there was no continuous 
and rigid control of the movements of the limbs 
by the robotic arms, i.e., the mice were allowed to 
step independently at intervals throughout a given 
robotically controlled training session [ 34 ]. 
Subsequently, a similar experiment was per-
formed with spinal mice in which the control of 
the robotic arm was programmed to “assist-as-
needed.” The robotic arm would move the limb 
within a preselected window size to accommodate 
the variation that is intrinsic to every movement of 
the gait cycle [ 33 ]. Those mice that were trained 
with the robotic arms controlled in an “assist-as-
needed” mode learned to step better than those 
trained with rigid control of the trajectory of the 
legs during stepping. Further investigation identi-
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fi ed the probable reason for this improved step-
ping with the “assist-as- needed” control 
algorithms [ 64 ]. Detailed analysis of the EMG 
patterns revealed that the rigid control scheme 
intermittently interrupts the alternate recruitment 
of fl exor and extensor muscles; the neural control 
system operates in a continuous correction mode. 
In contrast, by enabling variability in the limb tra-
jectory, the “assist-as- needed” control mode does 
not constrain the timing of the movement, thereby 
allowing the appropriate recruitment of fl exor 
muscles during swing and extensor muscles dur-
ing stance, as required to produce a coordinated 
stepping pattern [ 64 ]. 

 Collectively, these data emphasize the impor-
tance of designing smart robotic interfaces to 
enable the spinal locomotor system to generate 
appropriate stepping movements as opposed to 
building robots that move the limb along fi xed 
trajectories. Consequently, we term this concept 
 robotically enabled motor control  or  rEMC  
(Fig.  4.1 ). There is growing evidence that  rEMC  
not only applies to limb movements but also to 
the trunk–limb system for the control of balance 
and weight bearing [ 65 ].  

4.3.4     Sensory-Enabled Motor 
Control ( sEMC ) 

 Under normal conditions, the descending sys-
tems control the general features of locomotor 
movements, i.e., gait initiation, speed of progres-
sion, and direction of walking. A key issue for the 
design of clinically relevant neurorehabilitation 
procedures is the identifi cation of an alternative 
source of adaptive control for stepping when 
these pathways are interrupted by a SCI. As sum-
marized in the fi rst section of this chapter, 
Sherrington originally introduced the idea that 
sensory ensembles dictate the properties of spinal 
locomotion in vivo [ 1 ]. This viewpoint histori-
cally reduced to the “chain of refl ex” hypothesis, 
predicts that the succession of external situations 
detected by afferent systems allows, determines, 
and actually controls the characteristics of cen-
trally generated motor outputs. Currently, sen-
sory input is instead regarded as part of refl ex 

subsystems that modulate, but are under the con-
trol of, central pattern generator (CPG) networks 
[ 53 ,  66 ]. Here, we provide a few examples that 
illustrate the ability of multisensory information 
to control spinal motor outputs with an astonish-
ing degree of precision, a capacity that can be 
exploited to produce fl exible and adaptive pat-
terns of locomotion after a SCI. 

 In the absence of treadmill motion, but under 
weight-bearing conditions, electrical and phar-
macological stimulations allow spinal rats to 
maintain a tonic posture behaviorally visible as 
standing (Fig.  4.5a ). When the treadmill belt 
motion is initiated, however, the spinal circuits 
detect the emergence of dynamic conditions and 
immediately transform the motor patterns from a 
tonic to a rhythmic state [ 28 ]. Likewise, spinal 
locomotor systems can accommodate limb kine-
matics and EMG patterns to changing treadmill 
belt speeds within a single step, even at running 
velocities (Fig.  4.5a ). Strikingly, while spinal rats 
are running on the treadmill, the sudden stop of 
the belt abruptly terminates fl exor bursting and 
results in sustained tonic activity of extensor 
muscles [ 28 ]. Spinal sensorimotor systems are 
thus capable of recognizing a deviation from 
expected task-specifi c patterns of proprioceptive 
input within milliseconds, hence allowing the 
immediate switch from a running to a standing 
state without any supraspinal infl uence. Similar 
modulation of locomotor patterns can be found in 
decerebrate and spinal cats [ 42 ] as well as humans 
with a severe SCI during manually assisted step-
ping on a treadmill [ 67 ,  68 ]. Along the same line, 
spinal rats show the remarkable ability to adjust 
limb movements to a sudden change in the direc-
tion of the treadmill belt from forward to back-
ward or to a progressive rotation of the body in a 
sideward direction (Fig.  4.5b ). In both situations, 
spinal circuitries respond to changing external 
conditions with a complete reorganization of 
hindlimb kinematics and muscle activity patterns 
to produce continuous locomotion in virtually 
any direction in space [ 28 ].

   During the execution of these various motor 
tasks, we found that there was often a continuous 
match between the spatiotemporal patterns of 
sensory inputs (external situations) and the 
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characteristics of the motor outputs [ 28 ] 
(Fig.  4.5b ). The precision and versatility of these 
complex tuning patterns cannot be explained by 

any of the spinal refl ex responses that have been 
described to date. Together, these data suggest 
that the ensemble of afferent systems sensitive to 

  Fig. 4.5    Effects of velocity- and direction-sensitive 
 afferent input on the characteristics of hindlimb move-
ments in spinal rats. ( a ) Representative example of 
hindlimb kinematics and EMG activity recorded from a 
continuous sequence of steps during a gradual increase of 
treadmill belt speed including running velocities. Stick 
diagram decomposition of the fi rst step shows the smooth 
transition from standing to stepping. Conventions are the 
same as in Fig.  4.3 . ( b ) Representative example of hindlimb 

kinematics and EMG activity recorded during continuous 
locomotion in the forward ( left ), backward ( middle ), and 
sideway ( right ) direction. The same limb from the same rat 
corresponding to the leading ( front ) limb during sideway 
stepping is shown for the three conditions. Data are repre-
sented as in Fig.  4.3 , except that stick diagrams are shown 
in three dimensions, with the main plane oriented with the 
direction of treadmill belt motion.  VL  vastus lateralis, 
 St  semitendinosus muscles [ 28 ]       
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load, direction, and velocity collectively contrib-
ute to elaborate a detailed representation of the 
 locomotor state that allows for the continuous 
selection of the combination of motor circuits 
appropriate to perform the current task success-
fully. These observations imply that after the loss 
of brain input, sensory information is instructive 
in a functional, primarily feedforward manner 
[ 12 ]. 

 The recovery of hindlimb locomotion in ani-
mals with a SCI is usually attributed to the recov-
ery of neuronal networks responsible for central 
pattern generation, i.e., CPG networks [ 69 ,  70 ]. 
Even in humans, the recovery of locomotor func-
tion after a severe SCI is still thought to heavily 
rely on CPGs present in the human spinal cord 
[ 71 ]. We instead argue that the recovery of 
impressive locomotor capacities with step train-
ing (see Sect.  4.5 ) under the presence of electrical 
and/or pharmacological stimulation relies on the 
ability of the spinal circuitries to utilize sensory 
ensembles as a continuing source of motor con-
trol and as a substrate for learning [ 12 ,  72 ]. 
Indeed, the data presented in this review show 
that the spinal cord acts as a smart processing 
interface that continuously integrates multisen-
sory input to control its motor output, both 
acutely and chronically. Thus, beyond represent-
ing an automated machinery that produces ste-
reotyped refl exes and CPG-like activity, we argue 
that evolutionary pressures engineered the spinal 
brain to process complex patterns of afferent 
input and utilize this information to make deci-
sions about how to maintain successful locomo-
tion. Moreover, repetitive exposure to specifi c 
sensory patterns with practice allows for the sig-
nifi cant optimization of these sensorimotor pro-
cesses whereby spinal circuitries can learn to 
produce optimal motor states in the total absence 
of brain input. 

 Here, the concept of optimal motor states is 
not restricted to stereotyped stepping patterns 
with alternation between extensor and fl exor 
muscles, but instead it encapsulates the rich rep-
ertoire of motor behaviors underlying activities 
of daily living. In fact, even when deprived of any 
supraspinal infl uence, spinal circuitries can rec-
ognize task-specifi c sensory input and instantly 

modulate or transform the patterns of muscle 
activity to execute a variety of motor tasks rang-
ing from standing, walking, running, stepping 
backward, or even stepping in a sideward direc-
tion [ 28 ]. Currently, the power of  sEMC  for the 
production and training of motor functions after 
SCI is not well recognized or exploited to the 
level of its potential [ 44 ] (Fig.  4.1 ).   

4.4     Impact of Chronic SCI 
on the Function of Spinal 
Circuitries 

 What is the impact of the chronic absence of 
weight-bearing and normal activation patterns on 
the functional capacities of spinal locomotor sys-
tems? In general, it is thought that severe spinal 
cord damage induces a short period of complete 
paralysis, which is followed by a slow and incom-
plete recovery of function that eventually reaches 
a plateau in the chronic state of the injury. 
Overwhelming evidence against this oversimpli-
fi ed view, however, has accumulated in recent 
years. A large number of detrimental changes in 
cell properties and circuit connectivity have been 
described in the chronic state of SCI. For exam-
ple, Vinay and his coworkers [ 73 ] found that a 
complete SCI leads to a downregulation of the 
potassium-chloride co-transporter-2 (KCC2) in 
motoneuron membranes, which, in turn, results 
in a substantial positive shift in the membrane 
equilibrium potential of chloride. This shift has a 
dramatic impact on neuronal function by chang-
ing the effect of inhibitory input into excitatory 
input, which could contribute to the development 
of spasticity [ 74 ]. 

 At the network level, a series of anatomical 
and neurophysiological observations in animals 
[ 75 – 77 ] and humans [ 78 ,  79 ] suggest that after a 
severe SCI, the spinal circuitries responsible for 
the control of stepping and standing undergo a 
major remodeling, a process that continues to 
evolve for years after the SCI [ 80 ]. After the 
interruption of descending pathways, the severed 
axonal fi bers degenerate, creating vacant synap-
tic territories that become partially reoccupied by 
sprouting intraspinal fi bers [ 75 ,  77 ]. These new 
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synaptic connections likely lead to the formation 
of aberrant circuits that may misdirect neural 
information toward inappropriate motor  networks 
during movement [ 54 ,  81 ]. Indeed, we observed 
that rats with a complete SCI show a signifi cant 
deterioration of stepping capacities in the chronic 
state of the injury [ 28 ]. Whereas the combination 
of electrical and pharmacological stimulations 
enabled coordinated locomotion with plantar 
placements at 1 week after the injury, the same 
rats exhibited poorly coordinated stepping 
 patterns with large variability when tested at 
9 weeks post-lesion (Fig.  4.6a, b ). Compared to 

noninjured rats, these animals displayed a large 
increase in the expression pattern of the 
 activity- dependent neuronal marker c-fos in all 
lumbar and sacral segments (Fig.  4.6b, d ) [ 28 ]. 
This marked increase in the number of cells con-
tributing to stepping in chronic spinal animals 
suggests that new nonfunctional circuits progres-
sively form after a severe SCI and that these 
abnormal connections engage inappropriate cir-
cuits to produce locomotor patterns when phar-
macological and/or electrical interventions are 
administered. These results are compatible with 
the emergence of abnormal refl exes [ 78 ,  79 ], 

  Fig. 4.6    Locomotor training enabled by selective pharma-
cological and/or electrical stimulation paradigms promotes 
the recovery of intervention-specifi c gait patterns in rats 
deprived of supraspinal input. ( a ) Representative illustra-
tions of EMG and kinematic features during stepping under 
the full combination (stimulation at S1 plus L2 and quipa-
zine plus 8-OHDPAT) 1 week post-injury (before training; 
 left ) and after 8 weeks of training enabled by pharmacologi-
cal and/or electrical stimulation ( middle ). A similar repre-
sentation is shown for a noninjured rat ( right ). Conventions 
are the same as in Fig.  4.3 . ( b ) Representative illustrations 
of kinematic features during stepping in nontrained rats and 
rats trained with EES at L2 and quipazine administration. 

 Below  representative camera lucida drawings of FOS-
positive neurons in spinal segments L2 and S1 of a non-
trained SCI rat and a SCI rat trained with stimulation at L2 
and quipazine administration. ( c ) Three-dimensional statis-
tical representation of locomotor patterns based on princi-
pal component analysis applied on a large number of gait 
parameters ( n  = 135). Each group ( n  = 5–7 rats) clustered in 
distinct locations, revealing that each locomotor training 
paradigm promoted the recovery of unique stepping pat-
terns. ( d ) Representative camera lucida drawings of FOS-
positive neurons in spinal segments L2 and S1 of a 
nontrained SCI rat ( left ), a SCI rat trained with the full com-
bination ( middle ) and a noninjured rat ( right ) [ 28 ]       
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unintended movements [ 81 ], and spasticity [ 82 ] 
in the chronic state of the injury in humans. 
Together, these results show that spared neuronal 
circuitries below a complete SCI do not remain 
unchanged. Instead, major plastic changes pro-
gressively take place post-lesion, which lead to a 
deterioration of the neuronal function in the 
chronic state of the injury.

   In light of these changes, can step training 
enabled by locomotor permissive interventions 
direct the chaos of plasticity that spontaneously 
occurs after a SCI and can this use-dependent 
plasticity lead to useful changes associated with 
improved functional capacities?  

4.5      Neurorehabilitation 
with Motor Control-Enabling 
Systems 

 Intensive rehabilitative training has shown the 
capacity to prevent deterioration of function and 
improve stepping and standing capacities in cats 
with a complete SCI [ 83 ]. Similar activity-based 
approaches alone, however, failed to promote 
similar improvements in rats [ 84 ] and humans 
[ 21 ] with a severe SCI. As mentioned in the fi rst 
section of this chapter, we surmised that the 
absence of robust activity during locomotor train-
ing is largely responsible for the poor effects of 
rehabilitation. We directly tested this hypothesis 
by training spinal rats on a treadmill under the 
presence of  efEMC  interventions, which encour-
age coordinated patterns of locomotion in the 
paralyzed hindlimbs. 

 In our fi rst attempts, we only used a combina-
tion of lumbar (L2) EES and 5-HT  2A/C  agonist 
(quipazine) administration to facilitate locomo-
tion during the training of spinal animals [ 85 ]. As 
mentioned above, each locomotor permissive 
system modulates distinct features of stepping 
behaviors. Accordingly, this specifi c combina-
tion promotes unique patterns of locomotion 
including enhanced extension components, in 
particular, in the distal extremities [ 29 ]. After 
2 months of training, the rats displayed improved 
locomotor movements characterized by a low 
variability in kinematics features and the capac-

ity to step for an extended period of time on the 
treadmill under the presence of pharmacological 
and electrical interventions. The rats, however, 
developed exaggerated stance phases with 
marked extension of the foot and toes during 
swing (Fig.  4.6b ). The chronic repetition of a cer-
tain type of movement thus reinforced and indeed 
amplifi ed the specifi cally trained stepping behav-
ior. More recently, we tested the therapeutic 
potential of locomotor training enabled by lum-
bar (L2) plus sacral (S1) EES and agonists to 
5-HT 1A , 5-HT 2A/c , and 5-HT 7  receptors (quipazine 
and 8-OHDPAT) [ 28 ]. Compared to lumbar stim-
ulation and quipazine alone [ 85 ] (Fig.  4.6b ), this 
combination enabled more normal stepping pat-
terns and effectively promoted locomotion as 
early as 1 week post-injury (Fig.  4.6a ). In con-
trast, the combination of lumbar stimulation and 
quipazine was not effective in encouraging loco-
motion until 2–3 weeks post-SCI [ 86 ]. After 
9 weeks of neurorehabilitation, the spinal rats 
recovered the impressive capacity to perform full 
weight-bearing locomotion with features that 
were nearly indistinguishable from those under-
lying walking patterns of the same rats recorded 
before the injury (Fig.  4.6b, c ). Rats trained with 
electrical stimulation alone or serotonin agonists 
alone developed specifi c patterns of locomotion, 
but these interventions failed to prevent the dete-
rioration of functional capacities at the chronic 
state of the injury (Fig.  4.6a–c ). Collectively, 
these results suggest that the repetitive activation 
of unique combinations of sensorimotor circuits 
under the infl uence of distinct electrical and 
pharmacological stimulations and through task- 
specifi c sensory patterns lead to the selection and 
reinforcement of those neuronal networks in an 
activity-dependent manner [ 12 ]. As exemplifi ed 
in cats [ 7 – 9 ,  87 ], the rodent spinal motor circuit-
ries deprived of any supraspinal infl uences can 
learn the task that is trained and practiced. 

 This concept of Hebbian plasticity among spi-
nal sensorimotor pathways is consistent with the 
changes in c-fos expression patterns underlying 
continuous locomotion of trained rats. Regardless 
of the intervention used to facilitate stepping, we 
found that rats exposed to locomotor rehabilita-
tion exhibited a substantial decrease in the 
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number of c-fos-positive neurons compared to 
nontrained animals [ 28 ,  85 ] (Fig.  4.6b–d ). 
However, the detailed features of c-fos expres-
sion patterns in the lumbar and sacral segments 
depended signifi cantly on the selective interven-
tion provided during training, i.e., each neurore-
habilitation procedure promoted specifi c gait 
patterns that were presumably produced by 
unique combinations of neuronal networks 
(Fig.  4.6c ). These results demonstrate that the 
recovery of stepping ability after a complete SCI 
does not result from the activation of an ontoge-
netically defi ned hardwired circuitry that persists 
and recovers post-injury. Instead, specifi c combi-
nations of locomotor training, pharmacological, 
and electrical stimulation interventions induce 
novel activity-dependent anatomical states that 
refl ect the ability of spinal circuits to learn and 
that can promote high levels of functional recov-
ery without any supraspinal input in adult rats.  

4.6     Development of Operative 
Neuroprosthetic Systems 

 As described above, different stimulation param-
eters and sites of EES can modulate specifi c 
aspects of the spinal locomotor output. In addi-
tion, with varying levels of activation of specifi c 
pharmacological receptors,  fEMC  strategies can 
be used to selectively activate different combina-
tions of locomotor circuits within the lumbosa-
cral spinal cord. For an individual to take full 
advantage of this modularity, however, semiauto-
mated control systems including feedback loops 
will be necessary [ 88 ]. The fl exible manipulation 
of  eEMC  and  fEMC  to modulate movements will 
further require the development of a device that 
can receive mechanical and/or biological signals 
that, in turn, can modulate an output of chroni-
cally implanted epidural electrode arrays capable 
of achieving the desired movement. There are 
multiple solutions with varying degrees of com-
plexity and sophistication that can be utilized to 
achieve this goal. As a starting point, we have 
developed an on–off system that can detect the 
intent of a rat with a complete thoracic spinal 
cord transection to step based on EMG signals 

from the forelimbs [ 89 ]. Once the criterion EMG 
pattern from multiple forelimb muscles is recog-
nized, an output signal is sent to a stimulator that 
activates the lumbosacral spinal cord epidurally 
with a preselected frequency and voltage level. 
This approach needs further development so that 
different combinations of electrodes from the 
chronically implanted epidural electrode array 
can be activated at a selective stimulation inten-
sity and frequency to achieve the most effective 
standing or stepping in a subject at any given 
time during the recovery from injury. In humans, 
the neural interface must be able to accommodate 
differing levels and types of dysfunction within 
and across subjects. Thus, this interface must 
have different degrees of automaticity in the 
interpretation of feedback signals. For human 
subjects, a hand-controlled “joystick” could be 
designed so that the user could manually control 
the stimulation parameters (with predefi ned lim-
its for safety) when the person intends to stand, 
walk, or perform other sensorimotor tasks. 

 A more advanced but complex and invasive 
approach could capitalize on established con-
cepts from brain–machine interface systems. 
Neural states can be readily extracted from the 
modulation of cortical ensembles to detect the 
intent to perform a range of tasks [ 90 – 92 ]. In 
turn, these neural states can be readily exploited 
to modulate the patterns of stimulation in a neu-
roprosthetic epidural electrode array to stand, 
walk, or adjust locomotor movements to the 
requirements of the external world, e.g., cross an 
obstacle or climb stairs. 

 In the technical development of interventions 
to facilitate motor recovery after a SCI and many 
other degenerative neuromotor disorders, there 
will inevitably be the need for a paradigm shift in 
the ability to monitor and quantify a wide range of 
motor tasks, including postural control, locomo-
tion, and fi ne motor skills. Although the technical 
capability and expertise to accomplish such 
assessments is well established in basic research 
laboratories, realization of these technical capa-
bilities in clinical rehabilitation settings is mini-
mal. This limitation, in itself, has minimized 
advances that could be made from a research, and 
also a patient’s, perspective. For example, it is 
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clear that the technical capabilities exist to quan-
tify all of these types of movements and to pro-
vide immediate feedback to the patient that can 
serve as a major motivational stimulus and also 
immediate knowledge of whether a certain inter-
vention has any impact on the ability to perform a 
given motor task. This type of information is 
equally available to the researcher, clinician, and 
patient. A key to capitalize on this type of technol-
ogy will involve the design of smart robotic inter-
faces to enable the performance of movements in 
severely affected individuals (see Sect.  4.3.3 ).  

4.7     Perspectives for Viable 
Clinical Applications 

 We are approaching a new and exciting era for the 
capability to recover signifi cant levels of motor con-
trol after a severe SCI and the onset of a variety of 
degenerative motor diseases. This optimism is 
based on years of progression of the evolution of 
new perspectives and concepts related to how the 
nervous system controls movement. These new fun-
damental concepts provide the basis for developing 
new strategies that combine biological and techni-
cal breakthroughs. For example, we know that very 
complicated and detailed motor tasks can be per-
formed with little or no supraspinal control due to 
the fact that most of the neurophysiological details 
are embedded and accomplished within the circuits 
of the spinal cord [ 93 ]. Furthermore, we now under-
stand that these neural circuits remain functional 
after most spinal cord injuries and that they can be 
revived with appropriate activity-dependent inter-
ventions [ 28 ,  83 ]. In this chapter, we have docu-
mented various observations supporting these 
positions, and we have demonstrated that access to 
this surviving circuitry can be gained by electrically 
stimulating the lumbosacral spinal cord epidurally 
and by facilitating the spinal circuitry pharmaco-
logically. Most importantly, however, a central 
component in realizing improved motor control 
using these  motor control  -  enabling strategies  is the 
potent activation of the circuitries underlying the 
motor task that is being relearned. Specifi cally, the 
strategies will have minimal or no positive effect in 
relearning a motor skill if the circuitry that gener-

ates that motor skill is not recruited in the presence 
of EES and/or pharmacological facilitation. Our 
challenge in the near future is to develop procedures 
that will improve the effi cacy of these interventions 
by understanding in more detail the basic biology of 
these enabling techniques. Which circuits within 
the spinal cord are being activated to perform a 
given task and what neurotransmitter systems are 
critical for these circuits to successfully generate the 
desired movement with the patient having the con-
trol and confi dence necessary to execute the strate-
gies in day-to-day activities? The application of 
these strategies with further developments in robot-
ics will have to occur to fully realize the impending, 
remarkable potential that remains after even some 
of the most severe injuries to the neuromotor 
system.  

    Conclusions 

 Spinal cord damage severely impacts 
 sensorimotor function and thus the quality of 
life of affected individuals. After a SCI, 
improvement in sensorimotor functions can be 
achieved via a number of activity-dependent 
rehabilitative strategies, e.g., task-specifi c sen-
sorimotor training, robotic interface systems, 
pharmacological facilitation of the spinal neural 
circuitries, and spinal cord epidural stimulation. 
Although each of these interventions can have a 
positive impact on the recovery process after a 
SCI, the effi cacy of these interventions can 
increase tremendously when they are adminis-
tered in combination. Consequently, future 
efforts should consider a  multidimensional 
approach in developing and refi ning neuroreha-
bilitative approaches for individuals with severe 
sensorimotor dysfunctions after a SCI or other 
debilitating conditions.     
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    Abstract  

  Brain injury often results a partial loss of the neural resources communicat-
ing to the periphery that controls movements. Consequently the signals that 
were employed prior to injury may no longer be appropriate for controlling 
the muscles for the intended movement. Hence, a new pattern of signals 
may need to be learned that appropriately uses the residual resources. The 
learning required in these circumstances might in fact share features with 
sports, music performance, surgery, teleoperation, piloting, and child devel-
opment. Our lab has leveraged key fi ndings in neural adaptation as well as 
established principles in engineering control theory to develop and test new 
interactive environments that enhance learning (or relearning). Successful 
application comes from the use of robotics and video feedback technology 
to augment error signals. These applications test standing hypotheses about 
error-mediated neuroplasticity and illustrate an exciting prospect for reha-
bilitation environments of tomorrow. This chapter highlights our works, 
identifi es our acquired knowledge, and outlines some of the successful 
pathways for restoring function to brain- injured individuals.  
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5.1       Introduction 

 As rehabilitation research continues to provide 
support for prolonged practice of functionally 
relevant activities for restoration of function, 
integration of therapy with technology has 
revealed new prospects for motor teaching. For 
many researchers the central issue to be 
addressed is how technology can provide thera-
peutic advantages over simply administering 
greater intensity or prolonged treatment in tradi-
tional approaches. This chapter will focus on 
how robotic devices combined with computer 
displays can augment error in order to speed up, 
enhance, or trigger motor relearning. Below we 
outline the sources of this rationale and present 
some early examples.  

5.2     Experience Enables 
Prediction of Consequences 

 While the fundamental principles of neuroreha-
bilitation are still being actively debated, nearly 
all agree that a key mode of recovery is the 
 nervous system’s natural capacity to change in 
response to experience—neuroplasticity of 
 neural control. Although for brain injuries such 
as stroke there are many associated defi cits that 
may not be directly involved in such neural reor-
ganization (contractures, weakness, cognitive 
defi cits, attentional defi cits, etc.), one mode of 
recovery is certainly to  learn  how to perform 
normal functions with what is effectively a new 
brain. Hence, the capacity of neuroplasticity is 
believed to be one of the most powerful 
resources that can be leveraged to foster func-
tional recovery through the proper conditions of 
training, feedback, encouragement, motivation, 
and time. 

 Early investigations of training-induced neuro-
plasticity were motivated by results of studies of 
sensorimotor adaptation in healthy individuals. 
Earlier studies dating back to the 1950s used a 
variety of more traditional motor learning tasks to 
understand many of these processes (for an excel-
lent review, see Schmidt and Lee [ 1 ]). Tasks such 

as reaching for a cup are thought to be trivial but 
extremely diffi cult and frustrating to patients. We 
often take for granted the challenges of  coupled 
nonlinear arm dynamics [ 2 ], long  feedback delays 
[ 3 ], and slow activation times for muscle [ 4 ]. 
Consequently, rapid movements must be pre-
planned using a prediction or “neural 
 representation” of the outcomes. These represen-
tations, also called internal models, are typically 
acquired via a lifetime of experience [ 5 ]. Yet 
research has shown that distorting sensory-motor 
relationships in a variety of ways can alter these 
representations at least for a short period of time 
following training. For example,  mechanical dis-
tortions — unexpected changes to mechanics —
such as the introduction of a heavy weight in 
one’s hand cause initial errors in reaching accu-
racy, but people adapt and recover their ability to 
move normally within a single motion [ 6 ]. More 
complex loads can take hundreds of movements 
[ 7 – 9 ]. People often stiffen (i.e., co- contract their 
muscles) as a fi rst strategy [ 10 ,  11 ] in response to 
external force perturbation. However, the stiffness 
quickly fades as they learn to counteract the 
forces, leading to  aftereffects  when forces are 
unexpectedly removed (Fig.  5.1 ) [ 12 ,  13 ]. It is 
important to note that both the adaptation and 
aftereffects can occur implicitly with minimal 
conscious attention to any goal. Beyond the inves-
tigation of basic motor control principles, we have 
shown that this type of training can be used con-
structively to teach a desired set of new move-
ments [ 14 ,  15 ].

   Motor learning is strongly driven to reduce 
performance errors [ 16 ,  17 ]. Particular tests in 
experiments often use simple tasks to explore 
how humans respond to such errors. In reaching, 
these errors are presumed to be simply deviations 
away from the straight-line hand path to a target 
[ 18 ,  19 ]. Experiments have demonstrated that it 
is possible to train subjects to produce new move-
ments, such as a prespecifi ed (but straight) path 
during reaching. Such  adaptive training  has 
resulted in altered motion patterns in both the 
arms [ 20 ,  21 ] and legs [ 22 ] by accentuating tra-
jectory errors using robotic forces. Subjects in 
those studies were exposed to custom-designed 
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force fi elds that promoted the learning of specifi c 
movements by exploiting short-term adaptive 
processes [ 23 ]. 

5.2.1     The Nervous System Responds 
Dramatically to Visual 
and Mechanical Distortions 

 Similar to the error-based learning described 
above, adaptation can occur when exposed to a 
visuomotor distortion. Motor learning as medi-
ated by robotic devices shares many similarities 
with an older body of research on visuomotor 
adaptations, such as those induced by prisms 
[see [ 24 ] for a review], rotations, stretches, and 
other distortions of the conventional hand-to-
screen mapping [ 18 ,  25 ,  26 ]. It is worth noting 
that beyond effecting a change in overall force-
motion relationships, robotic training can intro-
duce haptic interactions at the point of contact 
[ 27 ,  28 ]. In contrast to prism adaptation, such 
interactions can alter both the energetics and 
sensory information in a task and hence could 
elicit additional neural responses [ 29 ]. All of 
these distortions appear to induce learning and 
can reduce sensory dysfunction such as hemis-
patial neglect [ 30 ].  

5.2.2     Neuroplasticity, Learning, 
Adaptation, and Recovery 

 Motor adaptation induced by interactive forces 
and visual distortion might not necessarily 
refl ect long-term learning, however. There is 
strong evidence that when a person experiences 
more than one training experience, the latter 
experience tends to disrupt or interfere with the 
former [ 31 – 33 ]. Such fi ndings would at fi rst 
seem to undermine any prospects of success-
fully transferring the skills acquired in an engi-
neered environment to functional ability in the 
real world. However, one key premise of robot-
mediated training is that adaptation will be 
retained if the resulting behaviors have func-
tional utility. Our studies and the work of others 
have demonstrated permanent effects after train-
ing in the presence of visuomotor distortions 
[ 31 ,  34 ,  35 ]. Hence individuals de- adapt if con-
ditions require it, but also some motor memory 
is preserved well beyond the training phase. 
Here we use the term “learning,” since our ulti-
mate goal is permanence. Further work is 
needed to understand what neural processes 
mediate the successful evolution between adap-
tation and long-term retention, and it may be 
that the two share many common neural 

a

b c d

  Fig. 5.1    A classic adaptation experiment in which a robot 
exerts a mechanical distortion. The subject attempted 
reaching movements to targets in eight different direc-
tions. ( a ) Subject seated at the robot. ( b ) Initial exposure 

to the force fi eld. ( c ) At the end of training, movements 
appear normal. ( d ) Removing the force fi eld unexpectedly 
results in aftereffects (Adapted from Shadmehr and 
Mussa-Ivaldi [ 9 ])       
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resources, with a continuum between short- and 
long-term neuroplasticity. 

 Quite importantly, the adaptive responses 
described here can also be observed in stroke sur-
vivors, and evidence is found in the oculomotor 
[ 36 ] and limb motor systems [ 21 ,  37 ,  38 ] for neu-
roplasticity, induced by enriched interactive 
experiences. In fact, errors seen in stroke refl ect 
poor compensation for interaction torques [ 39 ], 
and resemble the problems seen in healthy sub-
jects when they are exposed to force fi elds. At 
least part of impairment has been attributed to 
“learned nonuse” that can be reversed by encour-
aging individuals to practice and relearn how to 
move their affected arm [ 40 ].   

5.3     Multiple Forms 
of Neuroplasticity 

 Plasticity comes in many forms across many tim-
escales making it diffi cult to fully identify all 
underlying mechanisms at work in a given thera-
peutic context. Changes can range from very tem-
porary shifts in neurotransmitter concentrations, 
facilitation or inhibition from collateral neurons, 
neural growth to establish synapses, or actual neu-
rogenesis where entire neurons are established. 
Making matters more complicated, neuroplasticity 
can be described as residing within a much larger 
spectrum of mechanisms with overlapping times 
scales that span short- term adaptation in millisec-
onds, long-term potentiation over minutes, perma-
nent leaning, muscle hypertrophy, and healing or 
degeneration of whole tissue structures through 
development and aging. Finally, there are also 
aspects of the nervous system’s control apparatus 
that can be seen as hierarchical agents, where peo-
ple  learn to learn  and even learn to make decisions 
to learn. There are many ways in which the ner-
vous system alters its behavior in response to new 
experiences, and many of these mechanisms are 
driven by error (Fig.  5.2 ).

   There has been recent debate over whether 
kinetic and kinematic adaptations are separate 
and independent processes. Krakauer et al. [ 32 ] 
suggested that learning of kinematic distortions 
(a 30° rotation of visual display) and kinetic 

 distortions (distortions of added mass) were 
independent processes because learning one did 
not interfere with the other. Basic modeling 
assumptions can easily show that separate error- 
motivated adaptation processes could arise (dif-
ferent red lines of Fig.  5.2 ). Flanagan and 
colleagues also showed similar results with a 
visuomotor rotation and a viscous force fi eld 
[ 41 ]. However, Tong and colleagues argued that 
these studies should not be expected to show 
interference because the kinetic and kinematic 
distortions involved different variables, and the 
kinematic rotation depended on position while 
the kinetic mass depended on acceleration [ 33 ]. 
They demonstrated that when both the force fi eld 
and the visuomotor rotation depended on 
 position (or on acceleration), interference was 
observed. These results strongly suggest that 
kinetic and kinematic adaptation share at least 
some common neural resources in motor work-
ing memory. As a logical extension of this con-
cept of shared resources, we might employ 
multiple environmental effects to “trick” the ner-
vous system into learning more. One possibility 
is to  facilitate  (rather than interfere with) learn-
ing. Consequently mixed experience of both 
force and visual feedback distortions can 
enhance learning even further [ 42 ].  

5.4     The Crutch Effect 

 It is clear that human-machine interactions have 
the extremely powerful ability to foster learn-
ing; but it is less obvious how to precisely pro-
gram them to alter these interactions for 
therapeutic benefi t. One possibility would be to 
have a system that  guides  one’s actions to help 
one learn. This enables the patient to visit the 
positions and velocities of a task, being “shown 
the way” as a template. This template may offer 
the added benefi ts of keeping the joint mobile 
through the range of motion and preventing sec-
ondary effects such as contractures from immo-
bility. While this may be an answer for people 
entirely paralyzed, this approach only provides 
the correct kinematics without the correct kinet-
ics. While there have been a few studies that 
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have shown a benefi t for haptic guidance in 
learning motions [ 43 – 46 ], it may be that such 
interaction forces do not ensure that the limb 
makes the correct motion. In one study on 
healthy people, simply watching the robot make 
a template motion caused subjects to learn about 
as well as people when they practiced using 
robotic guidance [ 47 ]. 

 One problem may be that such guidance algo-
rithms generate unnatural forces unless individu-
als actively make the desired motion, which 
renders the guiding robot unnecessary. Guidance 
interactions are not only unnatural; they may 
encourage unwanted resistance, promote laziness 
[ 48 ,  49 ], or reduce the subject to inattention. This 
can remove any desire to learn and lead the indi-
vidual to simply rely on guidance like one might 
rely on a crutch [ 50 ]. People could literally fall 
asleep practicing.  

5.5     Guidance 
Versus Anti-guidance 

 The opposite line of attack—systematically 
 altering the movement to enhance error—may be 
one possible answer. In an early study of error aug-
mentation, our group focused on the chronic stroke 
population and compared error- magnifying forces 
to error-reducing forces in a short therapy session. 
We exposed hemiparetic stroke survivors and 
healthy aged-matched controls to a pattern of dis-
turbing forces that has been found by previous 
studies to induce dramatic aftereffects in healthy 
individuals. Eighteen stroke survivors made 834 
movements on a manipulandum robot in the 
 presence of a robot-generated force fi eld. This 
fi eld generated forces that were proportional to 
hand speed, perpendicular to movement 
 direction—either clockwise or counterclockwise 
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  Fig. 5.2    A schematic fl owchart that illustrates the believed 
error-mediated adaptation for the control of movement. 
News of outcome movements are fed back to the central 
nervous system to calculate errors that are used for adjust-

ing (adapting). Several known mechanisms exist that use 
error ( red lines ) to make alterations, such as recalibration of 
the proprioceptive system, alterations in preplanned inverse 
dynamics, impedance, and the intended trajectory       
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  Fig. 5.3    ( a ) One stroke survivor’s response to training 
forces that amplify the original counterclockwise move-
ment error. The force fi eld during training ( arrows  in  b ) 
resulted in a reduction of error following training that was 
sustained until the end of the experiment ( c ). ( d ) Cross 
plot of all subjects’ fi nal performance improvements vs. 
the amount of error magnifi cation/reduction in training. 
Error magnifi cation was determined by calculating the dot 

product between the average training force direction and 
the average movement error direction. Performance 
improvement was calculated by measuring the reduction 
initial direction error from the baseline phase to the fi nal 
phase of the experiment.  Boxes  represent mean and 95 % 
confi dence intervals, and whiskers indicate two-standard 
deviations (Adapted from Patton et al. [ 21 ])       
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(Fig.  5.3a–c ). We found signifi cant aftereffects 
from the stroke surviving participants, indicating 
the presence of a reserve capacity for neuroplasti-
city in these patients that has very little or nothing 
to do with stroke severity [ 21 ]. Importantly, sig-
nifi cant improvements occurred only when the 
training forces magnifi ed the original errors and 
not when the training forces reduced the errors or 
when there were no forces (Fig.  5.3d ). Interestingly, 
adaptation during practice in stroke survivors is 
concurrent with anatomical and cellular evidence 
that the nervous system is reorganizing and areas 
of activity are changing [ 51 ]. These results point to 
a unifying concept—errors induce motor learning, 
and judicious manipulation of error can lead to 
lasting desired changes.

5.6        Error Augmentation 
for Leveraging 
Neuroplasticity 

 The great enlightenment philosopher George 
Berkeley pioneered the idea “Esse est percipi” 
(to be is to be perceived). Rather than using 
immersive environments for mere entertainment, 
technology has recently allowed us to construc-
tively alter behavior through novel distortions to 
perception, essentially creating a “lie” to the 
interacting subject in a variety of ways. This 
approach to facilitating training offers a bright 
prospect, not only in the world of engineering for 
rehabilitation but in many areas in which people 
must learn to make new actions. One key imple-
mentation is  error augmentation , where we iso-
late and selectively enhance the perceived error. 

 There are several lines of support for error aug-
mentation approaches for enhancing learning. 
Simulation models and artifi cial learning systems 
can show that learning can be enhanced when 
feedback error is larger [ 23 ,  52 – 54 ]. Subjects 
learning how to counteract a force disturbance in a 
walking study increased their rate of learning by 
approximately 26 % when a disturbance was tran-
siently amplifi ed [ 22 ]. In another study, providing 
feedback that was less than the actual force pro-
duction has caused subjects to apply larger forces 
to compensate [ 55 ]. Several studies have shown 

how the nervous system can be “tricked” by giving 
altered sensory feedback [ 18 ,  56 – 61 ]. Conversely, 
suppression of visual feedback has slowed the un-
learning process [ 15 ]. It is clear that feedback that 
provides an error signal can infl uence learning and 
that the truth can be stretched for greater effect. 

 Nevertheless, not all kinds of augmented feed-
back on practice conditions have proven to be 
therapeutically benefi cial in stroke [ 62 ]. It may be 
that there are limits to the amount of error aug-
mentation that is useful [ 63 – 65 ]. Robotically 
reducing kinematic errors in a golf putting training 
session improved skill more for the less skilled, 
but increasing errors had no effect and additionally 
decreased motivation [ 66 ]. More error might mean 
more learning, but it would not seem plausible for 
error augmentation to work limitlessly.  

5.7     Choices: Does More Error 
Mean More Learning? 

 The optimal method for error augmentation is not 
yet known and may depend on a number of con-
texts. We conducted simple evaluation of the rate 
change of hand path error while subjects made 
point-to-point reaching movements of the unseen 
arm [ 67 ,  68 ]. Error deviations from a straight-line 
trajectory were visually augmented with either a 
magnifi cation of 2, a magnifi cation of 3.1, or by an 
offset angular deviation. The smaller time con-
stants (fi tting performance changes to an exponen-
tial curve) for the *2 and offset groups demonstrated 
that error augmentation could increase the rate of 
learning (Fig.  5.4 ). However the *3.1 group 
showed no benefi t. This result was observed in a 
similar study where there was diminishing effec-
tiveness from larger errors, causing smaller 
changes from one movement to the next [ 69 ].

   The offset group above represents another 
type of error augmentation via the addition of 
constant error offset. This is in contrast to error 
magnifi cation, where learning could become 
unstable if it causes the subject to overcompen-
sate. Because of motor variability, sensor inac-
curacies, and other uncertainties that infl uence 
learning [ 57 ,  64 ,  70 ], error magnifi cation may 
be practicably limited to small gains. On the 
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other hand, adding a constant bias to augment 
error may be equally or more effective because 
noise and other confounding factors would not 
also be magnifi ed. A constant offset presents 
persistent errors throughout training, even as the 
learner improves. This technique may motivate 
learning longer during practice and hence cause 
the amount of learning to increase. However, 
each approach (biasing or magnifying) has their 
benefi ts and potential pitfalls: gain augmentation 
is vulnerable to feedback instability, whereas the 
biasing approach risks learning beyond the goal. 

 There are a variety of compelling aspects of 
error augmentation that arise from the fact that 
we often evaluate and adjust our control based on 
the error of previous movements rather than the 
current one—we learn to walk by repeatedly fall-
ing down and trying again. Such  post-movement 
evaluations  imply that we often are able to gain 
insights into the nature of the learning process 
from one attempt to the next. Such colearning is 
a compelling new prospect in many areas that 
include rehabilitation, where the machine encour-
aging the patient to adapt is itself adapting as 
learning progresses.  

5.8     Free Exploration 
and Destabilizing Forces 

 Beyond manipulation of force and trajectory sig-
nals, the concept of error augmentation can be 
further extended to training environments that 
amplify motor actions. Instead of error with 
respect to a specifi ed movement, robot-guided 
training can exaggerate movements in real time, 
effectively augmenting the dynamic behavior of 
the arm. Robot assistance can certainly expand 
human capabilities through assistance as a func-
tion of applied forces or speed [ 71 ,  72 ]. Such 
approaches use active impedance, such as  nega-
tive damping , which constantly pushes you along 
in the direction you are going. Beyond altering 
online performance, negative damping can 
increase awareness of deviations from expected 
behavior—information critical for driving adap-
tation. Furthermore, a major advantage is that it 
allows training even when weakness limits vol-
untary motion. Most importantly, however, such 
environments facilitate training and still allow 
easy transition to unassisted conditions. 

 To test negative damping as a supplement to 
training, we investigated the effi cacy in a skills 
training experiment using a robotic interface. 
One key feature of our approach was to allow 
self-directed movement during training. While 
goal-directed movement typically focuses on 
kinematic performance, we expected that allow-
ing training via exploratory movements would 
emphasize relevant force and motion relationship 
and provide better improvement in overall func-
tion than repetition of the same task [ 73 ,  74 ]. 
This free training paradigm also served as an 
excellent way to test subjects’ abilities to  gener-
alize  what they learned, since the structured eval-
uations after training (making circles) differed 
from practice. 

 We found that improvements in performance 
persisted even when the negative damping por-
tion of the forces was removed [ 75 ]. In a follow-
 up study with stroke survivors (Fig.  5.5 ), similar 
training with negative viscosity resulted in 
improved skill within a single training session, 
while no improvement was observed in the con-
trol group where no forces were administered 

Controls (*1)

*2

Offset

*3.1

*

*

*

0 50
Time constant of leatning (movements)

  Fig. 5.4    Time constant of error decay during in a visual 
error augmentation trial on healthy subjects, revealing a 
breakdown in higher gain of error augmentation of 3.1. 
 Error bars  indicate 95 % confi dence intervals. Horizontal 
lines indicate signifi cant differences (post hoc) between 
groups (Adapted from Patton et al. [ 68 ])       
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[ 76 ]. It is important to emphasize that each group 
was evaluated in the absence of applied forces, 
which demonstrates that patients’ training with 
negative viscosity transferred their learned skills 
to better actions in the real world.

   The studies described above freely explore 
using negative damping, which could be thought of 
as an extension of the principles of error augmenta-
tion. In contrast to focusing on prescribed move-
ment trajectories, the space of error could instead 
be a specifi c workspace or a rich set of behaviors 
that require modifi cation. Such behaviors are quite 
critical when one considers the rich set of behav-
iors necessary for functional everyday tasks.  

5.9     Making Error Augmentation 
Therapy Functionally 
Relevant 

 When a robotic device is coupled with a three- 
dimensional graphic display, the sensorimotor 
system is able to engage all the types of visual 
and motor learning described above [ 77 ,  78 ]. The 
haptic actuator is typically a specially designed 
robot to allow the user to easily move (back 
drive) and may also exert forces that render the 
sense of touch. The augmented reality graphic 
display presents images in stereo, in fi rst person, 
and using head tracking to appropriately corre-
spond to the current eye location (Fig.  5.6 ). 
Images can be superimposed on the real world.

   Recent work, however, refl ects a more careful 
approach to understanding retention and, more 
importantly, the accumulation of benefi t from 
repeated visits [ 79 ,  80 ]. In this study, stroke survi-
vors with chronic hemiparesis simultaneously 
employed the trio of patient, the therapist, and 
machine. Error augmentation treatment, where 
haptic (robotic forces) and graphic (visual dis-
play) distortions are used to enhance the feedback 
of error, was compared to comparable practice 
without such a treatment. The 6-week random-
ized crossover design involved approximately 
60 min of daily treatment three times per week for 
2 weeks, followed by 1 week of rest and then 
another 2 weeks of the other treatment. A thera-
pist teleoperated the patient using a tracking 

device that moved a cursor in front of the patient, 
who was instructed to match it with their hand’s 
cursor (Fig.  5.7a ). Error augmentation, using both 
haptic ( F  = 100[ N / m ] ·  e ) and visual ( x  = 1.5 ·  e ) 
exaggeration of instantaneous error, was 
employed for one of the 2-week periods without 
being disclosed explicitly to anyone (thus blind-
ing the patient, therapist, technician-operator, and 
rater). Several clinical measures gauged outcome 
at the beginning and end of each 2-week epoch 
and 1-week post training. Results showed incre-
mental benefi t across most but not all days, abrupt 
gains in performance (Fig.  5.7b ), and most impor-
tantly a signifi cant increase in benefi t to error aug-
mentation training in fi nal evaluations. This 
application of interactive technology may be a 
compelling new method for enhancing a thera-
pist’s productivity in stroke functional restoration. 
This was a small but signifi cant benefi t to robotic 
training over simple repetitive practice, with a 
mean 2-week gain in Fugl-Meyer UE motor score 
of 2.08 and Wolf Motor Function Test of timed 
tasks of 1.48 s. This small amount is encouraging, 
however, because the interactive technology was 
only applied for 2 weeks although a signifi cant 
gain was observed. Such an effect may improve 
more given a longer course of therapy.

5.10        Why Might Error 
Augmentation Work? 

 While there are several mechanisms for how 
error augmentation might work, a full under-
standing of the sources is not known. One possi-
ble mechanism is that elevating error simply 
motivates subjects to persistently try to reduce 
error until they see an acceptably small (perhaps 
zero) error. A number of modeling and experi-
mental systems have demonstrated better and 
faster learning if error is larger [ 16 ,  52 ,  81 ,  82 ]. 
Error bias, such as in the offset condition 
 mentioned above, can lead a subject to “over-
learn” beyond the desired goal, but this technique 
may be otherwise benefi cial in situations where 
subjects do not fully learn. Based on our fi ndings, 
we speculate that mixtures of force and visual 
distortions, combined with offset-based and 
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gain-based error augmentation, might be optimal. 
However, optimal parameters governing such a 
mixture are not yet known and are likely to differ 
from patient to patient. 

 Another possible reason why error augmenta-
tion may lead to benefi ts is that the impaired ner-
vous system is not as sensitive to error and hence 
does not react to small errors. Error augmentation 
might make errors noticeable by raising signal- 
to- noise ratios in sensory feedback. It may 
heighten motivation, attention, or anxiety, which 
has been suggested to correlate with learning 
[ 83 ]. Errors that are more noticeable may trigger 
responses that would otherwise remain dormant. 

 Error perception appears to be on a continuum 
that is not yet understood. Error  reduction  appears 
to stifl e learning [ 84 ] and suppression of visual 
feedback has been shown to slow down the de- 
adaptive process [ 15 ]. This suggests that less per-
ceived error could reduce learning. Considering 
the other extreme, too much error augmentation 
appears to dampen results, thus suggesting that 
there is a “sweet spot” of error-augmentation 
intensities. The nervous system may react to 
excessively large error signals by decreasing learn-
ing so that there is little change in response to sub-
sequent performance errors. Large errors thus may 
be regarded as outliers by a nonlinear “loss func-
tion” that governs motor adaptation [ 64 ]. These 
and other studies that induce sensorimotor confl ict 

suggest that the nervous system can quickly  adapt 
its adaptation —or in other words, it can reweigh 
the interpretation of sensory information if it no 
longer is perceived reliable [ 57 ,  85 ]. 

 In summary, there is a clear advantage to such 
 distorted reality  feedback, where judicious 
manipulations of visual information can lead to 
practical improvements in the extent and rate of 
learning. Error augmentation has emerged from 
the recent insights on how the nervous system 
learns and recovers.  

5.11     Statistical Approaches 
to Error Augmentation 

 While error augmentation might be quite effective 
in healthy individuals, one concern is the lack of 
one powerful tool commonly used by clinicians—
 customizing  treatment for each patient. This limita-
tion is the reason interactive therapies have not been 
effective for some patients. Studies in customiza-
tion have had preliminary success by assisting the 
patient only as much as needed [ 48 ,  86 ], by gradu-
ally reducing assistance [ 87 – 89 ], and by using 
patient-customized forces [ 20 ,  90 ,  91 ]. What is 
missing, however, is a principled method that relates 
errors to intervention. The answer to this may lie in 
statistical modeling of a patient’s motor defi cits, 
which can be used to customize therapy [ 92 ]. 

 Recent work has shown how interactive 
machines can inform a direct mathematical rela-
tionship between patient defi cits and applied 
interventions [ 93 ]. This builds upon some recent 
and exciting aspects that consider the statistical 
relationship of errors to learning. Recent research 
has shown that the nervous system is quite 
clever—it takes advantage of information on 
error  statistics  to shape learning [ 94 ,  95 ]. First, 
spurious errors are discarded [ 69 ]. More impor-
tantly, prior experience of error alone appears to 
govern the amount of learning [ 96 ]. Our current 
paradigm ensures that only repeatable errors are 
augmented in regions of the  error space  where 
errors were part of previous experience. This 
greatly aligns with recent fi ndings that learning is 
greatest when errors can be expected [ 97 ]. 
Because the learning part of the nervous system 

  Fig. 5.6    A subject seated at a large-workspace haptic/
graphic display       

 

5 Sensory-Motor Interactions and Error Augmentation



90

appears to hinge on error, we suggest that 
approaches should consider how error probabili-
ties also change during learning and should be 
updated. Because the error experience plays a 
clear and prominent role in learning, it follows 
that neurorehabilitation should consider error sta-
tistics in its arsenal for recovery. 

 Using the statistics of an individual’s error is 
fairly straightforward extension of the already 
tested methods, which allows us to further custom-
ize training and provide an even better error aug-
mentation that varies appropriately as needed [ 98 ]. 
While “offset” used the average initial error and 
was a step in the right direction, our most recent 
efforts employ more comprehensive statistics. 
A statistical profi le of error, created from the 
patient’s own assessment data, is used to construct 
a probability density function. A typical statistical 
profi le from a healthy individual’s 100 movements 
is shown in Fig.  5.8 . For this subject, the concen-
tration of errors was centered in a small region to 
the side of zero error.

   Next, a statistical model of error informs the 
design of customized therapy [ 99 ]. The innovation 
is that the error distribution is used to directly deter-
mine the appropriate training forces that one might 
experience throughout reaching. Forces magnify 
one’s often-repeated error tendencies and leave 

spurious and rare errors alone. Very large errors are 
also not further enlarged, making the system gen-
tler. Hence, the algorithm fi rst learns the human, 
gaining an individualized probabilistic “picture” of 
error tendencies, which then serves as a basis for 
the forces that augment error—only in these error-
prone regions where they were observed. 

 As an example, we show a chronic stroke sub-
ject training across several days (Fig.  5.9 ). For 
this particular direction of motion, the subject fi rst 
was assessed for 2 days before being treated with 
an error fi eld. Error varied across the motion and 
did not change across the 2 days of assessment. 
Only after the error fi eld treatment began did the 
errors decline.

   One can speculate on other exciting applica-
tions of such techniques. Training over a broader 
domain on a larger variety of tasks should pro-
vide functional improvements that are better than 
from simple repetitions of the same task [ 73 ,  74 ] 
and will facilitate “system identifi cation” as a 
part of learning [ 27 ]. Importantly, any task from 
simple to complicated is applicable. Because 
they only amplify  repeatable  negative actions but 
otherwise do not impede, error fi elds should also 
benefi t highly impaired patients who are often 
excluded from clinical trials because of their 
inability to move [ 100 ]. Success may be further 
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  Fig. 5.7    ( a ) An error augmentation application for stroke 
rehabilitation where a subject and therapist work together, 
seated and using the large-workspace haptic/graphic dis-
play to practice movement. The therapist provides a cue 
for the subject and can tailor conditioning to the needs of 
the patient. The robot provides forces that put the limb 
away from the target and the visual feedback system 

enhances the error of the cursor. ( b ) Typical chronic stroke 
patient improvement from day to day, each dot represent-
ing the median error measured for a 2-min block of stereo-
typical functional movements. While the patient shows 
progress across the 2-week period and fi nal benefi t, this 
person did not always improve each day       
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improved because rehabilitation is typically most 
effective in these less impaired patients [ 101 , 
 102 ], mainly because residual capabilities are 
normally required to perform therapy [ 100 ,  103 ]. 

 This proposed framework should also stimu-
late new research on how such error distributions 
might be linked to specifi c motor pathologies 
(such spasticity, weakness, synergies, contrac-
tures, etc.). Once better known, the error statistics 
of each individual might guide therapy, and a per-
son’s error signature should provide a unique and 
valuable assessment of their motor defi cits and 
how they may be resolving over time. While here 

our focus was on error, it is actually part of a fam-
ily of methods for therapy that concentrate on a 
variety of motor defi cits that fi rst identifi es the 
statistical tendencies of defi cits and then uses it to 
create a training environment.  

5.12     Summary and Conclusions 

 Regardless of the details of the mechanism, the 
bioengineering community is now observing 
successes with error augmentation, and the 
 clinical research world calls for more studies to 

a

c d

b e

  Fig. 5.8    Illustration of the construction of error fi elds. Based 
on the individual’s patterns of error from ideal straight- line 
motion ( a ). Profi les of movement speed also showed large 
variability and deviation from a specifi ed goal profi le ( b ). A 
distribution of observed error patterns in a two-dimensional 

space is modeled as a linear combination of Gaussian distri-
butions ( c ). An error fi eld is based on this statistical probabil-
ity of error times the actual magnitude ( d ). This error fi eld 
function is shown as probability contours in progressive 
slices along the extent of the movement toward the target ( e )       

  Fig. 5.9    Application of the error fi eld approach on a 
chronic stroke survivor, with each plot showing succes-
sive days visiting the laboratory. Error vs. time shows a 
probability (indicated by a degree of shading) to curve in 
the counterclockwise direction. Probabilities of error 
times the magnitude of error lead to a magnifi cation of 

error only where errors are likely to occur (indicated by 
 red arrows ) and where they have repeatedly occurred. 
Error fi eld treatments began only on visit three, where 
error began to reduce. Each pixel represents 5 mm 2 , and 
forces were tuned such that the maximum force was 15 N       

 

 

5 Sensory-Motor Interactions and Error Augmentation



92

discover its optimal application [ 104 ]. Statistical 
techniques provide an enhanced approach that is 
tailored to the individual’s more likely errors. 
The work outlined in the chapter provides early 
evidence. Once these approaches are even better 
understood, they should provide a broad 
approach to serve therapeutic goals and ques-
tions. Even more broadly, these approaches 
should provide a powerful strategy to improve 
capabilities for healthy and patient activities 
alike, covering any situation requiring repetitive 
motor skill training.     
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    Abstract  

  Recent research indicates that a task-specifi c, interhemispheric neural 
 coupling is involved in the control of cooperative hand movements required 
for  activities of daily living. This neural coupling is manifested in bilateral 
electromyographic refl ex responses in the arm muscles to unilateral arm nerve 
stimulation. In addition, fMRI recordings show a bilateral task-specifi c acti-
vation and functional coupling of the secondary somatosensory cortical areas 
(S2) during the cooperative, but not during bimanual control tasks. This acti-
vation is  suggested to refl ect processing of shared cutaneous input during the 
cooperative task in both cortical areas. In chronic poststroke patients, arm 
nerve stimulation of the unaffected arm also leads to bilateral electromyo-
graphic responses, similar to those seen in healthy subjects in the cooperative 
task. However, stimulation of the affected side is frequently followed only by 
ipsilateral responses. The presence/absence of contralateral electromyo-
graphic responses correlates with the clinical motor impairment measured by 
the Fugl-Meyer score. The observations suggest impaired processing of affer-
ent input from the affected side leading to defective neural coupling during 
cooperative hand movements after stroke. In moderately affected patients, 
movement execution seems to rely on the involvement of the ipsilateral corti-
cospinal tract arising in the non-damaged hemisphere. According to these 
results, hand rehabilitation of stroke patients, currently focused on reach and 
grasp movements of the affected side, should be supplemented with the train-
ing of cooperative hand movements required during activities of daily living.  
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6.1       Introduction 

 In contrast to lower limb movements, a great 
variety of uni- and bimanual functional hand/arm 
movements exist that require a specifi c neural 
control. In monkeys, it was suggested that the 
supplementary motor area (SMA) of one hemi-
sphere infl uences the motor outfl ow of both 
hemispheres [ 1 ,  2 ]. Furthermore, the primary [ 3 , 
 4 ] and non-primary motor cortex [ 5 ] as well as 
the prefrontal cortex [ 6 ] are assumed to play an 
essential role in the execution of bimanual tasks. 
Previous research has indicated that distributed 
neural networks coordinate interlimb coordina-
tion of bimanual tasks, including cortical and 
subcortical areas [ 3 ,  7 – 11 ]. 

 Alongside these general control mechanisms, 
task specifi city of neural control seems to exist for 
various bimanual movements (for review cf. [ 12 ]). 
It has been shown that interhemispheric connec-
tions between the primary motor cortices are 
involved in the control of uni- and bilateral in-
phase movements while connections between the 
premotor cortex and the contralateral primary 
motor cortex regulate bimanual antiphase move-
ments [ 13 ]. In bimanual reactive restrain tasks, 
digits are coupled by a neural control that facili-
tates reaction of one digit when another digit is 
preloaded and when digit-specifi c afferent input is 
present [ 14 ]. Furthermore, rapid grip force adjust-
ments are modulated by sensory input from the 
contralateral hand, whereas arm reaction move-
ments in the same task are independent from the 
contralateral arm [ 15 ]. During a two- hand grasp, 
bimanual refl ex responses occur following a uni-
lateral mechanical hand perturbation with short 
latency (30 ms) and a delay in the non-perturbed 
side of about 15 ms [ 16 ]. 

 Cooperative hand movements represent a spe-
cial type of bimanual tasks. They differ from 
other bimanual movements in that not only both 
hands are acting in synchrony but that, in order to 
accomplish the task, the action of one hand is 
counteracted by the other, e.g., in opening a bot-
tle. Although many daily tasks involve coopera-
tive hand movements, little is known about the 
underlying neural mechanism. This chapter gives 
an overview of recent research on the neural 

mechanism underlying cooperative hand 
 movements. A task-specifi c neural coupling will 
be demonstrated as the main mechanism control-
ling cooperative hand movements and its func-
tion and dysfunction in poststroke subjects will 
be discussed. These novel aspects of normal and 
impaired hand movement control have conse-
quences for rehabilitation of hand function in 
poststroke subjects. In the fi rst part of this chap-
ter, we will describe specifi c aspects of neural 
control of cooperative hand movements. In the 
second part, we will discuss the neural adapta-
tions of the impaired task-specifi c control in 
poststroke subjects and in the last part we will 
establish the consequences of the fi rst two parts 
for the rehabilitation of hand function and imple-
mentation of new technology.  

6.2     Task-Specifi c Neural Control 
of Hand Function: Neural 
Coupling 

 Many daily life activities require cooperative 
hand movements. Therefore it is surprising to see 
that little is known about their neural control 
[ 17 ]. Recently, a task-specifi c neural coupling 
during cooperative hand movements has been 
described [ 18 ]. Exclusively during dynamic 
cooperative hand movements (e.g., opening a 
bottle), a distinct contralateral EMG response 
pattern (N2–P2 complex) appears in forearm 
muscles with approximately the same latency 
(80 ms) as the late refl ex complex (N2–P2) in the 
forearm muscles of the ipsilateral, stimulated 
side (Fig.  6.1 ). In accordance with previous elec-
trophysiological research on hand function that 
has focused mainly on the execution of unilateral 
or separate bimanual movements, a task- 
dependent amplitude modulation of unilateral 
EMG responses in upper limb muscles with 
larger amplitudes during a dynamic compared 
with a static muscle contraction was described 
[ 18 – 20 ]. Also, only ipsilateral EMG responses to 
arm nerve stimulations were recorded in syn-
chronously performed pro-/supination move-
ments of both hands [ 11 ,  18 ]. This refl ex behavior 
differs profoundly from that found during 
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 cooperative hand movements, the latter being a 
novel observation. Therefore, different neural 
circuitries are suggested to be involved during 
cooperative and noncooperative bimanual hand 
movements.

   The bilateral distribution of refl ex responses 
elicited by a unilateral afferent volley refl ects a 
task-specifi c, functionally meaningful, neural 
coupling of upper limbs. That is, the processing 

of an artifi cial afferent input produced by nerve 
stimulations is processed by coupled neural cir-
cuits within both hemispheres. This coupling 
seems to depend on the execution of cooperative 
hand movements, as the neural coupling does not 
occur when the task is mimicked in a static con-
dition or during a bimanual pro-/supination task. 

 A corresponding observation of a task-specifi c 
neural coupling, i.e., the appearance of bilateral 
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  Fig. 6.1    Refl ex responses during a cooperative and a 
 noncooperative control task in healthy volunteers. Grand 
averages ( n  = 24) of the EMG recordings in forearm  muscles 
of the nondominant ( a ,  b ) and the dominant ( c ,  d ) arm 
 following electrical unilateral ulnar nerve stimulation on 
the nondominant arm. Ipsilateral responses ( a ,  b ) are 
 similar for both task and consist of an early refl ex response 
(ER) followed by a fi rst component composed of a fi rst 
negativity (N1) and a fi rst positivity (P1) followed by a late 

component (N2 and P2). On the contralateral side, a refl ex 
response is only observed during the cooperative task. This 
response only consists of the late components, i.e., N2 and 
P2. The stimulation artifact lasting for the fi rst 20 ms is seen 
in both tasks in the ipsilateral muscles.  Upper  part: sche-
matic drawings of the movement tasks performed and stim-
ulation site.  Shaded  areas represent the level of background 
EMG.  Vertical arrows  in ( a ) and ( b ) indicate the onset of 
electrical stimulation. Note the different calibrations       
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arm muscle responses to unilateral leg nerve 
stimulation during locomotion in healthy sub-
jects [ 21 ], has recently been described. Although 
locomotor function differs basically from coop-
erative hand movements, the underlying mecha-
nism of a task-dependent neural coupling of 
limbs might be achieved in a similar way [ 22 ]. 

 Based on fMRI fi ndings [ 18 ], it is suggested 
that the pathways and brain areas involved in the 
control of cooperative hand movements and in 
the generation of the bilateral refl ex responses to 
unilateral nerve stimulation are partly refl ected in 
the task-specifi c bilateral activation of secondary 
somatosensory (S2) cortical areas. Using a differ-
ent setup, this assumption is supported by obser-
vations in humans [ 23 ] and nonhuman primates 
[ 24 ] where it could be shown that S2 cortical 
areas of both hemispheres receive afferent inputs 
from receptor fi elds of both hands. 

 S2 is suggested to be involved in the exchange 
and integration of information from both sides of 
the body [ 25 ]. After unilateral limb stimulation, 
S2 cortices of both hemispheres are activated and 
thus S2 is thought to have a role in combining 
somatosensory information from the two sides of 
the body to allow its interhemispheric unifi cation 
[ 26 ]. This assumption is in line with the fMRI 
results obtained during cooperative hand move-
ments [ 18 ]. In addition, the spatial extent of fMRI 
activation in the S2 (and ventral parietal) cortical 
areas in humans is larger for bilateral than for 
unilateral hand stimulations [ 23 ]. This further 
supports the suggestion that the S2 areas are 
engaged and required in the interhemispheric 
processing of afferent input during cooperative 
hand movements. In addition, a functional con-
nectivity analysis shows that the left and right S2 
areas (in addition to M1) are functionally con-
nected only during the cooperative task [ 18 ]. 
Thus, a stronger connectivity between the right 
and the left S2 exists for a cooperative hand 
movement task in comparison to a bimanual pro-/
supination task. This fi nding supports the idea of 
an interaction and coupling between the two cor-
tical areas involved in the execution of the coop-
erative task. 

 Nonsubtracted fMRI data show robust non- 
task- specifi c activation of the SMA, PMC, and 
M1 in many bimanual and also cooperative, hand 

movements. Consequently, these cortical areas 
are obviously nonspecifi cally involved in 
 bimanual movement tasks. The main difference 
in the neural organization of cooperative hand 
movements is the stronger involvement of the S2 
cortical areas compared to other bimanual in- and 
out-phase movement tasks. 

 The role of sensory input to both the ipsi- and 
contralateral cortex during a cooperative hand 
movement task becomes apparent when somato-
sensory evoked potentials (SSEP) from the ulnar 
nerve are recorded over the ipsi- and contralateral 
cortex during cooperative and noncooperative 
hand movements [ 27 ]. In relation to the resting 
condition, the amplitudes of both the ipsi- and the 
contralateral potential are reduced during coop-
erative and noncooperative tasks. The reduction 
in amplitude is similar for the ipsi- and the con-
tralaterally recorded potentials in the noncooper-
ative task. However, during the cooperative task 
the ipsilateral potential is less reduced compared 
to the contralateral side. Consequently, the ratio 
of ipsi-/contralateral SSEP amplitude is signifi -
cantly larger during the cooperative task when 
compared to the control task. This indicates a 
major functional role of ipsilateral pathways con-
necting the cervical spinal cord with the cortex 
during the cooperative hand movement task. 
These observations favor the idea of a task- 
specifi c mediation of sensory input from both 
hands to the ipsi- and contralateral hemispheres, 
respectively, as the basis of neural coupling.  

6.3     Neural Control of Cooperative 
Hand Movements in Poststroke 
Subjects 

 In poststroke patients, it is known that both antic-
ipatory postural adjustments [ 28 ] and bimanual 
coordination, due to somatosensory limitations 
[ 29 ], are reduced. Also the task-specifi c neural 
coupling previously discussed in this chapter is 
defective after a stroke [ 30 ]. The extent of the 
impairment is related to the clinical impairment 
of motor function. Electrical nerve stimulation of 
the unaffected arm leads to bilateral forearm 
EMG responses with characteristics similar to 
those obtained in healthy subjects. In contrast, 

M. Schrafl -Altermatt and V. Dietz



101

nerve stimulation of the affected arm usually 
elicits only ipsilateral EMG responses [ 30 ]. 

 This striking discrepancy in poststroke patients 
between the lack of contralateral responses in 
unaffected arm muscles following stimulation of 
the affected arm and the frequently preserved con-
tralateral responses on the paretic side following 
stimulation of the unaffected arm indicates an 
impaired processing of afferent input from the 
paretic side but a largely preserved efferent refl ex 
transmission to affected arm muscles. This sug-
gests that the processing of afferent input by the 
corticospinal tract [ 31 ] is disproportionately 
affected after stroke with regard to the generation 
of efferent output. This is the case although in the 
clinical testing of these patients the paresis domi-
nates while light touch perception is only slightly 
impaired on the affected side. The fi ndings are in 
line with the alteration of a task-specifi c neural 
coupling during locomotion in stroke subjects 
[ 32 ]. Stimulation of the tibial nerve of the unaf-
fected leg produces normal EMG responses in 
bilateral proximal arm muscles, but stimulation of 
the paretic leg elicits neither ipsilateral nor contra-
lateral refl ex responses in the arms. This was also 
assumed to be due to an impaired processing of 
afferent input by the damaged corticospinal tract. 

 The defective neural coupling is related to the 
severity of paresis of the affected arm. In patients 

with a low Fugl-Meyer (FM) score, both 
 contralateral refl ex responses, i.e., in the paretic as 
well as in the unaffected arm, are absent while 
moderately affected patients show the above-
described preservation of the contralateral refl ex in 
the affected arm and mildly affected patients do 
not differ from healthy individuals. Such an obser-
vation is important as, after CNS damage, improve-
ment in function depends on the training of both 
motor tasks required in daily life activities (ADL) 
and those based on specifi c neural control [ 33 ]. 
Consequently, cooperative hand movements 
should be included in training approaches follow-
ing a stroke. However, rehabilitation of hand func-
tion is currently mainly focused on unimanual 
reach and grasp function of the affected arm and 
hand. 

 The largely preserved efferent output on the 
paretic side may be explained by transmission of 
the efferent EMG volley to the contralateral, 
paretic limb via an alternative pathway. A sugges-
tion for this pathway is the ipsilateral, non- crossing 
corticospinal tract or the cortico-reticulo-proprio-
spinal pathway of the undamaged hemisphere. 
These fi bers can in healthy subjects be activated 
under specifi c conditions [ 34 ,  35 ]. It is also 
assumed that ipsilateral tract fi bers become 
involved in movement performance after stroke 
for a partial compensation of the defi cit on the 
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  Fig. 6.2    Contralateral refl ex responses in stroke subjects 
during cooperative movement task. Averages of EMG 
recordings from the affected side to 15 nerve stimulations 
of the unaffected side of an exemplary patient with a high 
Fugl-Meyer score and longer (compared to healthy sub-
jects) N2 latency ( a ) and a low Fugl-Meyer score and 
shortened N2 latency ( b ). The N2 latency seen in A is 

somewhat longer than that observed in healthy volunteers, 
indicating a slower processing of afferent input. The 
latency seen in B is shorter than those observed in healthy 
volunteers, indicating an involvement of ipsilateral effer-
ent, non-crossing pathways. Shaded areas represent the 
level of background EMG. Note the different calibrations       
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paretic side [ 36 ]. The  observation that severely 
affected patients with low FM scores show shorter 
N2 latencies of the contralateral responses in the 
affected arm than healthy volunteers (Fig.  6.2 ) 
would support such an assumption. It would imply 
the recruitment of ipsilateral pathways replacing 
or compensating for the defective interhemispheric 
interactions [ 37 ]. Ipsilateral fi bers of the cortico-
spinal tract may, in fact, play an important role in 
stroke recovery especially in patients with more 
severe lesions (for a review see [ 38 ]). However, 
one has to be aware that in such cases motor defi -
cits and functional impairments can concern both 
ipsi- and contralesional arms [ 39 ]. The pathways 
suggested to be involved in bimanual separate and 
cooperative movements in healthy subjects as well 
as in poststroke subjects are displayed in Fig.  6.3 .

6.4         Consequences for Therapy 
and Robotic Devices 

 After stroke, impairment of the affected limb is 
usually compensated by utilizing the unaffected 
limb, leading to the nonuse phenomenon [ 40 ]. To 
avoid this, constraint-induced movement therapy 
(CIMT) [ 41 ] is well established. This approach 
demands exclusive training of the affected arm/
hand. No clear evidence of superiority has been 
demonstrated when CIMT became compared 
with bimanual training [ 42 – 44 ]. However, biman-
ual training of reaching and grasping tasks in 
stroke patients has been shown to be more 

  Fig. 6.3    Schematic illustration of the pathways involved 
in bimanual movement control. This illustration shows the 
pathways suggested being involved in the neural control 
of bimanual separate (e.g., pro-/supination movements ( a ) 
and in cooperative movements of healthy ( b ) and post-
stroke ( c ) subjects. During cooperative movements in 
addition to the pathways involved controlling bimanual 
separate hand movements, ipsilateral, non-crossing 
ascending and descending pathways as well as S2 cortical 
areas become involved and play a role in the compensa-
tion of sensorimotor defi cits after stroke       
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 effective in improving unilateral execution of 
these tasks with the affected arm than unilateral 
training alone [ 45 ]. And there is also some 
 evidence in poststroke patients that ipsilateral 
pathways from the unaffected hemisphere support 
movement performance of the affected limb dur-
ing bimanual movements. For example, the obser-
vation that stroke patients perform a simple 
tapping task faster when they use both arms/hands 
compared to execution of the task only with the 
paretic arm/hand [ 46 ] is in line with the idea of an 
involvement of the unaffected hemisphere in task 
performance. Furthermore, children with cerebral 
palsy can use mirrored movements to accomplish 
a task with the more affected arm [ 47 ,  48 ]. 

 Based on experiments in rodents, improve-
ment of function appears to depend on the spe-
cifi c task and its underlying neural control to be 
trained (for a review [ 33 ,  49 ]). Therefore, current 
approaches to exploit neuroplasticity after stroke 
are directed at training specifi c motor tasks 
required during ADL. The neural coupling mech-
anism underlying cooperative bimanual move-
ments should therefore also be included in the 
rehabilitation of hand function after a stroke as 
many ADL require bimanual cooperation. A 
single- subject pilot study comparing cooperative 
training to conventional occupational therapy has 
in fact indicated an enhanced improvement in 
affected hand function due to cooperative train-
ing [ 50 ]. This fi eld nevertheless remains in need 
of further experimental and clinical studies [ 51 ]. 

 A wide variety of rehabilitation technologies for 
upper limb training after stroke are available today 
(for review cf. [ 52 ]). Robot-assisted training has 
shown superior effects on functional improvements 
in poststroke patients when compared to conven-
tional therapy [ 53 ,  54 ]. Currently available robotic 
devices provide training for the affected hand, e.g., 
Amadeo [ 55 ], or arm, e.g., Armeo [ 56 ] or MIT-
Manus [ 57 ], or for bimanual training, e.g., 
Bi-Manu-Track [ 58 ], or mirror movement training, 
e.g., MIME [ 59 ] (for review cf. [ 60 ]). However, 
none of these devices enables support for the 

 training of cooperative hand movements and, 
thereby, the neural coupling mechanism. We sug-
gest that robot-assisted therapy should be comple-
mented by a technology that allows training of 
cooperative hand and arm movements covering a 
great range of upper limb tasks needed in ADL.     
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      Clinical Assessment 
and Rehabilitation of the Upper 
Limb Following Cervical Spinal 
Cord Injury                     

     Michelle     Louise     Starkey       and     Armin     Curt   

    Abstract  

  The impairment of upper extremity function following a cervical spinal 
cord injury (SCI) has a signifi cant impact on independence and quality of 
life due to its bilateral and often symmetrical nature. Upper extremity 
function following spinal cord injury is commonly assessed with clinical 
measures of capacity, performance, quantitative sensory testing, and sur-
rogate markers such as electrophysiological and biomedical recordings. 
More recently novel techniques, such as the use of robotics and senor tech-
nology, are beginning to be employed for this purpose. Most currently 
these assessments are based on ordinal scales with rather subjective rating 
criteria, and for this reason, a new generation of objective and precise 
upper extremity functional assessment tests is required. For example, the 
RULER is a novel scale developed by the authors which is a detailed func-
tional classifi cation of the upper extremity and can distinguish different 
levels of impairment where changes between these levels can be consid-
ered clinically meaningful. 

 In order to effect changes in function that can be assessed with various 
devices, physical therapy training is essential. Therapy increases neural 
plasticity and thereby improves motor function. New rehabilitation thera-
pies based on robots, passive workstations, functional electrical stimula-
tion (FES) systems and novel sensor technology have been developed but 
mostly focus on the stroke fi eld. Thus, despite huge promise and a large 
amount of research in stroke, the overall clinical value of these new tech-
nology-based therapies in SCI patients’ still needs to be evaluated fully.  
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7.1       Introduction 

 Cervical spinal cord injury (SCI) results in either 
complete or incomplete paralysis of the upper and 
lower limbs due to either a total or partial loss, 
respectively, of motor and sensory function below 
the level of lesion [ 1 ,  2 ]. The functional impair-
ment depends on which spinal cord segments are 
affected, but due to the somatotopic organisation 
of the spinal cord, i.e. the segmental innervation 
of sensory and motor nerves, the impairment of 
upper limb function following SCI can be accu-
rately predicted once the location and extent of 
the injury are known (Fig.  7.1 ) [ 3 ]. As brain func-
tion is not usually affected after an SCI (unlike in 
stroke), motor planning and other functions 
related to movement initiation and control remain 
intact at the cortical level. Despite this, after a 
 cervical SCI, movement control is affected by the 

disruption of afferent input to the spinal cord and 
the impairment of efferent output from the spinal 
cord. Therefore, in order to appropriately address 
the specifi c needs for recovery of arm and hand 
(upper extremity) function in tetraplegics, the 
exact impairment needs to be accurately assessed 
and the underlying pathophysiology needs to be 
taken into consideration.

   In most cases cervical SCI leads to a bilateral 
impairment of upper extremity function, meaning 
that bimanual tasks, such as opening a jar, are 
affected. This means that, unlike in stroke, the SCI 
sufferer is not able to compensate for the loss of 
function in one limb with the less (or even non-
affected) limb and therefore they are dependent on 
recovery of upper extremity function. This is in 
contrast to people suffering a stroke, peripheral 
nerve damage, and to a variable extent multiple 
sclerosis where impairments are either focal (in 

  Fig. 7.1    Dermatomes 
( left ) and myotomes ( right ) 
of the upper limbs are 
specifi cally innervated 
leaving typical maps of 
sensory and motor 
functions and defi cits, 
respectively       
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stroke unilateral) or can affect multiple areas (in 
MS) of the CNS where one limb often remains, at 
best, functionally intact or at worst less affected 
than the other. Consequently, following a cervical 
SCI, one of the highest priorities for sufferers is 
recovery of upper extremity function [ 4 ,  5 ]. This is 
because useful function of the arms and hands is 
one of the main determinants of independence in 
activities of daily living (ADL) [ 6 ] which has a 
signifi cant impact on quality of life. Therefore, the 
development and validation of suitable assess-
ments and rehabilitation methods for the upper 
extremities following cervical SCI remains a 
highly relevant clinic goal. 

 To address this goal, considerable effort has 
been, and remains to be, focussed on the develop-
ment of a number of novel devices for their abil-
ity to fi rstly assess functional loss of the upper 
extremity following SCI and secondly to aid 
rehabilitation in persons with tetraplegia. In the 
SCI fi eld the most notable are robots [ 7 – 11 ], pas-
sive workstations [ 12 – 14 ], functional electrical 
stimulation (FES) [ 15 – 17 ], and sensor-based 
technology systems [ 18 – 20 ] which will be dis-
cussed in detail below. However, the clinical sig-
nifi cance of these devices for evaluating and 
assessing recovery as well as their value in SCI 
rehabilitation remains to be established. 

 This chapter is organised as follows: Sect.  7.2  
summarises the methods used to assess a spinal 
cord injury neurologically and functionally; 
Sect.  7.3  introduces methods used to measure 
upper extremity capabilities after spinal cord 
injury; Sect.  7.4  presents the RULER which is an 
important measure used for classifying upper 
limb and hand capacity following spinal cord 
injury; and fi nally Sect.  7.5  reviews the novel 
therapeutic approaches currently being used and 
developed for the rehabilitation of upper extrem-
ity function following spinal cord injury.  

7.2      Neurological Assessment 
of the Functional Impairment 
After Spinal Cord Injury 

 Clinically an SCI is characterised by a combina-
tion of the neurological sensory and motor level, 
the completeness or incompleteness of the lesion, 

and the american spinal injury association 
(ASIA) impairment scale (AIS). There are 
International Standards for the Neurological 
Classifi cation of Spinal Cord Injury (ISNCSCI) 
which are approved by the ASIA and the 
International Spinal Cord Injury Society (ISCoS) 
[ 21 ]. Multiple clinical measures, e.g. assessments 
of activity including quantitative motor and sen-
sory function (motor-sensory scores), perfor-
mance measures (ADLs), as well as clinical 
surrogate measures, e.g. electrophysiological and 
biomechanical recordings, are used to determine 
the initial defi cit and subsequent recovery of 
upper extremity function following a cervical 
SCI. Except for measures of performance, these 
assessments evaluate specifi c, detailed functions 
and are mainly used to reveal the specifi c effects 
of interventions such as the torque generated, the 
joint angles achieved, and the range of motion 
(ROM) accomplished. These assessments tend to 
be carried out soon after the injury and through-
out rehabilitation to document any changes in 
sensory and motor function that occur. The most 
common assessments are discussed below. 

7.2.1     Electrophysiology 

 Electrophysiological measures used to assess an 
SCI consist of somatosensory evoked potentials 
(SSEP), contact heat evoked potentials (CHEP), 
motor evoked potentials (MEP), nerve conduction 
study (NCS), and electromyogram (EMG) record-
ings. SSEPs, CHEPs, and MEPs are electrical 
potentials recorded from predefi ned locations (i.e. 
scalp and muscles) following the stimulation of a 
sensory or motor nerve and refl ect conditions 
within the peripheral and central nervous system, 
whereas NCS specifi cally refl ects the condition of 
peripheral nerves and EMG and directly assesses 
the condition of the muscles. 

7.2.1.1     Somatosensory Evoked 
Potential (SSEP) 

 SSEP are elicited by an electrical stimulus of a 
peripheral sensory or mixed nerve [ 22 ,  23 ]. The 
stimulus is applied to the skin and the evoked 
potential is recorded from the subject’s scalp. 
The time taken for the sensory nerve fi bres to 
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transmit the stimulus to the sensory areas of the 
brain is measured. These recordings can be used 
to assess the integrity of the spinal cord because 
when the nerve pathway is damaged, the signals 
from the peripheral nerve to the brain become 
either slowed, in the case of an incomplete lesion, 
or completely abolished, in the case of a com-
plete lesion. Hence, during the course of rehabili-
tation, changes in the latency or amplitudes of the 
signal can be used to indicate changes in spinal 
cord and brain function.  

7.2.1.2     Contact Heat Evoked Potential 
(CHEP) 

 The mechanisms underlying the generation of pain 
in pathogenic conditions following an SCI can be 
studied using a CHEP stimulator [ 24 – 26 ]. In 
CHEPs the stimulus is applied with a thermode that 
is placed directly on the skin to stimulate the ther-
mal pain sensory receptors on Aδ (delta) and C 
fi bres. The pulses of heat are delivered rapidly, with 
adjustable peak temperatures, to elicit the different 
warm/heat thresholds of the receptors. The result-
ing evoked potentials can be measured using scalp 
electrodes. CHEP are used to assess the condition 
of the spino-thalamic pathways (thermal and noci-
ceptive sensation) and their relation to pain.  

7.2.1.3     Motor Evoked Potential (MEP) 
 MEPs are elicited by the direct stimulation of the 
exposed motor cortex (during surgery) or by the 
transcranial stimulation of the motor cortex [ 3 ]. 
Transcranial electrical stimulation (TES) is 
applied through cutaneous electrodes, whereas 
transcranial magnetic stimulation (TMS) is gen-
erated with a magnetic fi eld. In comparison to 
TMS, the main limitation of TES is that the elec-
trical currents applied to the scalp can cause local 
discomfort. Either way the stimulus results in the 
contraction of a muscle contralateral to where the 
MEPs were applied and are recorded with surface 
electrodes. TMS is used as a diagnostic and fol-
low- up tool for neurological disorders where the 
impairment and eventual recovery of the cortico-
spinal tract are assessed.  

7.2.1.4     Nerve Conduction Study (NCS) 
 In motor NCS, an electrical stimulus is elicited 
over a peripheral motor nerve and cup electrodes 

are used to record the electrical potential 
 generated in the corresponding muscle [ 27 ,  28 ]. 
In sensory NCS, the electrical stimulation is 
applied to a sensory peripheral nerve and 
 electrical potentials are recorded from the 
 sensory dermatome of the nerve. The F-wave and 
H-refl ex are examples of NCS and represent dif-
ferent refl ex responses within peripheral nerves 
and spinal segments, respectively. Although 
NCS is mainly used to diagnose peripheral nerve 
 dysfunction (such as carpal tunnel and Guillain-
Barré syndromes) and muscle disorders (such as 
muscle atrophy), it also provides useful informa-
tion on spinal cord function, specifi cally when 
damage of alpha- motoneurons (traumatic or 
 nontraumatic) results in an alteration of motor 
(but not sensory) NCS resulting in reduced or 
abolished compound muscle action potentials.  

7.2.1.5     Electromyography (EMG) 
 EMG uses changes in the electrical potentials of 
muscle cells for diagnostic purposes [ 27 ,  28 ]. In 
surface EMG, cup electrodes are used to record 
signals from superfi cial muscles, whereas in 
intramuscular EMG, needles are introduced into 
the muscle to receive the signals from deep mus-
cles or localised muscle activity. Surface EMGs 
are used to assess gross muscle activation, 
whereas needle EMGs assess single muscle 
fi bres. EMG is used to diagnose neurological and 
muscular disorders.   

7.2.2     Biomechanical (Kinetic, 
Kinematic) Measures 

 Changes in biomechanical parameters of upper 
extremity function, such as muscle activity, mus-
cle strength, joint angles, ROM and movement 
trajectories, can be measured with specifi c tech-
niques, such as EMG, instrumented gloves, 
robotics and 3D motion capture systems as sum-
marised in more detail below. 

7.2.2.1     Assessment of Muscle Activity 
 The EMG recordings applying cup (surface) 
electrodes can also be used in biomechanics to 
measure muscular activity of the upper extremity 
during movements and thereby can be used to 
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evaluate the effi cacy of new technology-based 
rehabilitation treatments.  

7.2.2.2     Assessment of Muscle Strength 
 Digital-palmar prehensile strength can be 
 measured using a Jamar dynamometer [ 29 ], a 
vigorimeter (a manometer with tubing and rubber 
ball) [ 30 ] or another type of manometer; for 
review see [ 31 ]. Unlike EMG the measured 
strength is generated by several muscles rather 
than a single muscle. The Jamar dynamometer 
displays a mass unit (kg or lb), whereas the 
manometers express a force unit (kp) or pressure 
unit (mmHg). According to Gansel, manometry 
is more sensitive and has a better reproducibility 
than the Jamar dynamometer for muscle forces 
below 2.3 kg [ 32 ]. Alternatively, thumb-index 
lateral prehensile strength can be measured using 
a Preston dynamometer (kgms or kg) [ 33 ], a B 
and L pinch gauge dynamometer (N) [ 29 ] or a 
pinch dynamometer (kg) [ 32 ].  

7.2.2.3     Assessment of Angles, Range 
of Motion (ROM) 
and Trajectories 

 Upper limb passive and active joint fl exion as 
well as ROM can be measured using traditional 
goniometry. However, simultaneous recordings 
of dynamic changes in joint angles and move-
ment trajectories require the use of motion cap-
ture systems or instrumented gloves. For example, 
upper limb movements can be tracked with three 
dimensional motion systems. The most com-
monly used are based on optical tracking, for 
example, the Vicon system [ 34 ] and Qualisys 
[ 35 ]. In recent times gaming systems, such as the 
optical tracking system Kinect, are now also 
being used in the rehabilitation and assessment of 
upper limb function [ 36 – 38 ]. Additionally, iner-
tial measurement systems such as the Xsens [ 39 ] 
can be used.  

7.2.2.4     Assessment Using 
Instrumented Gloves 

 Instrumented gloves, often in combination with 
virtual reality, offer a relatively low-cost solution 
for tracking motion of the hand and fi ngers are 
increasingly being used in clinical research as 
novel assessment tools. For example, custom- 

designed gloves equipped with force and position 
transducers have been used to evaluate grasping 
in tetraplegic subjects [ 40 ], whereas other 
custom- designed gloves have been used to mea-
sure specifi c motor tasks performed with the 
hands during behavioural and functional mag-
netic resonance imaging studies [ 41 ]. 
Instrumented gloves have also been used to track 
the hand during training in virtual reality [ 42 ]. In 
another study the MusicGlove was used by stroke 
subjects to test its suitability as both an assess-
ment tool and a training device [ 43 ]. The 
MusicGlove is an instrumented glove that helps 
the user train various hand movements whilst 
engaging in a motivating, music-based video 
game. The authors compared training with this 
glove to conventional therapy to see whether it 
provided better training and also to see if it could 
predict clinical scores. The authors reported that 
grasping functions were better after using the 
MusicGlove than after conventional therapy and 
that these effects lasted for up to one month post-
training. Scores measured by the MusicGlove 
were also highly correlated with the Box and 
Block clinical assessments. Whilst the 
MusicGlove remains to be tested for its effective-
ness in spinal cord injured subjects, these are 
promising initial fi ndings. 

 However, as a word of caution, in a recent 
study the accuracy and precision of the measured 
joint angles of one example of such gloves, spe-
cifi cally the CyberGlove III, were evaluated [ 44 ]. 
The authors found that these gloves produced sub-
stantial errors so it follows that some caution 
should be applied to using such devices for clini-
cal assessment. Recently, however, commercially 
available versions have been employed in reha-
bilitation research, such as the YouGrabber 
(YouRehab Ltd., Switzerland) which was not so 
far tested as an assessment device but was used to 
provide intensive virtual reality-based training for 
upper extremity in stroke subjects [ 45 ]. The 
YouGrabber has not been tested for clinical assess-
ment and has not been used with SCI subjects thus 
far although it could potentially be useful for 
motivating rehabilitation in this population in the 
future. For a review of the use of virtual reality in 
upper extremity rehabilitation, see [ 46 – 49 ]. In 
conclusion, a proper evaluation of the value of 
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instrumented gloves in SCI rehabilitation and 
assessment remains to be performed.  

7.2.2.5     Assessment Using Robotics 
and Other Novel Technologies 

 Robotics are also beginning to be applied in the 
assessment fi eld for measuring upper extremity 
impairments and dysfunction as most are able to 
collect quantitative data about the users move-
ments. Linking information collected by robotics 
with traditional clinical scores may allow more 
precise and perhaps also quicker assessments. 
Using robotics as novel assessment devices in the 
stroke fi eld has been an area of research for a 
number of years. There are a broad range of 
devices used and outcomes assessed, for example 
[ 50 – 52 ]. However, it is much less common in the 

SCI fi eld. In this context, the ArmeoSpring, a 
commercial gravity compensated device based 
on the T-WREX upper extremity robot (see 
below for further details), was tested to determine 
whether measurements taken by the robot are 
able to predict clinical scores in SCI subjects 
[ 53 ]. The authors showed that measurements 
taken with the device were able to provide rele-
vant clinical predictions for a number of clinical 
scores and that the results were in line with previ-
ous similar studies with stroke subjects. Recently, 
in a signifi cant advance, the specifi c assessment 
associated with the passive workstation ReJoyce 
(Fig.  7.2b ), the ReJoyce Arm and Hand Function 
Test (RAHFT), was evaluated against stan-
dardised tests of arm function in stroke and SCI 
subjects and was shown to be valid. This means 

a b

c d

  Fig. 7.2    Upper extremity training and assessment 
devices. This fi gure shows some devices that are already 
used for the training of the upper extremity. ( a ) The 
ARMinII device (Photo used with permission from Tobis 

Nef), ( b ) ReJoyce (Photo used with permission from 
Rehabtronics Inc.), ( c ) MIT-Manus (Photo used with per-
mission from Joshua Dalsimer), ( d ) Ness Handmaster 
H200-3 (Photo used with permission from Bioness)       
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that the RAHFT can provide a standardised 
assessment of arm and dexterous hand function 
either performed in the clinic or home environ-
ment by being administered remotely via the 
Internet [ 54 ], a fi rst in this fi eld.

   In addition to novel robotic approaches to 
assessment, various other technologies are now 
being employed to assess function following spinal 
cord injury, for example, instrumented gloves [ 55 ] 
and novel sensor-based technology [ 56 ,  57 ,  58 ].   

7.2.3     Discussion 

 Surrogate measurements are important to reveal 
changes in the neural and biomechanical condi-
tions underlying impairments of upper extremity 
function. Such measures are important because 
they make it possible to evaluate the effi cacy of 
new technology-based therapies and surgical 
interventions. Furthermore, seeing as the motiva-
tion of the subject plays an important role in the 
rehabilitation process even if these methods only 
pick up small, positive changes, this might be 
enough to positively infl uence the subject’s moti-
vation. However, it is important to note that it 
remains to be determined whether surrogate mea-
surements actually correlate with clinically 
important changes in upper limb function.   

7.3      Clinical Assessment of Upper 
Extremity Capabilities 
After Spinal Cord Injury 

 In addition to the measures and assessments men-
tioned above, following an SCI the patient’s abil-
ity to accomplish tasks is also assessed. Clinical 
measures of capacity and performance typically 
consist of specifi c movements and/or ADL tasks 
that the patient has to perform within a stan-
dardised environment from which defi ned param-
eters are measured and scored according to a 
predefi ned scale. Various classifi cations exist 
(discussed in more detail below); the initial inten-
tion of developing such classifi cations was to pro-
vide a scale upon which the function of the upper 
extremity following tetraplegia or surgery (e.g. 

tendon transfers) could be compared [ 32 ,  59 ,  60 ]. 
Fattal distinguished two different classifi cations. 
The fi rst was based on a metameric structure 
describing residual or lost dermatomes and myo-
tomes, whilst the second was based on remaining 
or lost functions [ 32 ]. His classifi cations have 
been used to defi ne upper extremity function in a 
wide number of settings. However, one of the 
most prominent upper extremity classifi cations in 
surgical restoration was the system developed by 
Moberg [ 61 ] and later modifi ed by McDowell 
and co-workers [ 62 ]. This classifi cation is based 
both on a metameric and functional description of 
the forearm and hand and consists of 11 groups. 
Groups 0–9 correspond to active muscles below 
the elbow, whilst the remaining group, called X, 
brings together all atypical  functions. Except for 
group X, each group is characterised at the (meta-
meric) sensory and motor level, as well as at the 
functional level. In addition, since grip is con-
trolled by both vision and sensibility in the hand 
[ 61 ], vision is also tested in this classifi cation. 
The sensory level is described by measuring cuta-
neous sensibility, whereas the motor level, by 
contrast, is defi ned by the remaining active mus-
cles with a minimum strength of four on the MRC 
(British Medical Research Council) scale [ 63 ]. 
Finally, the functional level is characterised by 
the movements that can be carried out by the 
elbow, wrist and fi ngers. 

7.3.1     Basic Characteristics 
of the Tests 

 The methods used to rate upper extremity func-
tion are most often specifi c movements and/or 
ADL tasks carried out with a single hand or 
bimanually. The tasks can either be basic, such as 
grasping an object and transporting it from one 
place to another, or more complex, such as 
grooming. Of the tests developed specifi cally for 
SCI sufferers (Table  7.1 ), 40 % are based on 
single- handed movements and/or ADL tasks. It 
follows that tests based on single-handed and 
bimanual tasks are more suitable to assess upper 
limb function of cervical SCI as typically both 
arms are affected. The majority of tests detailed 
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in Tables  7.1 ,  7.2  and  7.3  evaluate the proximal 
arm and the distal arm/hand. However, some, e.g. 
the Thorsen Functional Test (Table  7.1 ) [ 69 ], the 
Sollerman Hand Function Test (Table  7.1 ) [ 71 ], 
the Grasp and Release Test (GRT, Table  7.1 ) 
[ 72 ], the Vanden Berghe Hand Function Test 
(Table  7.1 ) [ 73 ], the Jebsen Hand Function Test 
(Table  7.3 ) [ 77 ], the Minnesota Rate of 
Manipulation Test for Disability Evaluation 
(MRM, Table  7.3 ) [ 78 ] and the Box and Block 
test (Table  7.3 ) [ 76 ], concentrate on the distal 
arm/hand and do not assess the proximal part of 
the upper extremity at all. Although the Jebsen 
test does not fulfi l the selection criteria owing to 
the fact that it failed in a validation test [ 79 ], we 
have included it in our table because it is fre-
quently used with SCI sufferers.

7.3.2          Purpose of the Tests 

 The “Purpose” section of Tables  7.1 ,  7.2  and  7.3  
indicates whether the tests were initially devel-
oped for use in the clinic, in occupational ther-
apy practice, in research or in industry, for 
example, the MRM test was developed for 
industry in order to select workers with good 
manual skills. Furthermore, some tests were 
designed to evaluate specifi c interventions such 
as surgery, e.g. the Motor Capacity Scale (MCS, 
Table  7.1 ) [ 67 ] and the Vanden Berghe test 
(Table  7.1 ); FES-based therapy, e.g. the Thorsen 
test (Table  7.1 ); forced nonuse of the non-
affected arm, e.g. the Wolf Motor Function Test 
(WMFT) Table  7.2  [ 75 ]; or use of learned skills 
and orthotic devices after discharge, e.g. the 
Ranchos Los Amigos Hospital Functional 
Activities (RLAH, Table  7.1 ) test [ 74 ]. It follows 
that tests developed to assess changes in upper 
extremity function within a specifi c setting 
should be good for that specifi c purpose, for 
example, a test designed to evaluate FES-based 
therapies should be most sensitive and respon-
sive for FES interventions, but is likely to be less 
optimal for assessing the effects of other inter-
ventions or for assessing general upper limb 
function. It is assumed that tests developed spe-
cifi cally for SCI subjects will be more sensitive 

and responsive for this community than general 
tests that are also applied in other neurological 
disorders. Although a large number of tests have 
been developed to assess upper limb function, 
only a limited number are specifi c for use after 
cervical SCI (Table  7.1 ).  

7.3.3     Questionnaires 

 Some tests, such as the Tetraplegia Hand 
Activity Questionnaire (THAQ, Table  7.1 ) [ 68 ], 
the Capabilities of Upper Extremity Instrument 
(CUE, Table  7.1 ) [ 70 ], the RLAH (Table  7.1 ), 
the Disabilities of the Arm, Shoulder, and Hand 
(DASH, Table  7.3 ) [ 80 ] and the Canadian 
Occupational Performance Measure (COPM, 
Table  7.3 ) [ 81 ], are presented in the form of a 
questionnaire. The tests base their assessments 
on questions regarding the subject’s ability to 
carry out either raw movements, specifi c ADL 
tasks or other activities that occur in daily life. 
In most cases the subject rates his/her own 
capacity to perform the task as well as their 
profi ciency. The COPM questionnaire is an 
exception however. In the COPM the patient 
identifi es the areas of daily functioning that he/
she experiences as specifi cally problematic 
(personal goal setting) and, together with the 
therapist, establishes therapeutic goals and spe-
cifi c treatments and evaluates the outcome. In 
the evaluation of the outcome, the patient rates 
his/her ability to perform the task and their sat-
isfaction with their current  performance. Thus, 
the COPM emphasises the importance of the 
subject’s perception of their needs and their 
self-satisfaction with the therapy and gives the 
subject the notion that he/she is a fundamental 
part of the therapeutic process. The advantage 
of questionnaires is that the answers can be col-
lected by telephone interview and the raw 
movements and/or ADL tasks involved can be 
performed by the patient themselves. However, 
for most questionnaires there is no examiner 
present to verify that the patient has performed 
the ADL task correctly. Furthermore, if the 
patient wants to please the interviewer, this can 
generate a bias in the answers [ 32 ].  
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7.3.4     Measures of Capacity 
and Performance 

 Clinically, speaking measurement of capacity 
refers to the ability of the subject to carry out a 
task, such as an assessment task, whereas mea-
surement of performance assesses how well the 
subject actually did the task, how good their exe-
cution of the task was or how well they performed. 
Thus, whereas tests of capacity tend to measure 
specifi c parameters precisely, and therefore are 
reliable, they do not refl ect reality because the 
subject was asked to perform a specifi c test for 
assessment rather than the rater observing how 
they behave in daily life. On the other hand, tests 
of performance evaluate the accomplishment of 
tasks in daily life and therefore better refl ect real-
ity but are less precise because they do not mea-
sure a specifi c parameter but rather how the subject 
is able to do things in their daily life. An example 
of this is the SCIM test. The SCIM is scored fol-
lowing the observation of what a patient actually 
does in their daily life and not what he/she might 
be able to do, although some caution needs to be 
taken with such measures as the patient-reported 
abilities and independence scores can differ from 
investigator-determined scores [ 82 ]. 

 Clinical measures of upper extremity capacity 
and performance tend to be based on various 
items, such as time and ordinal ratings as well as 
counts, or weighing.  

7.3.5     Measurement of Time 

 The time necessary to complete a test is not only a 
sensitive assessment parameter to assess function 
but is also relevant in clinical practice where tests 
lasting less than 30 min are optimal because they 
can be easily applied during clinical sessions that 
often last one hour. Tests based mainly on timing, 
such as the Jebsen test, the MRM, the GRT and the 
Box and Block test, are objective but do not rate 
quality of movement and as a result they cannot 
differentiate normal from compensatory move-
ments nor can they distinguish between a subject 
who cannot perform a grasp pattern and one who 
can execute a grasp pattern but cannot complete a 

given task. Of the tests in Tables  7.1 ,  7.2  and  7.3 , 
89 % are based on ordinal rating, 42 % on timing, 
16 % on counting and 5 % on weighing.  

7.3.6     Ordinal Scales 

 Ordinal scales generally rate the grasp pattern or 
the capacity to execute a task and hence are sub-
jective and somewhat imprecise. Among the 19 
tests summarised in Tables  7.1 ,  7.2  and  7.3 , only 
ten use ordinal rating alone whilst seven use it in 
combination with another type of measurement. 
For example, in the Graded and Redefi ned 
Assessment of Strength, Sensibility and 
Prehension (GRASSP) counting, ordinal rating 
(when scoring the Semmes-Weinstein 
Monofi laments) and time to complete a task are 
all used as factors. Thus, most of the tests of upper 
extremity capacity and performance are based on 
ordinal ratings and are, as a result, subjective and 
somewhat imprecise. Assessments of capacity 
such as GRASSP (Table  7.1 ) [ 64 ,  65 ,  83 ], the Van 
Lieshout Test Short Version (VLT-SV, Table  7.1 ) 
[ 66 ] and the MCS (Table  7.1 ) are based on spe-
cifi c movements and/or ADL tasks that the sub-
ject carries out in an artifi cial environment (in a 
laboratory or in the clinic) for evaluation, whereas 
tests of performance such as the THAQ 
(Table  7.1 ), the RLAH (Table  7.1 ) and the COPM 
(Table  7.1 ) instead assess ADL tasks that the 
patient executes in daily life (at home or work).  

7.3.7     Prehension Patterns 

 The analysis of prehension patterns during the 
performance of ADL tasks plays an important 
role in tests that evaluate upper extremity func-
tion, in particular in tests of capacity. Indeed, 
most capacity tests are based on raw movements 
and/or ADL tasks that are selected to test specifi c 
types of grasp. Numerous taxonomies of prehen-
sion have been established as described by 
McKenzie and Iberall [ 84 ]. We have identifi ed 
the most common types of grasp from the taxon-
omies of Sollerman [ 85 ], Schlesinger [ 86 ] and 
Light [ 87 ] (Fig.  7.3 ). It should be noted that in the 
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  Fig. 7.3    ( a ) The pulp pinch, ( b ) the tip pinch, ( c ) the lateral pinch, ( d ) the tripod pinch, ( e ) the fi ve-fi nger pinch, ( f ) the 
diagonal volar grip, ( g ) the transversal volar grip, ( h ) the spherical volar grip, ( i ) the extension grip and ( j ) the hook grip         

a

c

e

f

b

d

literature some of these grasps are referred to by 
other names, for example, the pulp pinch is often 
also referred to as the palmar pinch and the trans-
verse volar grip is commonly called the cylindri-
cal grasp.

   From both an anatomical and a functional per-
spective, Napier distinguishes two basic patterns 
of hand movement called precision and power 
grip [ 88 ]. Accordingly the precision grip is per-
formed during activities that require high preci-
sion, whilst the power grip is used in activities 
that necessitate power. These grips can be per-

formed either separately or in combination and 
embody the whole range of prehensile patterns. 
In the precision grip, the object is pinched 
between the fl exor side of the fi ngers and the 
opposing thumb. In the power grip, by contrast, 
the object is held in a clamp between the fl exed 
fi ngers and the palm with the thumb applying 
more or less counterpressure. Thus, these two 
movements are distinct both in the anatomical 
and functional sense. The theory of Napier is that 
although the size and shape of an object may 
infl uence the type of prehension employed, it is 
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actually the nature of the intended activity that 
ultimately infl uences the type of grip. This theory 
is shared by Cutkosky, who constructed a taxon-
omy of manufacturing grasps [ 89 ]. In his classifi -
cation, grasp patterns are divided into two main 
types, power grips and precision grips. Some 
grips belong to one group, whereas others, such 
as the spherical volar grip, belong to both.  

7.3.8     Minimal Clinically Important 
Difference 

 Clinical measures of capacity evaluate very spe-
cifi c details and hence the observed changes 
might not correlate well with the clinical appreci-
ation, i.e. the clinicians’ or the patients’ perceived 
value of the outcome. The minimal clinically 
important difference (MCID) is defi ned as the 
smallest change in a measurement that signifi es 

an important improvement from the patients’ and/
or clinicians’ perspective [ 90 ]. MCID should not 
be confused with the minimum detectable differ-
ence (MDD) which is a  statistical concept that 
determines the smallest real change in an outcome 
which is beyond measurement error. A valid 
MCID therefore cannot be less than the 
MDD. MCID was fi rst introduced in 1989 as a 
way of determining whether a difference in a 
treatment effect between the experimental and 
control group was of value to the people with the 
disorder [ 91 ]. At this time the exact defi nition of 
MCID was “the smallest difference in score, 
within the domain of interest, which patients per-
ceive as benefi cial and which would mandate, in 
the absence of troublesome side effects and exces-
sive costs, a change in the patients management” 
[ 91 ]. Hence, the defi nition of MCID is not only 
subjective but also needs to be defi ned for every 
outcome (measurement device) and potentially 

i j

g h

Fig. 7.3 (continued)
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every stage of injury as someone that has lived 
with a spinal cord injury for some time may have 
a different perception of the value of a treatment 
than someone who is acutely experiencing it. 
Thus, MCID estimates are very diffi cult to deter-
mine. A discussion of the considerations when 
defi ning MCID is reviewed here [ 92 ]. Regardless, 
the MCID is required for an appropriate under-
standing of the effects on the person of a particu-
lar treatment. For example, the increase of muscle 
strength in a tetraplegic patient from 2.0 to 
5.0 NM is most likely of greater clinical value 
than the recovery from 20 to 22 NM where the 
effect on ADL is probably less important. Whilst 
both changes might be signifi cant in a group eval-
uation, they are likely to have a different impact 
on the patient’s condition due to where they lie in 
the scoring scale. Ultimately, however, the MCID 
is based on judgement of clinicians and/or patients 
about how they rate the observed changes with 
regard to a meaningful change, and hence, this is 
a subjective judgement and the reason for a lot of 
debate over this score.  

7.3.9     Reliability and Validity 
of Testing 

 The reliability and validity of tests that assess 
upper limb function has been studied to ensure 
that the tests are precise and accurate. Reliability 
is defi ned as the reproducibility of the results 
obtained when the test is administrated repeat-
edly [ 93 ]. Evaluation of the reproducibility can 
be performed by the same rater (intra-rater reli-
ability), by different raters (inter-rater reliabil-
ity) or on two different occasions in order to 
evaluate the stability of the test (test-retest). The 
most commonly used index of reproducibility is 
the intraclass correlation coeffi cient (ICC). It 
represents the proportion of the variability that is 
due to the subject; the subject variance ( σ  s  2 ) is 
divided by the total variance of the observations 
and is given by [ 94 ]:  r s s sc s s e= +( )2 2 2/

 
 , 

where  σ  e  2  is the variance of the measurement 
error. The ICC ranges from 0 (no agreement 
between repeated measurements) to 1 (perfect 
agreement between repeated measurements). 

For ordinal measures, the weighted Cohen kappa 
( k ) coeffi cient is commonly used. In general, the 
criteria for accepting the ICC and  k  (kappa) are a 
value equal to or greater than 0.70 [ 93 ]. By con-
trast, the validity is defi ned as the degree to 
which a test actually measures what it intends to 
measure. There are three basic types of validity: 
content validity, construct validity and criterion 
validity [ 93 ]. Content validity is the extent to 
which the items of the instrument refl ect the 
domain of interest, i.e. the items must represent 
fi elds that are important to patients. Construct 
validity is the degree to which scores obtained 
with the instrument relate consistently to other 
measures based on the same theoretical hypoth-
esis. This of course implies that a theoretical 
rationale has been developed that underlies the 
tested instrument. Criterion validity on the other 
hand is the extent to which the results of an 
instrument are related to results of another 
instrument, a criterion standard, which has pre-
viously been shown to be accurate. Among the 
ten tests listed in Table  7.1 , six (the GRASSP, the 
VLT-SV, the MCS, the CUE, the Sollerman test 
and the GRT) have been assessed for reliability 
and validity; the GRT was shown to be only 
partly valid. Some tests, which were initially 
developed for individuals with stroke (Table  7.2 ) 
and other diagnoses (Table  7.3 ), are also fre-
quently used in the clinic to evaluate people who 
suffer an SCI. Of these tests we have selected 
those which have been tested for reliability and 
validity.  

7.3.10     Discussion 

 Most of the traditional upper extremity capac-
ity and performance measures are based on 
ordinal scales and, as a result, are subjective 
and somewhat imprecise. For this reason, a 
new generation of assessments of upper 
extremity function for people with cervical 
SCI is required. These tests should be objective 
and precise. They should evaluate both the dis-
tal and proximal arm/hand as well as single-
handed and bimanual movements. Furthermore, 
this new generation of tests should be able to 
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be performed rapidly and should also rate the 
grasp pattern. Finally, this new generation of 
tests should be evaluated for reliability and 
validity.   

7.4      RULER: Classifi cation 
of Upper Extremity Function 
After Spinal Cord Injury 

 In the interest of being able to make comparisons 
between different approaches to the treatment and 
rehabilitation of upper limb function following 
SCI, an appropriate classifi cation was needed. The 
framework for the RULER (Table  7.4 ), originally 
presented in the previous edition of this book, 
includes an algorithm for the classifi cation of 
upper extremity function and a measure of upper 
extremity performance. The RULER does not 
require any specifi c tests or measurement tools, is 
applicable at the bedside in acute and chronic SCI 
and is complementary to more elaborate tests and 
assessments. The RULER has now been imple-
mented by the International Spinal Cord Injury 
Society and is considered to be one of the core ele-
ments for describing upper limb function and 
hence it is included in the International Dataset of 
Upper Extremity Function (  www.iscos.org.uk/
international-sci-upper-extremity-data-sets    ).

   The RULER describes motor function of the 
hand, forearm and shoulder as related to spinal 
myotomes. It is based, to some extent, on previ-
ous classifi cations, such as the modifi ed classifi -
cation of Moberg (functional part) [ 62 ] and the 
classifi cations of Freehafer [ 95 ] and Hentz [ 96 ], 
but unlike these previous classifi cations, it is 
instead focussed on SCI rather than the specifi c 
needs following hand surgery. The RULER dis-
tinguishes fi ve different levels of hand function 
that are considered to be of highest clinical 
 relevance. The levels are designed such that 
measured changes between the fi ve levels, either 
improvement or deterioration, can be consid-
ered clinically meaningful. The fi ve stages 
(Table  7.4 ) are discussed within the framework 
of a Delphi study.

    RULER Level 1 — No hand function : individuals 
have no voluntary control of the muscles 

 controlling the elbow, wrist or hand. 
Additionally, they have no grasping function 
and active placing or reaching of the arm is 
severely limited.  

   RULER Level 2 — Passive tenodesis hand : indi-
viduals have neither voluntary control of 
extrinsic and intrinsic hand muscles nor the 
ability to actively extend the wrist. Opening 
and closing of the hand are only possible using 
the passive tenodesis effect, that is, by supina-
tion of the forearm to induce passive dorsifl ex-
ion of the wrist and in turn generate extension 
of the fi ngers or inversely by pronation of the 
forearm to produce passive palmar fl exion of 
the wrist and in turn generate fl exion of the fi n-
gers. Bimanual grasping by stabilising objects 
between the hands or passive tenodesis grasp is 
effective but only in a limited workspace.  

   RULER Level 3—Active tenodesis hand : individu-
als have no voluntary control of extrinsic and 
intrinsic hand muscles but can actively extend 
the wrist. Thus, an active tenodesis effect can 
be performed, namely, by active dorsifl exion or 
palmar fl exion of the wrist to generate passive 
fi nger movements. Single-handed grasping 
function is limited to a reduced workspace.  

   RULER Level 4—Active extrinsic (tenodesis 
hand) : individuals with voluntary control of 
the wrist and some extrinsic hand muscles. 
Thus, grasping with or without tenodesis 
effect and opening and closing of the hand can 
be carried out. However, dexterity of the hand 
and workspace are reduced.  

   RULER Level 5—Active extrinsic (intrinsic hand) : 
individuals have voluntary control of extrinsic 
and intrinsic hand muscles within their entire 
workspace. Furthermore, they have the ability 
to perform different grasp forms but muscle 
strength and dexterity can be limited.    

 The spinal cord independence measure 
(SCIM) is a performance test that reveals clini-
cally relevant changes in upper extremity func-
tion by assessing the affected person’s ability to 
complete ADL tasks. Three versions of the scale 
exist (SCIM I–III) and all have been validated 
and are in use clinically [ 97 – 99 ]. The SCIM pro-
tocol scores the ability of the subject to complete 
self-care tasks, respiration, sphincter  management 
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and mobility, and the self-care items of the SCIM 
III test describe independence when using the 
upper extremities. The most recent version, the 
SCIM III, therefore represents a valid scale of 
disability which is routinely used in clinical prac-
tice as a reference for upper extremity function in 
SCI. For each level of the RULER, the SCIM III 
(self-care items) scores have been estimated (see 
Table  7.4 ). The estimated SCIM III score for 
level 1 of the RULER is 0 point, whilst the score 
calculated for level 2 is 0–4 points. Level 3 of the 
RULER is equivalent to a SCIM III score of 4–13 
points, whereas level 4 of the RULER is linked to 
a SCIM III score of 4–16 points. Finally, the 
SCIM III score estimated for level 5 of the 
RULER is 12–18 points. The maximum score of 
the SCIM III (self-care items) that a subject sit-
ting in a wheelchair can reach is 18 points because 
the items “bathing-lower body” and “dressing-
lower body” cannot be performed if the subject is 
restricted to a wheelchair. 

 The comparison of the RULER with functional 
scoring (SCIM III) allows the user to distinguish 
different patterns of innervation and levels of 
independence for a particular degree of upper 
extremity function. Comparison of the SCIM III 
score to the specifi c levels of the RULER also 
provides information on how well the subject 
within one of the levels performs ADLs. Thus, the 
combination of the two measures gives a better 
overall impression of the impairment to the upper 
limb function. An additional advantage of these 
measures (RULER and SCIM III) in comparison 
to the neurological classifi cation using the ASIA 
scoring is that they translate directly into clini-
cally meaningful changes.  

7.5      Therapeutic Approaches 
for the Rehabilitation 
of Upper Extremity Function 

 The other focus of this chapter is the current and 
novel methods being used for upper extremity 
rehabilitation. Both preclinical and clinical stud-
ies have shown the benefi ts of physical activities 
on recovery of upper extremity function [ 12 , 
 100 – 107 ]. Studies carried out in rats with partial 

SCIs affecting the upper limb have demonstrated 
that training and enhanced activity increase neu-
ral plasticity and thereby improve motor recovery 
[ 100 ,  102 – 104 ]. Accordingly, after an incom-
plete cervical SCI, diverse training therapy of the 
upper limb is required to avoid muscular atrophy 
of the remaining (active) motor functions and 
recover, to variable extents, lost neuromotor 
functions [ 101 ]. For these reasons considerable 
effort has been placed in the clinical fi eld on the 
development of upper limb training devices, such 
as robots, MIT-Manus [ 7 ] (Fig.  7.2c ) and ARMin 
[ 11 ] (Fig.  7.2a ); passive workstations, T-WREX 
[ 13 ] and ReJoyce [ 12 ]; FES systems, Compex 
Motion-based neuroprosthesis [ 15 ]; ETHZ- 
ParaCare [ 15 ]; Ness Handmaster [ 108 ]; Bionic 
Glove [ 109 ] and NEC-FES system [ 16 ]; as well 
as novel sensor-based technology [ 20 ] and video 
gaming systems [ 110 ]. The most commonly used 
are reviewed below. 

7.5.1     Robotic Systems for Upper 
Limb Training 

 In clinical research positive results have been 
presented for robot-assisted training [ 11 ,  111 , 
 112 ] and there are clear advantages to technology- 
based therapies. For example, robot-supported 
training can be more intensive, of longer duration 
and more repetitive than manual arm training. 
Additionally, the motivation of the subject to per-
form repeated training exercises can be enhanced 
if they are embedded within entertaining com-
puter games, for example, in a study comparing 
technological-based therapy (T-WREX) with 
conventional therapy, the subjects reported a 
preference for training with the T-WREX [ 13 ]. If 
the device also collects relevant data in a stan-
dardised way, then there are additional benefi ts to 
the devices [ 11 ]. Hence, a number of robots have 
been developed to train upper extremity function 
following damage; however thus far they have 
only been tested in stroke subjects. For example, 
ARMin III is an exoskeleton robot used for arm- 
supported training therapy after stroke [ 11 ]. 
ARMin III provides three actuated degrees of 
freedom for the shoulder and one for the elbow 
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joint. An additional module provides actuated 
pro- and supination of the lower arm and wrist 
fl exion and extension. The robot offers three dif-
ferent therapy modes: the movement therapy, the 
game therapy and the ADL training mode. A 
study on the effect of intensive arm training with 
ARMin II (Fig.  7.2a ) on four subjects with stroke 
showed that intensive robot-assisted arm therapy 
can signifi cantly improve motor function in some 
stroke subjects [ 112 ]. More recently the ARMin 
III was used to assess if robotic training of the 
affected arm resulted in task-specifi c training and 
whether this training was more effective than 
conventional therapy [ 11 ]. The authors found that 
subjects that received training with the ARMin 
III had signifi cantly greater improvements in 
motor function of the affected arm than those that 
underwent conventional therapy [ 11 ]. Whilst 
these are promising results, the effect size was 
small and so the clinical meaning is unclear. In 
another study the ARMin III and HandSOME, a 
passive hand exoskeleton [ 113 ], were combined 
to provide novel robotic training of reach and 
grasp compared to conventional therapy in stroke 
subjects. It was shown that the combined robotic 
therapy leads to improvements in arm and hand 
function which were distinct from the improve-
ments seen with conventional therapy [ 111 ]. To 
date there are no published studies using the 
ARMin III with spinal cord injured subjects. 
Whilst these robots currently provide only unilat-
eral training, it would be interesting to investigate 
their further use following SCI. 

 The MIT-Manus robot comprises two mod-
ules with fi ve degrees of freedom, two for elbow 
and forearm motion and three for wrist motion 
[ 7 ]. The robot can move, guide or perturb the 
movement of a subject’s upper extremity whilst 
recording measures, such as position, velocity 
and force. The patient-robot interface consists of 
video-game exercises for the elbow, shoulder and 
wrist. However, a multicentre, randomised, con-
trolled study comparing intensive robot-assisted 
therapy, using the MIT-Manus, with intensive 
conventional therapy and usual care after stroke 
showed that after 12 weeks of training intensive 
robot-assisted therapy did not signifi cantly 
improve motor function compared to either of the 

other two therapies. In fact, in comparison to 
those receiving intensive conventional therapy, 
the subjects using the robot did worse. The sub-
jects using the robot did however do better than 
those receiving usual care; however the results 
were not signifi cant at the 12-week time point 
[ 114 ]. However, after 36 weeks of training robot- 
assisted therapy, robot-trained subjects showed 
signifi cant improvements compared to usual care 
but not when compared with those receiving 
intensive therapy [ 114 ]. Recently the MIT-Manus 
device was used in combination with an electro-
encephalography (EEG)-based motor imagery 
brain-computer interface system to test the effi -
cacy of providing rehabilitation in chronic stroke 
subjects and showed positive effects in various 
clinical outcome measures [ 115 ]. Again, to date 
there are no published studies with SCI subjects 
so whilst the results with stroke subjects are 
promising studies with SCI subjects should be 
planned.  

7.5.2     Passive Workstations 
for Upper Limb Training 

 The T-WREX, a forerunner of the ArmeoSpring, 
was initially developed to enable stroke sufferers 
with chronic hemiparesis to practise arm move-
ments without the continuous supervision of a 
therapist. It consists of an orthosis that assists 
arm movement, a grip sensor that senses hand 
grip pressure and software that simulates func-
tional activities. The exoskeleton has fi ve degrees 
of freedom and passively counterbalances the 
weight of the arm against gravity by means of 
elastic bands [ 13 ]. A study comparing motor 
training with T-WREX versus conventional train-
ing with a table top for gravity support in chronic 
stroke sufferers showed that all subjects signifi -
cantly improved motor function [ 14 ]. In addition, 
rehabilitation therapy with T-WREX was associ-
ated with modest maintenance of progress at the 
6-month follow-up as compared with conven-
tional therapy [ 14 ]. Later the T-WREX was com-
mercialised being renamed the ArmeoSpring. 
The gravity compensated ArmeoSpring robot, an 
example of passive workstations, has been tested 
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with SCI subjects with promising results. For 
example, subacute cervical SCI subjects 
 completed fi ve weeks of training with the device. 
The results were very interesting because there 
were no statistically signifi cant differences 
between the robot-trained and the control arm for 
any outcome measured except for in those indi-
viduals with some preserved hand function which 
reported increased scores in the GRASSP- 
Sensibility component [ 107 ]. 

 Additionally, ReJoyce is of particular note 
because it can assess hand function and provide 
upper limb rehabilitation training for individuals 
with stroke as well as those with SCI. The appara-
tus consists of a four degrees-of-freedom spring-
loaded arm (joystick), attached to a table or desk. 
The automated exercises are incorporated into 
games that comprise ADL tasks played by manip-
ulating attachments on the device. The joystick 
has integrated sensors that provide quantitative 
information on displacement of the manipulated 
attachments and prehension force. A study com-
paring FES and ReJoyce-based therapy with FES 
and conventional exercises in SCI participants 
showed that FES together with ReJoyce-based 
therapy resulted in (statistically and clinically) 
greater improvements than those obtained with 
the more conventional protocol [ 12 ]. 

 Apart from the ArmeoSpring and ReJoyce, 
the other passive devices currently in use, like the 
robots mentioned above, have mostly been tested 
in stroke sufferers; the HandSOME device, 
another passive workstation, was shown to 
increase fi nger range of motion when used for 
training with stroke subjects [ 113 ].  

7.5.3     FES Systems for Upper Limb 
Training 

 Promisingly many FES systems have been tested 
in the SCI fi eld and have been shown to provide 
effective rehabilitation. In particular, FES-based 
neuroprosthesis devices for grasping, such as the 
Compex Motion-based neuroprosthesis [ 15 ], the 
ETHZ-Paracare [ 15 ], the Freehand [ 116 ], the 
Ness Handmaster [ 108 ] (Fig.  7.2d ) and the Bionic 
Glove [ 109 ], all incorporate FES and are designed 

to restore or improve grasping function [ 16 ]. FES 
uses electrical currents to stimulate nerves inner-
vating the paralysed extremities and is often used 
with SCI subjects, in particular the Ness 
Handmaster [ 108 ,  117 ] and the Bionic Glove 
[ 118 ]. For example, a number of acute SCI sub-
jects reported improved grasping function with 
FES assistance to such an extent that they no lon-
ger needed the FES system [ 16 ]. However, other 
acute SCI subjects were not able to improve their 
functional output with the aid of FES [ 16 ]. In par-
ticular, the Ness Handmaster device was shown 
to improve hand function when SCI subjects 
trained with it two to three times a week for 
3 weeks [ 117 ]. The Ness Handmaster showed 
benefi ts within a limited group of subjects with a 
specifi c SCI after 2 months of training [ 108 ]. 
Finally, the Bionic Glove has also shown signifi -
cant effects with the SCI subjects that used it 
[ 118 ]. Despite these promising fi ndings, in order 
to better determine which types of SCI patients 
benefi t the most from FES-based therapies and 
why, detailed investigations will be required.  

7.5.4     Novel Sensors-Based 
Technology for Upper Limb 
Training 

 In SCI subjects, precise and accurate measures of 
the overall amount of activity, both during spe-
cifi c rehabilitation sessions and during everyday 
life, as well as more specifi c measures such as 
energy expenditure and specifi c upper extremity 
movements are limited. Wearable sensor modules 
present a promising approach for enhancing func-
tional motor activities [ 20 ] and they have been 
shown to provide motivating, personalised and 
effective therapy for SCI patients [ 119 ]. The data 
collected from accelerometers can also be used in 
various ways, for example: to control FES setups 
[ 120 ], to motivate patients to move [ 121 ], to train 
algorithms for analysis of the type of movements 
made [ 19 ] or even to train artifi cial neural net-
works that control arm-specifi c neural prostheses 
[ 122 ]. Although most of these examples remain 
to be tested for their feasibility in individuals with 
SCI, sensors have a huge, potential in upper limb 
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rehabilitation [ 20 ]. Inertial measurement units 
(IMUs) which combine accelerometers, gyro-
scopes and magnetometers have recently become 
the focus of increasing research due to the many 
possible novel applications [ 20 ,  123 ,  124 ] and in 
particular with SCI patients [ 125 – 129 ]. Wearable 
sensor technology is fast becoming a promising 
approach to rapidly and unobtrusively collect 
objective movement information repeatedly and 
over the long term or to immerse the patient into 
a motivating virtual reality training environment. 
Hence, using novel wearable sensors is one way 
of fi rstly measuring what actually goes on in and 
out of the specifi c training session and secondly 
to feedback this information is a way of motivat-
ing subjects.  

7.5.5     Video Game Consoles 
for Upper Limb Training 

 Finally, video game consoles are increasingly 
being used for the purpose of rehabilitation of 
arm function and in this fi eld the Wii gaming sys-
tem (Nintendo) dominates. The gaming system is 
based on the Wii controller which can detect 
movements in three dimensions and therefore can 
be used as a handheld pointing device. It is this 
feature of the gaming system that gives it its clear 
application in the rehabilitation fi eld. However, 
as with the abovementioned systems, research 
with the Wii gaming system has been almost 
entirely focused on stroke subjects. For example, 
in a recent study the effectiveness of the Wii sys-
tem for rehabilitation of fi ne motor control in 
chronic stroke subjects was tested. Following 16 
sessions using the device, the authors reported 
signifi cant improvements in all clinical measures 
assessed including an increase in measures of 
quality of life [ 130 ]. In recent years there have 
been a number of clinical studies with the Wii 
device which have reported a range of fi ndings; 
for a review of these studies, see [ 110 ,  131 ]. In 
conclusion, whilst interesting the Wii system 
studies have not yet reached any consensus about 
relevance and effectiveness for rehabilitation and 
the system has not yet been tested for its effec-
tiveness with SCI subjects.  

7.5.6     Discussion 

 The robotic systems and passive workstations 
mentioned above were developed to generate 
movements and task-specifi c recovery of motor 
function of the upper limb, but, apart from the 
ReJoyce passive workstation and some of the 
FES systems, all of the devices mentioned were 
initially developed for stroke subjects with a 
chronic hemiparesis and were assessed in such 
subjects. Hence, these devices do not provide the 
bimanual training that would be required for SCI 
subjects. Novel sensor technology is promising, 
but the fi eld is still in its infancy with useable 
algorithms and devices now becoming available. 
Thus, whilst all of these devices can also be used 
for training with SCI patients, the overall clinical 
value of these technologies in SCI and a thorough 
evaluation of their specifi c advantages/disadvan-
tages over conventional therapies for SCI need to 
be investigated fully.   

    Conclusion 

 Therapy of the upper extremity in people ren-
dered tetraplegic due to an SCI is of high clini-
cal importance. For this reason, training 
devices using novel technology, such as robots, 
passive workstations, FES and sensor technol-
ogy, are continuously being developed and 
improved. The clinical value of novel rehabili-
tation devices can be evaluated by determining 
whether, following therapy, subjects manage to 
pass clinically meaningful thresholds using 
hand function classifi cation systems such as 
the RULER and SCIM III with the MCID 
being defi ned as the smallest change in a mea-
surement that signifi es a clinically important 
improvement. During rehabilitation from cer-
vical SCI, changes in upper limb function and 
structure can be established with the ASIA 
classifi cation which is an important tool that 
enables clinicians to make precise neurologi-
cal diagnoses about a spinal cord lesion. 
Nevertheless, changes measured with the 
ASIA scale do not necessarily relate to clini-
cally relevant changes in upper limb function. 
Traditional upper limb capacity and perfor-
mance tests are in general subjective and 
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somewhat imprecise given that they are mainly 
based on ordinal ratings. Also, they target very 
specifi c detailed functions of the upper limb. 
Similarly to the ASIA classifi cation, changes 
measured with capacity tests and surrogates do 
not necessarily correlate with clinically mean-
ingful changes. However, measures of capacity 
and surrogate markers do play an important 
role in the evaluation of upper limb function 
because in the absence of clinically meaning-
ful changes, kinetics and kinematics and other 
surrogates can reveal small changes that do not 
have any obvious clinical effects but that pro-
vide insight into activity-dependent changes 
and if fed back to the subject may be important 
for their motivation. Such markers can be used 
to predict outcomes and, where clinically rele-
vant changes are not obvious, potentially the 
underlying mechanisms which might have 
been missed with other clinical methods. 
Ideally, relevant levels of capacity that repre-
sent (benefi cial or detrimental) changes in 
upper limb function, e.g. time to accomplish a 
task, muscle strength, fi nger joint ROM, mus-
cular activity, NCS latency and amplitude, 
would need to be defi ned a priori in order to 
determine their signifi cance. A new generation 
of objective and precise tests, evaluated for 
reliability and validity, is required.     
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      Application Issues for Robotics                     

     Markus     Wirz       and     Rüdiger     Rupp     

    Abstract  

  This chapter covers the various aspects related to the application of reha-
bilitation robots. The starting point for developing any novel therapeutic 
device should be the specifi c requirements of the end users. End users in 
this case are patients with neurological conditions but also therapists who 
operate rehabilitation robots. Both claim different requirements, which 
need to be united. Modern neurorehabilitation is grounded in the premise 
that activity is benefi cial. Robots are valuable tools to apply intensive active 
training in terms of the number of repetitions and task specifi city. The com-
plexity of robotic devices is mainly determined by the residual functions of 
the patient. In patients with muscular weakness, a simple weight support 
system might be suffi cient, whereas in patients with severe paralysis, 
actively driven exoskeletons with multiple degrees of freedom are neces-
sary. Robots must comply with general regulatory and safety standards. 
Robotic devices have to be adjustable to a wide range of anthropometric 
properties and to the amount and the characteristics of their impairment. 
The user-friendliness of the robot’s human-machine interface consisting of 
the mechanical, the control, and the feedback interfaces determines whether 
a device becomes integrated in the rehabilitation program or not. An inher-
ent advantage of the more complex rehabilitation robots is their ability to 
use angular and force sensor signals for assessment and documentation. 
These are important to objectively control the course of the training, to 
legitimate and shape the training, and to document progresses or deteriora-
tions. In the future devices which allow the continuation of a robotic ther-
apy at home will further enlarge the range of applications.  
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8.1       Introduction 

 This chapter focuses on aspects which need to be 
considered when technologies are applied to 
subjects. Technical devices are developed in 
order to support humans in many ways. Tower 
cranes are able to lift and manipulate heavy 
loads. Submarine robots work in an environment 
which is not compatible with human life. Smart 
controllers infl ate airbags within split seconds in 
order to protect the driver of a car. There is also 
a long list of technical devices which have been 
applied in medicine, e.g., infusion pumps, blood 
pressure measuring devices, or electric stimula-
tors for the treatment of pain. One kind of 
machine is driven by the force of the person 
using it, e.g., strengthening apparatus. These are 
considered as passive devices. Other systems 
include electric drives or other actuators, e.g., 
pneumatic devices, and can apply supporting, 
assisting, or resistance forces. Such actuated 
devices are referred to as active systems. Devices 
can act on their own by means of a controller 
which follows predefi ned algorithms, e.g., the 
support of an insuffi cient respiratory function by 
artifi cial ventilators. Technology becomes 
smarter, not only in daily life but also in the fi eld 
of treatment and rehabilitation. After an accident 
or a disease, highly sophisticated devices are 
applied. These devices help the human physician 
to draw meaningful conclusions out of a number 
of fi gures or to eliminate muscle trembling dur-
ing a subtle surgical intervention. The focus of 
this chapter is set on rehabilitation technologies 
including robotic devices which became estab-
lished within the last decade for patients with 
neurological conditions, e.g., spinal cord injury 
or stroke. These robotic assistive devices enable 
to start a functional and goal-oriented training 
earlier as compared to the conventional 
approaches. In addition an intensive application 

of adequate afferent feedback and a high number 
of repetitions of functional movements support 
the rehabilitation of function such as walking or 
arm use. Robots not only perform movements 
repeatedly, but they allow the introduction of 
task variation and provide feedback in order to 
maintain an adequate level of challenge for the 
patient. The issues discussed may partially also 
be valid for other types of rehabilitation and 
assistive technologies. 

 The starting point for developing any new 
device should be the specifi c requirements of 
the end users. End users in this case are patients 
with neurological conditions, and it is intended 
that they will profi t from a more effective way 
of training, meaning that they achieve their 
individual goals within a shorter period of time. 
End users are also therapists who, by using 
robotic devices, experience physical relief and 
can use assessment systems—which are less 
prone to subjective infl uence—for quantifi ca-
tion of functional improvements. Hence, 
patients and therapists claim different require-
ments which need to be united in a meaningful 
way. Those requirements should be in the focus 
as opposed to technical feasibility which does 
not always comply with a rehabilitative demand. 
It is recommended that engineers regard 
patients and therapists as integral components 
of the therapy who need to be involved through-
out the whole process of development. Patients 
and therapists are likely to set priorities in the 
development of robotic therapy devices differ-
ently than engineers. The potential clinical 
application has to be borne in mind throughout 
the whole developmental process. A widely 
adopted classifi cation of developmental stages 
of technology is the technology readiness 
level (TRL, see Table  8.1 ) which has originally 
been established for the aerospace engineering 
by the National Aeronautics and Space 
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   Table 8.1    Technology readiness level (TRL) according to the European Horizon 2020 – Work Programme 2014–2015 
[ 2 ] and their translation to the development of rehabilitation robotics   

 TRL  Description  Translation to rehabilitation robotics 

 TRL 1  Basic principles observed  Proof of principle observed in animal models and in 
pilot human applications (e.g., on motor learning) 

 TRL 2  Technology concept formulated  Technical requirements and specifi cations including 
safety measures with regard to the application in 
patients defi ned. Review of these concepts by end 
users (patients and therapists) is recommended 

 TRL 3  Experimental proof of concept  Development and implementation of an experimental 
model 

 TRL 4  Technology validated in lab  First usability studies in healthy volunteers (human 
factor study) for the refi nement of technical 
specifi cations in a user-centered design process. 
Development of training scenarios for the 
application in patients 

 TRL 5  Technology validated in relevant 
environment (industrially relevant 
environment in the case of key enabling 
technologies) 

 First usability studies in selected patients 
representing typical use cases. These studies do not 
focus on investigating effi cacy but feasibility of both 
hard- and software components as well as 
acceptance by end users. Establishment of reliability 
and validity of the devices measurement capacities. 
Ethical approval and involvement of regulatory 
authorities required. Aim: certifi cation of the product 

 TRL 6  Technology demonstrated in relevant 
environment (industrially relevant 
environment in the case of key enabling 
technologies) 

 Clinical trials with broader inclusion criteria and a 
larger number of patients to investigate effi cacy. 
Health technology assessment 

 TRL 7  System prototype demonstration in 
operational environment 

 Effectiveness studies 

 TRL 8  System complete and qualifi ed  Broader application, commercialization 

 TRL 9  Actual system proven in operational 
environment (competitive manufacturing 
in the case of key enabling technologies; 
or in space) 

 Ongoing refi nement according to end user feedback 
and to the technological progress. Different 
manufacturers with comparable products 

Administration (NASA) [ 1 ]. Nowadays this 
classifi cation represents the standard of refer-
ence (ISO 16290:2013) and is widely accepted 
by several organizations (e.g., the European 
Commission [ 2 ]). The TRL is not directly fi t to 
the dedicated requirements of the development 
of rehabilitative robotics but may serve as a 
structural framework for the developmental 
process.

   Besides the specifi cations which are framed 
by patients and therapists, there are several 
technological issues and principles regarding 
the clinical application of therapeutic robots. 
Both aspects will be covered in the next 
sections.  

8.2     Human Issues 

8.2.1     Patient Requirements 

8.2.1.1     Autonomous Nervous System 
 The clinical presentation of a spinal cord injury 
(SCI) or a stroke comprises motor weakness or 
complete paresis, complete or partial loss of 
sensory function, and a more or less pronounced 
derailment of the vegetative functions [ 3 – 5 ]. 
The latter include among others lack of bladder 
and bowel voiding function and/or lack of 
blood pressure adaptation as a response to 
upright position named orthostatic hypoten-
sion. Patients in the early stage after such an 
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event generally have a poor condition which 
needs to recover to a certain extent before 
intensive rehabilitation can be initiated. Beside 
the vegetative symptoms, patients have a 
reduced vital capacity which may become evi-
dent in upright standing and during exercise. 
Also in the acute phase after stroke, patients’ 
stability in terms of circulation, mood, and 
motivation is impaired. Robotic devices should 
account for those instable situations in such a 
way that subjects can be evacuated from the 
device within a short period of time. Fittings 
must be designed that they can be removed 
quickly, and the whole device must be remov-
able in order to get access to the patient or to 
transport an unconscious patient from the 
device without constraints. Patients with SCI 
have a marked propensity to faint once they are 
elevated in an upright position. The possibility 
to position patients horizontally when the blood 
pressure starts to drop is therefore crucial.  

8.2.1.2     Musculoskeletal System 
 After a traumatic SCI, the spine becomes instable 
in most cases. In addition extremity fractures can 
occur. Rehabilitation therapists must make sure 
that the musculoskeletal system is stable enough 
to tolerate the applied load and forces, as with 
robotic devices which are used to train walking 
function. This holds also true in cases where 
 fractures and instabilities have been treated surgi-
cally. The partial lack of sensibility has to be 
taken into account when a patient with a neuro-
logical condition is trained. After every training 
session, the spots where forces are exchanged 
between the robotic device and the patient have 
to be inspected visually. Any sign of strain must 
be documented and carefully controlled. Robotic 
devices enable intensive and long training ses-
sions with a large number of repetitions. Some 
patients may react to that amount of workload 
with signs of overload, e.g., joint swelling, 
increased spasticity, or pain. In older patients 
with a known history of osteoporosis, the training 
intensity has to be set carefully. The repeated 
stress on bony structures may result in a fatigue 
fracture.  

8.2.1.3     Cognitive Prerequisites 
 Patients who experience an impairment of their 
cognitive function, e.g., distorted self-perception, 
might not be able to cooperate with a robotic 
device. Even though some devices use virtual 
environments which are very like the real world 
and the control of these environments is intuitive, 
patients still require the ability to abstract. In 
order to completely cope with robotic devices 
and to make use of the numerous ways of training 
modalities, patients need to have no more than 
mild cognitive defi cits. 

 The population experiencing a SCI is becom-
ing older [ 6 ]. Patients with stroke are typically of 
advanced age. These subjects are generally not 
used to working with new information technolo-
gies and may be reluctant to train in a robotic 
device. Without complete confi dence in a train-
ing device, the success of the intervention is 
endangered. It is therefore important that patients 
are able to acknowledge robotic training as an 
important component on the way to their maxi-
mum possible independence. For future genera-
tions, who are much more used to computers and 
robots from their lives before the neurological 
incident, this item might be less an issue.   

8.2.2     Therapist Requirements 

 The usage of robotic devices is only partially a 
subject in basic physiotherapy training. The rea-
son for that is that the fi eld of rehabilitation 
robotics is growing rapidly and a large number of 
new devices are being developed every year and 
that not all clinics where students are placed pro-
vide robotic-assisted training. Different 
approaches to make use of new technology for 
rehabilitation are in development or already com-
mercially available. The International Industry 
Society in Advanced Rehabilitation Technology 
(IISART) is formed by manufacturers of robotic 
devices and equipment for virtual rehabilitation 
and therapeutic electrical stimulation. The soci-
ety’s Internet resources provide a comprehensive 
overview of the actual state of various devices in 
this fast advancing area [ 7 ]. 

M. Wirz and R. Rupp



145

8.2.2.1     Instruction of Therapists 
 Despite the level of matureness of robotic tech-
nology is quite high, the proper use of robotic 
devices is critical for the success of the training 
with respect to the rehabilitation outcome. For 
complex devices, a suffi cient period of time 
should be scheduled for the instruction of thera-
pists. It is important that every therapist does as 
many one-to-one trainings under supervision of 
an expert user as needed until she or he is able to 
apply the device accurately and safely. If a robotic 
training is associated with a high risk for severe 
adverse events (e.g., large and powerful devices, 
which are mounted to the whole body), it is rec-
ommended that in a given institution, special 
safety procedures become defi ned. It must be 
ensured that every person who trains with a 
robotic device has been instructed properly 
beforehand. The emergency procedures should 
be trained practically. Liability issues in case of 
an accident must be clarifi ed. For the use of 
smaller and less strong devices (e.g., where a 
patient remains seated) with fewer operating 
modes, a basic instruction is suffi cient. However, 
other devices require extensive training and expe-
rience in order to respond to variations and 
irregularities.  

8.2.2.2     Implementation of Robotic 
Therapy 

 For the practical implementation, it is recom-
mended to evaluate if multiple or only few thera-
pists are assigned to use a device. In the case of a 
large number of users, a single therapist will never 
become confi dent with a complex device. On the 
other hand when only few staff members know 
how to run such a device, experience can be accu-
mulated in a shorter period of time. Additionally 
knowledge exchange is easier among a smaller 
group of users. There are also mixed models 
where an experienced user does the setup for a 
given patient during an initial training session. 
The subsequent trainings will then be performed 
by a therapist with less specifi c knowledge, usu-
ally the therapist who trains the patient with non-
robotic interventions. If required, the more 
experienced colleague provides supervision in 

that phase. The advantage of such a model is that 
a therapist who knows a patient from the conven-
tional therapy can also perform the robotic train-
ing as opposed to a therapist who is skilled using 
the robot but does not know the peculiarities of 
the patient. However, there are other constella-
tions conceivable, where teams of specialized 
therapists are exclusively responsible for the tech-
nology-assisted training applied as an adjunct to 
the regular therapy program. In those cases sev-
eral devices are grouped in one room, and few 
therapists assist the patients in the setup of the 
devices and the adaptation of the training param-
eter. This allows for supervision of multiple 
patients during the technology- assisted training 
similar to a gym with strength training equipment 
for able-bodied subjects.   

8.2.3     Principles of Robotic Training 

 At the current stage, robots do not introduce 
completely new rehabilitation strategies [ 8 ]. 
Robotic devices rather enhance and amend exist-
ing approaches. Electromechanical devices can 
generate and apply greater forces for a longer 
period of time and follow more precisely pre-
defi ned trajectories. In addition robots can mea-
sure far more accurately and are free from 
subjective perception than human therapists. 
However, robotic devices usually measure forces 
only in one plane or degree of freedom. A human 
therapist is able to perceive forces acting in mul-
tiple directions, in particular rotational forces. 
There are also approaches where a patient can 
train on a robotic device at home without direct 
supervision of a therapist. In that case patient and 
therapist are connected through the Internet, 
allowing the therapist to monitor the progress of 
the patient and adapt the training protocol [ 9 ]. 

8.2.3.1     Training Parameters 
 The question pertaining to the principles behind 
robotic training is the question regarding the 
principles of neurological rehabilitation. To date 
little is known about the choice of intervention, 
the timing of its application, and the intensity 
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required to maximally exploit rehabilitative 
capacity. Thus, training varies considerably 
between institutions. This holds not only true for 
robotic-assisted training but for rehabilitative 
interventions in general. There is preclinical evi-
dence that suggests a strong infl uence of the 
abovementioned factors [ 10 ]. Studies addressing 
sequencing and intensity as well as individual tai-
loring of rehabilitation interventions need to be 
conducted in order to get a better understanding 
of the exposure-outcome association. In recent 
years there have been many reports on the prin-
ciples and strategies on which neurological reha-
bilitation is based [ 11 – 17 ]. Most reports which 
have been published regarding this topic relate to 
the stroke population since this is one of the most 
common conditions for acquired neurological 
disability. Nevertheless, from an empiric point of 
view, most of the described principles can be 
transferred to other groups of patients, e.g., SCI, 
multiple sclerosis, or Parkinson disease.  

8.2.3.2     Principles of Motor Learning 
 One major and persistent principle of neurological 
rehabilitation is that of motor learning [ 15 ,  16 ,  18 ]. 
During rehabilitation, patients have to relearn 
motor tasks in order to overcome disability and 
limitations in the completion of daily activities. 
These processes are initiated by task- specifi c 
training which supports either restoration of motor 
functions by neuroplasticity or compensation [ 15 , 
 19 ]. Regardless the underlying mechanism, the 
principles of motor learning apply in both cases 
[ 16 ,  20 ]. These principles comprise among others 
task specifi city, goal orientation, meaningfulness, 
active involvement, and most importantly a high 
amount of practice. Rehabilitation robots allow 
task-specifi c training early after a neurological 
incident. For the training of gait function, robotic 
devices are applied which support the leg move-
ments of patient to successfully perform the motor 
task of walking. At such an early stage, patients 
cannot stand up independently and are not or only 
partially able to perform leg movements on their 
own. Studies have shown that adequate proprio-
ceptive afferent input is critical for training func-
tional tasks, e.g., walking in patients with SCI 
[ 21 – 24 ]. The correct unloading and loading of the 

legs as well as hip extension at the end of stance 
phase seem to be key afferent stimuli for the 
appropriate facilitation of neural structures which 
are involved in the control of walking. A recent 
systematic review of 23 studies in 999 patients 
with stroke concluded that the combination of 
electromechanical- assisted gait training with 
physiotherapy is associated with a higher likeli-
hood of achieving independent walking than gait 
training without robotic assistance. This observa-
tion seems to be valid in particular if such a train-
ing is applied in the acute to subacute phase early 
after the event (i.e., within 3 months) in patients 
with severe activity-related limitations [ 25 ]. 

 Also, devices for the training of upper limb 
functions are most valuable for improvement of 
rehabilitation outcomes. These robots assist 
patients to follow task-specifi c trajectories. There 
are upper extremity robots which are designed 
for the use in a very early stage when the patient 
still lies in bed for most of the time [ 26 ]. A num-
ber of devices work in conjunction with a display, 
on which the patient completes meaningful tasks 
of daily living within a virtual environment [ 27 ]. 
An advantage of such a training using virtual 
environment is that patients do not focus on the 
learning of specifi c movements itself but on the 
effects of these movements. This so-called exter-
nal focus is benefi cial for the learning of task 
automatism [ 28 ,  29 ]. Other approaches aim at 
minimizing the lack of coordination between 
shoulder and elbow joint during reaching move-
ments [ 30 ]. Upper extremity robots in combina-
tion with virtual environments allow for the 
implementation of relatively unconventional con-
cepts of occupational therapy. Among them is the 
so-called error augmentation concept, where 
haptic (via robot-rendered forces) and graphic 
(via a virtual environment) distortions are used to 
amplify upper extremity tracking errors and 
thereby maximizing therapy outcome [ 31 ]. 

 Without the support of electromechanical 
devices, patients will not be able to start func-
tional exercises (e.g., walking) at such an early 
stage or may get exhausted after a short while and 
few repetitions. Compared to the human thera-
pist, who might get tired while providing exten-
sive amount of support to patients with severe 
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disabilities, robotic devices allow longer training 
durations and a higher number of repetitions. 
Studies have shown that augmented exercise 
results in an improved outcome [ 32 ]. However, it 
seems not suffi cient just to repeat a specifi c 
movement or completion of a task. Task variabil-
ity improves the acquisition of that task [ 18 ]. 
Robotic devices which have been developed so 
far offer numerous ways to adapt and vary train-
ing. The introduction of virtual environments 
wherein the patients take over control enables 
multiple ways of tasks and task variation within 
the same robotic setup. Further possibilities to 
adapt tasks are the number of degrees of freedom 
which are under control of the patient. The 
amount of support to control a given degree of 
freedom, e.g., hip fl exion or extension, could be 
adapted according to the patient’s abilities. 
Robots may not only provide assisting forces but 
in later stages also resisting forces. Increased 
resistance perpendicular to a defi ned trajectory 
helps to guide a patient through a desired move-
ment path. The changes of movement velocity 
entail a different level of challenge. Walking 
within a robotic device allows dynamic walking 
at a nearly normal walking speed as opposed to 
walking within parallel bars or other walking aids 
where speed is markedly slowed down. This is in 
particular true for systems which are used in 
combination with a body-weight support system 
either on a treadmill or for overground walking. 
Walking speed during training is considered 
important to warrant further improvements [ 33 ].  

8.2.3.3     Feedback and Virtual Reality 
 In order to maintain physiological movement tra-
jectories in different operating conditions and for 
safety reasons, robots are equipped with sensors. 
These sensors measure positions, velocities, and 
accelerations on one hand and torques and forces 
on the other. These signals can be used for a spe-
cifi c feedback for both patients and therapists. 
Feedback can be provided using various cues such 
as auditory, visual, or haptic. Based on the forces 
patients exert on the machine, selected actions 
occur in the virtual environment, e.g., an avatar 
walks left or right or a virtual hand grasps an 
object. In such a way robotic devices act as an 

interface between the real and a virtual world. 
There is evidence that the use of virtual reality and 
interactive video gaming may be benefi cial in 
improving upper and lower limb function and 
activities of daily living when used as an adjunct to 
usual care or when compared with the same dose 
of conventional therapy [ 34 ,  35 ]. However, to date 
only little is known, which characteristics of vir-
tual reality are most important, and it is unknown 
whether effects are sustained in the longer term. 

 A comparison of the data of all sensors with 
reference data from able-bodied subjects or pre-
vious sessions of patients serves the therapist to 
document the progression within a training 
series. After all, it is the skill of the human thera-
pist to integrate various signals and expressions 
and hence to perceive the actual state of the 
patient. Based on those fi ndings, therapists will 
shape exercises and set up conditions in a way 
that patients are challenged and motivated with-
out being overstrained. 

 Robotic devices represent a useful tool for 
therapists as well as patients to implement the 
principles of motor learning from the very begin-
ning of rehabilitation and to measure and control 
for the progress of motor function.    

8.3     Technical Issues 

8.3.1     Complexity of Robotic 
Devices 

 The main goal of task-oriented neurorehabilita-
tive training is to enhance neuroplasticity by 
enabling patients with neurological impairments 
to perform movements of activities of daily liv-
ing. A key factor for the success of the training is 
the number of task repetitions and the generation 
of physiological afferent stimuli [ 36 ]. For achiev-
ing a meaningful improvement of motor func-
tions by mass practice therapy regimes, supportive 
devices are benefi cial and valuable tools. 

8.3.1.1     Complexity of Training Devices 
 The complexity of electromechanical training 
devices is mainly determined by the residual 
functions of the patient group in the focus. In 
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patients with minor to moderate impairments, 
passive devices may be suffi cient to enable the 
execution of relevant tasks. This is particularly 
true for the upper extremity, where passive 
devices like the Swedish Help Arm (also known 
as Helparm, Swedish Sling, Deltoid Aide, or 
OB Helparm), the Freebal device, and station-
ary and mobile versions of the ARMON ortho-
sis (Microgravity Products BV, Rotterdam, 
Netherlands) are used to reduce or eliminate the 
effects of gravity and thereby allowing the user 
to effectively use his weak muscles for perform-
ing functional tasks like eating, drinking, or 
grooming. More complex devices such as the 
ArmeoSpring (Hocoma AG, Volketswil, 
Switzerland) have integrated sensors, whose 
data may be used for performing motor tasks in 
a virtual environment and thereby providing a 
patient with feedback about the performance. 
These devices may also help the patient retain or 
reestablish important proprioceptive informa-
tion about the achievable workspace that the 
impaired limb should be able to reach as recov-
ery progresses. Since the purely passive devices 
are relatively simple in their construction, they 
are affordable also for the patients themselves 
and are easy to use. The main disadvantage of 
these simple passive devices, which are mainly 
based on springs or counterweights, is that they 
basically provide a constant amount of weight 
reduction regardless of the position of the 
extremity. Even in positions of the arm, where 
less or no support is necessary, the patient is 
supported. Additionally, the desired movement 
trajectory cannot be predefi ned, and therefore 
the user may train a wrong, nonphysiological 
movement pattern. In the worst case, the patient 
cannot complete a desired movement at all. To 
overcome this limitation, passive devices are 
often used during occupational therapy sessions 
under supervision of a therapist, who actively 
supports the movements to ensure that a physi-
ological movement trajectory is achieved. 

 To free the therapist from this physically 
exhausting and mechanistic work of manually 
guiding the movements and to perform a therapy 

in a more standardized way, active robotic devices 
with integrated actuators have been introduced. 
The active components of the robots consist now-
adays mainly of electric motors or pneumatically 
driven actuators in combination with spindles, 
gears, or Bowden cables.  

8.3.1.2     End-Effector Devices 
Versus Exoskeletons 

 Within the class of active devices, there are tech-
nically more simple devices, which are mainly 
based on an end-effector approach, and complex 
exoskeleton devices, in which several degrees of 
freedom (DOF) of several joints are actively 
driven independently. 

 The end-effector-based systems use dedicated 
hand grips or footplates and guide the move-
ments of the hand or foot in space [ 37 – 39 ] 
(Fig.  8.1 ). Their main advantage is their easy 
setup since no technical joints of the device have 
to be aligned with the anatomical joints of the 
human body. Furthermore, they only use one or 
two drives per extremity to generate a two- 
dimensional planar motion. However, the move-
ments originate from the most distal segment of 
the extremity, and therefore—though the kine-
matic movement pattern of the guided body seg-
ments (e.g., the foot) looks similar to the 
physiological situation—the kinetics of the gen-
erated movements in the adjacent joints (e.g., 
knee) and the principle of weight bearing may 
not be perfectly physiological [ 40 ]. However, this 
seems to be crucial for the success of the therapy 
[ 24 ]. Additionally, in end-effector-based robots, 
only information about forces and/or position of 
the most distal part of the extremity is available, 
which may be too unspecifi c for control of a 
physiological kinetic and kinematic movement 
trajectory. Examples of machines based on the 
end-effector approach for the upper extremity are 
the MIT-Manus [ 41 ] or the ReJoyce 
(Rehabtronics, Edmonton, Canada) and for the 
lower extremity the gait trainer [ 42 ] (Reha-Stim, 
Berlin, Germany), the LYRA (ABILITY, Zurich, 
Switzerland), or the GEO (Fig.  8.1 , Reha 
Technology AG, Olten, Switzerland).
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   A physiological movement of all joints of an 
extremity can only be achieved by the use of active 
drives, which support the movements of every 
DOF of a dedicated joint. Additionally, an indi-
vidualized setup of a joint and movement phase-
related resistance is only possible with actively 
driven exoskeletons. Locomotion robots are often 
constructed as actuated exoskeletons which oper-
ate either in conjunction with a system for partial 
body-weight unloading and a moving treadmill 
(Fig.  8.2 ) [ 43 – 46 ] or as a fully mobile device for 
overground walking such as the commercially 
available ReWalk (ReWalk Robotics,Yokneam 
Ilit, Israel) and the Ekso (Ekso Bionics, Richmond, 
California, USA). Since active components form 
the most expensive parts of a robotic device, 
usually a compromise between costs and func-
tionality in terms of perfectly following a given 
trajectory has to be made. Therefore, robotic 

locomotion training machines are mainly gener-
ating movements in the sagittal plane, whereas 
movements in the frontal or transversal plane are 
restricted to passive movements. A general chal-
lenge of the application of exoskeletons is their 
proper adjustment and alignment to the anatomi-
cal constraints of the different types of joints. Due 
to their mechanical complexity, the exoskeletons 
are often time-consuming in their initial setup and 
in everyday application. Examples for actively 
driven exoskeletons are the Lokomat and Lopes 
I devices for the lower extremity [ 45 ] and the 
ARMin (Armeo Power, Hocoma AG, Volketswil, 
Switzerland) and RUPERT device for the upper 
extremity [ 47 ,  48 ]. The fi rst prototypes of exo-
skeleton locomotion robots such as the Lopes II, 
in which an alignment of technical and anatomi-
cal joints is not needed by design, are currently 
undergoing clinical testing [ 49 ].

  Fig. 8.1    The GEO 
System assists the 
patient during gait 
training using an 
end-effector-based 
approach combined 
with a system for 
partial unloading of the 
body weight (Photo 
courtesy Reha 
Technology AG, Olten, 
Switzerland. Used with 
permission)       
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8.3.1.3        Controller for Robotic Training 
Devices 

 Although actively driven exoskeletons represent 
the state of the art of robotics technology, they 
still leave room for improvement. Most of the sys-
tems are operating in an open-loop position con-
trol mode, which means that the actively driven 
joints follow predefi ned reference trajectories. 
This control concept has the disadvantage that 
even if movements in the robot look normal, the 
underlying muscle activation may still be non-
physiological. As a consequence, an open- loop 
position control mode should only be used in con-
junction with a feedback of joint torques. Using 
an open-loop position control, the patient’s move-
ments are supported even during phases, where 
the voluntary force of the patient would be suffi -

cient to follow a physiological trajectory. In these 
cases the robotic device does not help but hinders 
a patient to perform a movement task. Therefore, 
a closed-loop “assist-as-needed” control scheme 
should be implemented into the active devices to 
challenge the patient as much as possible and to 
provide support, when and where it is needed 
[ 50 ]. Although a variety of control methods to 
achieve “assist as needed” have been investigated 
so far in research prototypes in particular of loco-
motion robots, their translation into clinically 
applicable, easy-to-use, and robust implementa-
tions is still lacking [ 51 ]. Special focus should be 
put on the fact that a physiological movement 
does not consist of a highly reproductive move-
ment pattern but contains some variability [ 52 ]. 
Therefore, robotic devices should also incorpo-
rate a control scheme that does allow for small 
deviations from the reference trajectory, e.g., the 
nonlinear control scheme of the “force fi elds” 
implemented in the T-/Pneu-WREX device [ 53 ] 
or an impedance control scheme of the Lokomat 
[ 54 ]. In this way users will be allowed to check 
out different motor strategies, and a true coopera-
tive robot-assisted therapy will become reality.  

8.3.1.4     Combination of Training 
Devices with Functional 
Electrical Stimulation 

 Nevertheless, all motor-driven orthotic devices 
only generate movements of totally or partially 
paralyzed muscles in a passive way. However, 
from the results of a few clinical studies, it may be 
concluded that an additional activation of para-
lyzed muscles by externally applied electrical cur-
rents leads to a better outcome [ 55 – 57 ]. Therefore, 
the combination of functional electrical stimula-
tion and an actively driven exoskeleton may 
enhance neurorehabilitation in the future. From a 
technical viewpoint, this combinatorial approach 
causes additional problems since two force gener-
ating systems—the muscles and the external 
drives—contribute to the same movement and 
appropriate, robust control schemes have to be 
developed and tested in clinical routine [ 58 ]. 

 However, such hybrid systems offer the pos-
sibility that not only training of restricted or lost 
motor function can be performed but that the 

  Fig. 8.2    The Lokomat is an exoskeleton which is oper-
ated in conjunction with a moving treadmill (Photo cour-
tesy Hocoma AG, Volketswil, Switzerland. Used with 
permission)       
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same system can also be used for substitution of 
permanently lost motor functions [ 59 ]. To achieve 
this functionality novel light-weight drives and 
multichannel, easy-to-handle electrode concepts 
need to be evaluated in end users in a real-life 
setting [ 60 ].   

8.3.2     Regulatory and Safety Issues 

 Robotic training devices and all of their subsys-
tems including software are medical products and 
therefore have to comply with the International 
Standard IEC 60601–1, which has become the 
global benchmark for medical electrical equip-
ment. Compliance with the IEC 60601–1 
International Standard and/or the relevant national 
versions does not equal medical device approval. 
However, it is a recognized step toward medical 
device approval in nearly all markets across the 
world. As a result, many companies view compli-
ance with IEC 60601–1 as a de facto requirement 
in most markets for product registration; “CE,” 
“UL,” “CSA,” marking; contract tenders and 
defense against claims in the event of problems; 
etc. The biggest upgrade in the 3rd edition of the 
standard published in 2005 [ 61 ] is that it requires 
a manufacturer to have a formal risk management 
process in place which complies with ISO 14971. 
The following, not exhaustive list summarizes the 
most important standards that apply in particular 
to therapeutic robotic systems:

•    IEC 60601–1–1: Medical electrical equip-
ment, general requirements for basic safety 
and essential performance  

•   IEC 60601–1–2: Medical electrical equip-
ment, electromagnetic compatibility  

•   IEC 60601–1–4: Medical electrical equipment, 
programmable electrical medical systems  

•   IEC 60601–1–6: Medical electrical equip-
ment, usability  

•   IEC 62304: Medical device software, soft-
ware life cycle processes  

•   ISO 13485: Medical devices, quality manage-
ment system  

•   ISO 14971: Medical devices, application of 
risk management to medical devices    

 In parts also the “ISO 9241: Ergonomics of 
human-system interaction,” which contains sub-
standards for user-centered design, applies to the 
design of robotic devices. It has to be emphasized 
that devices used in clinical applications do not 
necessarily need to be certifi ed. However, if these 
non-certifi ed machines are intended to be used in 
human applications, then in additional to the 
application to an ethical committee, a special 
insurance has to be procured, which covers the 
risks of adverse events caused by the application. 
By all means, a risk analysis according to ISO 
14971 is mandatory to obtain ethical approval. In 
addition to the safety, manufacturers have to 
prove in clinical testing that the device is effi cient 
in order to introduce the device in the European 
and American market. Since therapeutic robots 
are highly innovative products, in most cases no 
data can be taken from literature which prove 
their effi ciency. Therefore, clinical trials, prefer-
ably with a controlled and randomized study 
design, have to be performed. This fact has to be 
considered especially by small- or medium-sized 
companies, because a proper effi cacy study may 
cause additional costs in the range of the device 
development before the introduction of the novel 
device to the market. 

 Within the framework of the IEC 60601, no 
dedicated substandard for robotic training devices 
has yet been introduced. Thus, the potential risks 
of harming the patient by the robotic training or 
the device itself has carefully to be considered. In 
general, active orthotic devices inherently bury 
the risk of causing severe injuries to the musculo-
skeletal system, e.g., bone fractures, capsule inju-
ries, ruptures of muscle fi bers, etc. This risk has 
to be minimized by a joint-specifi c limit of the 
maximum torque, which may be generated by the 
drives. Since a model-based estimation of the 
drives’ torques is often not precise enough, 
redundant force or torque sensors have to be fore-
seen to ensure that the applied forces in every 
DOF stay in a safe range. In case the reference 
trajectory cannot be followed with maximum 
torque, the robot may either switch off, halt the 
movement, or limit the applied torque to a safe 
amount. In case of end-effector-based robotic 
systems, only the net force of several joints can 
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be measured, which may lead to false-switch-off 
episodes of the machine or in the worst case to a 
exceeding of safe torque limits. 

 The most apparent adverse events of robotic 
devices in particular of active exoskeletons for 
locomotion training are skin erythema [ 62 ]. 
Though skin erythema is not a life-threatening 
condition, they may severely affect the compli-
ance of the patient since the training may be inter-
rupted a few days to allow for healing. Therefore, 
the main focus of the mechanical design of robotic 
devices has to be put on the parts that are in direct 
contact with the patient. It is highly recommend-
able to avoid the occurrence of shear forces in the 
orthotic components with direct skin contact by 
design, in order to minimize the risk for skin ery-
thema in case of misalignment of the human and 
the machines joint centers. 

 Depending on the onset of training after a 
CNS lesion and the cardiovascular status of the 
patient, episodes of presyncopes or syncopes 
may occur during verticalization for locomotor 
training. For adequate handling of a patient in 
this case of a medical emergency, safety mecha-
nisms for quick evacuation of an uncooperative 
patient are necessary. 

 Despite the automatic deactivation of the device 
in case of excessive torques, several emergency 
stops or enabling mechanisms have to be foreseen 
[ 63 ]. This will allow checking for attendance of 
the therapist or to give the patient the opportunity 
to stop the training at will. The latter is especially 
important, if the patient performs the training on 
his own without supervision of a therapist. 

 Finally, the best safety concept of a machine is 
useless if it does not work properly due to defec-
tive mechanical or electrical components. Thus, 
highly qualifi ed technical support has to be avail-
able to perform regular check-ups and mainte-
nance of the device.  

8.3.3     Customization 

8.3.3.1     Anthropometrics 
 Human beings vary to a great degree in their 
anthropometric data like size and weight and 
body proportions such as length or widths of 

extremities. In order to perform the training in 
95 % of the population with one device, the 
machine has to be adjustable to a large degree 
and in many ways. This means that, e.g., in a 
locomotion exoskeleton, the length of the shank 
and thigh, the width of the pelvis, and the posi-
tion of the trunk in all three directions must be 
adaptable to the individual patient. Also the con-
tinuous increase of the body mass index of the 
population of industrial countries represents a 
challenge for the level of adaptability of orthotic 
and robotic devices.  

8.3.3.2     Severity of Impairment 
and Functional Limitations 

 In addition to the differences in the properties of 
the body segments, the amount of impairment of 
neurological patients varies to a high degree. This 
applies not only to individuals within the same 
patient group but also between different patient 
groups. For example, in incomplete SCI persons, 
the individual motor defi cits may vary between 
subjects to a high degree, ranging from an iso-
lated drop foot on one side to an almost complete 
loss of motor function in both legs. In stroke sur-
vivors an increased spastic muscle tone may 
restrict the successful application of a robotic 
training. In traumatic brain injury, cognitive 
restrictions may occur additionally to the physi-
cal impairments, which reduce the cooperative-
ness of the patient to a minimum. All these 
patient-related factors require an individualized 
setup of the mechanical components of the 
machine as well as the training paradigms includ-
ing feedback modalities.  

8.3.3.3     Setup Time Prior to Execution 
of Training 

 Since a regular therapy session is for personnel 
resources reasons limited to 45–60 min, every 
effort has to be made to keep the changeover time 
at a minimum. In reality it takes one therapist 
about 5 min to prepare an end-effector-based 
robotic system to a patient and about 10–15 min in 
case of an exoskeleton. Much more time has to be 
reserved when the system is initially being setup. 

 Ideally a machine would automatically adapt 
to different patients or not need any type of 
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adjustment, since technical solutions have been 
provided which do not need manual interven-
tions. Surprisingly, up to now not a lot of effort 
has been made into this direction.  

8.3.3.4     Individualized Training 
 Also the machine has to provide the possibility for 
setup of a large variety of training paradigms in 
order to broaden its fi elds of application. Most 
importantly the function that is trained has to be the 
same as the one which should be improved. Recent 
developments in robotics for the lower extremities 
take this prerequisite into account and offer the 
possibility for training of stair climbing [ 22 ,  38 ]. 

 Nevertheless, it has to be kept in mind that 
practically none of the robotic devices are able to 
generate a fully physiological movement since 
not every DOF is equipped with an actuator and 
therefore cannot be controlled independently.    

8.4     Human-Machine Interface 

 The user interface is a crucial part of a robotic 
therapy system since it determines to a large 
degree whether a device is regularly integrated in 
the rehabilitation program of neurological 
patients or not. Since the robotic systems are 
designed by research and development engineers, 
the user interfaces they design tend to be compli-
cated and are not intuitive to understand for ther-
apists. This is a general problem of the 
human-machine interface in almost every techni-
cal product intended to be operated by users with 
different technical expertise and nontechnical 
professional background. Therefore, the ISO 
9241–210 standard, which refers to “Ergonomics 
of human-system interaction—Part 210: Human- 
centered design for interactive systems,” may be 
a good starting point to continuously improve the 
human-machine interface of a technical system. 
The ISO 9241–210 standard defi nes the frame-
work of an iterative approach to involve end users 
during all stages of development of a product and 
explicitly includes parts which are important for 
any type of assistive technology. 

 It has to be emphasized that in rehabilitation 
robotics, the term “end user” includes therapists 

as well as patients. Therefore, their feedback 
should be addressed very carefully by developers 
and implemented into novel designs for increas-
ing the acceptance. 

8.4.1     Mechanical Interfaces 

 Special attention must be paid to the mechanical 
interfaces between robot and patient. At the 
points where the robot is attached to the patient, 
high forces are transmitted depending on the 
mode of operation, i.e., either a robot assists the 
performance of movements or applies resistance 
forces. Force vectors have to be in accordance to 
the joint axes to allow pure rotational moments. 
The fi xations of the robot have to be soft and 
mold to fi t the respective part of the body in order 
to prevent the occurrence of pressure lesions or 
abrasions of the skin. In contrast to that require-
ment, the interfaces must transmit the forces 
without loss, e.g., by deformation or loose fi t. 
This will ensure appropriate monitoring and 
modeling of the forces which exert on the patient. 
This is especially important pertaining to the 
assessment features of robotic devices. Fixations 
have to be adaptable to a wide range of anthropo-
metrics. The usage has to be unambiguous and 
easy. This is of importance in the case when a 
patient has to be removed from the device quickly.  

8.4.2     Control and Feedback 
Interfaces 

 An important component of the robotic system is 
the control and the feedback interface. The con-
trol interface is used by the therapist to set and 
adapt the most important therapy parameters like 
speed, amount of support, or range of motion. 
The feedback interface provides the patient with 
information about the current status and the prog-
ress of the training. The control interface has to 
provide a very intuitive graphical user interface, 
which can be handled by an operator during the 
therapy. Special focus has to be put on the limita-
tion of the number and the selection of an appro-
priate size of the control elements on the screen 
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or on the operator panel to avoid faulty parameter 
settings. A general requirement of the robotic 
device often demanded by therapists is a high 
degree of “transparency,” i.e., all of the machine 
parameters and options are accessible. However, 
a balance has to be found between maximal 
adjustability and easy handling. A possible way 
to meet both claims could be the common imple-
mentation of a standard and an expert mode 
together with the possibility for individualization 
of the graphical user interface. 

 Additionally to the graphical user interface, 
the input device is of crucial importance, since 
keyboards and mice are not easy to operate while 
having the patient in the focus, which often 
results in mismatch of parameter settings. 
Therefore, touch panel-based interface systems 
are a proper choice, in particular if the system is 
operated by a patient without supervision.  

8.4.3     Automated Adaptation 
of Training 

 Since most of the robotic machines are equipped 
with sensors, which provide feedback about the 
current state and performance of the patient, the 
implementation of an automated adaptation 
scheme would free the therapist from continu-
ously adjusting the relevant parameters of the 
therapy. In some cases such an adaptation scheme 
may allow a robotic therapy without the need for 
continuous supervision by a therapist. However, 
in this condition an adequate feedback has to be 
provided to the therapist and the patient, so that 
both are informed what the machine is doing and 
to give them the confi dence that both have the 
machine under control and not vice versa.  

8.4.4     Feedback 

 At the current stage of knowledge, the benefi t of 
any neurorehabilitative approach seems to be 
based on the enhancement of spinal as well as 
supraspinal neuroplasticity. In order to enhance 
the supraspinal neuroplasticity, the patient has to 
be provided with an adequate feedback of her/his 

current performance, in particular in patients 
with sensory defi cits. This is also most important 
for increasing motivation. Comparable to the sit-
uation in the control interface, the number of 
dynamic feedback parameters presented to a 
patient at a time has to be carefully chosen, since 
a patient is only capable to infl uence one or two 
parameters simultaneously. The feedback param-
eters need to be chosen individually according to 
the main functional defi cit and the most severe 
impairment, respectively. In case of the lower 
extremities, this might be a joint angle of a dedi-
cated gait phase like swing or stance phase. The 
feedback should be provided in an absolute scale 
so that patients are able to compare their current 
status to their status at the end of the last therapy 
session. Also feedback modalities other than 
visual may provide a more effective way to 
enhance the perception of the patient [ 64 ].   

8.5     Assessment 
and Documentation 

 Rehabilitation robots are not only equipped with 
motors but also with multiple sensors. These sen-
sor signals are used to control the operation of the 
robots but can also serve as feedback and to mea-
sure certain biomechanical properties. Angular 
sensors can measure range of movement, force, 
or torque transducers voluntary strength of mus-
cle groups (Fig.  8.3 ).

   Combined signals can assess resistance against 
passive movements and where in the movement 
arc resistance occurs. Changes in resistance can be 
attributed to impaired muscular tone or spasticity. 
Assessments are important to control the course of 
the training, to legitimate training, and to docu-
ment progresses or deteriorations. Measurement 
results can be used to monitor the actual state of 
the patient and to shape the training accordingly. 
Some improvements may not be perceived by the 
patient but are accessible for the sensors. Detection 
of any functional gains is important to generate 
motivation [ 65 ]. However, for any assessment, 
there are basic requirements which have to be met 
in order to be useful. Assessments have to be prac-
tical, reliable, valid, and responsive to changes. 
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The measurement within a robotic device is easy 
to perform since it can be performed along with 
training or as a part of the training. Nevertheless, 
the assessment within a robotic device is restricted 
to that particular situation; e.g., a robot is able to 
measure the range of motion in the sagittal plane, 
but its mechanical construction does not allow 
measuring in the other planes. Appropriate soft-
ware can record and compare the results to previ-
ous measurements or normative values. On the 
fi rst sight, it seems obvious that a mechanical sen-
sor has a higher accuracy than a human examiner. 
A reduction of error leads to increased reliability. 
Still, there are more sources for errors, e.g., the 
instruction of the therapist or pain may infl uence 
measurements. Few studies pertaining to this issue 
affi rmed feasibility and reliability [ 66 – 68 ]. The 
concept of validity states that a given testing pro-
cedure aims at measuring a specifi ed property. 
Regarding range of movement and voluntary mus-
cle strength, there are no controversies as opposed 
to the measurement of spasticity. Even widely 
used tests such as the Manual Ashworth Scale 
(MAS) are under debate and may be improved if 
tested using a robot [ 69 ]. Additionally, robots 
allow for assessments which are hard to perform 
without the robot like the measurement of lower 
limb joint position sense with the patient in an 
upright position [ 70 ]. 

 Although only few studies addressed the issue 
of the quality of assessment recorded by rehabili-

tation training robots, it can be stated that these 
devices measure practically and reliably. 
Appropriate measurements, whose results can be 
transferred into daily functions, need to be defi ned.  

8.6     Continuation of a Robotic 
Therapy at Home 

 Due to increasing economical restrictions in the 
healthcare system, the length of primary rehabili-
tation is getting shorter, i.e., in the US Model 
Spinal Cord Injury System, the mean initial reha-
bilitation period of incomplete patients was 
89 days in 1975, which continuously decreased 
to 28 days in 2005 [ 71 ]. It can be expected that 
this trend will continue in the future and lead to 
even shorter rehabilitation periods. 

 With the help of robotic locomotion, the suf-
fi cient intensity of task-oriented gait training can 
be sustained in the clinical setting, whereas a dra-
matic reduction of the quantity and quality of the 
training occurs after the discharge from the reha-
bilitation unit. This is especially true if patients 
return to their homes in rural areas. 

 Though systematic experimental investiga-
tions are missing, it may be concluded from 
review of the literature that long-term, mid- 
intensity locomotion training over several months 
is more effective than the application of training 
protocols with high intensity for only a few weeks 
[ 71 ,  72 ]. However, up to now only a few robotic 
training devices exist for home-based locomotion 
training. A simple transfer of the existing robotic 
devices to the patients’ homes is not possible 
since most of them are mainly restricted to the 
application in a clinical setting due to their size, 
weight, and price. Furthermore most of the 
devices have to be operated by skilled therapist. 

8.6.1     Safety of Home-Based Robotic 
Systems 

 The main challenges of therapeutic devices for 
application in the home environment are safety 
issues and the self-operation of the device by the 
users. This is especially true for the use of loco-
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  Fig. 8.3    Example of a series of force measurements 
recorded with the Lokomat system. The columns repre-
sent the maximum force in direction of unilateral hip fl ex-
ion during successive sessions from a patient recovering 
from Guillain-Barré syndrome (the respective value of 
healthy volunteers amounts to 74 Nm)       
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motion training devices. Whereas in the clinical 
environment, the therapy is supervised by trained 
therapists, in the home environment a safe opera-
tion without the need for supervision has to be 
guaranteed. 

 Only a few studies exist which describe the 
development and application of dedicated home- 
based robotic training systems [ 9 ,  73 ,  74 ]. In 
locomotion robotics, a key method to minimize 
the risk of injuries is to put the user in a safe 
training position, like a semi-recumbent position 
of the body in the MoreGait device (Fig.  8.4 ).

   From the available results of real home-based 
training, it may be concluded that a safe 
 application without a high risk for serious adverse 
events is feasible and that the outcomes of the 
training are in the same range than of systems 
used in clinics [ 75 ]. 

 Nevertheless, a certain amount of supervision 
is necessary to assess the current status of the 
patient, to individually adjust therapy parameters 
to the patient’s progress, and to help patients in 
solving small hardware problems. Here, Internet- 
based telemonitoring methods are a cheap and 
effective tool for transfer of sensor data and diag-
nostic trouble codes of the machine to a central-
ized location, e.g., a large rehabilitation center or 

an outpatient clinic. Personal video conferences 
between a therapist and users or among different 
users are very valuable to keep patients motivated 
and to share experiences.  

8.6.2     Conventional Gaming 
Consoles 

 A very promising way of performing a home- 
based therapy, especially in patients with minor 
motor and cognitive defi cits, is the use of conven-
tional gaming consoles like Nintendo’s Wii or 
Microsoft’s Xbox in particular with the camera- 
based KINECT option [ 76 ,  77 ]. The latter allows 
for full body movement analysis and therefore a 
joint-specifi c therapy without the need for dedi-
cated markers or sensors fi xed to the body. The 
main advantage of using such type of technology 
is the non-limited availability and the low price. 

 The gaming console-based training relies 
mainly on the feedback principles of the exter-
nal focus, which is benefi cial for the learning of 
task automatism. This form of training is moti-
vating and provides the possibility for giving 
feedback about the current state of the func-
tional impairment and the improvement over 

  Fig. 8.4    The MoreGait is a 
pneumatically actuated robot 
for the training of ambulatory 
function. The device allows 
the use at the patient’s home       
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time to the user. On the one hand, moderate evi-
dence from clinical studies exists that a console-
based (tele-) rehabilitation is effi cient, but on 
the other hand systematic evaluation of systems’ 
usability, cost- effectiveness, and data privacy 
concerns still requires major attention [ 78 – 80 ]. 
Furthermore, it has to be investigated in the 
future if the option of commercial video games 
for an Internet-based multiplayer mode may be 
used for supervision of home-based training by 
a qualifi ed therapist [ 81 ].   

8.7     Financial Aspects 

 In the long run, every novel therapeutic or diag-
nostic procedure will only become a standard if a 
fi nancial benefi t for the health care or the welfare 
system can be achieved. This does not necessar-
ily mean that the novel method has to be inexpen-
sive; the maybe most prominent counterexample 
is MRI, which is a cost-intensive diagnostic 
method but which saves a lot of money by pro-
viding the basis for a major improvement in clini-
cal decision-making. 

 The costs for the application of a robotic train-
ing device are composed of the device’s costs, 
costs for personnel and their training, cost for 
infrastructural alterations, and cost for technical 
support. The costs of the device are mainly based 
on its complexity: the more complex, the more 
expensive. The price of a system is to a large 
degree dependent on the number of actuators it 
contains, since not only actuators but also sensors 
for safety issues have to be foreseen. Most of the 
people outside the neurorobotics fi eld believe 
that—like in industrial robots—fewer personnel 
is necessary to perform a given therapy regime. 
This may be true for the lower extremities, where 
up to three therapists are needed to perform con-
ventional body-weight-supported treadmill train-
ing. However, this does not apply to upper 
extremity training settings, where only one thera-
pist is needed to perform manual training. 
Nevertheless, multiple patients, who are compli-
ant and familiar with the details of the robot- 
assisted rehabilitation training, may be supervised 
by a single therapist. 

 The justifi cation for implementing robotic 
training machines into clinical routine is mainly 
based on the fact that, in the given time frame for 
primary rehabilitation, the patient achieves a 
higher level of independence by the use of robotic 
therapies [ 82 ], which in turn may save costs for 
care and prevent secondary complications. 

 Nevertheless, in most countries the robotic 
training sessions are not regularly compensated 
by insurance companies or sickness funds. Here 
additional efforts are needed in the future from 
industry as well as from healthcare providers to 
give every patient with a motor disorder the 
chance to profi t from such training.  

    Conclusion 

 For the successful development, application, 
and integration of robotic systems, engineers, 
clinicians, and end users have to work closely 
together. The devices’ specifi cations should 
be founded on rehabilitative goals and neuro-
biological knowledge. The characteristics of 
robotic devices should comply with the 
demands of patients and therapists. In order to 
justify the costs of rehabilitation robots, they 
should allow for adaptation to a wide range of 
patients with respect to anthropometrics but 
also with respect to different grades of capa-
bilities refl ecting the actual state of rehabilita-
tion. In the beginning, supporting forces are 
required; in later stages a device may apply 
resisting forces in order to challenge patients 
appropriately at every level. The setup and 
operation of robots should fi t in a clinical set-
ting. Signals from sensors enable sophisti-
cated feedback modalities and the surveillance 
of training progression. 

 Robotic devices are very useful enhance-
ments of rehabilitation interventions, offering 
additional training as well as measurement 
options. Studies suggest that an advantage of 
therapies with robotic devices compared with 
conventional therapies may be an increase in 
repetitions during training. Robot-assistive 
training devices therefore allow a massed 
practice therapy paradigm, which is intensive, 
frequent, and repetitive and complies with the 
principles of motor learning. They offer, for 
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the fi rst time, the possibility to systematically 
investigate dose-outcome relationships since 
the variability and the physical constraints of 
therapists and their limitations in terms of 
simultaneously guiding movements of several 
joints can be overcome.     
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    Abstract  

  In conventional man-machine interfaces applied to rehabilitation, the pri-
mary goal is to control the biomechanical interaction between the human 
and the machine or environment. However, integrating the human into the 
loop can be considered not only from a biomechanical view but also with 
regard to psychophysiological aspects. Biomechanical integration involves 
ensuring that the system to be used is ergonomically acceptable and “user 
cooperative.” Psychophysiological integration involves recording and con-
trolling the patient’s physiological reactions so that the patient receives 
appropriate stimuli and is challenged in a moderate but engaging way 
without causing undue stress or harm. In this chapter, we present examples 
of biomechanical and psychophysiological integration of patients that 
have been verifi ed with the gait robot Lokomat.  
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9.1       Introduction: Multimodal 
Interactions of the Human 
in the Loop 

 The use of conventional rehabilitation devices 
can be unsatisfactory because an effi cient inter-
action between the technical system and the 
patient is often limited or impossible. Many 
advanced rehabilitation systems that include 
novel actuation and digital processing capabili-
ties work in a “master-slave” relationship, thus 
tending to force the user only to follow predeter-
mined reference trajectories without taking into 
account individual properties, spontaneous inten-
tions, or voluntary efforts of that particular per-
son. For instance, many actuated orthoses apply 
to patient’s legs a predetermined motion pattern 
but do not react to the patient’s voluntary effort. 

 A common problem of these conventional 
mechatronic solutions is that they are applied in 
an open-loop manner, not incorporating the 
human in a natural way. The patient or therapist 
just presses a button or moves a joystick, and a 
primitive “if-then” algorithm executes a pre-
defi ned unidirectional (unilateral) action on the 
human. This action can be the simple execution 
of a fi xed reference movement with the support 
of a machine, e.g., an orthosis or wheelchair, 
where the patient remains passive and his or her 
intentions and needs are ignored rather than 
involving the patient’s complete sensorimotor 
system in an orchestrated manner. This action 
can also involve the display of other modalities, 
e.g., the presentation of visual or auditory instruc-
tions without taking into account the person- 
specifi c or task-specifi c context. During such 
unidirectional communication, biomechanical 
and psychophysiological effects on the human 
are usually not taken into account. Thus, the loop 
is not closed via the human in order to fi t the 
device to the biomechanical or physiological 
state of the human, the human’s behavior or 
intention, and environmental factors. The possi-
bilities of the user to intervene are limited to “ini-
tiation” and “perturbation.” 

 In contrast, novel rehabilitation technologies 
offer a new approach by placing the human into 
the loop, where the human is more than just a 

sender of the command to a device or the passive 
receiver of a device action. The human closes the 
loop by feeding back the biomechanical and 
physiological information to a processing unit. 
The interaction becomes bidirectional, and the 
technical rehabilitation system takes into account 
the user’s properties, intentions, and actions, as 
well as environmental factors. For example, an 
actuated orthosis should be able to detect the 
patient’s effort and engagement in order to opti-
mize participation and support the patient only as 
little as needed, or the audiovisual display signals 
of a training system should adjust to the alertness 
of the patient in order to optimize engagement 
and maximize motivation. 

 Integrating the human into the loop can be 
considered from biomechanical, physiological, 
and even psychological viewpoints (see Fig.  9.1 ) 
[ 1 ]. Biomechanical integration makes the reha-
bilitation system safe, ergonomically acceptable, 
and “user cooperative.” Thus, with respect to 
rehabilitation robotics, the robot assists the 
human in a compliant way, with just as much 
force as needed so that the patient can contribute 
to the movement with his own voluntary effort. 
Psychophysiological integration involves record-
ing and controlling the patient’s physiological 
reactions so that the patient receives appropriate 
stimuli and is challenged in a moderate but 
engaging and motivating way without causing 
undue stress or harm. Including physiological or 
psychological interpretations into the loop makes 
the system “bio-cooperative.”

   In the following sections, we will discuss how 
patients during rehabilitation can be integrated 
into the control loop. We present examples for 
biomechanical, physiological, and psychologi-
cal closed-loop controllers applied to the gait 
robot Lokomat (Fig.  9.2 ) [ 2 ]. In principle, all 
examples of human-in-the-loop control can be 
translated to other gait rehabilitation robots, such 
as the AutoAmbulator (  www.healthsouth.com    ), 
the LOPES [ 3 ], the WalkTrainer [ 4 ], and the 
GaitTrainer [ 5 ], or even to rehabilitation robots 
used for the upper limbs, such as the ARMin 
[ 6 ,  7 ], the HapticMaster [ 8 ], or the MIT-Manus 
[ 9 ]. For an up-to-date review about rehabilitation 
robotics, please see [ 10 ].
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9.2        Human Biomechanics 
in the Loop: User- 
Cooperative Control 
of Motion 

9.2.1     Rationale 

 In early clinical applications, the Lokomat was 
only used in a position control mode and did not 
systematically allow for deviation from the 
 predefi ned gait pattern [ 2 ]. In position control 
mode, the measured hip and knee joint angles are 
fed into a conventional PD controller that deter-
mines a reaction to the current error value (ampli-
fi ed by a factor P). Another reaction to the 
derivative error (amplifi ed by a factor D) is based 
upon the rate at which the error has been chang-
ing. Controlling human biomechanics, i.e., 

human body limb motion, therefore, requires 
measurement of positions. Additional force sens-
ing may be advantageous using more advanced 
control strategies (Fig.  9.3 ).

   However, rigid execution and repetition of the 
same pattern do disregard the activity of the 
human subject or may even cause complete pas-
sivity, which is not optimal for learning. In con-
trast, variability and the possibility to make errors 
are considered as essential components of prac-
tice for motor learning. Bernstein’s demand that 
training should be “repetition without repetition” 
[ 11 ] is considered to be a crucial requirement and 
is also supported by recent advances in computa-
tional models describing motor learning [ 12 ]. 
More specifi cally, a recent study by [ 13 ] demon-
strated that intralimb coordination and self- 
selected walking speed after stroke were 
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  Fig. 9.2    Patient exercising with the Lokomat ®  (Courtesy Hocoma AG, Switzerland,   www.hocoma.com    ; used with 
permission)       
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improved by manual training, which enabled 
kinematic variability, but was not improved by 
position-controlled Lokomat training, which 
reduced kinematic variability to a minimum. 

 In response to this important fi nding, “patient- 
cooperative” control strategies were developed 
that “recognize” the patient’s movement inten-
tion and motor abilities by monitoring muscular 
efforts and adapt the robotic assistance to the 
patient’s contribution, thus giving the patient 
more movement freedom and variability than 
during position control [ 14 – 16 ]. It is recom-
mended that the control and feedback strategies 
should do the same as a qualifi ed human  therapist, 
i.e., they assist the patient’s movement only as 
much as needed and inform the patient how to 
optimize voluntary muscle efforts and coordina-
tion in order to achieve and improve a particular 
movement. 

 The fi rst step in incorporating a variable devi-
ation from a predefi ned leg trajectory into the 
system, thus, giving the patient more freedom, 
may be achieved using an impedance control 
strategy. The deviation depends upon the patient’s 
effort and behavior. An adjustable torque is 
applied at each joint, depending on the deviation 
of the current joint position from the desired tra-
jectory. This torque is usually defi ned as a zero- 
order (elastic) or higher-order (usually fi rst- or 
second-order) function of angular position and its 
derivatives. This torque is more generally called 

mechanical impedance [ 17 ]. Figure  9.4  depicts a 
block diagram of an impedance controller.

   The impedance controller was initially tested 
in several healthy subjects with no known neuro-
logical defi cits and also in several subjects with 
incomplete paraplegia [ 15 ]. In the impedance 
control mode, angular deviations increased with 
increasing robot compliance (decreasing imped-
ance) as the robot applied a smaller force to guide 
the human legs along a given trajectory. 
Inappropriate muscle activation produced by 
high muscle tone, spasms, or refl exes can affect 
the movement and may yield a physiologically 
incorrect gait pattern, depending on the magni-
tude of the impedance chosen. In contrast, sev-
eral subjects who used the system with the 
impedance controller stated that the gentle behav-
ior of the robot feels good and comfortable (per-
sonal experience of subjects told to the authors). 

 The disadvantage of a standard impedance con-
troller is that the patient needs suffi cient voluntary 
effort to move along a physiologically correct tra-
jectory, which limits the range of application to 
patients with only mild lesions. Also, the patient 
might trip or fall when the impedance controller 
becomes too compliant. In addition, the underly-
ing gait trajectory allows no fl exibility in time, i.e., 
leg position can deviate only orthogonally but not 
tangentially to the given trajectory. 

 An extension of the impedance-based control-
ler was implemented and tested by Emken et al. 

Exo
skeleton

Patient

−

−
Impedance

qact

fsens
Torque

controlled
drives

fpat

Gravity
compensation

fcomp

fcor

fsup

qact

qref
qact

qact
qact

set point generation

qref2

qref2

Support

dq1

dq2

qref

qact
qact

  Fig. 9.4    Path control 
strategy as derived by 
Duschau-Wicke et al. [ 16 ]:  q  
is the vector of generalized 
joint angles;  F  is the vector 
of joint forces (From 
Duschau-Wicke et al. [ 16 ] 
(© 2010, IEEE); used with 
permission)       

 

9 The Human in the Loop



166

[ 14 ], who used an iterative learning controller to 
adapt the impedance within each gait cycle. The 
controller identifi ed points within the gait cycle 
where the patient consistently deviated from the 
desired trajectory. At these locations within each 
gait cycle, the controller became stiffer and 
thereby provided more guidance force.  

9.2.2     The Path Controller 

 Therefore, the features of the impedance control-
ler have been extended into a novel “path control-
ler” [ 16 ] in which the time-dependent walking 
trajectories are converted to walking paths with 
user-determined free timing (Fig.  9.4 ). In this 
manner, the controller enables the impedance 
along the path to vary in order to obtain satisfac-
tory movement, particularly at critical phases of 
gait (e.g., before heel contact; see [ 16 ]). This is 
comparable to fi xing the patient’s feet to soft 
rails, thus limiting the accessible domain of foot 
positions calculated as functions of hip and knee 
angles. The patients are free to move along these 
“virtual rails.” In order to supplement these cor-
rective actions of the Lokomat, a supportive force 
fi eld of adjustable magnitude can be added. 
Depending on the actual position of the patient’s 
legs, the supportive forces act in the direction of 
the desired path. The support is derived from the 
desired angular velocities of the predefi ned tra-
jectory at the current path location. Supportive 
forces make it possible to move along the path 
with reduced effort. Compared to the impedance 
controller, the path controller gives the patient 
more freedom in timing while he or she can still 
be guided through critical phases of the gait, pro-
viding a safe and variable repetitive gait therapy. 

 The reference trajectory has been recorded 
from healthy subjects [ 2 ] and is used as set point 
for the impedance controller. The treadmill speed 
is selected by the therapist. A dynamic set point 
generation algorithm is used to minimize the 
Euclidean distance between the reference trajec-
tory and the actual trajectory. An adjustable zero 
band of a predefi ned width creates a virtual tun-
nel around the reference trajectory. The width of 
the zero band has been designed heuristically 

based upon the evidence and experience from 
pretrials. The width was computed to permit 
larger spatial variation during late swing and 
early stance phase to account for the large vari-
ability of knee fl exion at heel strike. Additionally, 
the reference trajectory has been adapted to a less 
pronounced loading response and more knee 
fl exion during swing phase so that the desired 
zero band spreads symmetrically around the ref-
erence. In this way, a common tunnel was 
obtained that could accommodate all subjects 
and enable additional variability and support. 
Within the tunnel, the controller is in so-called 
free run mode; that is, the output of the imped-
ance is zero, and gravity and friction torques of 
the robot are compensated. Therefore, subjects 
can move freely and with their own timing as 
long as they stay within the tunnel. Leg postures 
outside the tunnel are corrected by the impedance 
controller. The spring constant of the virtual 
impedance is chosen as a function of the distance 
to the tunnel wall. These measurements were 
experimentally determined such that the wall of 
the tunnel felt comfortably soft to the subjects. A 
nonlinear stiffness function is implemented to 
allow for a compromise between soft contact 
with the wall and strong corrections for larger 
deviations. An additional damping constant was 
determined as a function of the stiffness such that 
the system is critically damped. Adjustable sup-
portive torques can be superimposed to the con-
troller output. To determine the direction of 
support, a torque vector is calculated by differen-
tiating the reference trajectory with respect to the 
relative position in the gait cycle. Thus, the direc-
tion of the torque vector is tangential to the move-
ment path in joint space. The supportive torques 
not only are important in helping a patient to 
overcome weaknesses but also reduce the effect 
of the uncompensated inertia of the robot. More 
details and data regarding the path controller may 
be found in [ 16 ]. 

 In an initial study, the path control strategy was 
tested on 12 subjects with incomplete spinal cord 
injury. The subjects were actively trying to match 
desired movements presented to them via a visual 
display. Additionally, subjects performed the same 
task with the classical position control mode of the 
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Lokomat. The angles of the hip and knee were 
recorded by the position sensors of the Lokomat. 
Data were cut into single strides and normalized in 
time to 0–100 % of the gait cycle. For each instant 
of the gait cycle, the mean and the standard devia-
tion of the joint angles were calculated. After 
walking under the different conditions, subjects 
rated the infl uence they had on their movements 
and the effort they had to make on a visual analog 
scale ranging from 0 to 10. The ratings for the two 
different conditions were compared using a 
Kruskal-Wallis nonparametric analysis of variance 
(ANOVA) at a 5 % signifi cance level [ 18 ]. The 
subjects produced walking trajectories that quali-
tatively match the spatial path of the desired walk-
ing pattern. During stance phase (0–60 % of the 
gait cycle), subjects systematically showed more 
knee fl exion than the desired pattern. Largest vari-
ance occurred during swing phase and load 
response. The subjects had the impression to have 
signifi cantly more infl uence on their leg move-
ments and to train with signifi cantly more effort 
with the path control strategy than with position 
control. Measurements of muscle activity and 
heart rate also indicated that the patient partici-
pated stronger to the movement when using the 
path controller as compared with the position con-
troller (for further results, see [ 16 ,  19 ]). 

 Two recent case studies evaluated the feasibil-
ity of patient-cooperative robotic gait training for 
improving locomotor function in a chronic stroke 
survivor with severe lower extremity motor 
impairments [ 20 ]. A 52-year-old man suffering 
from right hemiparesis due to a left corona radi-
ata infarct underwent 4 weeks of path control 
Lokomat therapy and showed considerable 
improvements in self-selected walking speed and 
the 6-min walking test, two important clinical 
quantifi ers of gait recovery. Also, the patient 
showed larger propulsive forces, more symmetric 
ground reaction forces, and improvements in 
muscle coordination [ 21 ]. Contrasting position 
control with path control mode, a 62-year-old 
man with right temporal lobe ischemic stroke 
underwent 4 weeks of intense Lokomat with full 
robotics guidance before undergoing 4 weeks of 
similarly intensive training in Lokomat path con-
trol mode. Among others, the self-selected 

 walking speed and the 6-min walking test 
changed minimally after full guidance robotic 
training but improved considerably after 4 weeks 
of path control Lokomat therapy [ 20 ]. 

 The initial results show that the subjects are 
able to freely infl uence their movements within 
the spatial constraints of the desired walking pat-
tern which can ultimately lead to improved gait 
recovery. Although the controller leaves maxi-
mum freedom, it still ensures functional gait in 
critical situations. Particularly during stance 
phase, where subjects are not able to keep their 
knee joints extended, the controller assists the 
subjects by keeping them within the region 
around the spatial path of the desired walking 
pattern. Thus, the user-cooperative path control 
strategy provides a safe training environment and 
makes the human an active agent in the biome-
chanical control loop of the gait rehabilitation 
robot Lokomat.  

9.2.3     Patient-Cooperative Control 
Based on Muscle Activity 
Recognition 

 The path control strategy takes into account 
interaction forces as well as joint positions and 
velocities to quantify the patients’ intention and 
their individual ability to perform the gait move-
ment themselves. The interaction forces between 
the patients’ limbs and the rehabilitation robot 
are, however, the result of complex muscle acti-
vation patterns in the limbs, generated by the 
major muscle groups such as the gluteus, the 
quadriceps, the hamstrings, or the gastrocne-
mius muscles. 

 EMG-based control strategies utilize not 
only recordings of force, position, and veloc-
ity but integrate information recorded directly 
from the major muscle groups of the legs into 
the control scheme. Recent research efforts are 
directed toward stable and reliable recording 
and interpretation of EMG data for motion and 
intention recognition [ 22 ]. Using signal pro-
cessing for fi ltering and decomposing the EMG 
signals in combination with real-time, online 
machine learning techniques, the EMG data of 
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subjects can be interpreted to modify the con-
trol  strategy. However, usability of such EMG-
driven approaches in daily clinical routine is still 
limited, as they require the use of contact-based 
electrodes, which is time consuming as compared 
to the ready-to-use force sensors build into many 
rehabilitation robots.  

9.2.4     The Next Step: Movement 
Intention Detection 

 Whereas the control approaches presented so 
far limit the patients to movement in the sagittal 
plane on a treadmill, future rehabilitation could 
well take place overground using a wearable 
exoskeleton. Besides freedom in gait timing as 
permitted by the path controller, in these sce-
narios the patient would be able to experience 
an even great variety of movement patterns 
through voluntary turning movements or gait 
initiation or termination. Reliably detecting the 
patient’s intentions to ambulate in the presence 
of incomplete control over the movement gen-
eration presents a challenge which is unsolved 
so far. In healthy subjects, however, wearable 
inertial measurement units and pressure-sensi-
tive insoles have successfully be used to detect 
voluntary gait initiation and termination [ 23 ] 
and turning movements [ 24 ]. Results on gait 
initiation and termination showed that gait ini-
tiation can be detected timely and accurately, 
with few errors in the case of within-subject 
cross-validation and overall good performance 
in subject-independent cross- validation. The 
proposed gait initiation detection method rec-
ognized an anticipatory movement preceding 
foot lifting and toe-off. Gait termination could 
be predicted in over 80 % of trials well before 
the subject came to a complete stop. Results 
on predicting turning onset, orientation (left 
or right), and angular turning velocity showed 
that turning onset could be most accurately 
detected with inertial sensors on the back and 
using a combination of orientation and angu-
lar velocity estimation. The same setup also 
gave the best prediction of turn direction and 
amplitude.   

9.3     Human Physiology 
in the Loop 

9.3.1     Rationale 

 Neurological patients in need of gait rehabilita-
tion can greatly benefi t from cardiovascular train-
ing, i.e., of performing exercises in which their 
heart rate is controlled to a desired level [ 25 ]. 
Depending on the degree of the impairment 
caused by the lesion, this training is performed 
either on treadmills for less severe cases or on 
stationary bicycles in severely affected patients. 
Particularly, nonambulatory patients cannot exer-
cise on treadmills but have to use stationary 
 bicycles, where the problems of coordination and 
balance during walking do not need to be taken 
into consideration. 

 Besides cardiovascular training, coordinative 
gait training plays a major role in rehabilitation 
of stroke survivors [ 26 ]. Gait robots, such as the 
Lokomat [ 2 ], the WalkTrainer [ 4 ], the LOPES 
robot [ 3 ], and the AutoAmbulator (  www.autoam-
bulator.com    ), allow even nonambulatory patients 
to exercise walking by guiding the legs of the 
patient on a walking trajectory. These robotic 
devices were shown to cause signifi cant improve-
ment of gait function in patients suffering from 
stroke [ 27 ,  28 ]. 

 Integration of cardiovascular training into gait 
therapy, therefore, combines the benefi ts of both 
trainings and has the potential to improve gait 
rehabilitation. While treadmill-based heart rate 
control is well established in healthy subjects 
[ 29 – 31 ], cardiovascular gait training with robotic 
assistance has not been used with neurological 
patients as patients can be too impaired to walk 
on a treadmill at speeds that would permit control 
of heart rate. 

 Three major challenges of treadmill walking 
with a gait robot compared to standard treadmill 
walking need to be considered. First, for patient 
safety, treadmill speed during robot-assisted 
rehabilitation training is typically limited to very 
slow walking speeds and does not allow fast 
walking or running. The Lokomat gait orthosis, 
for example, is limited to 3.2 km/h, which is low 
compared to previous approaches where heart 
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rate control was performed with walking speeds 
greater than 3.6 km/h [ 32 ]. Second, for facilita-
tion of stance, the patient can be body weight 
supported, which will decrease heart rate with 
increasing body weight support (BWS) [ 33 ]. And 
third, all gait robots use actuators to provide sup-
portive guidance force in order to enable the 
walking movement in patients with little leg force 
or little coordinative capabilities. This guidance 
force can be expected to alter heart rate as it 
decreases the energy required by the subject to 
perform the walking movement (Fig.  9.5 ).

9.3.2        Model-Based Heart Rate 
Control 

 A model that predicts the changes in heart rate 
that can be expected from changing the robotic 
therapy can be used to predict situations that 
might become harmful to the patient. Additionally, 
it can be used as a basis for controlling heart rate 

to a desired level, depending on the current set-
tings of the gait robot. 

 During robot-assisted gait training, the robot 
can exert large forces onto the patient’s legs to 
guide them on a reference trajectory. This power 
exchange between the device and the patient has 
a major effect on heart rate. At high guidance 
forces with a stiff impedance controller, the 
patients have the possibility to walk actively, i.e., 
pushing into the orthosis with high forces, or 
behave passively, letting the robot move their 
legs. The torques exchanged between human and 
orthosis can be considered as the dominant port 
for power exchange in the Lokomat system 
(Fig.  9.2 ). The power during walking  P  Lokomat  can 
be computed as the product of interaction torques 
between human and Lokomat with the angular 
velocity of the robot joints. 

 In an experimental study with eight chronic 
stroke patients, we evaluated the effects of BWS, 
treadmill speed, and guidance force on the 
patient’s heart rate. It was found that changes in 
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guidance force did not signifi cantly alter heart 
rate. BWS, on the other hand, had a major impact 
on heart rate. Increased BWS reduces the loading 
the patient has to carry during walking, which 
will increase heart rate. High loading of the 
patient during treadmill training was, however, 
shown to be a key factor for a successful rehabili-
tation outcome [ 35 ,  36 ]. In order to maximize the 
quality of coordinative training, BWS is usually 
adjusted to the individual patient to a fi xed mini-
mal value. 

 Treadmill speed and power exchanged 
between robot and human were identifi ed as 
major factors that infl uenced heart rate during 
Lokomat walking. The dependency between gait 
speed and heart rate of healthy subjects has been 
previously investigated. Increases in treadmill 
speed were shown to linearly increase heart rate 
[ 37 – 39 ]. This can be interpreted as low-pass 
reaction to a sudden increase of oxygen demand, 
which we modeled as a fi rst-order delay (PT1) 
element. Treadmill acceleration and deceleration 
resulted in an overshoot, respectively, and under-
shoot of heart rate before steady state was reached 
[ 38 ,  40 ], which we modeled as a second-order 
derivative (DT2) element. Holmgren reported a 
drop in arterial pressure that reached its mini-
mum 10 s after onset of exercise [ 41 ]. The heart 
rate overshoot might be caused by a fi rst overre-
action of the cardiovascular system to compen-
sate for the blood pressure drop. Feroldi et al. 
argued that the overshoot might be a result of 
changes in the balance between sympathetic and 
parasympathetic activities [ 42 ]. The power 
expenditure of a subject during exercise on a 
bicycle ergometer [ 43 ] and during arm cranking 
[ 44 ] was reported to correlate linearly with heart 
rate. Therefore, the power expenditure of the 
human was taken as a linear input parameter 
modeled as a fi rst-order PT element. After longer 
training durations, a fatigue effect, which resulted 
in increased resting heart rate, was observed and 
described by several researchers [ 38 ,  45 ]. We 
modeled this as a fi rst-order low-pass element. 
This resulted in a model with fi ve scaling factors 
and six parameters. 

 Using the model described above, model pre-
dictive control can be employed to perform heart 

rate control of neurological patients while walk-
ing in a robotic gait orthosis. Heart rate control 
has been successfully demonstrated using other 
control techniques such as PID or  H  ∞  control in 
healthy subjects using Hammerstein models [ 32 ]. 
However, PID or  H  ∞  control strategies have so 
far only been used with healthy subjects. A 
model- based approach as described above can 
not only be applied to healthy subjects but also to 
stroke patients: as energy expenditure is one of 
the key drivers of changes in heart rate, the 
change in heart rate as a function of energy 
exchanged between human and robot (as 
described above as a fi rst-order PT element) can 
then explicitly be taken into account as a model 
parameter. In this model, the power exchange 
with the Lokomat accounted for up to 75 % of the 
predicted increases in heart rate. Compared to 
PID control, model predictive control enabled the 
use in a straightforward way, including the infl u-
ence of power expenditure as external distur-
bance in the controller.  

9.3.3     Evaluation of Model-Based 
Heart Rate Control 

 The model setup was verifi ed with fi ve healthy 
subjects and eight chronic stroke patients (three 
females and fi ve males, all hemiparetic). Patients 
taking beta-blocking medicine, which was shown 
to decrease adaptation of heart rate to physical 
stress, were excluded from the study. The model 
reached an average coeffi cient of determina-
tion  r   2  of 79 %. The model depended upon four 
subject- individual parameters and six subject- 
independent parameters. The independent 
parameters were the overshoot and undershoot 
dynamics for treadmill acceleration and decelera-
tion, respectively [ 34 ]. 

 Model-based heart rate control was evaluated 
with three healthy subjects as well as with three 
stroke patients by controlling heart rate to 70, 80, 
and 90 beats/min. In healthy subjects, the con-
troller could stabilize heart rate within 1 bpm ± 
3 bpm. To mimic the training situation in which 
patients exercise, we limited the treadmill speed 
of the Lokomat to 3 km/h. When trying to control 
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the subjects’ heart rate to 90 bpm, treadmill speed 
saturated. In patients, heart rate control depended 
upon the baseline heart rate during standing as 
resting heart rate of stroke was shown to be 
increased compared to the resting heart rate of 
healthy subjects [ 46 ]. However, it was possible to 
control heart rate of stroke patients in a range 
between resting heart rate and plus 10 beats/min.  

9.3.4     Implementing Model-Based 
Heart Rate into Daily Clinical 
Routine 

 The major holdback in utilizing heart rate control 
schemes in daily clinical routines has so far been 
the necessity of using sensors that require contact 
to the body for recording of the subject’s heart 
rate. While ECG electrodes, chest belts, or even 
wrist watches for monitoring HR are commonly 
available, they all require the use of devices that 
need to be attached to the patient and later be dis-
infected, which are time-consuming processes in 
the already time-consuming clinical routine of 
physical therapy staff. 

 An image processing algorithm, recently 
developed at MIT, allows quantifying HR through 
changes in the blood fl ow, invisible to the human 
eye [ 47 ]. As each heart beat pumps blood through 
the veins and, therefore, through the head, small 
changes in red color channel of the head occur. 
By magnifying these color changes, an algorithm 
can evaluate the frequency at which these changes 
occur and compute the current HR from it. This 
could, in the future, allow therapists to simply 
direct a webcam toward the face of the patient 
and start the training.   

9.4     Human Psychology 
in the Loop 

9.4.1     Rationale 

 In several therapeutic training applications, there 
is the desire to identify the actual cognitive load 
in order to assess whether the patient is bored, 
engaged, or even stressed and frustrated. We 

thereby defi ned cognitive load as a mental state 
that refl ects the level of mental engagement the 
patient is directing toward the rehabilitation task. 
It is a unitless one-dimensional variable that 
ranges from underchallenged or bored via chal-
lenged and motivated to overstressed and 
frustrated. 

 Controlling cognitive load would be desirable 
because it is known that a challenging cognitive 
load, i.e., high motivation and active participation 
during a diffi cult but feasible task, can enhance 
motor learning and thus further increase the reha-
bilitation outcome [ 48 ]. During robot-assisted 
gait rehabilitation, control over the mental state 
of subjects is made possible via virtual environ-
ments, which were shown to increase patient 
motivation [ 49 ,  50 ]. However, control of the 
mental state requires obtaining objective assess-
ments of the current cognitive load of patients. 
Questionnaires only provide information at dis-
crete points in time after training has ceased and 
cannot be used in real time. Also, neurological 
patients, particularly stroke survivors, might suf-
fer from cognitive defi cits such as aphasia or lim-
ited self-perception capabilities. Even patients 
who do not suffer from cognitive defi cits might 
not be able to objectively assess what kind of 
training might be most benefi cial for their 
rehabilitation. 

 In our approach, we try to control the cogni-
tive load to a level in which the subject is moti-
vated and challenged but not bored or overstressed 
or frustrated (Fig.  9.6 ). We can modulate the cog-
nitive load in the subject by adapting the audiovi-
sual display and the settings of the robot. By 
monitoring and controlling physiological quanti-
ties during robotic gait training, we obtain an 
objective quantifi cation of cognitive load.

   Input signals are stimuli that are presented to 
the human during the training intervention. They 
include motor aspects (e.g., treadmill speed and 
body weight support) as well as audiovisual stim-
uli provided by auditory and visual displays. The 
audiovisual display presented a virtual task that 
the subject has to fulfi ll. The task can be con-
trolled by the motor output of the legs measured 
via forces applied to the Lokomat. By increasing 
or decreasing the diffi culty of the robotic training 
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and the virtual task, the mental state of the sub-
ject can be altered, which causes a psychological 
reaction. 

 Changes in the mental state, particularly 
arousal and valence of a subject, are refl ected in 
numerous physiological signals, as summarized 
in Table  9.1  [ 51 – 57 ]. These human “output” sig-
nals are affected by the autonomic nervous sys-
tem [ 58 ]. We selected heart rate and heart rate 
variability (HRV) obtained by electrocardiogram 
(ECG) recordings [ 59 ], skin conductance 
response (SCR) [ 60 ], skin temperature, breathing 
frequency, and joint torques (Table  9.1 ). Other 
physiological signals (EEG, EMG, spirometry, 
and eye movements) were tested but later omitted 

as recording turned out to not bear relevant infor-
mation in relation to the experimental effort or 
could not be recorded in a reliable manner. We 
extracted features from the physiological data, 
took the mean standard deviation over 30 s, and 
fused the data into one feature vector. All signal 
processing software was written in MATLAB 
2008b (The MathWorks, Natick, MA, USA, 
  www.mathworks.com    ).

   The electrocardiogram was measured by three 
surface electrodes. Heart rate was computed from 
the electrocardiogram recordings using a real- 
time R-wave detection algorithm [ 61 ]. Heart rate 
variability was computed as a discrete time series 
of consecutive RR intervals. Using a thermistor 
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fl ow sensor placed underneath the nose, we 
recorded the breathing of subjects and computed 
breathing frequency and its derivative using a 
peak detection algorithm. Changes in galvanic 
skin response were measured using two elec-
trodes attached to the hand. Skin conductance 
response events were detected from the skin con-
ductance signal when signal amplitude changed 
by at least 0.05 mS in less than 5 s [ 54 ]. Skin tem-
perature was measured on the fi fth fi nger. Signals 
were sampled at 512 Hz according to the recom-
mendations of Malik [ 59 ]. Force data from the 
Lokomat were weighted and summed for each 
step such that it refl ected the current physical 
effort of the subjects [ 62 ]. 

 We fi rst established how physiological sig-
nals would react to increased physical and men-
tal stress and designed a classifi er that would 
estimate the current psychological state from 
physiological recordings. We then performed 

experiments in which we put the human in a 
closed control loop and performed control of 
cognitive load to a desired state.  

9.4.2     Physiological Signals 
as Markers for Psychological 
States 

 Understanding the effects of physical and mental 
stress on the physiological signals is the fi rst step 
toward control of psychological aspects of the 
human. We provoked different physical and cog-
nitive stress situations by providing external stim-
uli and observed physiological outputs in seven 
healthy subjects (Fig.  9.7 ) [ 19 ]. Mild physical 
stress was produced by walking in the Lokomat 
without any additional audiovisual  display and by 
walking in the Lokomat while playing a virtual 
soccer game against a virtual opponent. Mental 

    Table 9.1    Overview of physiological signals recorded for determination of psychological states   

 Signal  Time  ECG frequency  SCR 
 Skin 
temperature  Breathing 

 Joint 
torques 

 Quantity  Mean heart rate  Spectral power 
of HRV 

 Psychological 
interpretation 

 Physical effort, 
arousal [ 51 ] 

 Arousal [ 52 ]  Cognitive load, 
arousal [ 53 ,  54 ] 

 Valence 
[ 55 ,  56 ] 

 Physical effort, 
arousal [ 57 ] 

 Physical 
effort 
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stress was produced by letting the subject perform 
mental arithmetic tasks. Data were recorded at 
these fi ve randomized conditions:

•     Standing  
•   Walking  
•   Walking and soccer  
•   Standing with arithmetic task  
•   Walking with arithmetic task    

 Results are summarized in Table  9.2 ; they 
showed that the number of SCR events increased 
signifi cantly when subjects had to perform mental 
arithmetic tasks [ 60 ], whereas skin temperature 
decreased signifi cantly during mental arithmetic 
tasks. Heart rate increased with physical load, but 
it also increased with mental workload [ 63 ].

   The isolated fi ndings are congruent with the lit-
erature. An increase in heart rate was found due to 
negative emotions or stress [ 64 ,  65 ]. The number 
of SCRs increased for all scenarios compared to 
baseline. This was expected as the change in skin 
conductance is induced by external virtual reality 
stimuli [ 53 ,  65 ]. The highest increase in the num-
ber of SCRs was found for the arithmetic task con-
dition, which presented the situation with the 
highest cognitive load. Skin temperature is infl u-
enced by vasoconstriction, which is controlled by 
the sympathetic part of the autonomous nervous 
system [ 65 ]. An increase of sympathetic activity, 
and therefore a decrease in skin temperature, was 
found in the study of Ohsuga et al. [ 66 ] as reaction 
to cognitive load. Our results show that skin tem-
perature decreased during cognitive stress induced 
by a virtual or arithmetic task. Different studies 

have found a relationship between negative emo-
tions and increasing respiratory activity [ 67 ]. An 
increase in breathing frequency was also found in 
different studies during excitement or during 
pleasant attentive states [ 67 ]. However, the litera-
ture for respiration and emotions is not very clear, 
and not all studies found an increase in breathing 
frequency due to positive or negative stimuli [ 67 ]. 

 The interesting observation is that physical 
activity in the Lokomat does not occlude the 
effects of mental workload. However, many 
results on single measures (e.g., heart rate, 
breathing frequency) of these preliminary tests 
were not signifi cant enough mainly, because the 
virtual scenarios were partially not immersive 
enough and provided too weak stimuli.  

9.4.3     Real-Time Classifi cation 
of Cognitive Load 

 After we established a fi rst understanding of 
physiological reactions to cognitive load, we 
investigated the possibility to automatically clas-
sify cognitive load physiological recordings [ 68 ]. 
Using data from open-loop experiments in nine 
healthy subjects and four neurological patients, 
we set up a linear classifi er that would objectively 
estimate the cognitive load from physiological 
signals, biomechanical recordings from the robot, 
and information from the virtual environment. 
We compared the output of the automatic 
 classifi er with questionnaires’ answers of the 
subjects to evaluate how well the classifi er pre-
dicted the actual cognitive load (Table  9.3 ).

   Table 9.2    Effects of mental and physical load on physiological parameters   

 Heart rate [1/min]  SCR events [−]  Skin temperature [°C]  Breathing frequency [1/min] 

 Standing (baseline)  74 ± 12.1  2 ± 1.3  28.7 ± 3.9  12 ± 3.9 

 Walking  89 ± 17.4  8 ± 7.0  28.5 ± 1.5  20 ± 3.8 

 Walking and virtual 
task 

 109 ± 17.6  20 ± 13.4  27.7 ± 2.1  26 ± 6.0 

 Standing and arithmetic 
task 

 100 ± 24.4  25 ± 7.5  26.8 ± 3.0  – 

 Walking and arithmetic 
task 

 91 ± 19.4  25 ± 10.8  26.6 ± 2.6  – 

  From Riener et al. [ 19 ] (copyright IEEE); used with permission) 
 Breathing frequency during arithmetic tasks could not be recorded as subjects had to talk, which prevented analysis of 
the thermistor signal [ 19 ] 
  SCR  skin conductance responses  
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   A virtual reality task with adjustable diffi culty 
level was used to modulate cognitive load and 
effort during training sessions. In the virtual task, 
subjects had to collect and avoid objects, which 
were placed on a straight line and disappeared 
slowly in front of them. The walking speed in the 
scenario was controlled via the subject’s voluntary 
effort performed in the Lokomat. An increase in 
effort leads to an increase in virtual walking speed; 
a decrease in effort leads to a decrease in virtual 
walking speed. While the subject could infl uence 
the virtual walking speed in the scenario, the real 
walking speed in the Lokomat was kept constant. 
In addition to the appearing objects, questions 
were displayed in a box on the screen, which the 
subjects had to answer while performing the walk-
ing task. If the statement was correct (e.g., 1 + 1 = 
2), the subject had to collect the box before it dis-
appeared. If the statement was false (e.g., 1 + 1 = 
3), the subject had to avoid a collision by decreas-
ing the walking speed until the box disappeared. 
From the virtual environment, we obtained the 
success rate of correctly avoided and collected 
objects and correctly answered questions. 

 We investigated a Kalman adaptive linear dis-
criminant analysis (KALDA) classifi er that was 
developed for EEG analysis [ 69 ] and adapted to 
rehabilitation [ 70 ]. We trained the KALDA to 
classify cognitive load from the recorded physi-
ological variables. All data recorded in the “no 
task” condition, regardless of the level of physi-
cal effort, were labeled as baseline to the 

 classifi er. This ensured that the classifi er esti-
mated only cognitive load and not physical effort. 

 The task diffi culty could be increased by pos-
ing diffi cult questions, by decreasing the time 
available to read and answer the question, by 
decreasing the distance between objects, and by 
increasing the time until the objects disappear. 
Conversely, the diffi culty could be decreased by 
posing easy questions, allowing more time to 
read and react to the question, by increasing the 
distance between objects, and by decreasing the 
time until the objects disappeared. 

 Results show that off-line classifi cation was 
possible with an average of 87 % correctly classi-
fi ed in healthy subjects and 75 % correctly classi-
fi ed in neurological patients (Tables  9.4  and  9.5 ).

9.4.4         Evaluation of Psychological 
Closed-Loop Control 

 Using the open-loop classifi er trained with data 
of nine healthy subjects and four stroke patients, 

   Table 9.3    Characteristics of patients of open-loop identifi cation experiments   

 Subject  Gender  Age [year] 
 Time since 
incident [min]  Lesion  Beta-blocker 

 1  F  52  29  Left ischemic infarct  No 

 2  M  43  5  Right hemorrhagic infarct  No 

 3  F  37  22  Left hemorrhagic infarct  No 

 4  M  66  29  Left ischemic infarct  No 

  From Koenig et al. [ 68 ] (copyright IEEE), used with permission 
  F  Female,  M  Male  

   Table 9.4    Classifi cation results of healthy subjects with a Kalman adaptive linear discriminant analysis (KALDA) 
classifi er   

 Subject  1  2  3  4  5  6  7  8  9  Mean 

 Classifi cation result 
[% correct] 

 86  71  100  86  71  100  86  100  86  87 

  From Koenig et al. [ 68 ] (copyright IEEE), used with permission  

   Table 9.5    Classifi cation results of neurological patients 
with a Kalman adaptive linear discriminant analysis 
(KALDA) classifi er   

 Patient  1  2  3  4  Mean 

 Classifi cation result 
[% correct] 

 80  60  80  80  75 

  From Koenig et al. [ 68 ] (copyright IEEE), used with 
permission  
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we closed the loop around the human in the gait 
robot and controlled cognitive load to a desired, 
optimal state. The audiovisual display was 
adapted such that the subject in the Lokomat 
would be optimally challenged, avoiding training 
situations where the subject was bored, over-
stressed, or frustrated. 

 If the classifi er detected a suboptimal mental 
state, the virtual environment described above was 
adapted accordingly: if the subject showed a ten-
dency to become bored, the task was automatically 
set to be more diffi cult; if the classifi er detected that 
the task became too diffi cult for the subject, the 
training environment was automatically adapted to 
be easier and less stressful for the subject. 

 Five healthy subjects walked in the Lokomat 
and started at a task that was either too easy or too 
diffi cult for their abilities. Inputs to the classifi er 
were physiological signals, biomechanical record-
ings, and task success (Fig.  9.8 ). Every 60 s, the 
classifi er adapted the virtual environment based 
on its internal evaluation of the  current cognitive 

load of the subject. Ten adaptation steps were per-
formed for each subject. Validation of the classi-
fi er’s decision was done at each adaptation step by 
asking the subjects if they would prefer the task to 
be easier or more diffi cult. The subject’s answer 
was recorded but only used for comparison to the 
decision of the classifi er.

   The adaptation of task diffi culty could have 
been based solely on the task success in the vir-
tual environment. We investigated the necessity 
of physiological signals by performing a second 
experiment in which the classifi er only received 
task success as input. Again, subjects were asked 
whether they wanted the task to be easier or more 
diffi cult. The controller adapted the task diffi -
culty ten times, once every 60 s. The correct clas-
sifi cation results are summarized in Table  9.6 .

   The physiological signals improved the clas-
sifi cation results by 24 % compared to a control 
system that would only take the current task suc-
cess into account. The classifi er that could access 
physiological, biomechanical, as well as task 
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success data was superior in the amount of cor-
rect decisions compared to the classifi er that only 
received task success as input (Table  9.6 ). 

 While the patients in this study were non- 
aphasic and could therefore verbalize their own 
preferences, 10–20 % of patients suffer from 
aphasia [ 71 ] and could therefore benefi t from this 
approach when undergoing rehabilitation train-
ing. Therefore, we conclude that cognitive con-
trol is indeed possible in subjects during 
robot-assisted gait training. Future studies on 
neurological patients will have to evaluate if the 
method can be used in a clinical setting.  

9.4.5     Implementing Cognitive Load 
Evaluation and Control 
into Daily Clinical Routine 

 Despite the clinical advantages of enabling patients 
to exercise at their individually optimal cognitive 
levels, one major drawback of quantifying and 
controlling cognitive load during neurorehabilita-
tion is the increased effort for preparation caused 
by sensor placement. As discussed above, similar 
to heart rate control, contactless sensors will in the 
future enable clinicians to implement cognitive 
control training schemes more effi ciently. A recent 
study performed in healthy subjects obtained HR, 
HRV, and breathing frequency from ten subjects 
using a digital camera from a distance of up to 3 m 
[ 72 ] during varying levels of cognitive load. 
Quantifying situations of high cognitive load, it 
was possible to achieve 85 % correct classifi cation 
of high cognitive load in a two-class problem 
(50 % would denote chance). In combination with 
 performance metrics obtained from the virtual 

task, these classifi cation rates should theoretically 
increase further while enabling clinicians to mini-
mize time for setup.   

9.5     General Discussion 
and Conclusion 

 Placing the human into the loop can be consid-
ered from various viewpoints and realized for dif-
ferent applications. It can integrate controlling 
biomechanical, physiological, as well as psycho-
logical aspects of the human, who then represents 
the plant within the control system. 

 Integration of healthy subjects in a biome-
chanical or physiological control loop is com-
monly performed during heart rate control on 
exercise treadmills. Online detection of psycho-
logical states of healthy subjects has also been 
previously performed by Rani et al. [ 73 ], who 
determined the stress level of test subjects in real 
time from analysis of heart rate variability. 
However, their approach was nonadaptive and 
did not take physical activity induced by walking 
nor the challenges of treating neurological 
patients into account. 

 In neurorehabilitation, active biomechanical 
participation was shown to increase motor 
learning [ 48 ]. Control of biomechanical par-
ticipation was exemplarily shown in the path 
controller paradigm. The positive effect of 
active physical participation on rehabilitation 
was confi rmed by studies that connected car-
diovascular training with a positive effect on 
the recovery after neurological injury [ 25 ], 
exemplarily implemented in closed-loop heart 
rate control. Heart rate control in the Lokomat 

    Table 9.6    Classifi cation results in % correctly classifi ed decisions of fi ve healthy subjects   

 Subject 

 1  2  3  4  5  Mean 

 Classifi cation result 
[% correct] 

 All input data  80  80  90  90  100  88 ± 8 

 Only task 
success 

 50  70  60  60  80  64 ± 11 

  From Koenig et al. [ 68 ] (copyright IEEE), used with permission 
 In two consecutive experiments, the classifi er input was altered. In the fi rst experiment, the classifi er obtained physio-
logical signals, biomechanical data, and score information from the virtual environment (all input data). In the second 
experiment, the classifi er only obtained the task success information from the virtual environment (only task success)  

9 The Human in the Loop



178

thereby allows cardiovascular training of non-
ambulatory patients; meanwhile, our applica-
tions guarantee that the patient is training in a 
safe region by keeping relevant physiological 
values, such as heart rate, in an appropriate 
range. Besides closed-loop physiology control, 
the role of motivation is known to be important 
in the success of neurorehabilitation [ 74 ,  75 ]. 
The human-in-the-loop structure allows opti-
mization of mental engagement of the subject, 
thus increasing motivation. Controlling cogni-
tive engagement in neurorehabilitation as 
implemented in closed-loop control of psy-
chology, therefore, has the potential to increase 
motor learning and thereby the training effi -
ciency and therapeutic outcome of neurologi-
cal rehabilitation [ 76 ,  77 ]. 

 Detection and control of physiological and 
psychological states are thereby neither limited 
to a particular gait orthosis nor to rehabilitation 
of the lower limbs. In robot-assisted arm rehabili-
tation, as performed with the ARMin [ 6 ], the 
HapticMaster [ 8 ], or the MIT-Manus [ 9 ], the 
lower level of physical effort as compared to 
walking might even improve the accuracy of the 
algorithms described above. 

 It can be concluded that closed-loop control of 
mental states has the potential to improve robot- 
assisted rehabilitation by enabling clinicians to 
provide patient-centered rehabilitation therapy. 
In the future, human-in-the-loop strategies will 
break with the classical master-slave paradigm 
that requires the user to adapt to the robotic sys-
tem. Focusing on integrating mental states in the 
control loop will make the patient the master and 
the robot the slave. By using autoadaptive algo-
rithms such as intelligent machine learning as 
described above, the robot will learn how to auto-
matically adapt to the specifi c needs and demands 
of the patient.     
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    Abstract  

  Neurological disorders such as stroke, multiple sclerosis, traumatic brain 
injury, cerebral palsy, or spinal cord injury result in partial or complete sen-
sorimotor impairments in the affected limbs. To provide an optimal rehabili-
tation program, a detailed assessment of the nature and degree of the 
sensorimotor defi cits, as well as their temporal evolution, is crucial. Valid, 
reliable, and standardized assessments are essential to defi ne the rehabilita-
tion setting, and adapt it over the course of a therapy. Many clinical assess-
ments suffer from limitations such as poor validity, low reliability, and low 
sensitivity and are often time consuming to administer, which greatly limits 
their systematic use in daily clinical routine. Rehabilitation robotics and sen-
sor technologies are promising approaches that can provide objective, sensi-
tive, and reliable measurements, which could help overcome the common 
limitations of conventional clinical assessments. This chapter focuses on the 
novel possibilities robotic devices and sensor technologies offer in the fi eld 
of neurorehabilitation. Different strategies to evaluate sensorimotor 
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 impairments using robotic platforms, as well as wearable sensor technolo-
gies, are presented. We discuss how a link between conventional scales and 
robotic/sensor-based assessments could be established and how this could 
result in more objective, clinically accepted assessment scales. Such scales 
have the potential to directly infl uence the way therapy is provided and to 
generate new insights into long-term recovery and transfer of therapy into 
performance in the home environment.  

  Keywords  

  Neurorehabilitation   •   Sensorimotor impairment   •   Clinical assessment   • 
  Medical robotics   •   Rehabilitation robotics   •   Robot-assisted assessment   • 
  Sensor technologies   •   Wearable sensors   •   Long-term activity monitoring  

10.1       Introduction/Motivation 

 Neurological damage following a stroke, spinal 
cord injury (SCI), or other neurological disorder 
can result in severe impairment of sensorimotor 
function. A detailed assessment and understand-
ing of the nature and level of sensorimotor defi -
cits are crucial for neurorehabilitation in several 
ways. In an early phase after the neurological 
injury, assessments are used to diagnose the level 
of sensorimotor impairment. This diagnosis then 
serves as a basis to identify the most suitable 
therapy, i.e., to establish appropriate protocols 
tailored to the patient’s needs and goals. In a sub-
sequent phase, therapy is progressively adapted 
based on assessments, by tuning training param-
eters, e.g., type and complexity of a task, to maxi-
mally challenge patients during rehabilitation. In 
addition valid, reliable, and standardized assess-
ments are needed in order to evaluate the effect of 
new therapeutic interventions. Finally, due to ris-
ing healthcare costs, assessments have an impor-
tant socioeconomic role, as hospitals and 
insurance companies offer their services based on 
clinically meaningful thresholds on standardized 
assessment scales. 

 A  clinical assessment  can be defi ned as the 
evaluation of a patient’s physical condition and 
prognosis based on a physical inspection by a 
clinician or therapist. Throughout the course of 
a rehabilitation therapy, clinical assessments are 
usually repeated only at a few stages to moni-
tor the patient’s status and progress. However, 

 several studies have shown that the long-term 
evolution in motor function can be well fore-
casted using predictive models of recovery based 
on clinical scales early after a stroke [ 1 – 5 ] or spi-
nal cord injury [ 6 ,  7 ]. However, good prediction 
can only be achieved if clinical scales can assure 
high-quality data. The quality of an assessment 
method is defi ned by its sensitivity, validity, and 
reliability. Validity describes how precisely a 
scale assesses what it intends to measure. Hence, 
validity cannot be described by an all-or-noth-
ing metric, but is rather continuous. Reliability 
is given if results are consistent on repeated 
administrations of the same test [ 8 ], which can 
be by the same or different raters (intra- or inter-
rater reliability) or at two different points in time 
(test- retest reliability). Sensitivity, or respon-
siveness, of an assessment is defi ned as its ability 
to detect and quantify real changes (i.e., recov-
ery or decline). For use in a clinical setting, it is 
essential that an assessment can detect changes 
due to therapeutic effects of interventions [ 9 ]. 
Nevertheless, many clinical assessments suffer 
from limitations such as low intra- or inter-rater 
reliability, low sensitivity, poor validity, or fl oor-
ing/ceiling effects. Furthermore, they are often 
time consuming to administer, which limits the 
number and frequency of assessments that can 
be performed. 

 The fi eld of rehabilitation technologies has 
seen increasing interest and development over 
the last decades [ 10 – 14 ]. Robotic devices are a 
promising approach to complement  conventional 
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therapy and provide a unique platform for more 
objective and sensitive assessment [ 15 ]. By 
 robotic and sensor - based assessment , we under-
stand the evaluation of the physical condition (in 
terms of sensorimotor function) of a patient by 
interpreting kinematic and kinetic data recorded 
by the sensors integrated into a robot (both dur-
ing active/assisted movement of the patient as 
well as during passive guidance or perturba-
tions), as well as through stationary or wearable 
sensor technologies. Robotic and sensor-based 
systems offer – depending on the used technol-
ogy – the possibility to precisely and objectively 
record movement trajectories, limb posture, com-
pletion time, task precision, etc., and, in the case 
of robotic systems, measure interaction forces 
during well-controlled interactions. These allow 
extracting task-related features descriptive of sen-
sorimotor function of a patient [ 16 ]. Additional to 
this observational approach, robotic devices can 
actively excite or perturb the patients’ movement 
in order to investigate neuromuscular control and 
related dysfunctions, and even be used concur-
rently with neuroimaging to gain deeper insights 
into the impaired neural mechanisms [ 17 ]. 

 Clinical assessments and those based on 
advanced technology are fundamentally differ-
ent, but both aim at providing patients and ther-
apists with a precise evaluation of sensorimotor 
functions or their impact on activities or partici-
pation. Both types of assessment provide 

 valuable and complementary information, but 
the specifi c characteristics of each assessment 
may often preclude a direct comparison. With 
the International Classifi cation of Functioning, 
Disability and Health (ICF), a common refer-
ence framework for functioning has been estab-
lished. The goal of the ICF is to serve as a 
scientifi c basis to describe the health status of an 
individual with a common language. This com-
mon language allows comparison of results 
between clinics all over the world. In the context 
of the ICF, the health condition of an individual 
can be described by three main components: (1) 
body functions and structures, (2) activities, and 
(3) participation. There is a dynamic interaction 
between these three entities: changes or inter-
vention in one may have infl uence on one of the 
other components or both [ 18 ]. ICF further dis-
tinguishes measures of capacity (i.e., what an 
individual can do in a standardized environ-
ment, such as during a clinical evaluation) from 
measures of performance (i.e., what an individ-
ual actually does in his/her usual environment, 
e.g., at home). 

 In an attempt to provide a comparison of clini-
cal and technology-based sensorimotor assess-
ments, we propose here to group them according 
to the measurement domain they characterize, 
namely, temporal, performance, and impair-
ment (Fig.  10.1 ). Whereas the  temporal  domain 
includes the measurement of the time required to 
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evaluate sensorimotor impairment resulting from 
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complete a task (e.g., the 10-m-timed walking test 
or the Nine Hole Peg Test), the  performance  is 
defi ned here as how well (in terms of movement 
quality) a specifi c task is executed (e.g., Fugl-
Meyer Assessment). In the  impairment  domain, 
the measurement focuses on the direct physiolog-
ical consequence of a disability (e.g., increased 
muscle tone related to spasticity, as measured by 
the Modifi ed Ashworth Scale [ 19 ]). It is essential 
to distinguish impairment and performance, as 
poor performance does not necessarily provide 
information on a specifi c disability, but usually 
refl ects a combination of impairments.

   A key challenge in robotic/sensor-based 
assessments is to translate raw measurements 
of physical parameters collected by the various 
sensors into clinically meaningful scales repre-
sentative of sensorimotor functions, abilities or 
defi cits. Depending on the nature of these defi -
cits, the scale values can either be deduced from 
the physical parameters directly or may require 
sophisticated algorithms to analyze motor 
performance. 

 This chapter will briefl y describe the types of 
neurological impairments, which should be cap-
tured by assessments of sensorimotor function, 
and review clinical scales commonly employed 
after neurological injuries. It will then provide 
an overview of the current state of the art in 
robotic assessments for the upper and lower 
extremities and how these can be used to auto-
matically adapt technology-assisted therapy. We 
fi rst present different strategies used to evaluate 
sensorimotor impairments using commercial 
and research robotic platforms and then discuss 
how a link can be established between robotic 
assessments and conventional scales used in 
clinical routine. In addition we will discuss the 
emerging fi eld of assessments based on wearable 
sensors. The chapter will conclude with an out-
look on the main challenges toward realizing 
generally accepted robotic and sensor-based 
assessment scales and making them independent 
of the technology platform. This independence 
will help these assessments gain a wider usage 
and acceptance.  

10.2     Impairments of the Upper 
and Lower Extremity 
Following Neurological 
Injury 

 Good function of the lower and upper limbs is 
crucial for mobility and most activities of daily 
living (ADL). Neurological disorders such as 
stroke, traumatic brain injury, cerebral palsy, or 
spinal cord injury result in partial limitation or 
complete abolishment of sensorimotor function 
in the affected limbs. As a consequence, individ-
uals become restricted in their activities and par-
ticipation in society. Regaining motor abilities is 
therefore one major focus of neurorehabilitation. 

 Disturbed gait is a common symptom in 
patients with neurological disorders and can be 
observed in more than 60 % of these patients 
[ 20 ]. Gait defi cits range from reduced speed and 
asymmetrical gait – frequently observed after 
stroke – to the permanent need for a wheelchair 
for mobility. In stroke and SCI patients, reduced 
strength of specifi c muscle groups (mainly hip 
fl exors, ankle plantar fl exors, and knee extensors) 
and somatosensory defi cits have a negative 
impact on spatial and temporal symmetry and on 
gait speed [ 21 – 24 ], while spasticity may support 
some movements while hindering others [ 25 , 
 26 ]. Leg rigidity, together with cognitive defi cits, 
can lead to reduced step length, increased step-
to- step variability, and affect postural stability in 
Parkinson’s disease patients [ 27 ,  28 ]. Assessment 
of gait is challenging as it consists of a complex 
set of domains, e.g., in SCI locomotion depends 
on a variety of factors like level of injury, sensory 
preservation, proprioception, muscle strength, 
spasticity, and locomotor mechanics [ 29 ]. 

 While impairment of the lower limb impacts 
mobility, impairment of the upper limb greatly 
defi nes the level at which one can interact with 
the environment and perform ADL. Therapy and 
assessment of the upper limb focus both on prox-
imal arm function (shoulder and elbow), which is 
crucial for gross movements and for assisting the 
unimpaired limb in bimanual tasks, and distal 
arm function (wrist and hand), which is  important 
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for grasping, manipulating, and orienting objects. 
Impaired sensorimotor function of the proximal 
upper limb following neurological accident 
includes abnormal muscle synergies (e.g., strong 
coupling between the arm fl exor muscles), mus-
cle weakness, or dystonia, resulting in poor inter-
joint coordination, or the inability to position the 
hand in space. More distally, damage to the sen-
sorimotor system can lead to specifi c impair-
ments that include (1) the limited ability to open 
the hand or position the thumb in opposition to 
the other fi ngers [ 30 – 32 ]; (2) the loss of interjoint 
coordination and control, limiting the ability to 
move the fi ngers independently or generate force 
with individual fi ngers [ 33 – 35 ]; (3) the inability 
to control endpoint force; and (4) the inability to 
explore the environment due to impaired somato-
sensory function [ 36 ]. These impairments result 
in diffi culties in reaching, grasping, and manipu-
lating objects, possibly leading to slow and unco-
ordinated movements or to the inability to 
perform these tasks. 

 Because of the high complexity of the upper 
limb and the large set of actions we can perform 
therewith, conventional assessments for the upper 
extremity tend to focus on the evaluation of a spe-
cifi c task or impairment. Therefore, a battery of 
clinical tests is required to properly evaluate arm 
and hand function (see [ 37 ] for a review), thus 
leading to time-consuming assessment sessions.  

10.3     Clinical Assessments 

 Many clinical assessments for upper- or lower- 
limb function have been developed for use in dif-
ferent neurological conditions. Unfortunately, 
many challenges remain with regard to the system-
atic application of these clinical assessments. In 
the following, examples of clinical assessments of 
lower- and upper-limb function are given. The 
assessments are grouped into time- based, perfor-
mance-based, and impairment- based assessments. 

  Time - based assessments  rate the individual 
abilities based on the time required to complete 
the assessment task. The measurements are done 

on an interval or ratio scale (time). Following 
neurological diseases that affect the lower limbs, 
time-based walking tests are widely performed. 
The time required to accomplish the test can also 
be used to calculate the walking speed, a param-
eter that has been linked to a number of higher 
functions, such as cognitive function [ 38 ,  39 ]. A 
typical time-based clinical assessment is the 
10-m walking test (10 mWT), in which the 
patient is asked to walk 10 m along a defi ned 
direction. An example for a time-based assess-
ment for the upper extremity is the Nine Hole Peg 
Test (NHPT [ 40 ]). The NHPT was developed to 
measure fi nger dexterity and can be applied to 
patients with low to moderate impairment of 
upper-limb function due to a variety of neuro-
logical diseases. The task consists in taking nine 
pegs from a container (one by one) and placing 
them into nine holes on a square board as fast as 
possible. 

  Performance - based assessments  describe how 
well a patient can achieve a specifi c task. These 
assessments are usually scored on ordinal scales. 
An example for a performance-based assessment 
is the spinal cord independence measure (SCIM 
[ 41 ]). The SCIM evaluates how well patients 
with a spinal cord injury can manage 
ADL. Activities that are estimated to be most rel-
evant to the well-being of the patients are scored 
and weighted in proportion to the rated impor-
tance of the function. A typical performance- 
based clinical assessment in stroke is the 
Fugl-Meyer Assessment (FMA [ 42 ]). The FMA 
is well established and widely used clinically and 
in research studies thanks to its good validity and 
reliability [ 43 ]. Voluntary movement of the upper 
and lower limbs, balance, sensation, passive 
range of motion, and pain are assessed, each 
being scored on a three-point ordinal scale. 

  Impairment - based assessments  measure the 
direct physiological source of a disability. A 
common impairment after a neurological lesion 
is spasticity, which is characterized by disordered 
sensorimotor control, resulting from an upper 
motor neuron lesion, presenting as intermittent or 
sustained involuntary activation of muscles [ 44 ]. 
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However, the role of spasticity in walking impair-
ment is debated. More recently, a differentiated 
look at spasticity has been provided [ 25 ], based 
on the different neural and anatomical effects that 
are relevant in passive conditions, during non-
functional and during functional movements. A 
clinical assessment method of spasticity in the 
passive condition is the Modifi ed Ashworth Scale 
(MAS) [ 19 ]. The test can be applied to the lower 
as well as the upper limbs. The rater fl exes and 
extends the patient’s limb from maximal exten-
sion to maximal fl exion or vice versa, while the 
patient is instructed to remain passive, and rates 
the perceived resistance on a six-point ordinal 
scale. The Ashworth Scale and the Modifi ed 
Ashworth Scale are the most commonly used 
assessment methods in clinical as well as scien-
tifi c research to measure spasticity, despite being 
strongly criticized [ 45 ]. Impairments of the sen-
sory pathways are also common, specifi cally 
those affecting proprioception. Clinical assess-
ments of proprioception usually focus on detect-
ing or replicating a movement executed by a 
rater. In the fi rst case, the patient is asked to indi-
cate the direction in which his/her limb was 
moved by a rater, for example [ 46 ]. For assess-
ments using movement replication, the patients 
have to move their limbs according to previously 
presented positions [ 47 ]. 

 Whereas clinical assessments are widely used 
to diagnose individuals after a neurological 
injury, they also suffer from limitations. Time- 
based assessments are usually fast and easy to 
administer, provide quantitative values, and usu-
ally have good validity and repeatability [ 40 ,  48 ]. 
However, they do not provide information on 
movement quality and thus on the impairments or 
functional limitations underlying the time loss. 
Typically, time-based assessments such as the 
Action Research Arm Test (ARAT) [ 49 ] were 
found to be limited when it comes to distinguish-
ing true recovery of motor function from com-
pensatory movements [ 50 ]. Performance- and 
impairment-based assessments are subjective by 
nature as they rely on the interpretation of trained 
raters. Furthermore, they typically have limited 
sensitivity and present ceiling/fl ooring effects 
due to the ordinal scales they use [ 19 ,  43 ,  44 ,  51 ]. 

The responsiveness of these tools and conse-
quently their usability in clinical trials to investi-
gate new intervention therapies are limited. The 
drawbacks of current clinical assessments could 
in the future be addressed by robotic and sensor- 
based assessments. Despite still being in their 
infancy, such technology-based assessments have 
shown the possibility to quantitatively measure 
and record several parameters concurrently from 
multiple joints during well-controlled, highly 
repeatable tasks.  

10.4     Robotic Assessments 

 Over the last decades, many robotic devices have 
been developed to provide therapy to the lower 
and upper extremities, with the main goal of 
increasing the intensity and duration of rehabili-
tation therapy. Exoskeleton robotic devices have 
been developed for gait rehabilitation [ 52 ,  53 ]. 
Further, robotic systems allow training of proxi-
mal joints of the upper limb [ 14 ,  16 ,  54 – 56 ], and 
more recently, devices were developed to also 
target rehabilitation of hand function [ 57 – 64 ]. 
Robotic systems can provide therapy under well- 
controlled and reproducible conditions while 
assisting the patient in an optimal way (assist-as- 
needed [ 65 ]). A further advantage of robotic sys-
tems is that they can reduce the burden on the 
therapist, especially in gait therapy [ 52 ]. While 
classical therapy forms require therapists to assist 
specifi c movements of the patients during walk-
ing, e.g., during body weight-supported treadmill 
training, or to completely support the weight of 
the patient during therapy, the evolution of robot-
ics has allowed the development of devices that 
provide this assistance by mechanical means. 

 The desire to quantify the effect of a specifi c 
therapy and the resulting improvements, along 
with the (fi nancial) pressure on the health system 
to restrict reimbursement to quantifi ably increased 
therapy outcomes, has motivated the extension of 
such devices to also allow performing assess-
ments. This is especially interesting as robotic 
systems are per se equipped with sensors required 
for the control of their multiple degrees of free-
dom. This can provide detailed information about 
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the movement kinematics and kinetics (e.g., inter-
action force, active range of motion, movement 
smoothness, movement accuracy, movement 
velocity, motor coordination, and amount of 
robotic assistance), thus promising more objec-
tive assessments with higher sensitivity. 

10.4.1     Assessments Based on Raw 
Sensor Data and Parameters 

 The assessment of upper and lower extremity func-
tions with robotic devices can be based on a large 
variety of parameters collected by the robot during 
interaction with a patient, and the main challenge is 
to properly interpret these parameters and extract 
information in a meaningful way mainly for clini-
cians but also for the patients themselves. A straight-
forward way to objectively evaluate sensorimotor 
function is to record the number of successful trials 
in a specifi c task the patient has to perform with the 
robotic system. For example, the number of suc-
cessful reaching movements to a target position rep-
resented in a virtual environment during a specifi c 
amount of time can be a good general indicator of 
overall upper-limb (shoulder, elbow, and wrist) 
motor function. Similarly, the time required to per-
form a specifi c task, for example, moving a virtual 
object from one point to another, with or without 
assistance from a robotic device is a commonly 
used measure to assess motor function [ 66 ,  67 ]. 
While easily implementable on any platform, this 
type of measurement does not provide any informa-
tion on how well the task is performed by the sub-
ject and does not take full advantage of the 
measurement capabilities of a robotic system. 

 Training parameters can also be used to assess 
performance, for example, the walking speed 
(e.g., [ 68 ]) or the required amount of body weight 
support to evaluate gait performance. Although 
these parameters can be set relatively arbitrarily 
by the therapist during the training, maximum 
challenge or minimal assistance required for a 
patient to perform a task with the robot can be 
used to refl ect the sensorimotor ability. If the 
assistance of the device is automatically adapted 
through dedicated algorithms, more objective 
data could be extracted [ 69 ,  70 ]. 

 Raw sensor data can be advantageously col-
lected by most robotic devices for therapy and 
assessment of upper-extremity function equipped 
with position and force/torque sensors during 
specifi c movements with the device. This allows 
for objective measurement of parameters such as 
the range of motion (ROM) and maximum volun-
tary force/torque. Exoskeleton devices provide a 
simple means to assess joint ROM. For assess-
ment of the passive ROM, the therapist moves the 
corresponding joint manually through the 
patient’s ROM, while the device records the max-
imal and minimal angles as measured by the inte-
grated position sensors. This procedure was 
reported for the driven gait orthosis Lokomat 
(Hocoma, Switzerland) [ 71 ] and is generally 
applicable to all devices with backdrivable joints 
(i.e., those that can be moved by an external 
force). When the device is confi gured to compen-
sate for its own weight and the patient actively 
moves his/her limb, this method also allows for 
assessing active ROM. In another example, here 
for a measurement of maximum voluntary mus-
cle force [ 72 ], the exoskeleton system is con-
trolled to maintain predefi ned joint positions, 
while the patient is instructed to generate maxi-
mum voluntary force in one joint (e.g., left knee) 
and in one movement direction (extension or 
fl exion). The computer instructs the movement 
on the screen and uses audio cues according to a 
predefi ned fi xed sequence of joints and move-
ment directions. The key outcome variable is the 
maximum torque a patient can generate. Galen 
et al. showed that this method provides an objec-
tive and reliable outcome measure to record 
changes in muscle strength following robot-aided 
gait therapy in patients with incomplete spinal 
cord injury [ 73 ]. Simpler devices focusing on 
single joints (e.g., ankle) were also used to assess 
isometric force and passive/active ROM [ 74 ,  75 ]. 
Similar approaches were used at the level of the 
upper limb using the arm exoskeleton ARMin to 
evaluate shoulder, elbow, forearm, and wrist 
ROM, as well as maximal joint torques in spinal 
cord injury patients [ 76 ]. As they do not follow 
the position of each joint, the raw position mea-
surements of end-effector robots can be used to 
assess endpoint workspace. For example, the 

10 Robotic and Wearable Sensor Technologies for Measurements/Clinical Assessments



190

ACT3D arm robot has been used to evaluate arm- 
reaching workspace of stroke subjects on a  virtual 
table, as well as the effect of shoulder abduction 
loading [ 77 ]. 

 From joint position readings, attempts have 
been made to assess proprioception, specifi cally 
joint position sense, with robotic devices. While 
different methodological approaches exist, they 
all take advantage of the robot to move a limb 
segment to precise reference positions that 
patients are asked to either reproduce (i.e., posi-
tion matching [ 78 ]) or compare to a second pas-
sive stimulus (i.e., difference threshold; see [ 79 ] 
for a review). Domingo and Lam [ 80 ] evaluated a 
method that uses an exoskeleton robot to move 
the leg of a patient in an objective and repeatable 
manner. The robot passively moves the patient’s 
leg to a target position and subsequently to a dis-
tractor position. Then the patient controls the 
robot using a joystick to replicate the target posi-
tion. The angular difference between the fi nal 
and the target position is a raw value assessment. 
This robotic assessment method was found to be 
reliable and valid in able-bodied subjects and 
subjects with incomplete spinal cord injury [ 80 ]. 
With stroke patients, a similar approach has been 
used for arm proprioception assessment where 
patients mirror-match a movement presented on 
their impaired side by moving the unimpaired 
arm using a two-arm robotic apparatus [ 81 – 83 ]. 
Other robotic assessments focused on the evalua-
tion of difference threshold in joint position sense 
in stroke patients, at the level of the arm [ 84 ], 
wrist [ 85 ], or fi ngers [ 86 ].  

10.4.2     Assessment Based on Feature 
Extraction 

 More advanced robotic assessment techniques 
have been proposed with the aim of extracting 
additional information from the data collected by 
robotic platforms. Performance metrics are param-
eters that are extracted from the raw data using 
dedicated algorithms, with the aim of better evalu-
ating motor function and typical impairments. 

 As example in the case of robots for lower 
extremity rehabilitation that enable deviation 

from a prescribed trajectory, such as the LOPES 
[ 53 ], the actual foot trajectory can be analyzed 
similar to motion capture data in gait analysis. 
Using this exoskeleton device and footswitches, 
Van Asseldonk et al. [ 87 ] determined stride 
length, duration of stride, stance, and swing, as 
well as double-stance ratio kinematic parameters, 
to assess the subjects’ gait. When no deviation 
from the prescribed trajectory is possible – e.g., 
for a high-impedance setting in an impedance 
controller – the trajectory does not provide any 
information on the quality of gait. Instead, the 
drive torques required to keep the patient’s move-
ment along the predefi ned trajectory are indica-
tive of the patient’s actions. One approach is to 
use torques measured by the device multiplied by 
a weighting function selected in order to provide 
positive values when the patient performs correct 
movements [ 88 – 90 ]. Averaging for stance and 
swing phases provides two values per leg and 
joint that can be displayed to the patient and ther-
apist as an index of the patient’s activity, as well 
as stored for later analysis [ 90 ]. 

 Even though devices for lower extremity reha-
bilitation are mainly designed to support gait 
movements, they can also be used to perform 
specifi c physiological assessments, e.g., to evalu-
ate biomechanical correlates of spasticity. Robot- 
assisted assessments of spasticity apply passive 
movements controlled by the device to a single 
joint, while the torque is recorded and analyzed 
during repetitive movements [ 91 ,  92 ] (see [ 93 ] 
for a review). The addition of electromyography 
can help determine the actual muscle activity, but 
increases the complexity of the measurement. 
One very interesting direction is the use of pseu-
dorandom binary perturbations, which is based 
on system identifi cation [ 94 ,  95 ]. Also, stiffness 
measurement in multi-joint robots has been 
described [ 71 ], where the mechanical stiffness 
was calculated off-line taking into account the 
passive effects of the orthosis and of the patient’s 
legs during passive movements using mathemati-
cal models. The mentioned assessment methods 
all focus on nonfunctional movements, typically 
isokinetic or sinusoidal patterns or passive condi-
tions, whereas most clinical assessments like the 
Modifi ed Ashworth Scale (MAS) [ 19 ] always use 
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passive conditions. Nevertheless, joint stiffness 
measured by a device showed a reasonable rela-
tion to spasticity measured using the MAS [ 71 ]. 
In principle, robotic devices would have the 
capability to assess spasticity also during func-
tional movements and could therefore inform cli-
nicians whether treatment of clinical signs of 
spasticity has a positive or negative effect on 
functional outcome. 

 In upper-extremity rehabilitation, movements 
with a robot are less stereotyped than in the case 
of gait rehabilitation. This requires the develop-
ment of performance metrics assessing move-
ment quality without relying on a predefi ned 
movement pattern (see [ 96 ] for a detailed review). 
Movement smoothness is a typical performance 
metric representative of upper-limb coordination 
that has been extensively studied using robotic 
devices training arm-reaching movements. In the 
literature, smoothness has been evaluated based 
on the jerk as the third derivative of position [ 97 ], 
the ratio of mean speed over peak speed [ 98 ], the 
number of zero crossings of the acceleration 
refl ecting the number of putative submovements 
the movement is composed of [ 99 ], the number 
peaks in speed [ 100 ], or through frequency anal-
ysis of the movement speed profi le [ 101 ] (see 
[ 102 ] for a review). Several studies with stroke 
patients have shown that movement smoothness 
improves over the course of rehabilitation [ 103 –
 106 ], suggesting that smoothness indicators are 
valid measures of motor recovery [ 103 ]. During 
point-to-point reaching movements, the error 
with respect to a straight trajectory or equivalent 
measures such as hand path ratio, e.g., ratio of 
trajectory length over straight-line length, are 
also used to evaluate motor control. It has been 
shown that neurologically impaired patients tend 
to deviate more from an ideal straight line, 
refl ecting impaired interjoint coordination in the 
upper limb [ 66 ,  107 ]. Abnormal muscle syner-
gies can be evaluated from simultaneous force 
recordings at different joints of the upper limb 
while asking subjects to produce isolated isomet-
ric force, e.g., shoulder fl exion/extension or 
elbow fl exion/extension in different position 
[ 108 ,  109 ]. Miller et al. [ 110 ] proposed a similar 
approach with a robotic platform recording 

 isometric fl exion and extension forces generated 
by the fi ngers, wrist, and thumb during robot- 
mediated movements of the upper limb. 

 Performance metrics have also been devel-
oped in an attempt to assess hand function using 
haptic interfaces, where neurologically impaired 
patients perform object manipulation in a virtual 
environment [ 62 ,  111 ]. Bardorfer et al. [ 112 ] 
used a PHANTOM haptic device (Sensable/
Geomagic, USA) to create a virtual labyrinth in 
which subjects have to navigate. Hand and arm 
function were evaluated using performance met-
rics such as movement velocity, number of colli-
sions with the labyrinth walls, impact duration, as 
well as impact force and allowed to distinguish 
between patients suffering from different types of 
neurodegenerative diseases. Using a similar 
approach, Emery et al. proposed the Virtual Peg 
Insertion Test (VPIT), a virtual reality assess-
ment motivated by movement components of the 
conventional NHPT, and the Box and Block Test 
[ 113 ], where subjects have to insert nine virtual 
pegs into nine virtual holes by controlling the 
position and orientation of an instrumented han-
dle attached to a PHANTOM Omni device [ 114 ]. 
Performance metrics based on the time required 
to perform meaningful movement segments, 
movement smoothness, and precision allowed to 
highlight and quantify upper-limb impairment in 
patients with different neurological disorders, 
such as stroke [ 115 ], multiple sclerosis [ 116 ], and 
ataxia [ 117 ] using a common robotic platform. 
Other similar approaches using PHANTOM hap-
tic devices in combination with virtual reality to 
extract features representative of upper-limb 
function have also been reported [ 118 ,  119 ].  

10.4.3     Reconstruction of Clinical 
Scores 

 Several research groups have attempted to 
directly correlate parameters from robotic mea-
surements to clinical scales using simple regres-
sion analysis. Colombo et al. compared 
upper-limb FMA scores of nine chronic stroke 
patients undergoing robot-assisted therapy focus-
ing on shoulder, elbow, and wrist movements 
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with robotic metrics based on exercise scores. 
These refl ected the amount of voluntary activity 
of the subject during the movement, the mean 
movement velocity, and an active movement 
index (AMI) quantifying patients’ ability to exe-
cute the motor task without assistance from the 
robot [ 120 ]. A moderate correlation ( r  = 0.53–
0.55) was observed between robotic measure-
ments and the FMA scores. In subsequent work 
with the planar MEMOS arm and 22 chronic 
stroke patients, these results were confi rmed, 
with only few metrics (smoothness and AMI) 
directly correlating with the FMA ( r  = 0.48–0.58) 
[ 121 ]. In a similar way, Celik et al. analyzed cor-
relations between FMA, Motor Activity Log, 
ARAT, Jebsen-Taylor Hand Function Test scores, 
and robotic measures during 2D point-to-point 
target-reaching movements with a robotic joy-
stick [ 122 ]. Movement smoothness, trajectory 
error, average number of target hits, and mean 
velocity were selected as parameters representa-
tive of motor function. For the nine chronic stroke 
patients involved in this study, movement 
smoothness (defi ned in this study as correlation 
coeffi cient between the actual trajectory and a 
minimal jerk profi le) and trajectory error (defi ned 
as the normalized error with respect to the straight 
line) were found to show signifi cant, moderate to 
strong correlations with all four of the clinical 
measures ( r  = 0.49–0.83). Overall, these results 
suggest that movement smoothness and devia-
tions from a reference trajectory during point-to- 
point reaching, which can be implemented on 
most robotic platforms, could be valuable direct 
indicators of upper-limb motor function. 
Regarding assessment of arm and hand function, 
Feys et al. [ 67 ] developed an assessment test with 
a PHANTOM device where 21 multiple sclerosis 
patients performed tasks in a virtual environ-
ment, such as navigating a cursor to follow a pre-
defi ned path or picking up and manipulating 
virtual objects. Performance metrics based on the 
total time to perform a task and the total distance 
traveled during the task were correlated with the 
NHPT, the ARAT, and the Purdue Pegboard test. 
While correlations with the NHPT were not sig-
nifi cant, good correlation was found between the 
performance metrics and the ARAT and Purdue 

Pegboard ( r  = 0.48–0.69). With the Virtual Peg 
Insertion Test, also using a PHANTOM haptic 
device in combination with virtual reality, good 
correlations were found between the total time 
required for completing the test and the NHPT, 
both in multiple sclerosis patients ( r  = 0.66) [ 116 ] 
and in patients with ataxia ( r  = 0.85) [ 117 ]. 

 Bosecker et al. investigated more complex lin-
ear regression models to compare the FMA, the 
Motor Status Score, Motor Power, and MAS to 
robot-based metrics collected during point-to- point 
arm-reaching movements for a population of 111 
chronic stroke patients who received robot-assisted 
rehabilitation with the InMotion2 robot (Interactive 
Motion Technologies, USA) [ 123 ]. Multiple linear 
regression models were developed to reconstruct 
the scores of clinical scales based on an optimal 
linear combination of meaningful parameters col-
lected by the robot. Results showed a good recon-
struction of FMA scores ( r  = 0.80) and the Motor 
Status Score ( r  = 0.79) for the group with which the 
models were trained. Motion smoothness (calcu-
lated here as the ratio of mean to peak speed) was 
found to be the most important parameter for the 
reconstruction of clinical scores, together with 
maximal speed, movement duration, and joint 
independency (correlation during elbow and shoul-
der angles measured during circle drawing with the 
robot). Krebs et al. recently showed in a study with 
208 stroke patients that features extracted from arm 
movements performed with the InMotion2 robot 
could be used to reconstruct and predict clinical 
scales such as the FMA ( r  = 0.73), the modifi ed 
Rankin Scale ( r  = 0.60), the National Institutes of 
Health Stroke Scale ( r  = 0.63), and Motor Power 
( r  = 0.75). Reconstructions were based on nonlin-
ear models with neural networks, taking as input 35 
kinematic and kinetic metrics [ 124 ]. In SCI 
patients, Zariffa et al. used a similar approach based 
on kinematic and kinetic data collected during 
movements with the ArmeoSpring (Hocoma, 
Switzerland). Fourteen metrics describing arm 
ROM, movement smoothness, and grip ability 
were established, and linear regression models 
were used to predict upper- limb clinical scores. 
Good correlations were found with the ARAT, the 
SCIM, and the Graded Redefi ned Assessment of 
Strength, Sensibility, and Prehension (GRASSP) 
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( r   2   = 0.54–0.78) [ 125 ]. In a study on hand rehabili-
tation with the HapticKnob, a two-degrees-of-free-
dom device to train grasping and forearm pronation/
supination, a regression analysis was performed in 
an attempt to reconstruct clinical assessment scores 
from the kinematic data collected during a 6-week 
rehabilitation therapy with 15 chronic stroke 
patients [ 126 ]. Robotic assessments were per-
formed on the fi rst and last day of therapy by ask-
ing patients to perform a succession of grasping 
movements against a resistive load and precise 
target- aligning movements in forearm pronation/
supination. Results of a stepwise linear regression 
analysis showed that clinical scores (FMA, 
Motricity Index (MI), Motor Assessment Scale 
(MS), and MAS) could be well explained by only 
one or a combination of two parameters representa-
tive of movement control, namely, a smoothness 
metric ( n  0 ) and the time to precisely adjust the fore-
arm angle during pronation/supination exercises 
( t  adj ) (Fig.  10.2 ). Good correlation was observed 
between clinical scores of the upper extremity and 

their respective reconstructed scores ( r  = 0.67 for 
FMA,  r  = 0.69 for MI,  r  = 0.60 for MS, and  r  = 0.79 
for MAS). The principal parameter used to recon-
struct all clinical scores was  t  adj . This parameter 
may describe both hand and arm function, as the 
task required the patient to coordinate hand and 
arm in order to accurately reach and maintain a 
specifi c orientation while maintaining a grasping 
force to hold the robot. The promising possibility 
to reduce the robotic assessment to only a few sig-
nifi cant metrics typically decreases the number of 
tasks to be performed and evaluated, with the 
potential of simplifying and shortening assessment 
sessions [ 123 ].

10.5         Assessments Based 
on Wearable Sensors 

 Stationary sensors, such as cameras, motion cap-
ture systems, or force plates, have been used 
extensively in gait labs for biomechanics studies 
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with the HapticKnob. Linear models for the reconstruction 
were computed using stepwise linear regression on data 
collected 15 chronic stroke patients at beginning (session 1) 
and end (session 18) of robot- assisted therapy [ 126 ]       
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over the past decades. With the availability of 
relatively low-cost alternatives, such technology 
has penetrated the clinics for rehabilitation and 
assessment applications. For example, instru-
mented mats such as the GAITRite ™  (GAITRite, 
USA) have proved valid and reliable for estimat-
ing spatiotemporal gait patterns [ 127 – 129 ]. 3D 
cameras, such as the Microsoft Kinect (Microsoft, 
USA), are also of high interest for assessing bal-
ance [ 130 ,  131 ] as well as gait kinematic param-
eters [ 132 ,  133 ] (see [ 134 ] for a review), as they 
further allow the reconstruction of individual 
joint angles. They also proved useful for therapy 
and assessment of arm function (e.g., 3D reach-
able workspace [ 135 ]), providing patients with 
immersive and motivating training conditions 
using virtual reality [ 135 – 137 ]. For the evalua-
tion of hand function, which requires the detec-
tion of fi ne movements, gloves instrumented with 
position sensors (e.g., CyberGlove (Immersion, 
USA)) have been used in stroke or spinal cord 
injury patients [ 138 – 140 ]. These can further be 
complemented by objects instrumented with 
force sensors allowing the evaluation of grip 
force control during interaction with real objects, 
which is often affected after neurological injuries 
[ 141 – 145 ]. Thanks to such kinematic and kinetic 
data, it is possible to identify impairments beyond 
what is achievable with clinical scales. 

 However, the use of stationary sensors requires 
a dedicated space (e.g., motion capture volume) 
and continuous data processing, making them 
valuable for laboratory experiments, but dif-
fi cult to translate to the evaluation of real ADL 
tasks, or to move them out of the research/clini-
cal environment. In that respect, assessments 
that rely exclusively on wearable sensors (e.g., 
simple accelerometers, or inertial measurement 
units (IMUs)) bear high potential to support and 
improve time-based and performance-based sen-
sorimotor assessments. Today’s integrated cir-
cuits enable the combination of such sensors into 
lightweight and compact units that allow easy and 
comfortable mounting on one or several body seg-
ments [ 146 ]. One of the main advantages of such 
wearable sensor technology is the possibility to 
perform assessments in functional conditions and 
during ADL, because they only marginally inter-

fere with movements. Another advantage is their 
 relatively low cost, especially compared to robotic 
devices or optical motion capture equipment. 

 The most widely used type of wearable sen-
sors is accelerometers, typically placed at the 
wrist or foot, to record changes in acceleration 
during movements and offer the possibility to 
label periods where a subject is active (e.g., time 
when the acceleration signal is over a certain 
threshold or simply by integrating acceleration 
signal [ 147 ]). Many wrist-worn devices incorpo-
rating accelerometers are available on the market, 
and most of them are embedded in watch-like 
devices. As research tools, they are widely used 
in sports science to measure physical perfor-
mance (see [ 148 ,  149 ] for reviews), energy 
expenditure [ 150 ,  151 ], or even in sleep research 
[ 152 ,  153 ]. Due to their low power consumption, 
accelerometers are present in most of the modern 
cell phones and watches, making actigraphy 
accessible to the public through various health 
monitoring applications. From a clinical assess-
ment perspective, actigraphy can provide valu-
able information on activity levels of neurological 
patients. The type and duration of certain ADL 
such as walking, sitting, and laying can be 
detected through triaxial accelerometers placed 
on the lower back [ 154 – 157 ] or on the sternum 
[ 158 ]. These measures can replace self-reported 
questionnaires that are subjective and do not pro-
vide detailed information on the intensity and 
frequency of ADL. 

 Several studies with stroke patients wearing 
accelerometers on both arms aimed at evaluating 
the amount of the use of the impaired arm or the 
ratio of use between impaired and unimpaired 
arms [ 159 – 161 ] (see [ 162 ] for a review). These 
values are expected to provide information on 
how patients involve their paretic arm in real-life 
activities, with the possibility to track patients 
over several hours or days, which is a real advan-
tage over punctual clinical assessment. Ratios 
of arm use were found to correlate well with the 
FMA in a study with 31 chronic stroke patients 
( r  = 0.85) [ 161 ]. In another study on 169 subacute 
stroke patients wearing accelerometers on their 
wrists for 3 days in their home environment, 
ratios between impaired/non-impaired arm were 
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found to correlate well with the Motor Activity 
Log ( r  = 0.52), suggesting that actigraphy val-
ues can provide objective, real-world upper- 
extremity motor status [ 163 ] and have good 
psychometric properties [ 164 ]. Markopoulos 
et al. further proposed to use this ratio of arm use 
as feedback method to directly inform patients 
on their level of activity (represented by colored 
bars on a display integrated into the device) and, 
if required, motivate them to involve their arm 
more in their daily tasks through written encour-
agements [ 165 ]. 

 IMUs extend the type of kinematic data that 
can be collected with wearable sensors, typically 
adding to acceleration information about angular 
velocity and magnetic fi eld direction. Therefore, 
IMUs allow to calculate orientation and, to a cer-
tain extent, also position in space (see [ 166 ] or a 
review). When walking is the primary focus of 
the assessment, adding one or more inertial sen-
sors on the lower limbs [ 167 – 170 ] can provide 
more accurate and detailed gait parameters com-
pared to observational or video gait analysis, 
while not requiring the setup of a complete gait 
lab with motion tracking. Numerous parameters 
can be extracted, including temporal information 
on heel-strike and toe-off, number of steps, step 
duration, cadence, step variability, and stance/
swing time ratio [ 171 ]. These parameters can 
provide a wide range of clinical information, 
whose potential has probably not yet been fully 
explored. Step variability, for example, is altered 
(both in terms of magnitude and dynamics) in 
syndromes, such as falling, frailty, and neurode-
generative disease (e.g., Parkinson’s and 
Alzheimer’s disease) [ 172 ]. In stroke patients, 
asymmetry and altered stance/swing time ratio 
were reported [ 22 ,  173 – 175 ] using IMUs. The 
detection and quantifi cation of these asymmetries 
are not possible solely using the current time- 
based clinical measures of walking, which mainly 
focus on speed. 

 Assessments of balance and sway have also 
been performed using IMUs placed on the lower 
back, e.g., in Parkinson’s disease (see [ 176 ] for a 
review). Systems that reached the commercial 
stage include SwayStar (Balance International 
Innovations GmbH, Switzerland) and Opal 

(APDM, USA). Measures of trunk sway can be 
obtained during standing and gait tasks similar to 
the ones performed in well-established clinical 
assessments like the Tinetti Test and the CTSIB 
protocol (e.g., standing with eyes open/closed, 
standing on foam) [ 177 ]. The study demonstrated 
that roll angle and pitch angular velocity were 
able to distinguish patients with a balance defi cit 
from able-bodied subjects. Inertial sensors can 
also be used for assessment of fall risk (see [ 178 ] 
for a review). For the upper limb, IMUs have 
been used to reconstruct arm movements, with 
the possibility to extract assessment metrics such 
as arm-reaching workspace [ 179 ,  180 ], or to per-
form online tracking of arm movement to control 
virtual reality rehabilitation games [ 179 ]. 

 Wearable sensors can also be attached to 
patients during the execution of conventional 
clinical assessment, to extract quantitative data 
that can complement clinical scales or help 
removing the subjective component of assess-
ments based on ordinal scales. An instrumented 
Timed Up and Go (TUG) test has been developed 
and evaluated in patients with Parkinson’s dis-
ease (PD) [ 181 ]. With respect to the traditional 
TUG, the instrumented version was able to pro-
vide a new set of parameters of potential clinical 
relevance: sit-to-stand and stand-to-sit time, as 
well as range and slope of the acceleration during 
the transitions. These measures were sensitive to 
group differences between PD and age-matched 
control subjects and could be used to identify PD 
earlier and document the progression of the dis-
ease [ 181 ]. For the upper extremity, IMUs have 
been mounted to the wrist of stroke patients to 
automatize parts of the Wolf Motor Function Test 
[ 182 ], the FMA [ 183 ], or the ARAT [ 184 ]. 
Validity of IMU readings was demonstrated by 
high correlations between instrumental variables 
(based on jerk and movement durations) and con-
ventional ARAT scores ( r  = 0.80). 

 Despite providing valuable assessment met-
rics and unique information on performance in 
ADL tasks, IMUs are currently only rarely used 
outside lab environment due to the high power 
demand of gyroscopes. Some attempts have been 
made to optimize power usage of IMUs, for 
example, by selectively switching off gyroscopes 
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when the patient is not moving (i.e., subthreshold 
acceleration) [ 185 ], to allow for long-term moni-
toring of activity of patients in their home envi-
ronment. Using such an approach, Leuenberger 
et al. classifi ed ambulatory activity in a group of 
24 chronic stroke patients wearing IMUs at both 
wrists, both ankles, and the trunk during 24-h 
recordings. It was possible to distinguish level 
walking from stair ascent/descent with high sen-
sitivity, highlighting the potential of wearable 
sensors for gaining insights on patient behavior 
outside of the clinic [ 186 ]. 

 While conventional assessments may provide 
valid measures of capacity, the ability to perform 
assessments outside of the clinical environment 
is of crucial importance to obtain representative 
measures of true performance during ADL. This 
might shed further light on the mechanisms 
underlying recovery, as well as on the transfer of 
therapy to ADL.  

    Conclusions 

 The promising results of recent studies using 
advanced technologies such as robotics and 
wearable sensors demonstrate the potential 
of using technology not only to complement 
conventional therapy but also to assess senso-
rimotor function in a more objective, reliable, 
and continuous way. Whether relying on raw 
kinematic and kinetic measures or on more 
sophisticated feature extraction algorithms, 
performance metrics obtained from robotic 
systems offer new possibilities to objectively 
investigate sensorimotor impairment under 
reproducible conditions. These metrics can 
provide unique information on the quality 
of patients’ performance in a defi ned task, 
which cannot be captured with conventional 
clinical scales. Because of the quantifi able 
assistance that robots can provide, robotic 
assessments can be administered even if the 
patient is not able to perform the movement 
without support. This can enlarge the mea-
sureable range of impairment and improve 
sensitivity. Similarly, sensor-based assess-
ments offer new ways to objectively measure 
activity levels and complex movements, with 
the unique ability to monitor daily life  activity 

in the clinic or at home, and over extended 
periods of time. Table  10.1  aims at providing 
a (non-exhaustive) overview of clinical and 
technology- based assessments, and a sum-
mary of key opportunities where robotic and 
sensor- based assessments can advantageously 
complement conventional clinical scales.

   While meaningful assessments can, in prin-
ciple, be obtained with any robotic platform, in 
the context of the specifi c tasks supported by 
the device, exoskeletons that offer the possibil-
ity to assist or perturb a joint or the entire leg 
while recording the active torque generated by 
the patient appear to be the preferred choice for 
assessments of lower-limb sensorimotor func-
tion and impairments (e.g., spasticity). For 
assessing free walking, robots can be advanta-
geously replaced by wearable IMUs providing 
quantitative gait parameters in daily life situa-
tions. End- effector, low impedance (i.e., trans-
parent) robotic devices appear to be well suited 
to assess functional ability of the upper limb, 
as they do not constrain the complex and 
highly dynamic movements of the arm and 
hand. Additionally, factors such as usability 
(for patient and therapists), size, and portabil-
ity should be considered when developing 
dedicated assessment tools. In that sense, sys-
tems based on tabletop haptic devices (such as 
the VPIT [ 115 ]) and IMUs, which could be 
complemented by cameras or instrumented 
objects (e.g., [ 184 ,  188 ,  189 ]), bear high poten-
tial. Also, wearable sensor technologies are 
unique solutions for long-term and unobtrusive 
monitoring, offering new ways of following 
patients’ physical activity over extended peri-
ods of time after discharge from the hospital. 
This has the potential to provide not only use-
ful information to establish detailed patient 
profi les but also unique data to help scientists 
investigate mechanisms of recovery underly-
ing neurological disorders and their evolution 
over time [ 50 ]. 

 Given the promises of technology-based 
assessments, the question of why such scales 
are not more rapidly adopted by the clinical 
and research communities can be raised. 
Robotic and sensor-based assessments are 
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currently still in their infancy, and several 
important limitations, both theoretical and 
practical, have to be addressed before novel 
scales can be adopted in clinical practice. 
First, since technology-based assessments can 
provide parameters that were not possible to 
obtain with existing clinical assessments (at 
least not in an objective and sensitive manner, 
such as metrics evaluating movement smooth-
ness), many of the proposed novel metrics 
remain abstract values that are diffi cult to 
interpret for therapists and patients compared 
to the well-established and standardized clini-
cal measures. Further studies are therefore 
needed to determine what these parameters 
represent based on concurrent physiological 
examinations and how these metrics can docu-
ment functional changes, predict therapy out-
come, and refl ect sensorimotor impairment. 
Some of the signals captured by technological 
assessments may, for example, represent a 
purely clinical sign (i.e., different from a 
healthy subject) which does not, or at least not 
negatively, affect function. 

 Secondly, in order to improve clinical 
acceptance, the psychometric properties of 
novel performance metrics need to be care-
fully evaluated and documented. A few stud-
ies have suggested that well-defi ned robotic 
and sensor-based metrics have good test-retest 
reliability [ 72 ,  76 ,  80 ,  190 ]. However, addi-
tional studies with larger sample sizes and 
patients with different impairment levels are 
needed to further confi rm these results, 
together with solid normative data sets from 
healthy subjects to characterize the sensitivity 
of novel assessment scales. Also, validity is 
typically evaluated through comparison with 
established clinical assessments. This high-
lights one key issue when comparing robotic 
and sensor- based assessments, which are 
expected to be more objective and sensitive to 
clinical assessments that rely on subjective 
judgment, and that are known to be limited 
(e.g., ceiling/fl ooring effect). 

 Thirdly, wider acceptance of robotic and 
sensor- based assessments also depends on the 
technological platforms that are being used. 

Technology should prove to be safe and robust 
enough for daily use with patients while mini-
mizing additional effort required from thera-
pists to perform the assessments. Many 
systems are still too close to research proto-
types and require the presence of engineers to 
properly operate them, which is not clinically 
viable. In parallel, it seems also important to 
better inform clinicians and therapists about 
what is available and how technology can sup-
port their daily work, to help them become 
more confi dent in the interpretation of the new 
technology-based assessments. 

 Finally, robotic assessments will only fi nd 
wider application and reach their full potential 
once the community agree on metrics that can 
be implemented on various robotic platforms 
with adequate instrumentation. A recent ini-
tiative from the European Network on 
Robotics for Neurorehabilitation targeted this 
ambitious objective, where experts from over 
23 countries attempted to defi ne standards for 
robotic assessments, as well as guidelines for 
the use of clinical and robotic outcome mea-
sures in neurorehabilitation. The establish-
ment of such standards would be valuable for 
quality assurance in neurorehabilitation ther-
apy and impact the design of clinical trials 
comparing treatment outcomes across reha-
bilitation centers worldwide. Typically, met-
rics with good reliability and improved 
sensitivity to sensorimotor changes could ulti-
mately help decrease the large sample sizes 
that are typically needed in randomized con-
trol trials to demonstrate effects of novel ther-
apies [ 124 ]. Nevertheless, while the defi nition 
of standardized metrics seems achievable in 
the near future for isometric and passive mea-
surements, the transparency (apparent dynam-
ics) of any given device will need to be 
considered in the interpretation of assessments 
involving active, dynamic movements [ 191 ]. 

 It is clear that robotic and sensor-based 
metrics will play, in the near future, an increas-
ingly prominent role in the assessment of sen-
sorimotor function of the lower and upper 
extremities. The tight coupling between 
assessments and therapy and the appealing 
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possibility of achieving both on the same 
hardware platform is enticing. By embedding 
short and independent assessment modules 
within robotic or sensor-based therapy ses-
sions, it becomes possible to track the perfor-
mance of patients on a daily basis, without 
having to perform time-consuming clinical 
assessments [ 125 ]. Robotic assessments based 
on feature extraction and the reconstruction of 
clinical scores could also be performed online, 
during therapy, offering the possibility to con-
tinuously and automatically adapt type and 
complexity of a therapy to the current state 
and principal impairment of the patient, with 
the aim of maximizing engagement and thera-
peutic effect. This approach of assessment-
driven therapy has recently been successfully 
implemented in several pilot trials on robot-
assisted or sensor-based stroke rehabilitation 
[ 179 ,  192 – 195 ]. 

 Nevertheless, the prediction of clinical 
scales should of course not be seen as the pri-
mary reason for the use of robotic and sensor-
based assessments. Even if studies showed 
good correlation between clinical and recon-
structed scores, both remain only approxima-
tions of the patient’s performance, 
impairments, and abilities. Robotic and sen-
sor-based assessments should be seen as inde-
pendent but complementary tools to 
conventional assessments. Technological 
assessments will never replace neurological 
examinations, such as refl ex testing, but by 
combining both clinical and technological 
assessments, clinicians would benefi t from 
more sensitive, reliable, and objective evalua-
tions of different aspects of sensorimotor 
function/impairment, which could ultimately 
impact the way neurorehabilitation therapy is 
administered.     
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    Abstract  

  In patients suffering from a movement disorder after a damage of the cen-
tral nervous system, improvement in walking or hand function can be 
achieved by providing functional training. After a stroke or a spinal cord 
injury (SCI), neuronal centers at and below the level of lesion exhibit plas-
ticity that can be exploited by functional training paradigms that include 
assisting stepping or hand/arm movements of the affected side. Training of 
locomotor function, the focus of this chapter, requires body-weight sup-
port (BWS), while the subjects stand on a moving treadmill. In these indi-
viduals, human spinal locomotor centers become activated if an appropriate 
afferent input is provided. The stroke/SCI subjects benefi t from such loco-
motor training that enables them to walk over ground. Load- and hip joint- 
related afferent input seems to be of crucial importance for the generation 
of a locomotor pattern and, consequently, the effectiveness of the locomo-
tor training. In severely affected stroke/SCI subjects, rehabilitation robots 
enable longer, i.e., more intensive training. In addition, they also offer the 
ability to standardize training approaches and to obtain objective feedback 
within training sessions allowing to monitor functional improvements 
over time. This chapter provides an overview of the clinical aspects for the 
successful application of robotic devices in the neurorehabilitation of 
stroke/SCI subjects. First, background information is given for the neural 
mechanisms of gait recovery after stroke/SCI. Second, the afferent input 
required for an effective training is discussed and, third, fi ndings from 
clinical studies are presented covering the feasibility and effi cacy of robot- 
assisted locomotor training.  
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11.1       Introduction 

 In typical movement disorders following a damage 
of the central nervous system (CNS), such as stroke 
or spinal cord injury (SCI), there is increasing evi-
dence that a defective utilization of afferent input, 
in combination with secondary compensatory pro-
cesses, is involved (cf. [ 1 ]). The secondary com-
pensatory processes include the development of 
spastic muscle tone that is required to support the 
body during stepping movements [ 2 ]. The loss of 
the ability to walk represents a major disability for 
subjects suffering a SCI or a stroke [ 3 ,  4 ]. Almost 
two-thirds of all stroke survivors cannot walk with-
out assistance in the acute phase following the inci-
dent [ 5 ]. In cat (for review, see [ 6 ]) and human (for 
review, see [ 7 ,  8 ]) experiments, neuronal networks 
underlying the generation of movement patterns 
show considerable fl exibility after a damage of the 
central or peripheral nervous system. Therefore, 
rehabilitation procedures should concentrate on 
improving function by taking advantage of the 
plasticity of neuronal centers and should less be 
focused on the correction of isolated clinical signs, 
such as refl ex excitability or muscle tone. 

 One major goal of rehabilitation for patients 
suffering stroke or SCI is to achieve a recovery of 
locomotor function. One approach frequently 
applied over the past 20 years for retraining of gait 
is locomotor training on a treadmill combined with 
partial body-weight support [ 9 – 14 ]. A limitation of 
manual-assisted, body-weight- supported treadmill 
therapy (BWSTT) is that training sessions rely on 
the ability and availability of physical therapists to 
appropriately assist the patient’s leg movements 
through the gait cycle. Robotic devices can elimi-
nate this problem through a mechatronic system 
that automates this assistance [ 15 ,  16 ]. 

 This chapter summarizes the neuroscientifi c 
rationale for robot-assisted therapy. Research 
fi ndings will be presented covering, fi rst, the neu-

ronal mechanisms of functional movements; sec-
ond, the basic mechanisms of neuroplasticity 
underlying behavioral recovery after stroke or an 
SCI; third, the afferent input that should be pro-
vided for an effective training; and, lastly, the 
functional improvements and limitations to be 
achieved in response to robot-assisted functional 
training after a CNS lesion [ 17 ]; cf. [ 18 ]. This 
chapter will be focused on the neurorehabilita-
tion of locomotor function.  

11.2     Neuroplasticity: Basic 
Research 

 There is convincing evidence from research on 
spinalized animals that a use-dependent plas-
ticity of the spinal cord exists [ 19 ,  20 ]. When 
stepping is practiced in a spinal cat, this task 
can be performed more successfully than when 
it is not practiced [ 21 ,  22 ]. Thus recovery of 
locomotor function following spinal cord tran-
section can be improved using regular training 
even in adult animals [ 9 ]. In contrast, the cat 
loses the ability to step spontaneously if it is not 
regularly performed. During such a locomotor 
training, the animal is supported. Locomotor 
movements of the hind limbs are induced by a 
moving treadmill while the forelimbs stand on a 
platform. With ongoing training, body support 
can be decreased, associated with improving 
locomotor abilities. Later on, the cat can com-
pletely take over its body weight and perform 
well-coordinated stepping movements [ 23 ]. 
Furthermore, after hind limb exercise in adult 
rats, the excitability of spinal refl exes becomes 
normalized [ 24 ]. Stepping movements can also 
be released in a monkey after transection of the 
spinal cord, suggesting that also the isolated pri-
mate spinal cord is  capable of generating hind 
limb stepping movements [ 25 ]. 
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 The training of any functional motor task pro-
vides suffi cient and appropriate proprioceptive 
input to initiate a reorganization of neural networks 
within the spinal cord. The same is true for the gen-
eration and training of a locomotor pattern after a 
stroke or SCI. Also in humans with a CNS damage, 
a greater level of functional recovery might be pos-
sible if a use-dependent training approach is applied 
in both clinical and rehabilitative settings [ 19 ]. In 
contrast, immobilization leads to an undirected, 
chaotic sprouting after deafferentation from supra-
spinal input, while a directed sprouting occurs when 
a rat becomes trained [ 26 ]. Similarly the loss of 
functional capacity following neural injury leads to 
a neuronal dysfunction below the level of the lesion 
when locomotor networks are no longer used, for 
example, following a stroke [ 19 ,  27 ] or a SCI [ 28 ]. 

 A considerable degree of locomotor recovery 
in mammals with SCI can be attributed to a reor-
ganization of spared neural pathways ([ 29 ,  30 ]; 
for review, see [ 31 ]). It has been estimated that if 
as little as 10–15 % of the descending spinal tracts 
are spared, some locomotor function can recover 
[ 32 ,  33 ]. The neuronal networks below an SCI can 
be activated to generate locomotor activity even in 
the absence of supraspinal input [ 18 ,  32 – 36 ]. It 
can be concluded that assisted training represents 
an important factor in the recovery of locomotor 
function.  

11.3     Effects of Locomotor 
Training in Stroke/SCI 
Subjects 

 Human locomotion is basically similar to that 
described for the cat, i.e., it is based on a quadrupe-
dal neuronal coordination (for review, see [ 37 ]). 
Steplike movements are present at birth and can be 
initiated spontaneously or by peripheral stimuli, 
e.g., ground contact by the foot sole. The electro-
myographic (EMG) activity underlying this new-
born stepping is centrally programmed, and since it 
has also been observed in anencephalic children 
[ 38 ], it is likely that spinal mechanisms generate 
the EMG activity. The apparent loss of locomotor 
movements in accidentally spinalized humans has 
been suggested to be due to a greater predominance 

of supraspinal over spinal neuronal mechanisms 
[ 39 ] and, nevertheless, also in human spinal inter-
neuronal circuits exist that are involved in the gen-
eration of locomotor EMG activity (cf. Fig.  11.1 ; 
[ 41 ] similar to those described for the cat [ 23 ]).

Supraspinal

Spinal

  Fig. 11.1    Schematic drawing of the neuronal mecha-
nisms involved in human gait. Leg muscles become acti-
vated by a programmed pattern that is generated in spinal 
neuronal circuits. This pattern is modulated by multisen-
sory afferent input that adapts the pattern to meet existing 
requirements. Both the programmed pattern and the refl ex 
mechanisms are under supraspinal control. In addition, 
there is differential neuronal control of leg extensor and 
fl exor muscles. While extensors are primarily activated by 
proprioceptive feedback, the fl exors are predominantly 
under supraspinal control [ 40 ]       
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   Stroke and SCI in human subjects are fre-
quently associated with impaired or total loss 
of locomotion. Patients primarily show fl ac-
cid paresis and, later, spasticity in one or both 
legs. Repetitive execution of the impaired func-
tional movement (with external assistance) in 
these patients can improve motor function of the 
affected limbs [ 9 ]. This improvement is based on 
the neuroplasticity of the CNS at several levels 
of organization. Neuroplastic effects can par-
tially compensate for the loss in function result-
ing from lesioned brain or spinal cord areas [ 8 , 
 42 ,  43 ]. In SCI, the supraspinal control over the 
neural circuitries in the spinal cord is impaired 
or lost, while the spinal and supraspinal neural 
centers responsible for locomotion remain intact. 
Evidence for the existence of a human spinal 
central pattern generator (CPG) is seen through 
spontaneously occurring steplike movements 
[ 44 ], myoclonus [ 7 ], and the appearance of late 
fl exion refl exes [ 7 ] in tetraplegic subjects as well 
as from locomotor movements induced in body- 
weight- supported SCI subjects walking on a 
moving treadmill [ 10 ,  45 ]. 

 A locomotor pattern can even be induced and 
trained in complete SCI subjects when leg move-
ments are assisted from externally and when an 
appropriate afferent input to the spinal cord is 
provided [ 1 ,  10 ,  40 ,  45 – 47 ]. Nevertheless, the 
amplitude of leg muscle EMG activity in severely 
affected patients is small compared to healthy 
subjects but increases during the course of loco-
motor training sessions [ 10 ]. The generally 
smaller EMG amplitudes in patients with com-
plete paraplegia may be due to a loss of input 
from descending noradrenergic pathways to spi-
nal locomotor centers [ 5 ]. 

 When the EMG of antagonistic leg muscles is 
analyzed over the step cycle in this patient group, 
it becomes evident that leg muscle EMG activity 
is roughly equally distributed during muscle 
lengthening and shortening in both healthy sub-
jects and complete SCI subjects during assisted 
locomotion. Furthermore, imposing locomotor 
movements in complete paraplegic patients with 
full body unloading does not lead to a signifi cant 
leg muscle activation [ 48 ]. This indicates that 
during stepping, stretch refl exes are unlikely to 

play a major role in the generation of the leg 
 muscle EMG pattern in these patients but that it is 
rather programmed at a spinal level. 

11.3.1     Prerequisites for a Successful 
Functional Training 

 In a successful training program for stroke and 
SCI subjects, fi rst, spastic muscle tone must be 
present as a partial compensation for paresis [ 2 ], 
and, second, the spinal central pattern generator 
must be activated by the provision of an appropri-
ate afferent input and proprioceptive feedback to 
induce plastic neuronal changes [ 18 ,  49 ]. 

  Spastic Muscle Tone     For a patient with spastic-
ity, not the physical signs (e.g., exaggerated ten-
don tap refl exes) assessed during clinical 
examination but the impaired performance of 
hand or stepping movements and their treatment 
are of importance. During locomotor movements 
a low-amplitude, tonic activation of upper and 
lower limb muscles takes place, i.e., a normal 
modulation of EMG activity is lacking while the 
timing of muscle activity is preserved [ 50 ,  51 ]. 
The amplitude reduction of leg muscle activity is 
suggested to be due to a diminished excitatory 
drive from supraspinal centers and an attenuated 
activity of polysynaptic (or long-latency) refl exes 
[ 40 ,  52 ]. Polysynaptic refl exes are known to 
modulate leg extensor muscle activity [ 40 ] and 
thereby adapt the movement pattern to the envi-
ronmental requirements. In contrast, short latency 
refl exes neither in healthy subjects nor in patients 
with spasticity contribute signifi cantly to muscle 
activity during natural movements [ 2 ]. These 
observations indicate that the muscle tone 
required during a movement (e.g., to support the 
body during the stance phase of stepping) after 
CNS damage develops on a lower level of organi-
zation [ 2 ,  53 ]. The muscle tone required is not 
achieved by modulated muscle activation as it is 
the case in healthy subjects. Instead, muscle tone 
develops with the stretching of the tonically acti-
vated muscle. This simple mode of muscle tone 
generation after a CNS lesion is based on second-
arily occurring structural alteration of muscles, 
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i.e., a loss of sarcomeres [ 53 ]. This change in part 
compensates for the loss of muscle activation and 
allows support of the body during the stance 
phase of stepping (Fig.  11.1 ). However, the per-
formance of fast movements becomes impossible 
by this mode of muscle tone regulation. 
Furthermore, patients with spasticity do not only 
suffer from an impairment of the efferent part of 
the motor system but also from a defective pro-
cessing of afferent signals that limits movement 
performance [ 52 ]. 

 Thus in patients with spasticity, in comparison 
with healthy subjects, muscle activity is enhanced 
in the passive condition, i.e., the clinical exami-
nation, but is reduced during active movements. 
The physical signs observed during the clinical 
examination can, therefore, hardly be translated 
to the movement disorder. Clinically spastic signs 
are more pronounced after damage of the spinal 
cord compared to a cerebral lesion. However, 
pathophysiologically there exist only quantitative 
but no qualitative differences.  

11.3.1.1     Role of Appropriate Afferent 
Input 

 Body unloading and reloading are considered 
crucial to inducing training effects on the spi-
nal locomotor centers because the afferent input 
from receptors signaling contact forces during 
the stance phase (corresponding to the initiation 
of newborn stepping by foot sole contact, see 
above) is essential to activate spinal neuronal 
circuits underlying locomotion [ 54 ]. Therefore, a 
cyclic loading is considered essential for achiev-
ing training effects in cats [ 55 ] and humans [ 49 , 
 56 ]. Overall, observations of healthy subjects 
[ 54 ,  55 ], small children [ 57 ], and patients with 
paraplegia [ 48 ,  58 ] indicate that afferent input 
from load receptors essentially contribute to the 
activation pattern of leg muscles during loco-
motion. This suggests that proprioceptive input 
from extensor muscles, and probably also from 
mechanoreceptors in the foot sole, provides load 
information [ 1 ]. In addition, afferent input of hip 
joints, coming from muscles that act around the 
hip, obviously is important for the leg muscle 
activation during locomotion [ 49 ]. The signifi -
cance of hip joint afferents was also emphasized 

for cat locomotion [ 59 ]. This afferent activity 
from load and hip joint receptors is to shape the 
locomotor pattern, to control phase transitions, 
and to reinforce ongoing activity (Fig.  11.2 ). 
Short-latency stretch and cutaneous refl exes may 
be involved in the compensation of small irregu-
larities and in the adaptation to the actual ground 
conditions.

   In severely affected subjects, the muscle force 
produced by the leg muscle activation (small 
EMG amplitude) is insuffi cient to support the 
body during walking at the initial stage after 
stroke or SCI. Therefore, partial body-weight 
unloading is necessary to allow for the perfor-
mance of stable stepping movements. During 
the course of a daily locomotor training, the 

Muscle-
joint-
skin-
afferents

Load

Hip

  Fig. 11.2    Essential afferent input for the generation of a 
locomotor pattern. To evoke a locomotor pattern in com-
plete SCI subjects, load and hip joint-related afferent 
input are suggested to be of crucial importance       
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 amplitude of leg extensor EMG activity increases 
during the stance phase, while an inappropriate 
tibialis anterior activation decreases [ 49 ,  56 ]. 
This is associated with a greater weight-bearing 
function of the leg extensors, i.e., body unload-
ing during treadmill locomotion can be reduced. 
These training effects are seen in both incomplete 
and complete paraplegic patients. However, only 
SCI subjects with incomplete paraplegia benefi t 
from the training program insofar as they learn 
to perform stepping movements on solid ground. 
Nevertheless, patients with complete paraplegia 
experience positive effects on the cardiovascu-
lar and musculoskeletal systems (e.g., they suf-
fer less from spastic symptoms). Several studies 
indicate that following an acute, incomplete SCI 
in humans, an improvement of locomotor func-
tion can be attributed to the locomotor training 
[ 43 ,  48 ] in addition to the spontaneous recovery 
of spinal cord function that occurs over several 
months following an SCI [ 29 ,  30 ,  44 ,  58 ]. 

 The classifi cation of locomotor ability in SCI 
subjects [ 60 ] shows a relationship between motor 
scores and locomotor ability only in patients with 
moderately impaired motor function [ 61 ]. 
Patients with a low motor score undergoing a 
locomotor training can improve locomotor func-
tion without or with little change in motor scores 
[ 40 ,  61 ,  62 ]. In these cases, a relatively low vol-
untary force level in the leg muscles (refl ected in 
the ASIA motor score) is required to achieve the 
ability to walk. Interestingly, elderly SCI subjects 
have greater diffi culties to translate a gain in 
motor score into function compared to younger 
subjects suffering an SCI [ 63 ]. This requires spe-
cifi c training programs for elderly subjects focus-
ing on a few rehabilitation goals.    

11.4     From Manual to Robotic Gait 
Training 

 Over the last two decades, there has been grow-
ing support for applying the functional training 
approach in neurorehabilitation programs for 
stroke [ 64 ] and SCI [ 13 ,  43 ,  47 ,  65 ] subjects. 
Some studies showed stronger improvement in 

walking ability following BWSTT compared to 
conventional gait training [ 64 ,  66 ], whereas other 
groups did not report better functional outcomes 
[ 13 ,  14 ,  67 ,  68 ]. A recent study indicates that 
most participants achieve an increased functional 
walking ability by a locomotor training. However 
this improvement occurs independently from its 
onset and from the mode of intervention applied 
[ 69 ]. This is unsurprising since, with most 
approaches, a functional locomotor training is 
performed, for review cf. [ 18 ]. However, with 
BWSTT, the support can be adjusted to the 
patient’s stepping ability, i.e., to the severity of 
paresis. In addition, in severely affected SCI/
stroke subjects, stepping becomes induced by 
standing on a moving treadmill and with simulta-
neous unloading of body weight (up to 80 %) 
(Fig.  11.3a ) that facilitates training performance.

   Although an improvement in locomotor func-
tion is achieved following manually assisted 
treadmill training, its practical implementation 
in the clinical setting is limited by the labor- 
intensive nature of the approach. Specifi cally, 
training sessions tend to be short because of the 
physical demands and time costs. In SCI subjects, 
usually two therapists must assist leg movements 
on both sides [ 70 ]. This resource constraint lim-
its access to and the duration of the therapy and, 
consequently, the effectiveness of the therapeutic 
approach. Particularly, in individuals with severe 
motor defi cits and/or a high degree of spastic-
ity, appropriate manual assistance is diffi cult to 
provide over longer training times. The success 
and promise of BWSTT and the limitations and 
resource constraints in the therapeutic settings 
have inspired the design and development of 
robotic devices to improve the rehabilitation of 
ambulation in patients following stroke or SCI. 

 The research team of the Spinal Cord Injury 
Center of the University Hospital Balgrist in 
Zurich, Switzerland, an interdisciplinary group 
of physicians, therapists, and engineers, began to 
work on a driven gait orthosis (DGO) in 1995 
that was intended to partially replace the arduous 
physical labor of therapists in locomotor training 
[ 15 ]. The “Lokomat” (Hocoma AG, Volketswil, 
Switzerland) consists of a computer-controlled 
robotic exoskeleton that moves the legs of the 
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patient in an adjustable confi guration with a 
body-weight support system (Fig.  11.3b ). Later 
on, this exoskeleton was modifi ed in a way to 
allow more fl exibility in movement performance, 
and other exoskeletal systems were developed 
for functional gait training (e.g., [ 6 ,  16 ,  57 ,  71 ]).  

11.5     Clinical Effects of a Robotic 
Gait Training 

 As soon as the concept of plasticity-based func-
tional training became established, the idea of 
technical assistance of impaired limb movements 

Wieght

Harness

Tradmill

a

b

  Fig. 11.3    Locomotor training of stroke/SCI subjects. ( a ) 
Conventional locomotor training using body-weight sup-
port and subjects standing on a moving treadmill. 

( b ) Version of the Lokomat system in 2007 (Photo  b  – 
Hocoma AG; courtesy of Hocoma AG, Switzerland)       
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was considered [ 17 ,  28 ,  72 ]. These considerations 
were fuelled by the notion that longer and inten-
sive training times can best be achieved using a 
robotic device and that this technology allows for 
monitoring of changes in movement performance 
over the course of rehabilitation [ 1 ,  73 ]. Robotic 
devices can promote recovery by facilitating plas-
ticity [ 74 ]. Several studies have investigated the 
feasibility and benefi ts of a robotic-assisted tread-
mill training provided, for example, by the 
Lokomat system [ 15 ,  48 ,  75 – 88 ]. In the past it was 
diffi cult to draw general conclusions about effec-
tiveness due to the limited numbers of participants 
enrolled in the studies and heterogeneous selection 
criteria (e.g., acute and chronic stroke/SCI sub-
jects, respectively; different pathologies/severi-
ties) [ 89 ]. Furthermore, robotic training is 
performed in rather variable terms of training 
onset, duration, and specifi c walking conditions 
(e.g., walking speed, level of body-weight support, 
amount of assistance), as well as the quality of 
conventional physiotherapy which the patients fre-
quently receive in parallel with the robotic loco-
motor training. Today it is obvious that locomotor 
training is effective in poststroke subjects [ 90 ] 
independently from training approach that is 
applied [ 69 ]. In addition, it is commonly accepted 
that robotic training can be integrated into the nor-
mal neurorehabilitation program and has proven 
feasible for the treatment of a number of different 
neurological defi cits such as SCI [ 15 ,  48 ,  81 ,  91 ], 
stroke [ 79 ,  80 ,  82 ,  84 ,  87 ,  88 ], multiple sclerosis 
[ 75 ,  83 ], and cerebral palsy [ 76 – 78 ,  85 ,  86 ]. 

 Benefi cial effects of robot-assisted training are 
quite diverse, ranging from gains in walking veloc-
ity and endurance to an improvement in walking 
tests [ 48 ,  75 ,  77 ,  81 ,  83 – 86 ,  88 ]. Some benefi ts are 
associated with changes in gait characteristics [ 61 ] 
such as a better walking quality [ 82 ,  92 ] or a better 
control of voluntary leg movements [ 93 ]. In addi-
tion to improvements in walking ability, positive 
infl uences on abnormal refl ex function [ 77 ,  84 ], 
respiration [ 94 ], and cardiovascular response [ 95 , 
 96 ] have also been reported. In addition, a supra-
spinal plasticity and increased activation of the 
cerebellum associated with an improvement of 
function could be demonstrated as a consequence 
of a robotic-assisted locomotor training [ 91 ]. 

 Robotic devices have further been employed to 
investigate the effects of locomotor training on cor-
ticospinal excitability [ 97 ,  98 ], spinal refl ex modu-
lation [ 46 ,  99 ], muscle activation patterns in 
incomplete and complete SCI subjects [ 49 ,  96 ], and 
spinal neuronal function in chronic complete SCI 
[ 100 ], as well as changes in cardiovascular, meta-
bolic, and autonomic responses [ 95 ,  101 ,  102 ]. 

 A number of studies were undertaken to com-
pare the effi cacy of robot-assisted locomotor 
training with conventional training [ 79 ,  80 ,  82 , 
 84 ,  85 ,  87 ,  88 ]. It became apparent that, espe-
cially for those with severe neurological defi cits, 
patients benefi t from robot-assisted treadmill 
training [ 82 ,  84 ,  87 ], while manually assisted gait 
training or additional therapies including balance 
and strength training are more appropriate for 
stroke/SCI subjects with some preserved walking 
ability [ 79 ,  80 ]. This is reasonable since a robotic 
device such as the Lokomat is designed to be 
applied in stroke/SCI subjects suffering severe 
sensorimotor defi cits including a reduced ability 
to support body weight during stepping and high 
demands on therapists for physical assistance, 
e.g., due to high spastic muscle tone. 

 Consequently, the “Lokomat” was developed to 
enable longer training periods in severely affected 
subjects that can lead to better outcomes [ 103 ]. An 
increase in muscle mass associated with cardiovas-
cular training [ 82 ] and enhanced oxygen consump-
tion due to the partial body- weight support [ 104 ] 
indicate that in fact locomotor training within a 
robotic device requires an active movement perfor-
mance [ 49 ]. For an overground walking exercise of 
severely or  completely paralyzed patients with SCI 
devices, such as ReWalk and Ekso, were con-
structed (cf. [ 105 ]). However, this is associated with 
a great individual physical expenditure. In addition, 
the number of stepping cycles and the individual 
adaptations required for an effective training appear 
to be quite limited by such devices.  

11.6     Future Developments 

 Robotic assistance for gait training is most effec-
tive and appropriate for incomplete SCI patients 
who are unable to perform stepping movements. 
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Those with some ability to walk profi t from gait 
training that does not require robotic support. 
Future technical improvements of robotic devices 
will allow a training that is challenging with 
respect to coordination and balance for the indi-
vidual patient. Some studies report higher incon-
sistencies in intralimb coordination [ 106 ] and 
reduced EMG activity during robot-assisted ther-
apy compared to therapist-assisted walking [ 96 ]. 
However, stepping quality becomes improved by 
locomotor training in SCI subjects regardless of 
training approach [ 92 ]. These observations illus-
trate the importance of minimizing robotic assis-
tance but to enhance patient’s participation and to 
challenge the training of balance and movement 
control during relearning of walking [ 18 ,  106 ]. 
Multicenter clinical trials are required to ascer-
tain appropriate patient selection for optimal 
treatment programs and training intensity. 

 Future clinical and basic research is needed to 
investigate a range of topics to optimize training 
paradigms such as training duration and protocol, 
parameters for objective metrics, and best combi-
nations with conventional therapies. In addition, 
robotic devices should also be designed to serve 
as diagnostic tools, e.g., muscle voluntary force 
or muscle tone. In the future, robotic devices 
might help monitor the course of rehabilitation 
including the outcome of lower limb dysfunction. 
Research groups have already started to use 
robotic devices as diagnostic and experimental 
tools for a better understanding of the mecha-
nisms, leading to improvements of functional 
outcomes, such as the provision of appropriate 
afferent input [ 46 ]. 

 In the future, collaborations between clini-
cal and basic researchers are required to further 
improve robotic functions (e.g., provision of 
proprioceptive feedback, stepping velocity, vir-
tual reality, and challenge as far as possible for 
the individual patient). In addition, individual 
training protocols should be applied to achieve 
the best functional outcomes. Modern robotic 
devices already allow quantitative assessments 
of the locomotor ability of stroke/SCI subjects. 
The advantage of such a quantitative assess-
ment is that the course of rehabilitation can be 
monitored. In the future, this approach may be 

refi ned to pinpoint factors responsible for the 
improvement of a movement disorder. Such 
an analysis has revealed, for example, that the 
development of spastic muscle tone after stroke 
or SCI is advantageous, in that it provides body 
support during stepping movements [ 2 ]. This 
knowledge has, of course, consequences for 
therapy and drug applications. Standardized gait 
analysis may help to select the most effective 
pharmacological and physiotherapeutical/training 
approaches. This may not only be of benefi t for the 
patient but also could lead to reduced costs as most 
therapeutic approaches are not yet based on con-
trolled studies and their effectiveness has not yet 
been convincingly demonstrated. For future appli-
cation in the clinical diagnosis, gait analysis may 
help to achieve an early diagnosis and detection of 
subtypes of a movement disorder with the con-
sequence of an early onset of the most appropri-
ate training for an individual patient (for review, 
see [ 40 ]). 

 In the future the most promising approach to 
improve locomotor function in severely affected 
patients with an SCI who can only insuffi ciently 
profi t from training approaches may be to induce 
partial regeneration of the lesioned spinal cord 
tract fi bers. Recent experiments in rats and mon-
keys have indicated that, after inhibition of neu-
rite growth inhibitors, a partial regeneration can 
occur [ 107 ] (for review, see [ 108 ,  109 ]). 
Connected with an appropriate locomotor train-
ing, this approach may improve functional mobil-
ity even in complete paraplegic/tetraplegic 
subjects. Electrophysiological and biomechani-
cal recordings of locomotion in rats with spinal 
cord lesions have provided information that the 
rodent model of SCI can be applied for this 
approach to humans with SCI [ 33 ].  

    Conclusion 

 Functional training represents an established 
approach for the rehabilitation of stroke and 
SCI subjects [ 1 ]. Robotic rehabilitation 
devices have become increasingly important 
and popular in clinical and rehabilitation set-
tings for standardized assessments and func-
tional training. Such devices allow lengthier 
training periods, increased repetitions of 
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movements, improved patient safety, and 
fewer physical demands of therapists. Novel 
sensor, display, control, and feedback infor-
mation technologies have led to an improve-
ment of training effects. By increasing the 
patient’s challenge and participation and by 
improving the assessment of clinical measures 
and performance, robots have successfully 
become an essential component of neuroreha-
bilitation. Standardized assessment tools and 
therapies provided by robots are an important 
prerequisite for intra- and intersubject com-
parisons to evaluate and monitor the rehabili-
tation process of stroke/SCI patients and to 
assess the effectiveness of new therapies. In 
the future, rehabilitation robots offer a plat-
form for implementing advanced technologies 
that provide new forms of training for patients 
with movement disorders. With the use of 
cooperative control strategies, e.g., virtual 
reality technologies, not only is the patient’s 
engagement (especially for children) enhanced 
during training sessions but also the motiva-
tion to participate in the training can improve.     
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    Abstract  

  Robots for neurorehabilitation have been designed principally to automate 
repetitive labor-intensive training and to support therapists and patients 
during different stages of rehabilitation. Devices designed for body weight-
supported treadmill training are promising task-oriented tools intended to 
assist in the restoration of gait. In early rehabilitation, robots provide a safe 
environment through the use of a suspension harness and assistance in 
achieving a more physiological gait pattern while promoting a high number 
of repetitions. In the later stages of rehabilitation, more sophisticated con-
trol strategies, virtual environment scenarios, or the possibility to address 
specifi c gait defi cits by modulating different parameters extends their 
application. Scientifi c and clinical evidence for the  effectiveness, safety, 
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and tolerability of these devices exists; however documentation of their 
comparative advantages to conventional therapies is limited. 

 This might be due to the lack of appropriate selection parameters of 
locomotor training interventions based on functional impairments. Despite 
this shortcoming, robotic devices are being integrated into clinical settings 
with promising results. Appropriate use is dependent on the clinicians’ 
knowledge of different robotic devices as well as the ability to utilize the 
devices’ technical features, thereby allowing patients to benefi t from 
robot-aided gait training throughout the rehabilitation continuum with the 
ultimate goal of safe and effi cient overground walking. 

 This chapter will provide an overview on the rationales of introducing 
robots into the clinic and discuss their value in various neurological diag-
noses. In addition, recommendations for goal setting and practice of robot-
assisted training based on disease- related symptoms and functional 
impairment are summarized.  

  Keywords  

  Robotics   •   Clinical application   •   Neurorehabilitation   •   Locomotor training   • 
  Gait rehabilitation  

12.1       Introduction 

 Improving walking function is often a desir-
able outcome of the rehabilitation program and 
a primary concern with respect to the aspired 
social and vocational reintegration for a person 
diagnosed with a neurological impairment. As 
such, interventions addressing the recovery of 
walking function are a major focus of rehabili-
tation efforts across the continuum of care for 
patients with a wide range of neurological defi -
cits. Increasing evidence has become available 
over the past 20 years to support the concept of 
reorganization of the injured central nervous sys-
tem (CNS). The potential for reorganization is 
particularly high within a plastic phase early after 
CNS injury [ 1 – 3 ] but also possible at later stages 
[ 4 ]. Reorganization in a functionally meaningful 
way appears to be dependent on motor activity 
as executed during rehabilitative training and fol-
lowed by functional improvements [ 5 ,  6 ]. Until 
recently, little evidence was available favoring 
any one approach over another [ 7 ]. The science 
behind exercise in neurological disease is not out-
standing but does support a “weak but  signifi cant 
dosage effect with conventional therapy” [ 8 ]. 

It was further shown in rodents that timing and 
order is of upmost importance when combining 
behavioral with regenerative therapy, such that 
animals who trained after the end of the regen-
erative  therapy performed better than those who 
trained simultaneously [ 9 ]. 

 Weight-supported treadmill training refers to 
the use of a harness system that allows unweigh-
ing of the patient and permits the use of a motor-
ized treadmill and the assistance of several 
therapists to support and mobilize the limbs in a 
walking-like pattern. Robotic-assisted gait train-
ing takes advantage of similar features of 
unweighing the lower limbs and a motorized 
treadmill and substitutes the manual labor of the 
therapists with a robotic system that can consis-
tently and reliably position and move the limbs in 
a walking-like pattern. Conventional physiother-
apy is usually not task oriented and focuses on 
strengthening and range of motion. Task-oriented, 
high repetition movements based on the princi-
ples of motor learning can improve among other 
things muscular strength, motor control, and 
movement coordination in patients with impair-
ments due to neurological or orthopedic disor-
ders [ 10 ,  11 ]. Gait training furthermore prevents 
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secondary complications such as muscle atrophy, 
osteoporosis, joint stiffness, and muscle and soft 
tissue shortening and promotes reduction of 
spasticity [ 12 ]. 

 Robots for neurorehabilitation were initially 
designed as a tool for clinicians to automate the 
labor-intensive repetitive training techniques, 
especially in the early stage of recovery where 
patients also require a high amount of support. 
Because of their programmable force-producing 
ability, robotic devices can facilitate task- oriented 
movements during weight bearing, thereby pro-
viding correct afferent feedback. Furthermore 
they can increase the duration and number of 
training sessions while reducing the number of 
assisting therapists required. Robots can emulate 
in a consistent and reproducible manner some 
features of a therapist’s manual assistance and 
movement guidance, allowing patients to prac-
tice their movement training with supervision. 
Besides enhancing the rehabilitation process and 
improving therapeutic outcome, robots have the 
potential to support clinical evaluation, precisely 

control and measure the therapeutic intervention, 
implement novel forms of mechanical manipula-
tion impossible for therapists to provide, and sup-
ply different forms of feedback, thereby 
increasing patient’s motivation and improving 
outcomes [ 13 – 16 ]. 

 Depending on the patient’s abilities and func-
tional capacity, during gait training up to four 
therapists may be required in order to secure 
and stabilize a patient and guide trunk and legs 
through a normal gait trajectory. Over the past 
years, several robotic devices have been devel-
oped to assist patients participate in gait training 
and relieve therapists from their labor-intensive 
work. Exoskeletal systems, like the Lokomat 
(Fig.  12.1 ) (Hocoma AG, Switzerland) [ 17 ], 
LOPES (University of Twente, Netherlands) 
[ 18 ], ALEX (University of Delaware, USA) 
[ 19 ], and ReoAmbulator (Motorika, USA) [ 20 ], 
apply exoskeletons that move patient’s legs in 
the sagittal plane in conjunction with a body 
weight support system. End-effector-based sys-
tems like the Gait Trainer GT I (Reha-Stim, 

  Fig. 12.1    Exoskeletal 
systems like the Lokomat 
(Hocoma AG, Switzerland) 
apply exoskeletons that move 
the patient’s legs in the sagittal 
plane in conjunction with a 
body weight support system       
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Germany) [ 21 ], G-EO systems (Fig.  12.2 ) 
(Reha Technologies; Olten, Switzerland) [ 22 ], 
HapticWalker [ 23 ], LokoHelp [ 24 ], or Lyra 
(Ability; Zurich, Switzerland) all work on the 
basis of an end- effector system reminiscent of an 
elliptical trainer: the subject’s feet are strapped 
to two footplates moving along a gait-like tra-
jectory. All these robotic devices offer training 
conditions supportive of the enhancement of 
neuroplastic changes in patients with acquired 
or congenital CNS-related gait impairment as 
intensity, repetition, task specifi city, and engage-
ment are met by these training options.

    Within the last 15 years, the number of robotic 
therapy devices for upper and lower extremity 
rehabilitation has rapidly increased including 
devices where limbs are passively stabilized, 
fi xed, assisted, or limited in their range of motion 
[ 25 ]. For walking training four major categories 
can be described:

•    Tethered exoskeletons  
•   End-effector devices  
•   Untethered exoskeletons  
•   Patient-guided suspension systems    

 Due to space limitations, this chapter will focus 
only on the fi rst two categories where more scien-
tifi c data and clinical experience are available.  

12.2     Normal Locomotion 

 It is important, from a clinical standpoint, to 
understand the events of the walking cycle so that 
pathological locomotion can then be correlated to 
the normal cycle. 

 Under normal conditions walking velocity for 
adult men is between 1.2 and 1.5 m/s, for adult 
women it ranges between 1.0 and 1.3 m/s, and for 
children between 0.8–1.0 m/s. Normal walking is 

  Fig. 12.2    End-effector-based systems like G-EO systems (Reha Technologies, Olten, Switzerland) work like conven-
tional elliptical trainers, where the subject’s feet are strapped to two footplates moving along a gait-like trajectory       
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 dependent on unrestricted joint mobility and the 
precise timing and intensity of muscle action. 
The result of abnormal biomechanics is reduced 
walking velocity and increased energy cost [ 26 ].  

12.3     Robot-assisted Treadmill 
Training 

 One example for successful integration of technol-
ogy into clinical application is robots designed for 
body weight-supported treadmill training. Mature 
human gait is a typical cyclical functional move-
ment and locomotor training on a treadmill and 
supported by a harness has become a promising, 
task-oriented approach to restoring gait function. 
Clinical evidence studies indicate that positive 
therapeutic effects of robot-assisted training are 
obtained for patients with spinal cord injury (SCI) 
[ 27 – 34 ], subacute and even chronic hemiparesis 
[ 35 – 41 ], traumatic brain injury (TBI) [ 15 ,  42 ], and 
children with cerebral palsy (CP) [ 43 ]. Positive 
therapeutic effects have also been demonstrated in 
patients with progressive neurological diseases, 
such as multiple sclerosis (MS) [ 44 – 47 ] and 
Parkinson’s disease (PD) [ 48 – 50 ]. A recent review 
of the literature that examined the effects of loco-
motor training with robotic assistance in patients 
following stroke, SCI, MS, TBI, and PD supports 
locomotor training with robotic assistance as a 
benefi cial intervention for improving walking 
function in individuals following a stroke and SCI 
compared with other training techniques. Limited 
evidence was available to demonstrate that loco-
motor training with robotic assistance was benefi -
cial in populations of patients with MS, TBI, or 
PD. Gait speed and endurance were not found to 
be signifi cantly different among patients with 
motor incomplete SCI after various locomotor 
training approaches [ 51 ]. 

 A single published prospective, randomized 
study in a population of subjects with TBI and 
gait dysfunction exists; subjects were treated 
with either robotic-assisted gait training (RAGT) 
using the Lokomat or manually assisted gait 
training. Improvement was reported in walking 
speed for both groups, but improvement of 
 walking symmetry and joint motion was higher 
in the RAGT group [ 15 ]. 

 As kinematic variability, active participation, 
and motivation and reward are important precon-
ditions of motor learning, rehabilitation robots 
that constantly repeat a gait pattern as accurately 
as possible are considered not ideal, especially for 
patients that have a higher level of function [ 52 ]. 
In order to optimally support patients in their train-
ing progression and up to the point where they can 
safely and effi ciently perform overground walk-
ing training, different strategies can be applied. 
Some robotic devices offer patient-moderated 
control strategies that allow kinematic variability 
and increase active participation of patients while 
still guaranteeing successful task execution [ 18 , 
 53 ,  54 ]. Other devices allow training of additional 
tasks, for example, stair climbing/descent [ 22 ]. 
Patient’s active  participation can also be encour-
aged by providing feedback and instructions 
derived from precise measurements taken by the 
system [ 55 – 57 ]. The goal of this feedback is to 
quantify the patient’s activity in relation to the tar-
get gait function such that the patient can improve 
motor control toward a more functional gait pat-
tern that will ultimately achieve overground walk-
ing. Furthermore combining robots with advanced 
virtual reality technologies seems to be a promis-
ing option for rehabilitation as it allows controlling 
and manipulating feedback parameters and leads to 
more challenging and engaging training situations 
that may increase participation [ 58 – 60 ].  

12.4     Clinical Evidence 

 The Lokomat, the ReoAmbulator, and the Gait 
Trainer have been in clinical use for several years. 
A growing number of studies have shown that 
robot-assisted gait training is feasible and effec-
tive in numerous pathologies and results in func-
tional improvements [ 15 ,  22 ,  61 – 65 ]. 

 The value and limits of different robot-assisted 
gait training interventions in comparison to con-
ventional forms of locomotor training however are 
still under debate [ 52 ]. A number of studies aiming 
to directly compare effi cacy of robot- assisted 
treadmill training with conventional gait therapy 
resulted in equivocal fi ndings [ 15 ,  39 ,  52 ,  64 ,  66 –
 69 ]. Some of these studies found advantages of 
robot-assisted treadmill training compared to man-
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ual-assisted therapy [ 15 ,  39 ,  64 ,  67 – 69 ]; others 
found conventional therapy to be more effective 
[ 52 ,  66 ]. Between studies, considerable variability 
existed in the diagnosis, time of intervention in 
relation to the impairment onset, and functional 
impairment level of patients, ranging from nonam-
bulatory [ 67 – 69 ] to ambulatory patients [ 52 ,  64 , 
 66 ]. The application of robotic intervention was 
also variable in terms of number of training ses-
sions, training duration, and control techniques 
implemented. Patients were either trained in the 
position-control mode where the robot maintains a 
predefi ned gait pattern [ 52 ] whereas other studies 
increased the challenge by adapting the parameters 
over training progression [ 15 ,  64 ,  66 ,  69 ]. 

 Conventional training on the other side also 
varied between studies from stance and balance 
training with step initiation [ 68 ,  69 ] to manual- 
assisted treadmill training [ 15 ,  52 ,  64 ]. 

 Few studies have attempted to directly com-
pare the different robots in a comprehensive man-
ner. At MossRehab, the clinical setup places a 

Lokomat and a G-EO next to each other. Taking 
advantage of this, researchers were able to set a 
3D kinematic recording system and obtain 
sequential data from several patients with spinal 
cord and traumatic brain injury diagnosis using 
the two systems and comparing that to body 
weight- supported manual-assisted therapy on a 
treadmill. The data confi rms a more controlled 
and repetitive gait pattern when using a Lokomat 
with gait pattern that is most similar to that of 
overground walking except for pelvic rotation. 
The G-EO provides a gait pattern that has more 
variability of motion for the hips and knees with 
slightly reduced knee motion, and the gait pattern 
differs slightly from that observed during over-
ground walking. Finally the gait patterns achieved 
during manual-assisted treadmill body weight- 
supported therapy were most variable with lack 
of symmetry of movement and timing. See 
Fig.  12.3  for a representative data set looking at 
the knee kinematics in a 32-year-old man with 
left spastic hemiparesis. Solid lines represent 

  Fig. 12.3    Depiction of a representative data set looking at 
the knee kinematics in a 32-year-old man with left spastic 
hemiparesis walking using three different assistance sys-
tems in a consecutive fashion. Top manual PWBTT= par-
tial weight-bearing treadmill training, G-EO is an 

end- effector device and Lokomat a fully robotic device 
(exoskeleton).  Hash line  = left,  continues line  = right data 
collected over several walking cycles [ 66 ]. Data recoded 
with CODA CX1 optoelectronic sensors       
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right, and  dotted lines  represent left knee over 
several walking cycles [ 70 ]. Data was recoded 
with CODA CX1 optoelectronic sensors.

   The knee kinematic data for Lokomat is more 
symmetrical and with characteristics that more 
closely resemble overground normal walking. 
Recently a repeat data set collected using the 
newest version of the LokomatPro with FreeD 
that incorporates pelvic motion has demonstrated 
improvement in the pelvic rotation during walk-
ing training further normalizing the gait pattern.  

12.5     Experience Versus Evidence 

 As the selection of specifi c training parameters 
can infl uence treatment outcomes [ 11 ,  39 – 41 ,  71 , 
 72 ], well-designed, randomized multicenter clin-
ical trials with large, strictly selected samples, 
relevant control groups, and standardized train-
ing parameters are required to separate general 
effects of locomotor training from true robotic- 
assisted training effects. Unfortunately, no objec-
tive basis for the proper selection of locomotor 
training parameters currently exists, and the rigid 
approach required for research does not follow 
the clinical needs of patients. However a growing 
number of clinicians and therapists already suc-
cessfully integrate robotic devices into their clini-
cal setting. Effective integration is dependent on 
the knowledge and understanding about a 
patient’s level of functional impairment and 
pathology-specifi c symptoms related to the time 
after injury, potential for recovery, and selection 
of specifi c training goals that are adjusted over 
time. Furthermore, the clinician’s knowledge 
about the usefulness and limits of different 
devices, as well as their ability to utilize the 
available technical features is crucial in order to 
optimally support, challenge, and motivate 
patients. This approach allows the patients to 
benefi t from robot-aided gait training through the 
different stages of recovery to the point where 
they can safely and effi ciently perform over-
ground walking training. 

 In the following sections, we provide a brief 
review on a number of neurological pathologies 
with resulting functional gait impairments, their 

specifi c presentation over time, and the potential 
for functional improvements where assisted gait 
training (manual or robot) has been applied. We 
further provide insight into the training param-
eters and techniques used during robot-assisted 
gait training at different stages of the rehabilita-
tion process. The recommendations provided are 
based both on available published research and 
clinical experience gained at multiple  institutions 
where multiple robots are currently in use includ-
ing Lokomat, LokomatPro, G-EO, ReWalk, and 
Tibion but may also serve to guide  robot-assisted 
gait training with other devices of similar 
characteristics.  

12.6     Pathology-Specifi c Motor 
Impairment and Training 
Goals Over Time 

12.6.1     Stroke 

 Each year around the world, hundreds of thou-
sands of people are affected by a stroke, which 
affects a person’s cognitive, language, percep-
tual, sensory, and motor function [ 73 ]. Stroke 
causing an ischemic or hemorrhagic brain lesion 
frequently leads to hemiparesis with weakness, 
impaired coordination, and other movement dis-
orders that persist in a large proportion of patients 
so that at 6 months, about half of the surviving 
patients remain disabled [ 74 – 76 ]. Stroke is the 
leading cause of long-term disability among 
adults in the United States, and hemiparesis is the 
most common impairment after stroke. Recovery 
is affected by the intensity of motor training and 
no specifi c rehabilitation program or therapy 
technique has so far stood out as being most 
effective [ 77 ]. The brain bears a potential for 
reorganization through plasticity that compen-
sates for the loss of tissue in motor networks. 
This potential is enhanced by repetitive and 
active exercises, the intensity, complexity, and 
timing of which mainly determines their effec-
tiveness. Intense training with high step repeti-
tion and 1 hour a day as part of a rehabilitation 
program is more effective than no training [ 78 ] 
(often regarded as “spontaneous recovery” 
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although it is unknown whether this recovery 
stems from the patient’s self-training by being 
active in daily life or from an internal brain repair 
process that is use independent). Earlier training 
seems better than late [ 79 ] although in the chronic 
stages of stroke, physical therapy exercises in 
their widest defi nition clearly remain effective 
[ 80 ]. The time period in which training is most 
effective is debated. 

 Falls or the fear of falling is a noticeable prob-
lem of the stroke survivors and their care provid-
ers [ 81 ] and is further complicated by adverse 
effects of central acting medications frequently 
used to control blood pressure and manage spas-
ticity [ 82 ,  83 ]. 

 These problems reduce mobility and increase 
deconditioning and disuse. Therefore specifi c 
interventions that improve mobility and reduce 
the risk of falling are highly desirable. 

 Walking is one of the most important and 
desired activities for patients after stroke as it 
increases independence and expands their social 
environment. The primary objective of rehabilita-
tion of gait defi cits in this population is to advance 
their ability to achieve overground walking in 
terms of safety, energy effi ciency and endurance, 
balance, speed, and the quality and symmetry of 
the gait pattern. The main focus of rehabilitative 
training at an early stage is to incorporate gait 
activities to promote walking, to avoid learned 
nonuse of the correct gait pattern, as well as the 
appearance of more energy-consuming compen-
satory walking strategies. Motor input provided 
by the basal ganglia, midbrain, cerebellum, pons, 
and spinal cord may compensate for diminished 
motor commands from the cortex and help rees-
tablish the ability for control of bipedal locomo-
tion. In this phase the patient benefi ts from 
sensory information during walking, appropriate 
afferent input of muscle and joint receptors 
extending to the sole of the feet [ 84 ], and possi-
bly rhythmic acoustic input. Treadmill training 
has proven effective on stroke survivor’s mobil-
ity [ 85 ]. At the same time, there is data reporting 
no signifi cant differences in walking improve-
ment found between body weight-supported 
treadmill training (BWSTT), early locomotor 
training, and home exercise or between BWSTT 

in a chronic state and home exercise. Many par-
ticipants had increased functional walking ability 
at 1 year post training [ 86 ]. 

 Robotic gait training appears to be as effective 
but optimal training protocols are not fully devel-
oped [ 66 ,  87 ]. However, to participate in daily 
life activities, the patient also has to regain house-
hold walking abilities, which requires the capac-
ity for multitasking (e.g., walking and scanning 
the environment, walking and holding something 
or someone, walking and talking, walking and 
adapting to environmental changes, etc.). 

 In later stages opportunities remain to over-
come learned nonuse and enable the patient to 
improve overground walking ability in terms of 
speed, endurance, the quality and symmetry of 
gait pattern, and energy effi ciency. By providing 
intensive and repetitive gait training, patients—
even those with cognitive defi cits—can practice 
and enhance existing but nonused movements and 
integrate them in their compensatory gait pattern. 
Providing a safe training environment enables 
patients to focus on specifi c components of their 
gait training and achieve further improvements. 

 Patients in the chronic stage after stroke that 
are nonambulatory however might never regain 
independent walking ability, and it is therefore 
important to appropriately set objectives, expec-
tations, and treatment goals. Training goals 
should match the specifi c needs and capacities of 
patients and their caregivers. For this population, 
prevention of pain, stiffness, and contractures, as 
well as the regulation of muscle tone, is essential. 
Another goal is to increase muscle strength in 
order to stabilize the patient’s head and trunk 
when upright or in an unsupported environment.  

12.6.2     Traumatic Brain Injury 

 Brain injury especially after high velocity trauma 
often results in a combination of focal and diffuse 
axonal injury. This may include damage to the 
corticospinal tract and other critical structures of 
the central nervous system (CNS). The incidence 
of traumatic brain injury (TBI) has two peaks, 
one in the second and third decades and again 
after the seventh decade of life. In young 
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 individuals, the majority of injuries are the result 
of trauma from motor vehicle accidents, sports 
injuries, and assault. Falls account for most of the 
injuries in the elderly. Men are far more likely to 
sustain traumatic brain injury with a male to 
female ratio of 2.4 to 1 [ 88 ]. 

 A TBI can interfere with life roles and partici-
pation due to limitations in a diverse array of activ-
ities, including mobility, cognition, activities of 
daily living, and communication. The upper moto-
neuron syndrome (UMNS), with impairment of 
the patient’s ability to produce and regulate volun-
tary movement due to corticospinal system dam-
age, may be identifi ed as a factor contributing to 
these defi cits. Muscle weakness, impaired selec-
tive control, and the emergence of primitive loco-
motor patterns produce abnormal movement 
patterns, gait deviations, and compensations com-
monly seen in patients with TBI [ 89 ,  90 ]. These 
gait deviations alone or in combination disturb the 
normal spatiotemporal features of gait typically 
resulting in a decrease in walking velocity and in 
the symmetry of gait. For example, after a TBI, the 
ability to coordinate stance phase-related move-
ments that invoke hip and knee extensor muscles 
and the ankle plantar fl exors to provide stability is 
impaired. The inability to coordinate fl exion and 
extension of the different lower limb joints appro-
priately interferes with the motion patterns that 
allow a smooth transition from swing to stance 
phases during walking [ 26 ]. Furthermore the pres-
ence of primitive motor patterns impairs the 
patient’s ability to change the intensity of muscle 
action that occurs during the different phases of 
gait compromising the ability to lift and advance 
the limb during swing. In a prospective, random-
ized study in a population of subjects with TBI and 
gait dysfunction, improvement was demonstrated 
in walking velocity with either RAGT using the 
Lokomat or manually assisted gait training with 
greater improvement of walking symmetry and 
joint motion in the RAGT group [ 15 ]. Such an 
intervention appears to have positive results even 
in the chronic stage of recovery and had an addi-
tional long-term positive impact on the mobility 
portion of the stroke index scale (SIS) and self- 
esteem when measured at 6 months post interven-
tion. Aging and osteoarthritis appear to aggravate 

many of the gait defi cits in this population, and 
periodic gait-retraining interventions using RAGT 
or BWSTT may reduce the degree of disability 
and maintain walking capacity.  

12.6.3     Spinal Cord Injury 

 The spinal cord can be compressed, severed, or 
distorted due to trauma. An accident with an SCI 
is associated with severe mechanical impact and 
a loss of the stability of the spine. Often addi-
tional injuries of the extremities and the thorax 
are present [ 91 ]. Nontraumatic causes for SCI 
include degenerative spine disease, tumors, vas-
cular, or infectious processes. Advances in medi-
cal care for persons with SCI have resulted in 
increased rates of survival and a longer life span. 
Each year, there are approximately 11,000 new 
SCIs in the United States and approximately 
200,000 individuals currently live with a disabil-
ity related to an SCI in the United States [ 92 ]. 

 The sequelae of SCI are partial or complete 
loss of motor, sensory, and vegetative function 
below the level of the lesion. A lesion to the cer-
vical spinal cord affects all four extremities, 
while lesions below that level affect mostly the 
legs. Based on the clinical examination of motor 
and sensory function, SCI can be classifi ed using 
the International Standards for Neurological 
Classifi cation of SCI (ISNCSCI) of the American 
Spinal Injury Association (ASIA) [ 93 – 96 ]. It 
ranges from “motor and sensory complete” 
(ASIA Impairment scale; AIS A) to a complete 
recovery of all symptoms (AIS E) (Table  12.1 ).

   In addition there are six special forms of SCI 
clinical syndromes [ 97 ], of which two are impor-
tant pertaining to the recovery of locomotor func-
tion: the central cord syndrome (CCS) and the 
Brown-Sequard syndrome (BSS) [ 98 ]. The CCS 
describes a lesion of the central matter of the cer-
vical spinal cord. Commonly the arm and hand 
function are severely impaired whereas leg func-
tions are less affected. The BSS describes a uni-
lateral damage of the spinal cord followed by 
spinal hemiparesis. These presentations (CCS 
and the BSS) can be considered as a form of 
incomplete SCI. 
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 Spontaneous neurological recovery can be 
observed within the fi rst 2 years after injury [ 91 ]. 
Extent of recovery is dependent on several fac-
tors including the severity of the lesion, overall 
health status, prevention of secondary complica-
tions, and rehabilitation interventions. Patients 
with a complete injury (AIS A) might recover 
function over one or two segments but remain 
paralyzed below the level of lesion [ 99 ,  100 ], 
whereas patients with an incomplete injury 
recover function below the neurological level of 
injury to various degrees. The range of recovery 
in terms of ambulatory function varies between 
50 % for persons with AIS B to over 90 % for 
AIS D patients [ 91 ]. In general both, CCS and 
BBS also have favorable prognosis pertaining to 
walking function [ 97 ,  98 ]. In the beginning 
patients with an incomplete SCI, CCS, or BSS 
present severe loss of neurological functions 
which can recover and convert to a less severe 
ASIA impairment scale level over time [ 101 ]. 

 Even though patients classifi ed as having 
an incomplete injury have a good prognosis to 
recover walking function, they usually cannot 

stand or walk in the early stages due to the acute 
post-traumatic spinal shock with paralysis of the 
leg muscles. In the early stages of rehabilitation, 
patients are highly dependent on assistance for 
almost all of their activities. Routine assistance 
is provided by specialized nurses or therapists 
as well as mechanical devices, such as wheel-
chairs, braces, or other assistive devices includ-
ing RAGT. The rehabilitation of walking function 
is designed in response to the patient’s status in 
a manner that they are challenged by the exer-
cises without being overtaxed. As the amount of 
expected recovery is diffi cult to forecast, rehabili-
tation should not only focus on regaining ambula-
tion but also on the use of a wheelchair and how to 
transfer safely in case this will be the most effec-
tive mode of mobility. With increasing recovery 
of lower extremity muscle strength and motor 
control, patients can start to walk without the 
assistance of a robotic device, either on a tread-
mill still using body weight support, in a rehabili-
tation pool, or over ground using a walking aid 
(e.g., parallel bars, crutches, or overhead support, 
etc.). At later stages in some patients, the goals 
may be focused on the development of higher lev-
els of activities like walking on uneven surfaces, 
carrying objects while negotiating obstacles, and 
in some cases running, jumping, etc.  

12.6.4     Multiple Sclerosis 

 Multiple sclerosis (MS) is a disease of the cen-
tral nervous system (CNS) with a variable clini-
cal course (relapsing-remitting, secondary 
progressive, primary progressive), various path-
ological features (infl ammation, demyelination, 
axonal loss, and degeneration), and clinical pre-
sentation pattern (hemiparesis, paraparesis, or 
tetraparesis). A major feature of patients with 
MS is gradual loss of function over time with 
pathological changes at different sites of the 
CNS leading to a broad range of symptomatic 
presentations, functional defi cits, and disabili-
ties. Different disease- specifi c pathophysiologi-
cal disturbances may infl uence physical 
performance in patients with MS. Uhthoff’s 
phenomenon (worsening of symptoms with 

   Table 12.1    Standard neurological classifi cation of a spi-
nal cord injury from the American Spinal Injury 
Association   

 A = complete  No motor or sensory function is 
preserved in the sacral segments 
S4–S5 

 B = incomplete  Sensory but not motor function is 
preserved below the neurological 
level and includes the sacral 
segments S4–S5 

 C = incomplete  Motor function is preserved below 
the neurological level, and more 
than half of key muscles below the 
neurological level have a muscle 
grade less than 3 

 D = incomplete  Motor function is preserved below 
the neurological level, and at least 
half of key muscles below the 
neurological level have a muscle 
grade of 3 or more 

 E = normal  Motor and sensory function are 
normal 

  S4–S5 represent the lowest spinal segments of the spinal 
cord 
 Muscle grading 3 means active movement through full 
range of motion, against gravity  

A. Esquenazi et al.



233

increasing body temperature induced by physi-
cal activity or high ambient temperature) and 
activity-dependent conduction block in central 
pathways (induced by high-frequency dis-
charges during strenuous activities) are the main 
factors responsible for motor fatigue and 
increase weakness in patients with MS [ 102 , 
 103 ]. Together with changes of central recruit-
ment, spasticity, co-contraction, and loss of dex-
terity, these specifi c phenomena result in 
longstanding physical defi cits with functional 
implications frequently affecting gait in this 
patient population. 

 Gait disturbances in persons with MS are 
common and can affect up to 80 % in the long 
term, typically with a spastic-ataxic gait pattern. 
Walking impairments produce a negative impact 
on mobility for personal activities, social partici-
pation, and quality of life. Patients with walking 
disabilities are at high risk for secondary compli-
cations (especially falls, osteoporosis, decon-
ditioning, and contractures), and the total costs of 
the disease management rise steeply after the loss 
of walking abilities. Therefore, maintaining or 
improving walking in this population is a key 
goal of their rehabilitation. 

 There is good evidence for the benefi cial 
effect of physical training (physical therapy, 
resistance training, and aerobic training) on 
mobility in MS [ 104 ]. Physical therapy has been 
shown to be effective in improving gait and 
mobility and reducing the risk of falls. In 
patients with more severe gait disabilities, how-
ever, overground walking training becomes dif-
fi cult or even impossible. Physical effort and 
motor fatigue along with spastic-ataxic gait 
limit the effective treatment duration and 
expected effects. Thus, reducing physical effort 
through the use of body weight support or 
RAGT may be particularly useful in patients 
with MS, avoiding motor fatigue and increasing 
treatment effect through a more effi cient gait 
training. There is some evidence that BWSTT 
and RAGT reduce physical effort, and when 
provided with body weight support, it might be 
more benefi cial than overground walking train-
ing particularly for patients with severe walking 
disabilities caused by MS.  

12.6.5     Children with Central Gait 
Impairments 

 Robot-assisted gait training in children can be 
applied for various diagnoses leading to central 
motor impairments such as cerebral palsy, spina 
bifi da, TBI, SCI, stroke, intracranial hemorrhage, 
brain and spinal cord malignancies, and other 
degenerative diseases of the CNS (Fig.  12.4 ). The 
indication for treatment and the goal of rehabilita-
tion arise from the individual functional impair-
ments rather than from the diagnosis itself. RAGT 
offers an opportunity for early standing and gait 
training in patients with acute cerebral lesions. In 
these patients RAGT should include training for 
tolerance to positional changes and ideally com-
bined with conventional physiotherapy, trunk sta-
bility, and transfer training. The possibility of 
achieving gait (with or without walking aids) is the 
main indication for this training. However, other 
indications should be considered such as the 
improvement of tone regulation, passive range of 
motion, alertness, or improving transfer function.

12.7         Recommendations Based 
on Best Clinical Practice 
for Robot-assisted Gait 
Training 

12.7.1     Patient Selection 

 In general RAGT is suitable for both male and 
female patients. Similar to manual-assisted walking 
training with a harness and unloading system, spe-
cial attention should be placed to proper fi t of the 
harness, especially in the perineal area for male 
patients and for female patients with compression 
of the breast. Training can be done with patients of 
almost any age as long as a minimal leg length as 
well as body weight greater than 15 kg is present. It 
is preferred to utilize RAGT devices that have pedi-
atric modules adjustable to the smaller anatomy. 
With aging, osteoporosis and degenerative joint dis-
ease need to be considered as a precaution. Patients 
with recent history of a lower extremity and pelvic 
fracture should be carefully assessed and medically 
cleared before training with robotic devices. 
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 RAGT is particularly desirable for patients 
with more severe walking disabilities; however 
achieving a realistic goal of overground walking 
(with or without assistive devices) should be the 
focus of the rehabilitation process. Patients with 
acute and post-acute stroke benefi t from high- 
frequency RAGT, which should complement 
overground gait training when possible. Patients 
with acute or chronic incomplete SCI (i.e., AIS C 
or D) benefi t greatly from locomotor training 
movements. Training is also suitable for AIS B 
patients when assessed within 8 weeks after SCI as 
well as patients with MS with severe walking 
disabilities. 

 RAGT can be used, for example, in patients 
with limited walking distance of a few steps up 
to 100 m with and without walking aids with an 
Expanded Disability Status Scale (EDSS) score 
of 6.0–7.5. RAGT can also be applied to children 
with severe motor impairment as classifi ed by 
the Gross Motor Function Classifi cation System 

(GMFCS) level IV; however a recent study has 
shown that patients with GMFCS I–II benefi t the 
most due to their ability to tolerate longer dura-
tions of training and greater walking distances 
[ 105 ]. Patients with TBI walking at velocities 
between 0.2 and 0.6 m/s appear to benefi t the 
most from RAGT. 

 Even though the possibility of achieving gait 
(with or without walking aids) is considered the 
main indication for RAGT, patients with chronic 
presentation and higher severity with little poten-
tial of regaining independent walking ability may 
also benefi t from gait-like repetitive movements. 
Training can focus on specifi c goals such as tone 
regulation, preservation of joint range of motion, 
and prevention of secondary complications. In 
adults and children, it offers an alternative therapy 
method after botulinum toxin, functional orthope-
dic, or neurosurgical interventions such as tendon 
lengthening or neurectomies or implantation of 
intrathecal medication delivery pumps in order to 

  Fig. 12.4    Robot-assisted gait 
training offers an early 
verticalization and gait 
training in children and can be 
applied for various diagnoses 
leading to central motor 
impairments (Photo courtesy 
of Spaulding Rehabilitation 
Hospital, USA)       
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promote  training with newly found biomechani-
cal constraints and help regain muscle strength 
and endurance. It is recommended that evaluation 
by a medical rehabilitation team be considered to 
address the expectations of patients and their care-
givers as well as for medical clearance. Also, the 
time and effort of the therapeutic intervention in 
comparison to the expected outcome need to be 
considered carefully and discussed in an open man-
ner before commencing training. In some complex 
or nonambulatory patients, an initial neurorehabili-
tation assessment followed by a robotic-assisted 
training trial may provide information about the 
feasibility and rationale for this kind of training. In 
general the indication for robot-assisted gait train-
ing should follow the individual goal setting (e.g., 
improvement of walking ability, mobility, tone reg-
ulation, etc.) and may also depend on the fi nancial, 
social, and other available resources, as well as the 
organization of the local health system. 

 Training is suitable for patients in the acute, 
subacute, or chronic state. Patients with diagno-
sis of stroke and SCI can be trained very early 
after injury within a professional setting in the 
inpatient acute rehabilitation hospital setting. In 
patients with acquired brain injuries like TBI or 
stroke and SCI, an early mobilization and verti-
calization program is also very important to 
reduce orthostatic hypotension. It is of particular 
importance to consider the motivation of patients 
and the ability to use RAGT biofeedback, virtual 
environment, or gaming capabilities for this. 

 Besides the device-specifi c contraindications 
provided by the manufacturer, other factors that 
may be diagnostic specifi c should be taken into 
account before applying RAGT to patients. To be 
best suited for training, patients should be able to 
signal discomfort, enjoyment, fear, and exhaus-
tion. In order to benefi t most from training ses-
sions, it is advantageous if patients are cognitively 
capable of interacting with the treatment staff and 
able to follow commands, participate, cooperate, 
and provide feedback during the training. Severe 
cognitive or psychiatric problems as well as 
incontinence might be relative contraindications 
to training with a robotic device. 

 Patients ideally should be able to be upright 
for at least 15–20 min without experiencing 
orthostatic hypotension to participate in 

RAGT. Training is strenuous and patients must 
tolerate the cardiopulmonary stress correspond-
ing to exertion. Before each training session, the 
skin needs to be evaluated for pressure sores or 
irritation, especially around the area where the 
harness and the robot interface with the patient 
(i.e., the pelvis, groin, thigh, shin, and ankles). 
Pressure sores, as well as acute soft tissue irrita-
tion that interferes with harness support, robotic 
leg cuffs, the use of footwear, or weight bearing, 
preclude the training. In order to avoid friction 
and irritation due to fabric creases, it is recom-
mended that the participant wears adequate cloth-
ing for the training including running tights, yoga 
pants or other long snug,  tight-fi tting athletic 
clothing. In our clinical experience, a careful fi t-
ting of the robotic device by a well-trained and 
experienced therapist is very important 
(Fig.  12.5 ). The time required for patient setup 
varies with each system and needs to be included 
in the schedule of the training session [ 105 ].

  Fig. 12.5    A careful adaptation of the harness as well as 
the exoskeleton by a well-trained and experienced thera-
pist plays a prominent role for the success of all further 
training sessions (Photo courtesy of Spaulding 
Rehabilitation Hospital, USA)       
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   Reduced head control or trunk instability 
might lead to discontinuation of therapy. In 
cases of marked leg length asymmetry, correc-
tion using insoles or wedges is recommended 
when feasible, and in patients with asymme-
tries of more than 4 cm, training might be 
limited to specific types of robots. Training 
should also be carefully considered in patients 
with major lower limb orthopedic deformi-
ties, joint contractures, severe spasticity, or 
sustained clonus. After orthopedic or neuro-
surgical procedures (i.e., hip reconstructions, 
osteotomies, or soft tissue surgery, selective 
dorsal rhizotomy and other neurosurgical pro-
cedures), specific training protocols devel-
oped in closed cooperation with the surgical 
team may need to be implemented. At this 
time there is insufficient literature or clini-
cal experience to support the use of RAGT in 
patients with progressive neuromuscular dis-
orders such as Duchenne muscular dystrophy, 
amyotrophic lateral sclerosis, etc. 

 Passive range of motion of the hips, knees, 
and ankles must be suffi cient to allow kine-
matics consistent with gait. Marked limita-
tion in range of motion particularly of the 
knee and hip joints can interfere with the use 
of RAGT. Severe and fi xed contractures of the 
lower extremities (greater than 20° knee exten-
sion and 30° hip extension defi cits) interfere 
with a proper stance phase weight-bearing 
phase. Joint stability must be present to allow 
weight bearing. 

 Abnormal muscular tone expressed by spas-
ticity, hypotonus, or dyskinetic movements 
needs to be considered carefully and indi-
vidually before, during, and after the training 
[ 106 ] as they might require specifi c adjust-
ments and training parameters initially as well 
as during subsequent training sessions (see 
below Sect.  12.7.2 ). Some tone is desirable 
and necessary to promote CNS plasticity for 
gait training. For patients with severe spastic-
ity, systemic oral or intrathecal medications or 
botulinum toxin injections carefully adjusted 
to the patient’s needs might be useful prior 
to training as long as undesirable weakness is 
avoided.  

12.7.2      Training Initiation 
and Progression Over Time 

12.7.2.1     Training Goals 
 The objective of the fi rst robotic training session 
is to fi t and familiarize the patients to RAGT. In 
some cases the challenge might be to reduce 
patients’ hesitance or anxiety toward new tech-
nologies; in other patients it might be impor-
tant to set appropriate treatment expectations. 
Therapists as well as patients can concentrate on 
the right setup and selection of adequate train-
ing parameters in order to optimize training. 
The goal is to establish a comfortable and natu-
ral walking pattern as permitted by the patient’s 
symptoms and physical presentation. Within the 
course of therapy, the patient’s motor function is 
likely to improve; accordingly, the training pro-
cedures and goals should be adjusted. Initially 
RAGT provides a safe environment where fear 
of falling can be reduced, enhancing the patient’s 
ability and motivation to concentrate on specifi c 
gait training goals. On the other hand, walking 
is a cyclical stereotypical pattern that during 
training should be adapted in accordance with 
the patient’s progress to increase variability 
of movements and reduce guidance. Today’s 
robotic devices provide a number of possibili-
ties for therapists and patients to keep training 
at a challenging level and further improve motor 
function. In order to implement new challenges, 
the therapist can also combine the use of dif-
ferent devices dependent on the patient goals, 
equipment technical features, training possi-
bilities, and the introduction of overground gait 
training.  

12.7.2.2     Number of Training Sessions 
 Early on in rehabilitation, gait training should be 
performed as often as possible ranging from two 
up to fi ve training sessions a week, depending on 
the patient’s diagnosis and characteristics, func-
tional abilities, and training goals. Ideally RAGT 
should always be combined with other physical 
exercises like aerobic, resistance, and balance 
training and be applied in addition to therapeutic 
overground walking training as soon as feasible. 
In patients with chronic residual gait defi cits 
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from acquired brain injury, longer-term training 
one to two times a week is suggested to maintain 
functional gains, or episodic more intense ther-
apy can be implemented. This approach may also 
be benefi cial in patients with CP, MS, and SCI in 
order to maintain walking abilities (see 
Table  12.2 ).

12.7.2.3        Setup and Training Duration 
 For the fi rst training session, 60 min should be 
scheduled. Initial patient setup may take longer 
in order to defi ne the proper adjustments of the 
harness as well as the robot. In severely affected 
patients with little trunk control, the harness 
should be adjusted while the patient is in a seated 
or laying position (Fig.  12.6 ). Careful adjustment 
and fi tting of the harness as well as the exoskel-
eton should be done by a well-trained and experi-
enced therapist to avoid complications and assure 
continued success. To maintain the patients’ (in 
particular children’s) cooperation, the phase of 
total unloading during device attachment should 
be kept rather short in order to avoid discomfort 
at the points of interface.

   During the fi rst training session, patients have 
to be carefully observed concerning clinical symp-
toms of blood pressure, cardiovascular instability, 
fatigue, exertion, or pain. It is recommended to 
keep the walking duration short  during the fi rst 
training session; adult patients should not walk 
longer than 20–30 min and children for 10–20 min. 
Patients with MS in particular tend to be very 
motivated, which may overstrain their abilities; it 

might help to instruct them to walk rather pas-
sively during their fi rst training session to assess 
the effects. Even if patients seem to  tolerate the 

   Table 12.2    Overview training parameters   

 Stroke and MS  SCI  Children 

 Initial BWS  40–80 %  60 % 

 Minimal BWS  Limited by deterioration of 
kinematics 

 Limited by deterioration of 
kinematics 

 Limited by deterioration of 
kinematics 

 Initial speed  1.0–1.5 km/h  1.6–2.0 km/h  0.6–1.0 km/h 

 Target speed  1.5–2.5 km/h  2.5–3.2 km/h  0.8–1.8 km/h 

 Maximal speed  Limited by deterioration of 
kinematics 

 Limited by deterioration of 
kinematics 

 1.8 km/h 

 Initial GF  100 %  100 %  100 % 

 Minimal GF  Limited by deterioration of 
kinematics at high speed 
with low BWS 

 Limited by deterioration of 
kinematics at high speed 
with low BWS 

 50 % 

   BWS  body weight support,  Km/h  kilometers per hour,  GF  guidance force,  SCI  spinal cord injury,  MS  multiple sclerosis  

  Fig. 12.6    In severely affected patients with little trunk 
control, the harness should be adjusted while the patient is 
in a laying position (Photo courtesy of Spaulding 
Rehabilitation Hospital, USA)       
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training very well, reactions such as pain and mus-
cle soreness may appear later. Pressure marks due 
to friction from the harnesses and robot attach-
ment cuffs might become obvious only later due to 
the reduced sensation in some patients. Therapists 
should be on the alert for any indication of friction 
and interrupt the training and check the respective 
locations of the body thoroughly. 

 After the fi rst training session, when the time for 
setup is reduced to a minimal amount and the 
patient is accustomed to the training procedure, the 
duration of training sessions can be gradually 
increased from one session to the next. The goal is 
to advance the patient up to 45–55 min of continu-
ous walking with minimal breaks throughout. In 
patients with MS up to 30 min and in children 
20–45 min are the targeted training duration, but it 
might be shorter depending on fatigue or motiva-
tion. Training sessions should also contain a ramp-
up period in order to allow for warm up and prevent 
over-exhaustion of soft tissue structures like joints 
or tendons. The last 2–3 min of each training ses-
sion can be used as a cooldown period, where body 
weight support can be increased, thereby reducing 
the effort required from the patient. In general a 
training session of 60 min should be generally fore-
seen. In some facilities where multiple units may 
be available, staggering patients by 20 min within 
the hour will allow an effi cient rehabilitation pro-
gram where up to three patients can be trained 
simultaneously with less staff.  

12.7.2.4     Body Weight Support 
 Studies in individuals with SCI have shown that 
locomotor EMG activity increases with increased 
loading through the legs [ 84 ,  107 ]. Body weight 
support should therefore be provided as much as 
necessary to create a safe and permissive envi-
ronment and allow for appropriate kinematics but 
as little as possible to increase loading through 
the legs [ 108 ]. 

 In stroke and MS patients, it is not recom-
mended to apply the highest possible amount of 
body weight within the fi rst session. Predictor for 
the correct amount of body weight support is the 
posture of the foot and/or knee during walking, 
which is often affected by paralysis or muscle 
overactivity. At an early stage, patients might not 

yet be aware on how they are able to infl uence 
their leg movements, and therefore therapists 
need to regulate stance phase loading in order to 
establish a physiologic knee extension in align-
ment to hip and foot. In SCI the maximum pos-
sible load can be applied if the patient is able to 
achieve good knee extension during stance; oth-
erwise body weight support should be increased. 
Based on the literature and available clinical 
experience, the initial unloading will range from 
40 to 80 % of the subject’s weight. It might be 
better to initially provide the patient with more 
support than required. For children a body weight 
support of at least 60 % is recommended in order 
to walk the fi rst steps; more support might be 
required for children who are not yet able to sup-
port their own body weight. Loading can be 
increased when proper knee extension during 
stance phase is evident. The ultimate goal for all 
patients should be to train with progressively 
greater weight bearing, eventually carrying their 
full body weight. Training therefore has to be 
adapted in accordance with the patient’s ability 
of weight acceptance while keeping control of 
their movements during the training. Body 
weight support can be gradually reduced within 
and over training sessions according to the 
patient’s tolerance. Therapists can use an increas-
ing titration approach, where the patient may be 
able to tolerate a reduced amount of body weight 
support only for a brief time and must then return 
to the higher level of support. The goal should be 
to gradually increase the amount of time a patient 
can tolerate higher amounts of body weight until 
he/she can maintain that weight for the entire ses-
sion. However, an adequate loading response 
with adequate knee extension during stance phase 
is of great importance to avoid developing unde-
sirable deviations.  

12.7.2.5     Walking Speed 
 During the fi rst training sessions, a slow walking 
velocity should be attempted approximately 0.6–
1.0 km/h (0.2–0.4 m/s) in children, 1.0–1.5 km/h 
(0.3–0.5 m/s) for stroke and MS patients, and up to 
1.6–2.0 km/h (0.4–0.6 m/s) in patients with 
SCI. Patients should have the opportunity and time 
to adjust to the new training paradigm and be 

A. Esquenazi et al.



239

allowed to adapt their gait pattern to the new 
demands imposed by the robotic device and even 
concentrate on specifi c gait parameters. Once the 
patient starts to demonstrate improvements in con-
fi dence and comfort walking with the device and 
is able to carry a large amount of body weight over 
the duration of one training session, speed can be 
gradually increased. An average speed of 0.8–
1.8 km/h (0.22–0.5 m/s) in children, 1.5–2.5 km/h 
(0.42–0.69 m/s) in stroke or MS, and 2.5–3.2 km/h 
(0.69–0.89 m/s) in SCI patients have been recom-
mended. When patients are training at fast velocity 
and carrying at least 80 % of their body weight, the 
therapists should be closely observing the heart 
rate to ensure aerobic training conditions take 
place without adverse effects. High-functioning 
patients from the perspective of walking may be 
able to tolerate even higher training speeds, but it 
is important to remember that maximum walking 
speed is defi ned by three important parameters: 
leg length, gender and age, and the importance to 
maintain episodes of double support as not to 
resort to running. Another indicator for the correct 
walking speed might be specifi c symptoms, i.e., 
dystonia or marked spasticity. Ataxic patients with 
stable muscle function can be trained at fast 
speeds, whereas fatigue or hypertonus may indi-
cate the need for slower gait training. 

 With an increase in speed, kinematic gait 
parameters change, and it is required to make the 
necessary adjustments to the robot controller, e.g., 
provide higher range of motion for hip extension 
and fl exion or reduce the strapping of the robotic 
components to the patient in order to provide 
more range of motion in the hip joint. As variabil-
ity of gait training is important in terms of motor 
learning, the therapist can change the speed within 
one training session. Other parameters that can be 
adjusted by the therapist include the step length in 
accordance with changes in speed and the imple-
mentation of dual-task training situations like 
reciprocal arm movements, using the handrails, 
counting backward, or pretending to kick a ball 
during walking. A comfortable walking speed, 
good loading during stance phase, and a harmonic 
gait pattern are important objectives of training. 
Undesirable changes in the gait pattern in response 
to velocity adjustments may refl ect the patient’s 

inability to tolerate such an increase in speed and 
be seen as a need to delay further adjustments.  

12.7.2.6     Robotic Guidance 
 Within the fi rst training session, robotic assistance 
or guidance (guidance force for Lokomat) should 
be kept high and not reduced before an individual 
is able to walk at a higher speed under minimal 
body weight support. Once the patient demon-
strates improvement, the amount of guidance force 
should be progressively reduced in order to 
increase the training challenge. In patients diag-
nosed with MS, this can be the case after two to 
three training sessions. The amount of assistance 
or guidance force should be progressively reduced 
as long as the patient can maintain proper gait 
kinematics, clear the toes during swing phase, and 
adequately extend both knees during stance phase, 
but remains constantly challenged during the 
training session. For hemiparetic patients the guid-
ance force can be reduced specifi cally on the 
impaired leg in order to force the patient to train 
this leg in accordance with force- induced therapy. 
In children, training with guidance force less than 
50 % is not recommended before the patient can 
support themselves with minimal body weight 
support and walk at 0.5 m/s or greater.  

12.7.2.7     Biofeedback 
 Some devices provide a biofeedback system with 
detailed information for patients and therapist 
about active participation within the gait cycle, 
for example, swing and stance phase or pressure 
applied through the different sections of the foot. 

 This allows the therapist to provide detailed 
training instructions in order to achieve specifi c 
goals whereas the patient receives immediate 
feedback on compliance with these instructions 
(Fig.  12.7 ). Once patients have been introduced 
to the biofeedback system and have a clear under-
standing on how to infl uence biofeedback values, 
they can gradually adjust their gait pattern or start 
focusing on specifi c training objectives.

   The decision if and when additional informa-
tion via biofeedback systems might become ben-
efi cial and how it should be applied during the 
training session depends on the therapist’s evalu-
ation of patient abilities. For patients with mild 
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functional impairments, biofeedback values 
might be a useful training tool, whereas in 
patients with impairments in alertness, the provi-
sion of biofeedback indicators may be too 
complex. 

 Due to limitations of alertness and perception in 
persons with severe brain injuries such as TBI and 
stroke, training of a single parameter, for example, 
swing or stance phase of one hip or knee joint, 
might be recommended in an attempt not to over-
whelm the patient. These patients often need man-
ual or verbal feedback in addition to the biofeedback 
values presented by the device. Depending on 
device type, the therapist may furthermore have to 
facilitate knee or foot positioning during walking to 
provide additional afferent feedback, for instance, 

support during knee extension or facilitation of 
plantar fl exion in late mid-stance. If the training 
goal is to change an already established compensa-
tory gait pattern, the patient requires clear instruc-
tions by the therapist on what gait parameters 
should specifi cally be addressed, for example, 
achieving proper knee extension or the correct posi-
tioning of the foot during stance phase. Hemiparetic 
patients can also concentrate on biofeedback values 
displayed by the less affected side as active partici-
pation of the stronger leg during stance phase might 
refl ect a more active swing phase of the paretic side. 
Until subjects get used to how their efforts affect 
their biofeedback values, walking speed should be 
kept slow. Reduced walking speed with slower step 
cycles also provides more time for patients to con-
centrate on coordinated activation and relaxation of 
antagonistic muscle groups during stance and swing 
phase, thereby preventing undesirable muscle co-
contractions. Increased spasticity might be observed 
if patients get overexcited or over-motivated during 
training, and in this case training without displaying 
biofeedback values might be required for a time. 

 In young children, patient adaptive control strat-
egies and an adapted biofeedback system are of 
particular importance to assure maximum partici-
pation. Simple feedback mechanisms can only be 
used for a limited period of time in order to improve 
selective muscle control, i.e., hip fl exion or knee 
extension. More recent versions of some of the 
robotic devices have included biofeedback through 
a virtual reality-based environment (Fig.  12.8 ). 
Interactive virtual realities like soccer games or 
other interventions are motivating, especially for 
young patients, and increase compliance and atten-
tion [ 58 ]. Children should remain attentive to ver-
bal input provided by their therapist. In some 
facilities multiple robotic units are set next to each 
other allowing patients the opportunity to compare 
their performance and motivate each other.

12.7.3         Specifi c Training Goals 

12.7.3.1     Achievement of Body 
Alignment and Trunk Control 

 In some patients, verbal feedback and manual 
facilitation or a passive support (e.g., neck brace, 

  Fig. 12.7    Biofeedback systems provide detailed infor-
mation for patients and therapist about active participa-
tion. They furthermore allow therapists to give detailed 
training instructions in order to achieve specifi c training 
goals whereas the patient receives immediate feedback on 
his/her performance (Photo courtesy of Spaulding 
Rehabilitation Hospital, USA)       
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soft collar) might be required in order to keep 
trunk and head in an upright position with sym-
metric alignment. Some patients may benefi t 
from visual feedback provided by a mirror placed 
in front of the device during walking training in 
order to promote self-correction of trunk and 
head posture. Different items positioned above 
eyesight, i.e., balloons, bells, or computer screens 
displaying biofeedback values or augmented 
feedback, may encourage patients to walk in an 
upright position. 

 One more challenge is to integrate paretic or 
hypertonic arms with correct alignment and 
motion. Therapists should adjust the arm sup-
ports of the device in order to position hands and 
arms. Special attention is required to support the 
weak shoulder to prevent subluxation and joint 
pain. In some cases it might be necessary to place 
the arm in a sling during training, whereas para-
plegic SCI patients can be encouraged to swing 
their unaffected arms during walking.  

12.7.3.2     Decreasing Pathological 
Muscle Tone 

 Patients with high tone and spasticity affecting 
the legs may not be able to train in a robotic sys-
tem as increased forces acting on the robotic 
drives can trigger the safety mechanisms that 
result in undesirable frequent stops of the 
machine, thereby interrupting the training proce-
dure. In order to reduce high muscle tone, 

 training can be started with minimal weight 
bearing reducing the afferent input and with lim-
ited joint range of motion and slow walking 
speed. Patients with spastic hemiparesis can start 
walking with a smaller joint range of motion in 
the affected leg. Once a patient is able to walk 
without the tone- related interruption and move-
ments are fl uid and appropriate, the therapist can 
increase the weight bearing. If the ankle/foot has 
clonus, then a heel lift or a brace that limits ankle 
motion can be used. In more severe cases, botu-
linum toxin or oral antispasticity agents can be 
introduced to the rehabilitation process. It is 
important to remember the potential presence of 
secondary rheological changes in muscle fi ber, 
collagen tissue, capsule, and tendons resulting in 
contractures that interfere with functional move-
ments and may need other interventions to 
restore motion [ 109 ,  110 ].  

12.7.3.3     Increasing Range of Motion 
 Patients in the chronic state may suffer from limi-
tations in the hip or knee joints’ range of motion. 
To obtain a physiological gait pattern, one of the 
main rehabilitation goals is to increase the joint 
range of motion and its movement control. 
Increase in range of motion is achieved initially 
walking with short steps and slowly encouraging 
the achievement of a larger range of motion. 
However in patients with limited range of motion 
of the hip or in the lower spine and for persons 

  Fig. 12.8    Augmented 
feedback allows walking in a 
motivating and patient- 
friendly virtual reality-based 
environment and results in 
good compliance, increased 
attention, and high muscle 
activity       
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with SCI with spinal instrumentation, this can 
cause undesired pain or increase muscle tone. 
Special attention has to be paid to contractures 
and the presence of osteoporosis. When present 
an alternative intervention to regain the lost range 
should be explored. Optimizing joint range of 
motion allows an adequate step length and sym-
metrical gait with adequate stance-to-swing ratio.  

12.7.3.4     Improving Ankle Control 
 Correct positioning of the foot is of special 
importance in order to obtain a physiological gait 
pattern and appropriate afferent feedback. The 
use of elastic foot lifters is strongly recommended 
in exoskeleton-based robotic devices without 
footplates or boots due to safety reasons, as sus-
taining active ankle dorsifl exion for a training 
session of 35–55 min will be diffi cult for most 
patients (Fig.  12.9 ). Depending on the functional 
abilities and ROM restrictions (i.e., hypo- or 
hypertonus, clonus), the foot can be properly 
adjusted with the foot lifters. Preliminary studies 
suggest that the muscular activity of ankle dorsi-
fl exors is not affected when wearing foot lifters 
[ 111 ,  112 ]. As soon as the patient shows an 
increasing ability to control his/her ankle move-
ments, the therapist can concentrate on further 
challenging ankle  control by slowly and carefully 

loosening the straps. Walking with lower limb 
orthotics (e.g., ankle- foot orthoses) is also possi-
ble during robot- assisted training. Within a train-
ing session, the therapist has to continuously 
monitor if the orthosis is still needed; otherwise it 
may be removed. The therapist also has to be 
aware that this might require additional adapta-
tions of foot lifters or cuffs. When shoes and non-
articulated orthoses are used, body weight 
support, step length, and the amount of knee fl ex-
ion have to be adjusted in order to permit a com-
fortable gait pattern.

   When training with the use of an end-effector 
device, foot lifters are not used but the ankle 
range of motion can be adjusted to achieve the 
desired kinematic pattern. When using these 
devices, both articulated and non-articulated 
orthotics can be used as long as the device is 
adjusted appropriately and close monitoring of 
the skin is performed.   

12.7.4     Integration 
into the Clinical Path 

 Robot-assisted gait training should be integrated 
as an additional treatment option in a comprehen-
sive rehabilitation program with the specifi c goal 

  Fig. 12.9    The use of elastic 
foot lifters is strongly 
recommended in robotic 
devices without footplates or 
boots due to safety reasons as 
obtaining ankle dorsifl exion 
for a whole training session 
will be diffi cult for most 
patients (Photo courtesy of 
Spaulding Rehabilitation 
Hospital, USA)       
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to achieve overground walking. A therapy setting 
starting with safe, intensive robot-assisted gait 
training from two up to fi ve times a week as soon 
as the patient’s general health conditions allow 
verticalization for 20 min seems benefi cial. In 
addition patients have to be mobilized and 
stretched during conventional physiotherapy; 
exercises can aim at improving muscular strength, 
trunk control, joint mobility, and participation in 
activities of daily life (e.g., transfers). In addition 
patient and therapist can train balance and weight 
shift from one leg to the other, important tasks for 
transition to walking. At later stages, technical fea-
tures of specifi c devices can be used to keep train-
ing at a challenging level (Fig.  12.10 ) and train 
specifi c gait parameters, while integrating proper 
strength, weight bearing, balance, and gait training 
during individual therapy sessions. Therapists 
might decide to gradually integrate or progress 
from one robotic device to another, thereby offer-
ing more degrees of freedom in the hip and knee 
joints in order to further improve postural stability, 

strength, and balance. As soon as no further 
improvements can be observed, robot-assisted 
training can be discontinued and overground man-
ual-assisted gait training implemented.

   Robotic training can then be applied to reduce 
secondary complications or specifi cally train 
 certain gait features. To appropriately support the 
patient at any functional stage, training should 
remain challenging and motivating and with a 
focus on training specifi c gait parameters. Patients’ 
progression should be assessed on a regular basis.   

    Conclusion 

 In parallel with an increasing number of 
robotic devices for neurorehabilitation, the 
demand for clinical evidence to prove their 
effi cacy as well as recommendations of best 
practice has been increasing. A likely cause of 
limited gains demonstrated by the use of 
RAGT may be linked to the complexity of the 
patient population and its heterogeneous clini-
cal presentation. Achieving signifi cant clinical 

  Fig. 12.10    The G-EO systems (Reha Technologies, Olten, Switzerland) allow training of additional tasks, for example, 
repetitive practice of stair climbing       
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relevant results will require large multicenter 
studies with standardized patient populations 
and training parameters. Some of these param-
eters can potentially be based on clinical expe-
rience collected over the last 8 years, which 
have led to a better understanding on how 
robots can successfully be integrated into clin-
ical care. Robotic devices for gait training 
have been applied in clinical settings all over 
the world, and patients can be trained as soon 
as they meet the required inclusion criteria 
concerning their cardiovascular stability, cog-
nitive abilities, and muscular and skeletal per-
formance. Training at an early stage focuses 
on a large number of repetitions in order to use 
the plastic potential of the injured CNS, 
thereby maximizing recovery and minimizing 
compensation [ 108 ], or development of limi-
tation in joint range of motion. Locomotor 
performance can be enhanced by training 
patients in a challenging and motivational 
environment provided through different tech-
nical features and continuously adapted by the 
therapist based on the patient’s change over 
time. In chronic conditions, robots can sup-
port therapist and patient in their working 
toward specifi c training goals, enhanced by 
immediate feedback about the quality of 
movements and a decrease in secondary com-
plications. Close collaboration and constant 
knowledge sharing between basic scientists, 
clinicians, therapists, and engineers will fur-
ther enhance and ensure a safe and effi cient 
integration of robotic devices into the rehabili-
tation process, to the patients’ benefi t.     
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    Abstract  

  An overview of standards and safety aspects for medical devices in the 
fi eld of neurorehabilitation is given as a snapshot in time. Common basic 
safety principles for medical devices and international applicable stan-
dards for medical devices, especially in the context of neurorehabilitation, 
are summarized. Trends and ongoing international activities in standard-
ization and regulatory framework are described. This chapter could help 
start-up companies for medical devices or researchers which think about 
the commercialization of their results for a better understanding of the 
actual situation of Standards and Safety Aspects for Medical Devices in 
the Field of Neurorehabilitation and how these standards should be inte-
grated in a process of medical devices development.  
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13.1       Introduction 

 The requirements for technical appliances within 
neurorehabilitation in its various phases are as 
varied as the individual patterns of disease of 
patients affected in the medical discipline of neu-
rorehabilitation. Furthermore the chapter is the 
consideration of necessary and reasonable safety 
aspects and standards that must be maintained 
when using technical appliances in the area of 
neurorehabilitation. Here we will concentrate on 
such appliances, whose objective is the ability to 
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relearn the functions of extremities that have 
been completely or partially lost. 

 This whole chapter focuses on medical devices 
which are electrically powered. Defi nitions about 
medical devices have been proposed by different 
organizations and standards, unfortunately not 
always synonymously. Medical devices which 
transfer to or from the patient or detect such 
energy transfer to or from the patient are named 
“medical electrical equipment” or “medical elec-
trical system” according to the IEC 60601–1 
standard family. 

 At present, it does not matter whether these 
medical devices are simple or complex in struc-
ture or whether they offer active or passive sup-
port. The essential common ground—expressed 
very simply—is they support relearning the 
movements of the individual body extremities. 
Thus, it will already be clear that these products 
do not contain any life-supporting functions, 
which is an important aspect for further safety 
considerations and essential performances, which 
is a defi ned term in IEC 60601–1. However, the 
technical appliances being considered here are 
always in very close contact with patients, who 
differ from one another in many ways. A few fac-
tors are listed here, but they are not exhaustive:

•    Age of the patients (from child to advanced 
old age)  

•   Low/medium serious impairment by, for 
example, the limited freedom of movement of 
an arm, following a stroke up to quadriplegia 
in the cervical region after an accident  

•   From no cognitive disorders to severe 
impairment  

•   From absence of spasticity to severe spasticity  
•   From no autonomic disorders to severe 

impairment  
•   From self-administration by the patient up to 

specially trained (para-)medical users specifi -
cally trained in the use of the devices  

•   From the application in special clinical situa-
tions such as intensive care and monitoring 
rooms up to application in the patient’s home 
healthcare environment  

•   From early rehabilitation immediately follow-
ing the occurrence of the neurological lesion 
to late or long-term rehabilitation    

 All these aspects should be noted at the con-
ception and design phase of the medical devices. 
Since the therapy of the patient is at the forefront 
when utilizing technical appliances, we are deal-
ing with medical devices which should be safe 
and effective. Only after that, the company can 
specify the following in a certifi ed quality man-
agement system:

•    The design of such products is safe and effec-
tive, taking into consideration the purpose and 
intended use: indications, contraindications, 
and essential performances based on the clini-
cal functions of the medical device.  

•   The patient population.  
•   The surroundings of the application.  
•   The usability for the user and/or the patient.  
•   The product risk management and usability 

engineering.  
•   Clinical evaluation or trials.  
•   Software life cycle management.  
•   Biocompatibility where required.    

 The state of the art for the development of a 
medical device is based on a design process. 
Good development practices differentiate the 
whole process in different phases with mile-
stones. It could be helpful to defi ne for each mile-
stone a checklist summarizing all aspects which 
should be fulfi lled to pass from one phase to the 
next. From experience, it is very helpful to inte-
grate also the necessary steps for fulfi lling the 
applicable standards. In an early phase of devel-
opment, the applicable standards should be 
defi ned. The risk management process should be 
started in parallel with the fi rst steps of soft- and 
hardware development. As soon as applied parts 
and the material is defi ned, biocompatibility 
could start with fi rst steps like material data anal-
yses. First usability engineering topics could also 
start in parallel with the fi rst drafts of the (graphic) 
user interface and/or available prototypes. This 
approach helps to start and fi nalize the evidence 
of applicable standard in accordance with the 
whole project management for devolving a medi-
cal device. It is obvious that fi nal decision for the 
release of the new or changed medical device is 
based on the result of completed evidence of the 
applicable standards (and other aspects). 
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 More detailed information about the controlling 
of the design of medical devices could be found in 
the FDA guidance document “Design Control 
Guidance For Medical Device Manufacturers.” 

 All of these considerations must meet the cost 
demands of today’s, nationally very varying, 
health system. Thus, not only investment and 
maintenance costs, space, and infrastructure 
costs but also personnel costs will have a decisive 
infl uence on the reimbursement of expenses by 
the service providers in the health system. 

 Requirements on medical devices are regu-
lated in national laws and regulations and are to 
be fulfi lled prior to putting them on the market. 
They must often be verifi ed, and placement on 
the market has to be approved. But the scope and 
form are subject to a certain spectrum. Basically, 
these rules follow the purpose of patient safety by 
making the risk-benefi t analysis effi cient as well 
as suffi ciently protecting both user and third par-
ties. Medical device regulatory systems often 
classify “medical devices” on the basis of their 
risk potential in several classes. 

 At the same time, the concept of “medical 
devices” is defi ned in different ways on a national 
regulative level. One international organization, 
the International Medical Device Regulators 
Forum (IMDRF), former known as Global 
Harmonization Task Force (GHTF), which is 
aiming at a national legislative body, becomes 
increasingly important, when it is a question of 
“medical devices” and their regulations. The 
IMDRF (  http://www.imdrf.org/    ) defi nes “medi-
cal device” as follows: 

 Medical device means any instrument, appa-
ratus, implement, machine, appliance, implant, 
in vitro reagent or calibrator, software, material, 
or other similar or related article:

    (a)    Intended by the manufacturer to be used, 
alone or in combination, for human beings, 
for one or more of the specifi c purpose(s):
•    Diagnosis, prevention, monitoring, treat-

ment, or alleviation of disease  
•   Diagnosis, monitoring, treatment, allevia-

tion of, or compensation for an injury  
•   Investigation, replacement, modifi cation, 

or support of the anatomy or of a physio-
logical process  

•   Supporting or sustaining life  
•   Control of conception  
•   Disinfection of medical devices  
•   Providing information for medical or 

diagnostic purposes by means of in vitro 
examination of specimens derived from 
the human body      

   (b)    Which does not achieve its primary intended 
action in or on the human body by pharmaco-
logical, immunological, or metabolic means 
but which may be assisted in its intended 
function by such means:
    Note 1 : The defi nition of a device for in vitro 

examination includes, for example, 
reagents, calibrators, sample collection 
and storage devices, control materials, 
and related instruments or apparatus. The 
information provided by such an in vitro 
diagnostic device may be for diagnostic, 
monitoring, or compatibility purposes. In 
some jurisdictions, some in vitro diagnos-
tic devices, including reagents and the 
like, may be covered by separate 
regulations.  

   Note 2 : Products may be considered to be 
medical devices in some jurisdictions but 
for which there is not yet a harmonized 
approach:

•    Aids for disabled/handicapped people  
•   Devices for the treatment/diagnosis of dis-

eases and injuries in animals  
•   Accessories for medical devices (see Note 3)  
•   Disinfection substances  
•   Devices incorporating animal and human 

tissues, which may meet the requirements 
of the above defi nition but are subject to 
different controls     

   Note 3 : Accessories, intended specifi cally by 
manufacturers, to be used together with a 
“parent” medical device to enable that 
medical device in achieving its intended 
purpose, should be subject to the same 
IMDRF procedures as applied to the med-
ical device itself. For example, an acces-
sory will be classifi ed as though it is a 
medical device in its own right. This may 
result in having a different classifi cation 
for the accessory than for the “parent” 
device.  
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   Note 4 : Components to medical devices are 
generally controlled by the manufactur-
er’s quality management system and the 
conformity assessment procedures for the 
device. In some jurisdictions, components 
are included in the defi nition of a “medi-
cal device.”        

 The manufacturer of the medical device plays 
an important role by specifying, among other 
things, the intended use of the medical device for 
which he has to verify safe and effective utiliza-
tion. Also the term “manufacturer” is not defi ned 
in a coherent sense worldwide. Important to 
understand is the fact that the manufacturer is 
responsible not only for the design and manufac-
ture process. Medical device registration and all 
the aspects of product life cycle and quality man-
agement processes are also his responsibilities. 

 Actual technologies today support the patient 
to such an extent that the medical devices can be 
individually adapted or are adaptable to the per-
formance and the necessary degree of support the 
individual patient situation requires. For this pur-
pose, sensory and associated control systems, 
which can control the essential ability to detect 
and adapt in a given situation, are necessary. 

 Such systems are also used outside medical 
devices area since several decades. Under the catch-
word “robots,” there are very diverse products on the 
market, which have been in industrial use for a long 
time, but recently are also becoming established in 
the “service and personal care sector.” All applica-
tion sectors have their own standards and safety 
mechanisms, which will be briefl y addressed in the 
following sections. The big difference between the 
industrial , service and person care robots and medi-
cal devices which are using robotic technologies is 
the involvement of patients. Only medical devices 
are treating patients with all their limitations. 

 High research and development costs in the 
new fi eld of neurorehabilitation technology must 
be able to be covered, as, too, the capital expen-
diture arising from the use of the newest “medi-
cal devices.” At the same time, the focus must 
remain on the safety of the patient, user, and third 
parties, together with the effectiveness of treat-
ment for an optimized patient outcome. 

 Technical standards and safety packages do 
only insuffi ciently take into consideration some 
of the above-listed basic conditions in the con-
fl icting priorities of cost-effective, highly effec-
tive, and safe “medical devices.”  

13.2     Standard and Safety Aspects 
for Medical Electrical Devices 

 When it comes to the conception and realization 
of medical devices, different international, 
national, or regional standards are brought to 
bear. To some extent, compliance with these is 
directly or indirectly demanded by national/
regional legislation, as, for example, is valid in 
the European Union. The Medical Device 
Directive [ 1 ] uses the term “harmonized stan-
dards,” and this list of harmonized standards is 
regularly published in the “Offi cial Journal of the 
European Union”   http://ec.europa.eu/growth/
single-market/european-standards/harmonised- 
standards/medical-devices/index_en.htm    . 

 These harmonized standards could be used to 
show the evidence of MDD Annex I Essential 
Requirements. 

 Besides the Medical Device Directive, man-
ufacturers should be aware that they should 
have to fulfi ll all applicable European direc-
tives. It should be mentioned that medical 
devices very often fulfi ll the defi nition of a 
“machine” which is given in the European 
Machinery Directive 2006/42/EC [ 2 ]. 
According to this directive, there is also a list of 
harmonized standards regularly published. It is 
the obligation of the  manufacturer of medical 
devices to provide the evidence of applicable 
standards. 

 In the USA, the Food and Drug Administration 
(FDA;   http://www.fda.gov/MedicalDevices    ) is 
responsible for regulation framework of medical 
devices. 

 Besides these offi cial directives and regula-
tions, it should be mentioned that there are a lot 
of other documents available to help and guide 
manufactures of medical devices but also the 
national regulators in the fi eld of medical device 
technology. 
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 Appendix  I  shows available guidance docu-
ments from IMDRF and GHTF; Appendix  II  
shows published MEDDEV documents. 

 Additional standards may become relevant in 
order to provide evidence for fulfi llment of cer-
tain requirements of the regulations, e.g., Annex 
I of MDD 93/42/EEC [ 1 ]. In particular, the prod-
uct standards contain details for safety aspects, 
which can either be of a general or high specifi c 
nature. These coherences will be outlined roughly 
subsequently. 

13.2.1     Standards for Medical Devices 

 International standards are published from differ-
ent organizations. In the area of medical devices, 
the most important international organizations 
are IEC and ISO. Each of these organizations has 
national members, typically only one member 
per country. These members play an important 
role for the release of new or changed standards, 
for new work proposals and the global strategy of 
the whole umbrella organization. Both organiza-
tions are independent from each other. Both cre-
ate standards in the area of medical devices; there 
is no clear borderline between their responsibili-
ties. For all users of their standards, it is impor-
tant that there are neither confl icts nor contrary 
requirements for the same topic. Both organiza-
tions try to take care about that. Nowadays, both 
organizations work together for projects in so- 
called joint working groups (JWG). 

 Types and scopes of standards for medical 
devices are described on high-level documents in 
ISO/IEC Guide 63 [ 3 ] and ISO/IEC Guide 51 [ 4 ]. 
According to these documents, international 
standards for medical devices can be classifi ed 
into the following listed groups. 

13.2.1.1     Product Standards 
 These standards are related to a specifi c product 
or group of products. These include:

•    Standards that state safety or performance 
parameters and include reference test methods 
that can be used to demonstrate conformance 
to those parameters (e.g., IEC 60601–1 [ 5 ] 

and the associated supplementary standards 
and special specifi cations for medical electri-
cal devices).  

•   IEC 60601–1 [ 5 ] Medical electrical equip-
ment Part 1: “General requirements for basic 
safety and essential performance” is the key 
standard for all medical devices which are 
medical  electrical  equipment’s or systems. In 
the IEC 60601–1 [ 5 ] series are other specifi c 
collateral standards included which have a 
specifi c focus like usability engineering for all 
medical  electrical  equipment’s or systems. 
Details are shown in Sect.  13.2.2 . 

•  In some cases international standard organiza-
tions write additional technical reports for 
specifi c standards to give the user of standards 
more background information and a guidance 
how to use a specifi c standard. Since several 
months IEC publishes their technical reports 
regarding the IEC 60601 series in the IEC 
60601–4-“x” [ 6 ] format:  

•   Disclosure and test method standards where 
adherence to declare pass/fail criteria is neces-
sary for safety and performance of medical 
devices     

13.2.1.2     Process Standards 
 A series of types of standard falls in this category, 
including:

•    Quality management system standards that 
establish a framework within which the manu-
facturer is able to design, develop, and produce 
medical devices that consistently meet specifi -
cations (e.g., standards for “good manufactur-
ing practice” (GMP)). Quality  management 
standards like ISO13485 [ 7 ] cover the whole 
life cycle for a medical device (ISO 9001 is 
normally not accepted as an adequate standard 
for medical device manufacturers). The design 
and development phase, production, and pur-
chasing of parts; storage; transporting; servic-
ing; document management; and other aspects 
are covered and should be followed. Where a 
registration procedure for medical device is 
required, normally the conformity to (national) 
quality management system standards (ISO 
13485 [ 7 ]) is a part of the process. 

13 Standards and Safety Aspects for Medical Devices in the Field of Neurorehabilitation



254

•  The ISO standards for quality management 
are currently (2014; Dec.) under revision. ISO 
9001 changed in the meantime the whole 
structure and will include aspects from risk 
management. ISO 13485 [ 7 ] (new version was 
published in 2016) is not anymore following 
the structure from ISO 9001  

•   Standards for processes used for the design, 
development, or production of safe and effec-
tive medical devices (e.g., sterilization, bio-
logical evaluation, clinical investigation; 
sterility, biocompatibility, or risk management 
and usability engineering)     

13.2.1.3     Installation and 
Environmental Standards 

 The standards for installation are generally appli-
cable for medical devices which must be installed 
(putting into operation is not equal to installa-
tion). These can be:

•    Construction and installation standards  
•   System standards (addresses the proper pre-

cautions and procedures for interconnection 
of multiple devices into a single system (med-
ical electrical system))  

•   Commissioning standards (addresses the 
proper testing and inspection procedures 
applying to permanent installed equipment 
and systems prior to initial use)  

•   Environmental standards (addresses precau-
tions and testing to ensure that a medical device 
does not negatively affect its environment and 
the environment does not degrade or otherwise 
impair the performance of a medical device 
(e.g., electromagnetic compatibility standards))    

 Parts of IEC 62353 [ 8 ] Medical electrical 
equipment—Recurrent test and test after repair 
of medical electrical equipment give specifi c 
advice which tests could be applicable after 
installation.  

13.2.1.4     In-Process Standards 
 These can be:

•    Routine in-service testing standards to ensure 
that the safety of medical devices is main-

tained over the useful life of the medical 
device  

•   Quality assurance and calibration standards to 
ensure the continued proper function and 
accuracy of medical devices, where relevant to 
safety     

13.2.1.5     Safety Standards 
 Scopes of safety standards will ensure that each 
standard is restricted to specifi c aspects and makes 
reference to standards of wider application for all 
other relevant aspects. Such a hierarchy is 
built  on:

•     Basic safety standards  include fundamental 
concepts, principles, and requirements with 
regard to general safety aspects, applicable to 
all kinds or a wide range of products, pro-
cesses, and services (basic safety standards 
are sometimes referred as horizontal stan-
dards too). (Note: ISO uses the term “hori-
zontal” in the same way like IEC the term 
“collateral.”)  

•    Group safety standards  include safety aspects, 
applicable to several or a family of similar 
products, processes, or services dealt with by 
two or more technical committees or subcom-
mittees, making reference, as far as possible, 
to basic safety standards.  

•    Product safety standards  include all neces-
sary safety aspects of a specifi c or a family of 
product(s), process(es), or service(s) within 
the scope of a single technical committee or 
subcommittee, making reference, as far as 
possible, to basic safety standards and group 
safety standards (product safety standards 
are sometimes referred to as vertical 
standards).      

13.2.2      Standards for Medical 
Electrical Devices 
for Neurorehabilitation 

 Each medical device in this category should ful-
fi ll the IEC 60601 standards series as product 
standard, and this is supplemented by the ISO 
80601 standards, where applicable. 
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13.2.2.1     IEC 60601 Standards Series 
 The IEC 60601 standards series essentially 
defi nes safety requirements and essential perfor-
mances for medical electrical devices and medi-
cal electrical systems. 

 IEC 60601–1 [ 5 ] covers the basic safety and the 
essential performance characteristics of medical 
electrical devices and medical electrical systems. 
For the user of this standard, it is important to 
know which version is accepted and in which 
country. The last published version is IEC 60601–1 
Edition 3 with amendment 1 from 2012 to 2008 
(IEC 60601–1:2005+A1:2012) [ 5 ]. A couple of 
countries still require and accept only the previous 
edition; other countries have a longer transitory 
period for the new one. In addition to this situa-
tion, the user of standards should be aware of 
national deviations which are quite normal. In the 
second half of 2016 IEC TC 62 will decide if an 
amendment A2 of IEC 60601-1 should be created. 
The second approach would be to go directly to 
work on a fourth edition of IEC 60601-1. 

 This standard is accompanied by a series of fur-
ther requirements of a general nature (coded as IEC 
60601– 1-x  and named collateral standards) as well 
as by requirements for certain types of specifi c 
medical devices (coded as IEC 60601– 2-x  and  ISO 
80601–2-x ) and named particular standards. 

 Standards from the IEC 60601– 2-x  (series), 
which could related directly and partiually to the 
subject of medical devices in neurorehabilitation 
should be carefully evaluated. Standards that 
could be used (in part) are, for example:

•    Medical electrical equipment—Part 2–10: 
Particular requirements for the safety of nerve 
and muscle stimulators 

•  Amendment 1, Medical electrical equip-
ment—Part 2–10: Particular requirements for 
the safety of nerve and muscle stimulators    

 Appendix  III  offers an overview of the cur-
rently published IEC 60601–1- x  standards among 
other standards from IEC SC 62 A and SC D 
which are the relevant subgroups for this topic 
contain basic requirements for all medical 
devices, provided they are electrically operated 
and used for all cases described. 

 All standards from the IEC 60601 family are 
dealing with basic safety and essential performance. 
Therefore, it is important to understand the meaning 
of these defi ned terms in IEC 60601–1 [ 5 ]:

•    Basic safety is a defi ned term: “freedom from 
unacceptable risk directly caused by physical 
hazards when medical electrical equipment is 
used under normal conditions and single fault 
condition.” More details are given in 
Sects.  13.2.4  and  13.2.5 .  

•   Essential performance is a defi ned term: “per-
formance of a clinical function, other than that 
related to basic safety, where loss or degradation 
beyond the limits specifi ed by the manufacturer 
results in an unacceptable risk.” NOTE essential 
performance is most easily understood by con-
sidering whether its absence or degradation 
would result in an unacceptable RISK.    

 Medical electrical equipment or a medical 
electrical system that does not perform properly 
could result in unacceptable risk for patients, 
operators, or others. In order to achieve its 
intended use, medical electrical equipment or the 
medical electrical system needs to perform within 
certain limits. These limits are usually specifi ed 
by the manufacturer, collateral or particular stan-
dards of the IEC 60601 series. 

 Examples of essential performance from med-
ical devices are:

•    Correct administration of a drug by a syringe 
pump where inaccuracy/incorrect administra-
tion would cause an unacceptable risk to the 
patient  

•   The ability of an electrocardiograph/monitor 
to recover from the effects of the discharge of 
a defi brillator where the failure to recover 
could lead to an incorrect response by the 
medical staff that would present an unaccept-
able risk to the patient  

•   Correct operation of an alarm system in an 
intensive care or operating room monitoring 
system where an incorrect/missing alarm sig-
nal could lead to an incorrect response by the 
medical staff that would present an unaccept-
able risk to the patient  
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•   Correct output of diagnostic information from 
medical electrical equipment that is likely to 
be relied upon to determine treatment, where 
incorrect information could lead to an inap-
propriate treatment that would present an 
unacceptable risk to the patient    

 For purposes of IEC 60601 standards, perfor-
mance related to basic safety aspects of the medi-
cal electrical equipment, such as the performance 
of basic insulation, is not considered to be essen-
tial performances. 

 Committee unpublished draft version of IEC 
60601–4-1 [ 6 ] gives a little bit more explanation 
regarding essential performance:

  All medical electrical equipment must perform as 
per their intended use. It must be noted essential 
performances are not related to all the performance 
of the ME Equipment. Not all these performances 
can be called essential! Essential performances are 
related to the clinical functions that must be pre-
served in normal condition and in single fault con-
dition. If the risk of degradation of performances is 
found to be unacceptable, then they will be consid-
ered as essential performances. For a more com-
plete understanding of what essential performances 
means, the reader should read clause 4.3 and the 
sub-clause (informative rational section) of the 
IEC 60601–1: [ 5 ] 

   During risk analysis, the manufacturer shall 
identify the performance of the clinical 
function(s) of the medical electrical equipment 
or medical electrical system, other than that 
related to basic safety, that is necessary to 
achieve its intended use or that could affect the 
safety of the medical electrical equipment or 
medical electrical system. 

 The manufacturer shall then specify perfor-
mance limits between fully functional and total 
loss of the identifi ed performance in both normal 
conditions and single fault conditions. 

 The manufacturer shall then evaluate the risk 
from the loss or degradation of the identifi ed per-
formance beyond the limits specifi ed by the man-
ufacturer. If the resulting risk is unacceptable, 
then the identifi ed performance constitutes an 
essential performance of the medical electrical 
equipment or medical electrical system. 

 The manufacturer shall implement risk- 
control measures to reduce the risk from the loss 

or degradation of the identifi ed performance to an 
acceptable level. 

 If a manufacturer of a medical device claimed 
to have no essential performances, the result of 
risk management process according to ISO 14971 
[ 9 ] should show evidence. 

 Unfortunately, the term clinical function is not 
defi ned in the standards at the moment; therefore, 
each manufacturer defi nes the clinical functions 
for its specifi c medical devices individually, dur-
ing risk management process to identify the 
essential performance of the specifi c medical 
devices. 

 Essential performances generally relate to 
medical device operating as intended without 
creating an unacceptable risk. A failure of essen-
tial performance can be either a lack of perfor-
mance (such as life-supporting performance) or 
incorrect performance (such as delivering an 
incorrect dose to the patient). 

  Summary     Essential performance is based on a 
risk management process related to performance 
of clinical functions. 

 Applicable product standards for medical 
devices that can be partially or totally used are 
not found exclusively in the sector of medical 
devices. They are found, for example, in the sport 
and leisure sector or as mentioned above in the 
area of machines. International standards about 
treadmills, stationary training equipment, or 
body weight support systems, for example, can 
be used additionally if medical device standards 
are not available in a specify area. 

 In addition, it must be mentioned that apart 
from the ISO 60601-x//ISO 80601-x standards 
series, further individual standards or standard 
series exist that refer to medical devices. Regular 
standards research should be carried out in order 
to ensure the respective current status of informa-
tion. In this respect, service providers offering an 
appropriate service can also be called upon.   

13.2.2.2     Quality Management System 
Standards 

 Quality management system standards are ranked 
among the process standards. ISO 13485 [ 7 ] 
Medical Devices Quality Management System 
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for International Applications should normally 
be fulfi lled. For the American market, the Food 
and Drug Administration (FDA) regulations 
according to 21 CFR § 820 aspects from “good 
manufacturing praxis” (GMP) are mandatory. 
Here, it should be noted that the requirements 
from FDA are not standards but regulations hav-
ing a legislative character.  

13.2.2.3     Programmable Electrical 
Medical Systems 

 For medical devices that are categorized as PEMS 
(programmable electrical medical systems), apart 
from the requirements which IEC 60601–1 sets, 
those of IEC 62304 [ 10 ] concerning the life cycle 
requirements for medical device software must 
also be complied with. 

 This standard defi nes the life cycle require-
ments for medical device software. The set of 
processes, activities, and tasks described in this 
standard establishes a common framework for 
medical device software life cycle processes. 
This standard applies to the development and 
maintenance of processes. 

 This standard applies to the development and 
maintenance of processes when software is 
itself a medical device or when software is an 
embedded or integral part of the fi nal medical 
device. This standard does not cover validation 
and fi nal release of the medical device, even 
when the medical device consists entirely of 
software.  

13.2.2.4     Biocompatibility 
 For medical devices intended to have direct or 
indirect contact with biological tissues, cells, or 
body fl uids, manufactures should proceed accord-
ing to the instructions and principles of the ISO 
10993 standard family, in order to verify the bio-
compatibility of the materials utilized, where this 
is necessary. 

 ISO 10993 series is a risk management-based 
approach. ISO 10993–1 [ 11 ] gives an overview 
and explanation which additional standards of 
the whole series are applicable, based on the 
intended use of the medical device and nature 
and duration of body contacting material, either 
direct or indirect. 

 ISO 10993 series does not cover testing of 
materials and devices which do not come into 
direct or indirect contact with the patient’s body 
nor does it cover biological hazards arising from 
any mechanical failure.  

13.2.2.5     Usability Engineering 
 Usability engineering requirements which are 
given in IEC 60601–1-6 (Appendix  I ) standard 
and the IEC 62366 [ 12 ] standard “Application of 
Usability Engineering to Medical Devices” 
should be consulted. 

 The reason why usability is important is 
explained in the standard:

  Medical practice is increasingly using medical 
devices for observation and treatment of patients. 
Use errors caused by inadequate medical device 
usability have become an increasing cause for con-
cern. Many of the medical devices developed with-
out applying a usability engineering process are 
non-intuitive, diffi cult to learn and to use. As 
healthcare evolves, less skilled users including 
patients themselves are now using medical devices 
and medical devices are becoming more compli-
cated. In simpler times, the user of medical device 
might be able to cope with an ambiguous, diffi cult- 
to- use user interface. The design of a usable medi-
cal device is a challenging endeavor, yet many 
organizations treat it as if it were just “common 
sense”. The design of the user interface to achieve 
adequate (safe) usability requires a very different 
skill set than that of the technical implementation 
of the interface. 
 The usability engineering process is intended to 
achieve reasonable usability, which in turn is 
intended to minimize use errors and to minimize 
use-associated risks. Some, but not all, forms of 
incorrect use are amenable to control by the 
manufacturer. 

   Figure  13.1  shows the relationship between 
the risk management process according ISO 
14971 [ 9 ] and the usability engineering process 
according IEC 62366–1 [ 12 ].

13.2.2.6        Recurrent Test and Test 
After Repair 

 Concerning construction and environmental stan-
dards, the standards IEC 62353 [ 8 ] for periodic 
tests should be considered. 

 This international standard applies to testing 
of medical electrical equipment and medical 
electrical system before putting into service; 
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  Fig. 13.1    The relationship between the risk management 
process (ISO 14971) and the usability engineering process 
(IEC 62366–1). ( a – e ) Represent information fl ow between 
the two processes. The heavy  solid lines  ( b ,  d ,  e ) represent 
information fl ow required by usability engineering pro-
cess. If new problems are identifi ed these should be inter-
preted to mean new hazards, hazardous situations, or 
hazard-related use scenarios discovered or implemented 
risk control is ineffective. Key: ( a ) Use Specifi cation is an 

input to ISO 14971:4.2; ( b ) identifi ed user interface char-
acteristics related to safety (see 5.2); ( c ) identifi ed foresee-
able HAZARD and HAZARDOUS SITUATIONS (see 
5.3); ( d ) identifi ed sequences of events leading to 
HAZARDOUS SITUATIONS from ISO 14971:2007, 4.4, 
are an input to determining HAZARD-RELATED USE 
SCENARIOS (see 5.4); ( e ) evaluate RESIDUAL 
RISK. IEC 62366-1 ed. 1.0 (Copyright© 2015 IEC 
Geneva, Switzerland.   www.iec.ch    ; used with permission)       

 

B. Zimmermann

http://www.iec.ch/


259

during maintenance, inspection, and servicing; 
and after repair or on occasion of recurrent tests 
to assess the safety of such medical electrical 
equipment or medical electrical system or parts 
thereof. 

 This standard contains tables with allowable 
values relating to different editions of IEC 
60601–1 [ 5 ]. For the purpose of this standard, the 
application of measuring methods is independent 
of the edition, according to which the medical 
electrical equipment or medical electrical system 
is designed. 

 This standard contains:

•    “General requirements,” which contain 
clauses of general concern.  

•   “Particular requirements,” further clauses han-
dling special types of medical electrical equip-
ment or medical electrical systems and 
applying in connection with the “general 
requirements.”  

•   This standard is also applicable to tests after 
repair [ 8 ].    

 This standard is not applicable to the assembly 
medical electrical system. For assembling medi-
cal electrical system, see Clause 16 of IEC 
60601–1 [ 5 ]. IEC 62353 [ 8 ] does not defi ne 
requirements for repair, exchange of compo-
nents, and modifi cation of medical electrical 
equipment or medical electrical system.  

13.2.2.7     Electromagnetic Disturbances 
 IEC 60601–1–2 [ 13 ] concerning electromagnetic 
compatibility, in particular, are to be included, 
which are to be taken into account for the case 
under consideration. IEC 61000 series gives 
much more details about the whole topic of elec-
tromagnetic compatibility (EMC).  

13.2.2.8     Home Healthcare Environment 
 Medical devices which are designed for usage at 
patients home should also fulfi ll the IEC 60601–
1-11 [ 14 ] “Medical electrical equipment—
General requirements for basic safety and 
essential performance—Collateral Standard: 
Requirements for medical electrical equipment 

and medical electrical systems used in the home 
healthcare environment.” 

 The defi nition of home healthcare environ-
ment is given as:

  dwelling place in which a patient lives or other 
places where patients are present, excluding pro-
fessional healthcare facility environments, where 
operators with medical training are continually 
available, when patients are present. 
  NOTE 1  Professional healthcare facilities include 
hospitals, physician offi ces, freestanding surgical 
centers, dental offi ces, freestanding birthing cen-
ters, limited care facilities, multiple treatment 
facilities and emergency medical services. 

   According to that standard, the manufacturer 
decides if a medical device is intended to be used 
in the home healthcare environment.   

13.2.3     Future Standards for Medical 
Electrical Devices 
for Neurorehabilitation 

 It should be mentioned that, recently, the ISO 
(International Organization for Standardization) 
has addressed the subject of “medical robots” 
within ISO/TC 299/JWG 05 “Joint ISO/TC 299 - 
IEC/SC 62A—IEC/SC 62D; Medical robot 
safety” Functions and started deliberations about 
creating together with IEC TC 62A a technical 
report “IEC/TR 60601–4-1 [ 6 ]: Medical electri-
cal equipment—Part 4–1: Guidance and interpre-
tation—Medical electrical equipment and 
medical electrical systems employing a degree of 
autonomy.” Such medical devices with a degree 
of autonomy are already used in neurorehabilita-
tion, and these medical devices will be affected 
by such a technical report. 

 Also under the lead of IEC, new relevant stan-
dardization activities (since 2015, March) are in 
the pipeline. A fi rst standardization project about 
rehabilitation robots which could be applicable 
for medical devices in the area of neurorehabili-
tation will be created under the roof IEC SC62 D. 
The draft title is “Particular requirements for the 
basic safety and essential performance of medi-
cal robots for rehabilitation, compensation or 
alleviation of disease, injury or disability.” 
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 The industrial robots utilized today funda-
mentally differ most of the time with respect to 
the safety concept of medical devices. Such 
robots are today predominantly shielded from 
their surroundings and do not come into contact 
with humans, apart from maintenance and repair. 

 On the other side, robots in the neurorehabili-
tation sector are in direct contact with humans, 
directly with patients and indirectly with a user. 
Consequently, safety concepts from industrial 
applications cannot be directly transferred to 
medical devices. Something between medical 
application and industrial use are robots, which 
are so-called service robots; they are intended to 
fulfi ll their purpose in the environment of 
humans, but not as medical devices. Nevertheless, 
standards from the responsible ISO TC 299 WG2 
(personal care robot safety subcommittee could 
be helpful to understand safety principles.  

13.2.4      Safety Aspects for Medical 
Electrical Devices 

 If safety concepts are being considered for medi-
cal devices, it is not possible to avoid getting 
involved with certain defi nitions. What is basic or 
fi rst failure safety, what is a hazard, and what is 
accepted for a specifi c medical device? How does 
one attain safety, with what measures, and under 
what acceptable residual risks? 

 Colloquially, safety is probably mostly 
equated with expressions such as “freedom from 
danger” or “freedom from risk.” ISO/IEC docu-
ments explain some terms which are essential for 
further understanding of safety aspects.

   basic safety  (IEC 60601–1; [ 5 ]) 
 Freedom from unacceptable risk directly caused 
by physical hazards, when medical electrical 
equipment is used under normal condition and 
single fault condition. 

   Additional explanations given in Annex A of 
IEC 60601–1 [ 5 ]:

  Basic safety relates to a device not resulting in 
harm incidental to its operation. Basic safety is 
often a passive form of protection (such as radia-
tion shielding or electrical grounding). 

   Essential performances generally relate to 
medical electrical equipment or medical electri-

cal system operating as intended without creating 
a hazards. A failure of essential performances 
can be either a lack of performance (such as life- 
supporting performance) or incorrect perfor-
mance (such as delivering an incorrect dose to the 
patient). 

 In general, basic safety relates to product 
properties that are not device specifi c, and essen-
tial performances relate to a class of products 
(such as a defi brillators being able to deliver the 
correct electrical shock). 

 While the terms basic safety and essential per-
formances are generally considered to be mutu-
ally exclusive, there are some hazards directly 
caused by physical hazards, when medical elec-
trical equipment is used under normal condition 
and single fault conditions:

•     Harm  [ 4 ]: “injury or damage to the health of 
people or damage to property or the 
environment”  

•    Hazard  [ 4 ]: “potential source of harm”  
•    Hazardous Situation  [ 4 ]: “circumstance in 

which people, property or the environment is/
are exposed to one or more hazards”  

•    Inherently Safe Design  [ 4 ]: “measures taken 
to eliminate hazards and/or to reduce risks by 
changing the design or operating characteris-
tics of the product or system”  

•    Intended Use  [ 4 ]: “use in accordance with 
information provided with a product or 
 system, or, in the absence of such information, 
by generally understood patterns of usage”  

•    Patient  [ 4 ]: “living being (person or animal) 
undergoing a medical, surgical, or dental 
procedure”
 –    NOTE: A PATIENT can be an OPERATOR.  
 –   Additional NOTE from the author: An 

elderly person is not a patient. Age is not a 
disease, injury, or disability.     

•    Residual Risk  [ 4 ]: “risk remaining after risk 
reduction measures have been implemented”  

•    Risk  [ 4 ]: “combination of the probability of 
occurrence of harm and the severity of that 
harm”  

•    Safety  [ 4 ]: “freedom from risk which is not 
tolerable”    

 The term “safe” is often understood by the 
general public as the state of being protected 
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from all hazards. However, this is a misunder-
standing; “safe” is rather the state of being pro-
tected from recognized hazards that are likely to 
cause harm. Some level of risk is inherent in 
products or systems. 

 Note: these defi ned terms of ISO/IEC Guide 
53 [ 4 ] and IEC 60601–1 [ 5 ] are not used in all 
standards for medical devises in the absolutely 
same way. The same term could be defi ned in dif-
ferent ways from one standard to the next. 

 The risk associated with a particular hazard-
ous situation depends on the elements shown in 
Fig.  13.2 .

   Besides the (fundamental) requirements for 
safety of a medical device, nearly identical 
requirements are made for the performance and 
effectiveness, or so to speak, on the effi cacy of 
the medical device. From the medical-therapeutic 
viewpoint, this is understood to mean the medical 
effi cacy so that the medical device should deliver 
the results expected for treatment or diagnosis. 
These should be considered during the risk man-
agement process to identify the clinical functions 
of a specifi c medical device. Similarly, the medi-
cal device should render the specifi ed services in 
the form of defi ned physical properties, for 
example, speeds or forces. 

 The requirements for safety and medical 
effectiveness and technical effi ciency cannot be 

considered apart from each other. The success of 
a treatment or even life and health of the patient 
or user could be endangered by a medical device, 
if it possesses hazardous capabilities or if it does 
not function or is not used as intended by the 
manufacturer. 

 An example often quoted in the standardiza-
tion literature about a medical device makes this 
impressively clear. A defi brillator can save a 
patient’s life, if used correctly and can counteract 
a ventricular fi brillation. At the same time, if 
such a defi brillator is improperly used, there is a 
certain risk for the patient, user, and third parties 
that can lead to a life-threatening situation or 
even death in case of the wrong indication. 

 It becomes clear that there must be a middle 
course between “freedom from risk” and other 
requirements for a medical device, and thus an 
acceptable degree of risk or the freedom from 
unjustifi able hazards must be aimed for. In order 
to successfully progress along this middle course, 
it is necessary to draw up a product-specifi c risk 
analysis, from which measures to control risk can 
be implemented. 

 Apart from ascertaining the hazards associ-
ated with a certain type of medical device, risk 
analysis also includes the specifi cation of the 
essential performance characteristics (see Sect. 
  13.3.2    ). 
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  Fig. 13.2    Relationship between risk and a particular hazardous situation       
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 Acceptable risk is partly based on the realiza-
tion that complete absence of risk is unattainable 
and, partly, that the degree of risk must be suffi -
ciently low. Risk is a combination of frequency 
of occurrence and the resulting hazard for 
patients, user, third party, and, if need be, objects. 

 All medical devices must perform as per their 
intended use. It must be noted that essential perfor-
mances are not related to all the performance of 
the medical device. Not all these performances can 
be called essential! Essential performance is 
related to the clinical functions that must be pre-
served in normal condition and in single fault con-
dition. If the risk of degradation of performances is 
found to be unacceptable then they will be consid-
ered as essential performances. Essential perfor-
mances generally relates to medical devices 
operating as intended without creating an unac-
ceptable risk. A failure of essential performances 
can be either a lack of performance (such as life-
supporting performance) or incorrect performance 
(such as delivering an incorrect dose to the patient). 

 It has long been recognized that medical elec-
trical equipment or a medical electrical system 
that does not perform properly could result in 
unacceptable risk for patients, operators (users), 
and others. 

  Summary     Essential performance is based on a 
risk management process related to performance 
of clinical functions.  

 Tests that could applied to decide whether a 
risk is acceptable or not also determine whether:

    (a)    The risk is so high or the consequences are so 
unacceptable that it must be rejected as a 
whole.   

   (b)    The risk is so low or made so low that it is 
negligible.   

   (c)    The risk lies between (a) and (b), after it has 
been reduced to the lowest practical rank, 
being conscious of the benefi ts that results, 
taking the costs of any further reduction of 
risk into account.     

 Risks must be reduced to a level as low as rea-
sonably practicable (the ALARP principle: as 

Low as reasonably practicable). If, e.g., a risk 
falls between the two extremes “not acceptable” 
and “insignifi cant” and the ALARP principle is 
applied, the resulting risk is an acceptable risk for 
the application being considered. Although the 
main considerations for determining the accept-
able degree of risk are the extent of damage and 
the probability, other factors also have to be taken 
into consideration, e.g.:

•    How often the prerequisites for the hazard 
occurrence can be expected (e.g., frequency of 
the device usage or number of patients treated)?  

•   The feasibility of further improvements.  
•   The costs of further improvements.  
•   Clinical constraints and boundary conditions.  
•   The benefi ts that arise by the application of 

the medical device.  
•   Public acceptance/customer acceptance.    

 Since complex medical electrical systems or 
equipment cannot be exhaustively assessed by 
tests, their correctness (functionality) and reli-
ability must be assessed in other ways. IEC 
62304 requires that the manufacturer shall 
develop and document an architecture for the 
interfaces between the software items and the 
components external to the software items (both 
software and hardware), and between the soft-
ware items. Different risk classes (A – C) gives a 
much more clear view which software items are 
essential to risk control and the standard give 
advice how these could be handled. Certainty 
about this is attained by applying suitable proce-
dures during the design process, which have to be 
transparent and universally consequently applied. 
The growing realization that unlimited safety 
cannot be reached has led to the development of 
risk management concepts. More detailed infor-
mation on the subject of risk management for 
medical devices can be found in IS0 14971 [ 9 ]. 

 IEC 60601–1 [ 5 ] and IEC 60601–2-x already 
specify most of the general hazards for a wide 
variety of medical devices. A large number of 
hazards have already been listed:

•    Acceptable confi gurations of safety-relevant 
systems (e.g., systems that contribute to safety, 

B. Zimmermann



263

such as basic insulation plus a protective earth 
connection as a reliable confi guration for 
avoiding electric shock)  

•   The exclusion of certain events in the normal 
state or in case of a single fault    

 A requirement formulated according to one of 
these two types’ states that a risk is acceptable. 
Fault conditions that have to be taken into consid-
eration can be categorized as follows:

•    Some faults can be recognized by the user 
(e.g., external physical damage can be noticed 
by the careful operator; a broken wire will 
cause an obvious malfunction in several types 
of medical electrical devices).  

•   Some faults cannot be observed, not even by 
the careful user, but they can be detected by 
regular maintenance (e.g., partial breakdown 
of the insulation between the main connection 
and the protective earth connection in medical 
electrical devices).  

•   Some fault conditions can be neither detected 
by the user nor discovered by regular mainte-
nance (e.g., breakdown of an insulation layer 
in double insulation).    

 Only in the fewest cases are there investiga-
tions about the actual probabilities of different 
hazards; instead trust is widely placed on the 
“philosophy of the fi rst fault,” which can be set 
out as follows:

•    No hazards may result in any of the listed 
“conditions of the fi rst fault.”  

•   All instrument parts that are there to provide 
safety must be “appropriately reliable” so 
that the probability of an “initial fault” is 
low.  

•   Then the probability of two “initial faults” is 
very low, and thus the hazard risk caused by a 
multifault condition is acceptable.  

•   If an initial fault immediately causes others, 
the probability of these faults is the same as 
those of the initial fault, and the medical 
device must remain safe (direct aftereffect on 
another component caused by the breakdown 
of an initial component).  

•   If under certain circumstances two faults arise 
from a common cause (e.g., bridging of both insu-
lation layers in a double insulation by a conduct-
ing liquid or metal objects), the probability of 
these two faults is the same as the common cause.  

•   If a fault cannot be discovered at reasonable 
cost, with workable maintenance procedures 
and it is not likely that it will be noticed by the 
user, because it does not infl uence the device 
function, the high probability that the fault 
will remain unnoticed for a long period of 
time must be taken into account, when devel-
oping the safety requirements.    

 Indeed the probability of simultaneous occur-
rence of two “initial faults” is not zero. For medical 
devices, it is presently considered to be suffi cient to 
guarantee that hazards cannot occur with a “single 
fault.” In the case of a double fault, a hazard can 
occur, but the risk is considered to be slight. The 
fi rst fault philosophy implies that in general, it is 
expected that a medical device will have two mea-
sures as a protection measurement against each and 
every hazard. Then it will be assumed that the risk 
is negligible, provided that the probabilities of 
faults in the individual systems are low. 

 This implied demand for “two measures of 
defense” cannot be covered by redundancy of the 
same safety systems in every case. The specifi c 
circumstances should be taken into consider-
ation, along with the components, their life 
cycles, and their typical signs of aging. The use 
of differently designed safety systems, that uti-
lize different technologies, has proven useful. 

 The safety of medical electrical devices often 
demands an integral approach, in which the man-
ufacturer and operator implement a combination 
of measures, including the following:

•    Prerequisites fulfi lled by the design of the 
medical device  

•   Additional measures such as installation 
requirements, formal commissioning, regular 
maintenance, and safety checks  

•   Measures that make the operator aware of the 
necessity of special precautions, when using 
certain types of medical electrical devices or 
with certain applications    
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 The safe use of medical electrical devices 
depends on a series of infl uences, including:

•    The construction of the medical device, which 
must allow and contain the facilities for avoid-
ing hazards  

•   Appropriate validation of design of hardware 
and software prior to the start of production  

•   Application of “good manufacturing practice 
(GMP)” during the production of the medical 
device  

•   Selection of the correct medical device for the 
respective medical application  

•   User’s familiarity of the medical device and 
its application, which can be dependent on 
training or labels on the medical device and 
manufacturer’s instructions  

•   Use of accessories that are suitable for the 
medical device  

•   Connection of the medical device to suitable 
supply network (e.g., electrical power supply, 
central gas supply)  

•   Preventive maintenance of the medical device  
•   Utilization of specifi ed replacement parts 

when repairing medical devices     

13.2.5      Safety Aspects of Medical 
Electrical Devices 
for Neurorehabilitation 

 Medical devices in the neurorehabilitation sector 
have to take into consideration the issues that 
accompany the particular impairments of the 
patients, who, due to their neurological changes, 
are lined up for therapy. Nevertheless, the way in 
which the appropriate medical device is designed 
and the manufacturer’s intended purpose also 
have to be taken into consideration. 

 As explained in the introduction, the severity 
of the patient’s lesions and their cognitive and 
functional limitations must be taken into consid-
eration so that suffi cient attention has already 
been paid to appropriate refl ections in the design 
and risk management process. It may be assumed 
that for the majority of the patients, there is a lim-
ited reaction and perception capacity. Risk 
assessments combined with the usability engi-
neering in this respect and options for reducing 

risk are therefore to be designed appropriately. In 
addition, many of the patients in therapy often 
suffer from a series of secondary impairments or 
aftereffects, which are direct or indirect results of 
the illnesses or injuries. Risk analyses must 
therefore be accompanied by clinically experi-
enced persons, familiar with handling the patient 
population in question. 

 The usability of medical devices for neurore-
habilitation should also be considered from this 
perspective. Patients who will be possibly reha-
bilitated with the medical devices being consid-
ered here are often cognitively and functionally 
severely impaired, which again demands a high 
level of care and concentration from the user of 
the medical devices and distracts from the actual 
operation of the corresponding medical devices. 
This must also be taken into account in the design 
and risk management process and verifi ed by 
adequate usability engineering. 

 As a result of the above-given patient popula-
tion, the benefi ts and drawbacks that a patient 
could experience in a therapy using a medical 
device must be very carefully assessed. For this, 
the user, who is not familiar in any case with the 
application of modern medical technology, 
should be given enough information in the form 
of indication, contraindication, and possible side 
effects, residual risks, and advice in handling of 
the medical device which enable him to provide 
the correct and optimal form of therapy. The user 
must be able to make the correct risk-benefi t 
assessment for the well-being of his patient, tak-
ing into account, on the one hand, the desired 
therapy progress for his patient and on the other 
hand a possible risk of deterioration of the 
patient’s state of health. For this, there must be 
suffi cient information and descriptions of the 
existing risks, which should be available to him 
in the user’s instructions. 

 There is sometimes a considerable fear of con-
tact on the part of potential users with modern 
medical devices, along with inexperience with 
the utilization of technological processes com-
pared to the conventional manual therapies in the 
neurorehabilitation, and this, too, should be taken 
into consideration in the design of medical 
devices. Furthermore, the correct measures 
should be provided in order to introduce the user 
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to the new technology and adequately bring him 
closer to the application of the medical device. 
This should already be taken into consideration at 
the conception and risk and usability manage-
ment and must be systematically implemented. 
The user of a medical device is an important fac-
tor not to be neglected when it comes to ensuring 
safety and effectiveness of a medical device in 
neurorehabilitation. This can be taken into 
account by adequate training of the future user of 
the medical device. It is recommended to adapt 
the duration of training to the prior medical and 
technology knowledge of the user and to the 
complexity of the medical device. Regular fur-
ther training courses and exchange-of-experience 
workshops reinforce a deeper understanding 
about the effective application of this type of 
medical device. For medical devices with a 
higher degree of autonym, the role of the user 
changes more in the direction of supervision of 
the treatment. He should always be aware of 
unforeseeable situation where his spontaneously 
intervention could be needed. 

 This autonomy is implemented by the use of 
detectors, sensors, control loops, software con-
trols, and algorithms, just to mention a few 
aspects of this complex interplay, and mostly 
without the infl uence of human interactions. The 
latter is the prerequisite for the given autonomy. 
Of course, there are certain pre-settings to be 
effected, which are essential for the patient, his 
particular neurological and general medical situ-
ation, and to establish his capability. In addition, 
a corrective intervention by the users should be 
possible at any time. This inherent autonomy of 
medical device however requires additional con-
sideration in the design and risk management 
process. 

 Special importance is, therefore, attached to 
software in this type of medical device. Here the 
software architecture, in particular, must be men-
tioned. If this can be transparently and exactly 
built up and displayed coherently in itself and 
within the whole medical device, it will facilitate 
the verifi cation and validation effort to concen-
trate on the right, safety-relevant modules. 

 Chapter   14     of the cited standard (IEC 60601–1 
[ 5 ]) describes the requirements of such a pro-
grammable electrical medical system (PEMS). 

More guidelines for a corresponding develop-
ment life cycle are given in IEC 62304 [ 10 ] in 
which, among other things, again draws upon 
ISO 14971 [ 10 ]. 

 Software architecture is mandatorily pre-
scribed standard and must cover the following:

•    Components with characteristics of high 
reliability  

•   Fail-safe functions  
•   Redundancy  
•   Diversity  
•   Separation of functionality  
•   Defensive design, e.g., limitation of possible 

hazardous effect by limiting the available out-
put capacity or by installation of resources 
that limit the movement of actuators    

 The architecture specifi cations must take the 
following into consideration:

•    Allocation of measures and risk control to 
PEMS subsystems and components.  

•   Subsystems and components include sensors, 
actuators, programmable electronics subsys-
tem (PESS), and interfaces.  

•   Modes of failure of components and their 
repercussions.  

•   Malfunctions with a common cause.  
•   Systematic malfunctions.  
•   Length of inspection intervals and the degree 

of coverage of the function diagnosis.  
•   Maintainability.  
•   Protection against reasonably predictable 

misuse.  
•   Specifi cation of the network/data sharing if 

applicable.    

 IEC 62304 [ 10 ] describes processes that have 
to be included in the software development cycle 
for the development of safe software for medical 
devices. 

 In order to determine which functions create 
or control risk, it is necessary to completely 
identify the PEMS (PESS) requirements. It is 
not possible to carry out an appropriate risk 
assessment without a complete specifi cation of 
the requirements and an architecture design that 
satisfi es this specifi cation. The requirements 
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should include the following, if applicable to the 
PEMS software:

•    Functional performance requirements includ-
ing essential performance characteristics in 
compliance with IEC 60601–1 [ 5 ]  

•   Physical characteristics and the conditions of 
their surroundings under which the software 
should run  

•   External interfaces with the software  
•   Safety requirements, including risk-control 

measures for hardware breakdowns and possi-
ble software defects and specifi cations regard-
ing the method of operation and maintenance, 
environmental infl uences, and risk control  

•   Software-controlled alarm signals, warnings, 
and operator messages  

•   Safety requirements, where any gaps in safety 
could affect overall safety  

•   Ergonomic requirements regarding the use of 
PEMS, including those that refer to the fol-
lowing elements: support when operating 
manually, human-machine interactions, limi-
tations of personnel, and areas where intense 
human attention is required and which are sus-
ceptible to human error and training  

•   Data defi nitions and requirements for the 
database  

•   Installation and acceptance requirements for 
the PEMS software  

•   The documentation that has to be drawn up  
•   Operation and design requirements  
•   Maintenance requirements    

 More information about PEMS structure, 
PEMS development life cycle management, and 
documentation is given in IEC 60601–1; Annex H. 
[ 5 ]. Also Appendix  IV  listed additional Guidelines 
about Software and Software Development Cycle.   

    Conclusion 

 Medical device technology used in neuroreha-
bilitation is a new, innovative fi eld of activity and 
is in a continuous state of change. Thus, an over-
view of standards and safety aspects for medical 
electrical devices for this fi eld can only represent 
a snapshot in time. As stated above, new 
 standardization efforts are in progress for “reha-
bilitation devices (robots)” and medical devices 

with a degree of autonomy. Attempts to gener-
ally portray the “state of the art” or the standards 
are subject to constant change. National regula-
tions tend to drift apart, instead of moving 
together toward a uniform global procedure. 
Additionally the standard organizations and their 
member organizations push more and more to 
actualize existing standards in shorter periods. 
These organizations are also under the pressure 
from national regulators for medical devices to 
create additional standards which sometimes 
have a more political than safety background. 

 Only a permanent systematic observation 
and adaptation to the various constraints can 
ensure that products from the sector of neuro-
rehabilitation comply with the constraints 
from the regulated medical device sector. The 
fi eld of view of neurorehabilitation has shown 
how complex these constraints are. 

 Society in general and the health sector in 
particular expect highly effi cient products that 
have a greater and better functionality. As 
stated above, signifi cant efforts have to be 
placed on extending the provision of proof for 
safety and effectiveness here and on more 
detailed documentation, safeguarding in all 
directions. The more complex medical devices 
become, the costlier the whole process will be, 
and pressure from the healthcare system 
regarding cost is worldwide increasing. The 
world of medical device technology used in 
neurorehabilitation will have to grapple with 
this development, and medical device manu-
facturers, in particular, will have to adjust to 
the increasing constraints from various 
sources. Environmental, hazardous materials 
and recycling requirements, which also have 
to be met by all of the electronics sector, have 
been intentionally omitted from this chapter. 

 Some national health systems have infl ated 
their sets of rules such that innovations and new 
technologies will only be available for the circle 
of patients affected after considerable delays. 

 In the future, the art will consist of achiev-
ing a balance between increasing national and 
international regulation demands, expressed 
in increasing constraints, with the ability to 
promptly introduce innovative treatment alter-
natives in an acceptable cost frame.      
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13.3       Appendix I: Overview 
of the Currently Published 
IMDRF/ (GHTF) Documents 
[June 2016] 

    IMDRF/MDSAP WG/N3 FINAL:2016 (Edition 2) 
Requirements for Medical Device Auditing 
Organizations for Regulatory Authority 
Recognition  

  IMDRF/RPS WG/N19 FINAL:2016 Common 
Data Elements for Medical Device 
Identifi cation  

  IMDRF/MDSAP WG/N8 FINAL:2015 Guidance 
for Regulatory Authority Assessors on the 
Method of Assessment for MDSAP Auditing 
Organizations  

  IMDRF/MDSAP WG/N24 FINAL:2015 Medical 
Device Regulatory Audit Reports  

  IMDRF/SaMD WG/N23 FINAL:2015 Software 
as a Medical Device (SaMD): Application of 
Quality Management System  

  IMDRF/NCAR WG/N14 FINAL:2015 Medical 
Devices: Post-Market Surveillance: National 
Competent Authority Report Exchange 
Criteria and Report Form  

  IMDRF/SaMD WG/N12 FINAL:2014 Software 
as a Medical Device: Possible Framework for 
Risk Categorization and Corresponding 
Considerations  

  IMDRF/MDSAP WG/N11 FINAL:2014 MDSAP 
Assessment and Decision Process for the 
Recognition of an Auditing Organization  

  IMDRF/RPS WG/N13 FINAL:2014 In Vitro 
Diagnostic Medical Device Market 
Authorization Table of Contents (IVD MA 
ToC)  

  IMDRF/RPS WG/N9 FINAL:2014 Non-In Vitro 
Diagnostic Device Market Authorization 
Table of Contents (nlVD MA ToC)  

  IMDRF/MDSAP WG/N3 FINAL:2013—See 
also Edition 2
   Requirements for Medical Device Auditing 

Organizations for Regulatory Authority 
Recognition     

  IMDRF/MDSAP WG/N4 FINAL:2013 
Competence and Training Requirements for 
Auditing Organizations  

  IMDRF/MDSAP WG/N5 FINAL:2013 
Regulatory Authority Assessment Method for 

the Recognition and Monitoring of Medical 
Device Auditing Organizations  

  IMDRF/MDSAP WG/N6 FINAL:2013 
Regulatory Authority Assessor Competence 
and Training Requirements  

  IMDRF/UDI WG/N7 FINAL:2013 UDI 
Guidance: Unique Device Identifi cation 
(UDI) of Medical Devices  

  IMDRF/SaMD WG/N10 FINAL:2013 Software 
as a Medical Device (SaMD): Key Defi nitions  

  IMDRF/MC/N39 FINAL:2015 IMDRF Strategic 
Plan 2020  

  IMDRF/MC/N16 FINAL:2014 IMDRF 
Document Format and Style Guide  

  IMDRF/MC/N17 FINAL:2014 IMDRF 
Document Template  

  IMDRF/MC/N18 FINAL:2014 IMDRF 
Presentation Template  

  IMDRF/MC/N2 FINAL:2014 (Edition 2) MDRF 
Standard Operating Procedure  

  IMDRF/MC/N1 FINAL:2014 (Edition 3) 
IMDRF Terms of Reference  

  IMDRF/MDSAP WG/N29 FINAL:2015 
Clarifi cation of the Term “Legal Entity” for 
MDSAP Recognition Purposes  

  IMDRF/NCAR WG/N30 FINAL:2015 Medical 
Devices: Post-Market Surveillance - IMDRF 
National Competent Authority Report 
(NCAR) Pilot Plan  

  IMDRF/NCAR WG/N31 FINAL:2015 Medical 
Devices: Post Market Surveillance: National 
Competent Authority Report (NCAR) Pilot 
Plan; Implementing Material  

  IMDRF/RPS WG/N32 FINAL:2015 Strategic 
Assessment of Electronic Submission 
Messaging Formats  

  IMDRF/MC/N34 FINAL:2015 Statement 
regarding Use of ISO 14971:2007 “Medical 
devices - Application of risk management to 
medical devices”  

  IMDRF/MC/N35 FINAL:2015 Statement 
regarding Use of IEC 62304:2006 “Medical 
device software—Software life cycle 
processes”  

  IMDRF/MC/N36 FINAL:2015 Statement 
regarding Use of IEC 60601-1 “Medical elec-
trical equipment—Part 1: General require-
ments for basic safety and essential 
performance”  
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13.4      Appendix II: Overview of the Currently Published MEDDEV 
Documents [March 2015] 

  IMDRF/MC/N37 FINAL:2015 Statement 
regarding Use of ISO 10993-1:2009 
“Biological evaluation of medical devices—
Part 1: Evaluation and testing within a risk 
management process”  

  IMDRF/MC/N38 FINAL:2015 Statement 
regarding Use of ISO 11137-1:2006 
“Sterilization of health care products—
Radiation - Part 1: Requirements for develop-
ment, validation and routine control of a 
sterilization process for medical devices”  

  IMDRF/RPS WG/N26 FINAL:2015 (Edition 2) 
IMDRF Table of Contents (ToC) Pilot Plan  

  IMDRF/MC/N25 FINAL:2015 Statement 
regarding Use of ISO 14155:2011 “Clinical 

investigation of medical devices for human 
subjects – Good clinical practice”  

  IMDRF/Standards WG/N15 FINAL:2014 Standards 
WG: Final Report: 'List of international standards 
recognized by IMDRF management committee 
members' Current as of: March 2014  

  IMDRF/MDSAP WG/N22 FINAL:2014 
MDSAP: Overview of Auditing Organization 
Assessment and Recognition Decision Related 
Processes  

  IMDRF/RPS WG/N20 FINAL:2014 Points to con-
sider in the use of the IMDRF Table of Content 
for Medical Device Submissions pre-RPS  

  IMDRF/RPS WG/N21 FINAL:2014 RPS Beta 
Testing Document     

 Title  Date 

 2.1 Scope, fi eld of 
application, defi nition 

 MEDDEV 2.1/1 Defi nitions of “medical devices”, 
“accessory” and “manufacturer” 

 April 1994 

 MEDDEV 2.1/2 rev.2 Field of application of directive 
“active implantable medical devices” 

 April 1994 

 MEDDEV 2.1/2.1 Treatment of Computers Used to 
Program Implantable Pulse Generators 

 February 1998 

 MEDDEV 2.1/3 rev.3 Borderline products, drug-
delivery products and medical devices incorporating,as 
integral part, an ancillary medicinal substance or an 
ancillary human blood derivative 

 December 2009 

 MEDDEV 2.1/4 Interface with other directives – 
Medical devices/directive89/336/EEC relating to 
electromagnetic compatibility and directive 89/686/
EEC relating to personal protective equipment 

 March 1994 

 For the relation between the MDD and directive 
89/686/EEC concerning personal protective equipment, 
please see the Commission services interpretative 
document of 21 August 2009 

 MEDDEV 2.1/5 Medical devices with a measuring 
function 

 June 1998 

 MEDDEV 2.1/6 Qualifi cation and Classifi cation of 
stand alone software 

 January 2012 

 2.2 Essential requirements  MEDDEV 2.2/1 rev.1 EMC requirements  February 1998 

 MEDDEV 2.2/3 rev.3 “Use by”-date  June 1998 

 MEDDEV 2.2/4 Conformity assessment of  In Vitro  
Fertilisation (IVF) and Assisted Reproduction 
Technologies (ART) products 

 January 2012 

 2.4 Classifi cation of MD  MEDDEV 2.4/1 rev.9 Classifi cation of medical devices  June 2010 
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 Title  Date 

 2.5 Conformity assessment 
procedure 

 General rules 
 Quality assurance 
 Regulatory auditing of quality systems of medical 
device manufacturers (See document in the GHTF-
Global Harmonization Task Force) 

 June 2016 

 MEDDEV 2.5/3 rev.2 Subcontracting quality systems 
related 

 June 1998 

 MEDDEV 2.5/5 rev.3 Translation procedure  February 1998 

 MEDDEV 2.5/6 rev.1 Homogenous batches 
(verifi cation of manufacturers’ products) 

 February 1998 

 Conformity assessment 
for particular groups of 
products 

 MEDDEV 2.5/7 rev.1 Conformity assessment of breast 
implants 

 July 1998 

 MEDDEV 2.5/9 rev.1 Evaluation of medical devices 
incorporating products containing natural rubber latex 

 February 2004 

 MEDDEV 2.5/10 Guideline for Authorised 
Representatives 

 January 2012 

 2.7 Clinical investigation, 
clinical evaluation 

 MEDDEV 2.7/1 rev.3 Clinical evaluation: Guide for 
manufacturers and notifi ed bodies 
 Appendix 1: clinical evaluation on coronary stents 

 December 2009 
 December 2008 

 MEDDEV 2.7/2 rev. 2 Guidelines for Competent 
Authorities for making a validation/assessment of a 
clinical investigation application under directives 
90/385/EEC and 93/42/EC 

 September 2015 

 MEDDEV 2.7/3 rev. 3 Clinical investigations: serious 
adverse reporting under directives 90/385/EEC and 
93/42/EC - SAE reporting form 

 May 2015 

 The new SAE reporting form will be taken in use 
1 September 2016 at the latest. 

 MEDDEV 2.7/4 Guidelines on Clinical investigations: 
a guide for manufacturers and notifi ed bodies 

 December 2010 

 2.10 Notifi ed bodies  MEDDEV 2.10/2 rev.1 Designation and monitoring of 
notifi ed bodies within the framework of EC directives 
on medical devices Annex 1, Annex 2, Annex 3, Annex 
4 

 April 2001 

 2.12 Market surveillance  MEDDEV 2.12/1 rev.8 Guidelines on a Medical 
Devices Vigilance System January 2013 
 I. MEDDEV 2.12/1 rev.8 – Latest Version Forms 
 MEDDEV 2.12/1 rev. 7 MIR and FSCA are still valid  
 Active PDF forms How to use FSCA and MIR forms 
Manufacturer Incident Report – MIR Field Safety 
Corrective Action – FSCA MIR and FSCA xml fi les 
  Please note: Some browser plugins are not compatible 
with PDF forms. If you have problems opening these 
forms, please save them to your computer and open 
them from there.  
 Other forms and templates Field Safety Notice 
Template Trend Report Periodic Summary Report 
 EU Vigilance Pilot on Trending – Additional MIR 
Form EU Vigilance Pilot MIR form EU Vigilance Pilot 
MIR Step-by-Step Guide EU Vigilance Pilot Toolkit 
for Users 
 II. Device Specifi c Vigilance Guidance 
 DSVG 00 Introduction to Device Specifi c Vigilance 
Guidance DSVG 01 Cardiac Ablation Vigilance 
Reporting Guidance 

 MEDDEV 2.12/2 rev.2 Post Market Clinical Follow-up 
studies 

 January 2012 
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 Title  Date 

 2.13 Transitional period  MEDDEV 2.13 rev.1 Commission communication on 
the application of transitional provision of Directive 
93/42/EEC relating to medical devices (OJ 98/C 
242/05) 

 August 1998 

 As regards the transitional regime of Directive 
2007/47/EC see the Interpretative Document of the 
Commission's services of 5 June 2009  

 2.14 IVD  MEDDEV 2.14/1 rev.2 Borderline and Classifi cation 
issues. A guide for manufacturers and notifi ed bodies 

 January 2012 

 MEDDEV 2.14/2 rev.1 Research Use Only products  February 2004 

 MEDDEV 2.14/3 rev.1 Supply of Instructions For Use 
(IFU) and other information for In-vitro Diagnostic 
(IVD)Medical Devices 

 January 2007 

 Form for the registration of manufacturers and devices 
In Vitro Diagnostic Medical DeviceDirective, Article 
10 

 January 2007 

 MEDDEV 2.14/4 CE marking of blood based in vitro 
diagnostic medical devices for vCJD based on 
detection of abnormal PrP 

 January 2012 

 2.15 Other guidances  MEDDEV 2.15 rev.3 Committees/Working Groups 
contributing to the implementation of the medical 
device directives 

 December 2008 

•     Guidance Notes for Manufacturers of Class I Medical Devices endorsed by the MDEG on 
December 2009  

•   Guidance Notes for Manufacturers of Custom- Made Medical Devices endorsed by the MDEG on 
June 2010  

•   Guidance document on Dir. 2005/50/EC endorsed by the MDEG on December 2006  
•   Informative document of the Commission’s services on placing on the market of medical devices 

(16 November 2010)  
•   Information on the relation between the revised Directives 90/385/EEC and 93/42/EEC concerning 

(active implantable) medical devices and Directive 2006/42/EC on machinery (21 August 2009)  
•   Information on the relation between the revised Directive 93/42/EEC concerning medical devices 

and Directive 89/686/EEC on personal protective equipment (21 August 2009)  
•   Informative document of the Commission’s services on implementation of directive 2007/47/EC 

amending directives 90/385/EEC, 9342/EEC and 98/8/EC (5 June 2009)  
•   Information on the Medical Devices Directives in relation to medical device own brand labellers 

(4 February 2008)     
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13.5      Appendix III: Overview 
of the Currently Published 
IEC TC 62 (SC 62A and SC 
62D) [June 2016] 

    IEC TR 60513:1994  
  Edition 2.0  
  Fundamental aspects of safety standards for 

 medical electrical equipment   

   IEC 60601-1:2015 SER  
  Edition 1.0  
  Medical electrical equipment - ALL PARTS   

   IEC 60601-1:2005+AMD1:2012 CSV  
  Edition 3.1  
  Medical electrical equipment—Part 1: General 

requirements for basic safety and essential 
performance   

   IEC 60601-1:2005+AMD1:2012 CSV/COR1:2012  
  Edition 3.1  
  Corrigendum 1—Medical electrical equipment - 

Part 1: General requirements for basic safety 
and essential performance   

   IEC 60601-1:2005  
  Edition 3.0  
  Medical electrical equipment—Part 1: General 

requirements for basic safety and essential 
performance   

   IEC 60601-1:2005/ISH1:2008  
  Edition 3.0  
  Interpretation sheet 1 - Medical electrical equip-

ment - Part 1: General requirements for basic 
safety and essential performance   

   IEC 60601-1:2005/ISH2:2009  
  Edition 3.0  
  Interpretation sheet 2 - Medical electrical equip-

ment - Part 1: General requirements for basic 
safety and essential performance   

   IEC 60601-1:2005/ISH3:2013  
  Edition 3.0  
  Interpretation sheet 3 - Medical electrical equip-

ment - Part 1: General requirements for basic 
safety and essential performance   

   IEC 60601-1:2005/COR1:2006  
  Edition 3.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 1: General requirements for basic safety 
and essential performance   

   IEC 60601-1:2005/COR2:2007  
  Edition 3.0  
  Corrigendum 2 - Medical electrical equipment - 

Part 1: General requirements for basic safety 
and essential performance   

   IEC 60601-1:2005/AMD1:2012  
  Edition 3.0  
  Amendment 1 - Medical electrical equipment - 

Part 1: General requirements for basic safety 
and essential performance   

   IEC 60601-1:2005/AMD1:2012/COR1:2014  
  Edition 3.0  
  Corrigendum 1 - Amendment 1 - Medical electri-

cal equipment - Part 1: General requirements 
for basic safety and essential performance   

   IEC 60601-1-2:2014  
  Edition 4.0  
  Medical electrical equipment - Part 1-2: General 

requirements for basic safety and essential per-
formance - Collateral Standard: Electromagnetic 
disturbances - Requirements and tests   

   IEC 60601-1-6:2010+AMD1:2013 CSV  
  Edition 3.1  
  Medical electrical equipment - Part 1-6: General 

requirements for basic safety and essential 
performance - Collateral standard: Usability   

   IEC 60601-1-6:2010  
  Edition 3.0  
  Medical electrical equipment - Part 1-6: General 

requirements for basic safety and essential 
performance - Collateral standard: Usability   

   IEC 60601-1-6:2010/AMD1:2013  
  Edition 3.0  
  Amendment 1 - Medical electrical equipment - 

Part 1-6: General requirements for basic safety 
and essential performance - Collateral stan-
dard: Usability   
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   IEC 60601-1-8:2006+AMD1:2012 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 1-8: General 

requirements for basic safety and essential 
performance - Collateral Standard: General 
requirements, tests and guidance for alarm 
systems in medical electrical equipment and 
medical electrical systems   

   IEC 60601-1-8:2006  
  Edition 2.0  
  Medical electrical equipment - Part 1-8: General 

requirements for basic safety and essential 
performance - Collateral Standard: General 
requirements, tests and guidance for alarm 
systems in medical electrical equipment and 
medical electrical systems   

   IEC 60601-1-8:2006/AMD1:2012  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 1-8: General requirements for basic 
safety and essential performance - Collateral 
standard: General requirements, tests and 
guidance for alarm systems in medical elec-
trical equipment and medical electrical 
systems   

   IEC 60601-1-9:2007+AMD1:2013 CSV  
  Edition 1.1  
  Medical electrical equipment - Part 1-9: General 

requirements for basic safety and essential 
performance - Collateral Standard: 
Requirements for environmentally conscious 
design   

   IEC 60601-1-9:2007  
  Edition 1.0  
  Medical electrical equipment - Part 1-9: General 

requirements for basic safety and essential 
performance - Collateral Standard: 
Requirements for environmentally conscious 
design   

   IEC 60601-1-9:2007/AMD1:2013  
  Edition 1.0  
  Amendment 1 - Medical electrical equipment - 

Part 1-9: General requirements for basic safety 
and essential performance - Collateral 

Standard: Requirements for environmentally 
conscious design   

   IEC 60601-1-10:2007+AMD1:2013 CSV  
  Edition 1.1  
  Medical electrical equipment - Part 1-10: General 

requirements for basic safety and essential 
performance - Collateral Standard: 
Requirements for the development of physio-
logic closed-loop controllers   

   IEC 60601-1-10:2007  
  Edition 1.0  
  Medical electrical equipment - Part 1-10: General 

requirements for basic safety and essential 
performance - Collateral Standard: 
Requirements for the development of physio-
logic closed-loop controllers   

   IEC 60601-1-10:2007/AMD1:2013  
  Edition 1.0  
  Amendment 1 - Medical electrical equipment - 

Part 1-10: General requirements for basic 
safety and essential performance - Collateral 
Standard: Requirements for the development 
of physiologic closed-loop controllers   

   IEC 60601-1-11:2015  
  Edition 2.0  
  Medical electrical equipment - Part 1-11: General 

requirements for basic safety and essential 
performance - Collateral Standard: 
Requirements for medical electrical equip-
ment and medical electrical systems used in 
the home healthcare environment   

   IEC 60601-1-11:2015 RLV  
  Edition 2.0  
  Medical electrical equipment &ndash; Part 1-11: 

General requirements for basic safety and 
essential performance &ndash; Collateral 
Standard: Requirements for medical electrical 
equipment and medical electrical systems 
used in the home healthcare environment   

   IEC 60601-1-12:2014  
  Edition 1.0  
  Medical electrical equipment - Part 1-12: General 

requirements for basic safety and essential per-
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formance - Collateral Standard: Requirements 
for medical electrical equipment and medical 
electrical systems intended for use in the emer-
gency medical services environment   

   IEC TR 60601-4-2:2016  
  Edition 1.0  
  Medical electrical equipment - Part 4-2: Guidance 

and interpretation - Electromagnetic immu-
nity: performance of medical electrical equip-
ment and medical electrical systems   

   IEC TR 60601-4-3:2015  
  Edition 1.0  
  Medical electrical equipment - Part 4-3: Guidance 

and interpretation - Considerations of unad-
dressed safety aspects in the third edition of 
IEC 60601-1 and proposals for new 
requirements   

   IEC TR 60878:2015  
  Edition 3.0  
  Graphical symbols for electrical equipment in 

medical practice   

   IEC TR 60930:2008  
  Edition 2.0  
  Guidelines for administrative, medical and nurs-

ing staff concerned with the safe use of medi-
cal electrical equipment and medical electrical 
systems   

   IEC TR 61258:2008  
  Edition 2.0  
  Guidelines for the development and use of medi-

cal electrical equipment educational materials   

   IEC TR 62296:2009  
  Edition 2.0  
  Considerations of unaddressed safety aspects in 

the second edition of IEC 60601-1 and pro-
posals for new requirements   

   IEC 62304:2006+AMD1:2015 CSV  
  Edition 1.1  
  Medical device software - Software life cycle 

processes   

   IEC 62304:2006  
  Edition 1.0  
  Medical device software - Software life cycle 

processes   

   IEC 62304:2006/AMD1:2015  
  Edition 1.0  
  Amendment 1 - Medical device software - 

Software life cycle processes   

   IEC TR 62348:2012  
  Edition 2.0  
  Assessment of the impact of the most signifi cant 

changes in Amendment 1 to IEC 60601- 
1:2005 and mapping of the clauses of IEC 
60601-1:2005 to the previous edition   

   IEC 60601-2-2:2009  
  Edition 5.0  
  Medical electrical equipment - Part 2-2: 

Particular requirements for the basic safety 
and essential performance of high frequency 
surgical equipment and high frequency surgi-
cal accessories   

   IEC 60601-2-2:2009/COR1:2014  
  Edition 5.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 2-2: Particular requirements for the basic 
safety and essential performance of high fre-
quency surgical equipment and high frequency 
surgical accessories   

   IEC 60601-2-3:2012+AMD1:2016 CSV  
  Edition 3.1  
  Medical electrical equipment - Part 2-3: Particular 

requirements for the basic safety and essential 
performance of short-wave therapy 
equipment   

   IEC 60601-2-3:2012  
  Edition 3.0  
  Medical electrical equipment - Part 2-3: Particular 

requirements for the basic safety and essential 
performance of short-wave therapy 
equipment   
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   IEC 60601-2-3:2012/AMD1:2016  
  Edition 3.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-3: Particular requirements for the basic 
safety and essential performance of short- 
wave therapy equipment   

   IEC 60601-2-4:2010  
  Edition 3.0  
  Medical electrical equipment - Part 2-4: Particular 

requirements for the basic safety and essential 
performance of cardiac defi brillators   

   IEC 60601-2-5:2009  
  Edition 3.0  
  Medical electrical equipment - Part 2-5: Particular 

requirements for the basic safety and essential 
performance of ultrasonic physiotherapy 
equipment   

   IEC 60601-2-6:2012+AMD1:2016 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 2-6: Particular 

requirements for the basic safety and essential 
performance of microwave therapy 
equipment   

   IEC 60601-2-6:2012  
  Edition 2.0  
  Medical electrical equipment - Part 2-6: Particular 

requirements for the basic safety and essential 
performance of microwave therapy 
equipment   

   IEC 60601-2-6:2012/AMD1:2016  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-6: Particular requirements for the basic 
safety and essential performance of micro-
wave therapy equipment   

   IEC 60601-2-10:2012+AMD1:2016 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 2-10: 

Particular requirements for the basic safety 
and essential performance of nerve and mus-
cle stimulators   

   IEC 60601-2-10:2012  
  Edition 2.0  
  Medical electrical equipment - Part 2-10: 

Particular requirements for the basic safety 
and essential performance of nerve and mus-
cle stimulators   

   IEC 60601-2-10:2012/AMD1:2016  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-10: Particular requirements for the 
basic safety and essential performance of 
nerve and muscle stimulators   

   IEC 60601-2-16:2012  
  Edition 4.0  
  Medical electrical equipment - Part 2-16: 

Particular requirements for basic safety and 
essential performance of hemodialysis, hemo-
diafi ltration and hemofi ltration equipment   

   IEC 60601-2-18:2009  
  Edition 3.0  
  Medical electrical equipment - Part 2-18: 

Particular requirements for the basic safety 
and essential performance of endoscopic 
equipment   

   IEC 60601-2-19:2009+AMD1:2016 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 2-19: 

Particular requirements  for the basic safety 
and essential performance of infant 
incubators   

   IEC 60601-2-19:2009  
  Edition 2.0  
  Medical electrical equipment - Part 2-19: 

Particular requirements for the basic safety and 
essential performance of infant incubators   

   IEC 60601-2-19:2009/COR1:2012  
  Edition 2.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 2-19: Particular requirements for the 
basic safety and essential performance of 
infant incubators   
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   IEC 60601-2-19:2009/AMD1:2016  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-19: Particular requirements for the 
basic safety and essential performance of 
infant incubators   

   IEC 60601-2-20:2009+AMD1:2016 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 2-20: 

Particular requirements for the basic safety 
and essential performance of infant transport 
incubators   

   IEC 60601-2-20:2009  
  Edition 2.0  
  Medical electrical equipment - Part 2-20: 

Particular requirements for the basic safety 
and essential performance of infant transport 
incubators   

   IEC 60601-2-20:2009/COR1:2012  
  Edition 2.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 2-20: Particular requirements for the 
basic safety and essential performance of 
infant transport incubators   

   IEC 60601-2-20:2009/COR2:2013  
  Edition 2.0  
  Corrigendum 2 - Medical electrical equipment - 

Part 2-20: Particular requirements for the 
basic safety and essential performance of 
infant transport incubators   

   IEC 60601-2-20:2009/AMD1:2016  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-20: Particular requirements for the 
basic safety and essential performance of 
infant transport incubators   

   IEC 60601-2-21:2009+AMD1:2016 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 2-21: 

Particular requirements for the basic safety 
and essential performance of infant radiant 
warmers   

   IEC 60601-2-21:2009  
  Edition 2.0  
  Medical electrical equipment - Part 2-21: 

Particular requirements for the basic safety 
and essential performance of infant radiant 
warmers   

   IEC 60601-2-21:2009/COR1:2013  
  Edition 2.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 2-21: Particular requirements for the 
basic safety and essential performance of 
infant radiant warmers   

   IEC 60601-2-21:2009/AMD1:2016  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-21: Particular requirements for the 
basic safety and essential performance of 
infant radiant warmers   

   IEC 60601-2-23:2011  
  Edition 3.0  
  Medical electrical equipment - Part 2-23: 

Particular requirements for the basic safety 
and essential performance of transcutaneous 
partial pressure monitoring equipment   

   IEC 60601-2-24:2012  
  Edition 2.0  
  Medical electrical equipment - Part 2-24: 

Particular requirements for the basic safety 
and essential performance of infusion pumps 
and controllers   

   IEC 60601-2-25:2011  
  Edition 2.0  
  Medical electrical equipment - Part 2-25: 

Particular requirements for the basic safety 
and essential performance of 
electrocardiographs   

   IEC 60601-2-26:2012  
  Edition 3.0  
  Medical electrical equipment - Part 2-26: 

Particular requirements for the basic safety 
and essential performance of 
electroencephalographs   
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   IEC 60601-2-27:2011  
  Edition 3.0  
  Medical electrical equipment - Part 2-27: 

Particular requirements for the basic safety 
and essential performance of electrocardio-
graphic monitoring equipment   

   IEC 60601-2-27:2011/COR1:2012  
  Edition 3.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 2-27: Particular requirements for the 
basic safety and essential performance of 
electrocardiographic monitoring equipment   

   IEC 60601-2-31:2008+AMD1:2011 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 2-31: 

Particular requirements for the basic safety 
and essential performance of external cardiac 
pacemakers with internal power source   

   IEC 60601-2-31:2008  
  Edition 2.0  
  Medical electrical equipment - Part 2-31: 

Particular requirements for the basic safety 
and essential performance of external cardiac 
pacemakers with internal power source   

   IEC 60601-2-31:2008/AMD1:2011  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-31: Particular requirements for the basic 
safety and essential performance of external 
cardiac pacemakers with internal power source   

   IEC 60601-2-34:2011  
  Edition 3.0  
  Medical electrical equipment - Part 2-34: 

Particular requirements for the basic safety 
and essential performance of invasive blood 
pressure monitoring equipment   

   IEC 60601-2-36:2014  
  Edition 2.0  
  Medical electrical equipment - Part 2-36: 

Particular requirements for the basic safety 
and essential performance of equipment for 
extracorporeally induced lithotripsy   

   IEC 60601-2-39:2007  
  Edition 2.0  
  Medical electrical equipment - Part 2-39: 

Particular requirements for basic safety and 
essential performance of peritoneal dialysis 
equipment   

   IEC 60601-2-40:1998  
  Edition 1.0  
  Medical electrical equipment - Part 2-40: 

Particular requirements for the safety of elec-
tromyography and evoked response 
equipment   

   IEC 60601-2-41:2009+AMD1:2013 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 2-41: 

Particular requirements for the basic safety 
and essential performance of surgical lumi-
naires and luminaires for diagnosis   

   IEC 60601-2-41:2009  
  Edition 2.0  
  Medical electrical equipment - Part 2-41: 

Particular requirements for the basic safety 
and essential performance of surgical lumi-
naires and luminaires for diagnosis   

   IEC 60601-2-41:2009/AMD1:2013  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-41: Particular requirements for the 
basic safety and essential performance of 
surgical luminaires and luminaires for 
diagnosis   

   IEC 60601-2-46:2010  
  Edition 2.0  
  Medical electrical equipment - Part 2-46: 

Particular requirements for basic safety and 
essential performance of operating tables   

   IEC 60601-2-47:2012  
  Edition 2.0  
  Medical electrical equipment - Part 2-47: 

Particular requirements for the basic safety 
and essential performance of ambulatory elec-
trocardiographic systems   
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   IEC 60601-2-49:2011  
  Edition 2.0  
  Medical electrical equipment - Part 2-49: 

Particular requirements for the basic safety 
and essential performance of multifunction 
patient monitoring equipment   

   IEC 60601-2-50:2009+AMD1:2016 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 2-50: 

Particular requirements for the basic safety 
and essential performance of infant photother-
apy equipment   

   IEC 60601-2-50:2009  
  Edition 2.0  
  Medical electrical equipment - Part 2-50: 

Particular requirements for the basic safety 
and essential performance of infant photother-
apy equipment   

   IEC 60601-2-50:2009/COR1:2010  
  Edition 2.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 2-50: Particular requirements for the 
basic safety and essential performance of 
infant phototherapy equipment   

   IEC 60601-2-50:2009/AMD1:2016  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-50: Particular requirements for the 
basic safety and essential performance of 
infant phototherapy equipment   

   IEC 60601-2-52:2009+AMD1:2015 CSV  
  Edition 1.1  
  Medical electrical equipment - Part 2-52: 

Particular requirements for the basic safety 
and essential performance of medical beds   

   IEC 60601-2-52:2009  
  Edition 1.0  
  Medical electrical equipment - Part 2-52: 

Particular requirements for the basic 
safety and essential performance of medi-
cal beds   

   IEC 60601-2-52:2009/COR1:2010  
  Edition 1.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 2-52: Particular requirements for the 
basic safety and essential performance of 
medical beds   

   IEC 60601-2-52:2009/AMD1:2015  
  Edition 1.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-52: Particular requirements for the 
basic safety and essential performance of 
medical beds   

   IEC 60601-2-62:2013  
  Edition 1.0  
  Medical electrical equipment - Part 2-62: 

Particular requirements for the basic safety 
and essential performance of high intensity 
therapeutic ultrasound (HITU) equipment   

   IEC TR 61289:2011  
  Edition 1.0  
  High frequency surgical equipment - Operation 

and maintenance   

   IEC TR 62653:2012  
  Edition 1.0  
  Guideline for safe operation of medical equip-

ment used for haemodialysis treatments   

   IEC PAS 63023:2016  
  Edition 1.0  
  Medical electrical system - Input interface for 

haemodialysis equipment for use of external 
alarming device   

   IEC 80369-5:2016  
  Edition 1.0  
  Small-bore connectors for liquids and gases in 

healthcare applications - Part 5: Connectors 
for limb cuff infl ation applications   

   IEC 80601-2-30:2009+AMD1:2013 CSV  
  Edition 1.1  
  Medical electrical equipment - Part 2-30: 

Particular requirements for the basic safety 
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and essential performance of automated non- 
invasive sphygmomanometers   

   IEC 80601-2-30:2009  
  Edition 1.0  
  Medical electrical equipment - Part 2-30: 

Particular requirements for the basic safety 
and essential performance of automated non- 
invasive sphygmomanometers   

   IEC 80601-2-30:2009/COR1:2010  
  Edition 1.0  
  Corrigendum 1 - Medical electrical equip-

ment - Part 2-30: Particular requirements 
for the basic safety and essential per-
formance of automated non-invasive 
sphygmo  manometers   

   IEC 80601-2-30:2009/AMD1:2013  
  Edition 1.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-30: Particular requirements for the 
basic safety and essential performance of 
automated type non-invasive 
sphygmomanometers   

   IEC 80601-2-35:2009+AMD1:2016 CSV  
  Edition 2.1  
  Medical electrical equipment - Part 2-35: 

Particular requirements for the basic safety 
and essential performance of heating devices 
using blankets, pads and mattresses and 
intended for heating in medical use   

   IEC 80601-2-35:2009  
  Edition 2.0  
  Medical electrical equipment - Part 2-35: 

Particular requirements for the basic safety 
and essential performance of heating devices 
using blankets, pads and mattresses and 
intended for heating in medical use   

   IEC 80601-2-35:2009/COR1:2012  
  Edition 2.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 2-35: Particular requirements for the 
basic safety and essential performance of 

heating devices using blankets, pads or mat-
tresses and intended for heating in medical use   

   IEC 80601-2-35:2009/COR2:2015  
  Edition 2.0  
  Corrigendum 2 - Medical electrical equipment - 

Part 2-35: Particular requirements for the 
basic safety and essential performance of 
heating devices using blankets, pads or mat-
tresses and intended for heating in medical use   

   IEC 80601-2-35:2009/AMD1:2016  
  Edition 2.0  
  Amendment 1 - Medical electrical equipment - 

Part 2-35: Particular requirements for the 
basic safety and essential performance of 
heating devices using blankets, pads or mat-
tresses and intended for heating in medical use   

   IEC 80601-2-58:2014  
  Edition 2.0  
  Medical electrical equipment - Part 2-58: 

Particular requirements for the basic safety 
and essential performance of lens removal 
devices and vitrectomy devices for ophthal-
mic surgery   

   IEC 80601-2-59:2008  
  Edition 1.0  
  Medical electrical equipment - Part 2-59: 

Particular requirements for the basic safety 
and essential performance of screening ther-
mographs for human febrile temperature 
screening   

   IEC 80601-2-59:2008/COR1:2009  
  Edition 1.0  
  Corrigendum 1 - Medical electrical equipment - 

Part 2-59: Particular requirements for the 
basic safety and essential performance of 
screening thermographs for human febrile 
temperature screening   

   IEC 80601-2-60:2012  
  Edition 1.0  
  Medical electrical equipment - Part 2-60: 

Particular requirements for the basic safety 
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and essential performance of dental 
equipment   

   IEC 80601-2-71:2015  
  Edition 1.0  
  Medical electrical equipment - Part 2-71: 

Particular requirements for the basic safety 
and essential performance of functional near- 
infrared spectroscopy (NIRS) equipment   

   ISO 80369-1:2010  
  Edition 1.0  
  Small-bore connectors for liquids and gases in 

healthcare applications—Part 1: General 
requirements   

   ISO 80369-6:2016  
  Edition 1.0  
  Small bore connectors for liquids and gases in 

healthcare applications - Part 6: Connectors 
for neuraxial applications   

   ISO 80369-20:2015  
  Edition 1.0  
  Small-bore connectors for liquids and gases in 

healthcare applications—Part 20: Common 
test methods   

   ISO 80601-2-12:2011  
  Edition 1.0  
  Medical electrical equipment - Part 2-12: 

Particular requirements for basic safety and 
essential performance of critical care 
ventilators   

   ISO 80601-2-13:2011  
  Edition 1.0  
  Medical electrical equipment - Part 2-13: 

Particular requirements for basic safety and 
essential performance of an anaesthetic 
workstation   

   ISO 80601-2-13:2011/AMD1:2015  
  Edition 1.0  
  Amendment 1 - Medical electrical equipment -- 

Part 2-13: Particular requirements for basic 
safety and essential performance of an anaes-
thetic workstation   

   ISO 80601-2-55:2011  
  Edition 1.0  
  Medical electrical equipment - Part 2-55: 

Particular requirements for the basic safety 
and essential performance of respiratory gas 
monitors   

   ISO 80601-2-56:2009  
  Edition 1.0  
  Medical electrical equipment - Part 2-56: 

Particular requirements for basic safety and 
essential performance of clinical thermome-
ters for body temperature measurement   

   ISO 80601-2-61:2011  
  Edition 1.0  
  Medical electrical equipment—Part 2-61: 

Particular requirements for basic safety and 
essential performance of pulse oximeter 
equipment   

   ISO 80601-2-67:2014  
  Edition 1.0  
  Medical electrical equipment—Part 2-67: 

Particular requirements for basic safety and 
essential performance of oxygen-conserving 
equipment   

   ISO 80601-2-69:2014  
  Edition 1.0  
  Medical electrical equipment—Part 2-69: 

Particular requirements for basic safety and 
essential performance of oxygen concentrator 
equipment   

   ISO 80601-2-70:2015  
  Edition 1.0  
  Medical Electrical Equipment–Part 2-70: 

Particular requirements for basic safety and 
essential performance of sleep apnoea breath-
ing therapy equipment   

   ISO 80601-2-72:2015  
  Edition 1.0  
  Medical electrical equipment—Part 2-72: Particular 

requirements for basic safety and essential per-
formance of home healthcare environment ven-
tilators for ventilator- dependent patients   
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   ISO 81060-1:2011  
  Edition 1.0  
  Non-invasive sphygmomanometers—Part 1: 

Requirements and test methods for non- 
automated measurement type   

   ISO 81060-2:2013  
  Edition 2.0  
  Non-invasive sphygmomanometers—Part 2: 

Clinical investigation of automated measure-
ment type     

13.6      Appendix IV: Guidelines 
About Software 
and Software Development 
Cycle 

•     Design Control Guidance for Medical Device 
Manufacturers; FDA Center for Devices and 
Radiological Health   http://www.fda.gov/down-
loads/Medical/DeviceRegulationandGuidance/
GuidanceDocuments/ucm085371.pdf      

•   General Principles of Software Validation, Final 
Guidance for Industry and FDA Staff; FDA 
Center for Devices and Radio logical Health. 
  http://www.fda.gov/downloads/MedicalDevices/
DeviceRegulationandGuidance/Guidance
Documents/ucm085371.pdf      

•   Title 21—Food and Drugs; Chapter I—Food 
and Drug Administration; Department of 
Health and Human Services; Subchapter A—
General Part 11 Electronic Records; Electronic 
Signatures.   http://www.accessdata.fda.gov/
scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?
CFRPart=11&showFR=1      

•   Guidance for Industry Part 11, Electronic 
Records; Electronic Signatures—Scope and 
Application U.S. Department of Health and 
Human Services; Food and Drug Administration. 
  http://www.fda.gov/downloads/Regulatory
Information/Guidances/ucm125125.pdf      

•   Guidance for the Content of Premarket 
Submissions for Software Contained in 
Medical Devices; U.S. Department of Health 
and Human Services; Food and Drug 

Administration; Center for Devices and 
Radiological Health; Offi ce of Device 
Evaluation.   http://www.fda.gov/downloads/
MedicalDevices/DeviceRegulationand
Guidance/GuidanceDocuments/ucm089593.
pdf         

13.7     Appendix V: Additional 
Documents Published 
by IEEE 

•     IEEE Recommended Practice for Software 
Requirements Specifi cations; Software 
Engineering Standard Committee of the IEEE 
Computer Society  

•   IEEE Recommended Practice for Software 
Design Descriptions; Software Engineering 
Standard Committee of the IEEE Computer 
Society  

•   IEEE Standard for Software Project 
Management Plans; Software Engineering 
Standard Committee of the IEEE Computer 
Society  

•   IEEE Standard for Software Quality Assurance 
Plans; IEEE Computer Society; Software 
Engineering Standard Committee      
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    Abstract  

  The application of rehabilitation technologies in children with neurological 
impairments appears promising as these systems can induce repetitive goal-
directed movements to complement conventional treatments. Characteristics 
of robotic-supported and computer-assisted training are in line with princi-
ples of motor learning and include high numbers of repetitions, prolonged 
training durations, and online feedback about the patient’s active participa-
tion. When experienced therapists apply these technologies, they can be 
considered a rather safe and in combination with virtual realities a motivat-
ing supplementary approach. Therapists might have to take into account that 
there might be some factors that are different when applying such technolo-
gies to children with congenital versus acquired neurological lesions. 
Currently, clinical guidelines on how to apply such technologies are miss-
ing, and clinical evidence considering the effectiveness of such technologies 
has just started to commence in pediatric neurorehabilitation. Experienced 
therapists formulated recommendations that might be useful to those with 
less experience on how to apply some of these systems to train the lower and 
upper extremity intensively and playfully. Finally, suggestions are made on 
how these technologies could be integrated into the clinical path.  

  Keywords  

  Adolescents   •   Robot-assisted therapy   •   Computer-assisted systems   •   ICF-CY   
•   Virtual reality   •   Pediatric neurorehabilitation   •   Habilitation   •   Rehabilitation   
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14.1       Introduction 

 The treatment of upper and lower extremity func-
tions and activities in children with neurological 
disorders presents a high challenge as the 
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 developmental status interferes with the addi-
tional complexity of neurological, functional, 
cognitive, and motivational aspects. Symptoms 
that affect overall functioning are among others 
spasticity, muscle weakness, impaired balance, 
contractures, and joint and bone deformities. In 
young patients with congenital or acquired brain 
lesions, comorbidities such as epilepsy, learning 
diffi culties, behavioral challenges, or sensory 
impairments can be of similar complexity to treat 
as the motor disabilities, and this will affect both 
therapy planning and execution (see, e.g., [ 1 ]). 

 The motor symptoms can worsen during 
growth, especially during the pubertal growth 
spurt. Neurodevelopmental treatment concepts 
adapted their principles over time, and their focus 
switched from passive inhibition techniques to 
self-activity of the child [ 2 ,  3 ]. Besides the conven-
tional physical and occupational therapy, multidis-
ciplinary rehabilitation programs include now also 
approaches such as sports, strength training [ 4 ], or 
functional task-orientated training [ 5 ]. 

 In line with this change in therapeutic focus, 
rehabilitation goals become nowadays more and 
more defi ned at the domain of activities and partici-
pation (according to the International Classifi cation 
of Functioning, Disability and Health – Child and 
Youth version, ICF-CY) [ 6 ]. Also in children with 
neurological impairments, the goal of rehabilita-
tion is to improve the independence in daily life 
activities. Improved independence will reduce the 
burden of care for the whole family and positively 
affect the quality of life both for the young patient 
and his family. Currently, it is agreed that this can 
only be achieved by a multidisciplinary approach. 

 In this chapter, we will focus on the treatment 
of motor impairments of the lower and upper 
extremities with new technologies such as robot- 
assisted and computer-based rehabilitation sys-
tems that complement conventional rehabilitation 
interventions in children.  

14.2     Potential Advantages 
of Rehabilitation 
Technologies 

 Independent from whether a therapeutic program 
consists of conventional interventions or new reha-
bilitation technologies, children with  congenital or 

acquired neurological lesions profi t from periods 
of intensive physiotherapeutic interventions. 
These interventions are necessary for enhancing 
motor development in childhood, especially dur-
ing intense growth periods. Furthermore, intense 
rehabilitation is also required in children after sur-
gical interventions. Such interventions aim to 
improve biomechanics (like multilevel surgery) or 
reduce spasticity (like intrathecal baclofen admin-
istration or selective dorsal rhizotomy) [ 7 ,  8 ]. The 
intensity of therapy, repetition, and a goal-oriented 
and task-specifi c training program are nowadays 
considered essential to achieve successful func-
tional outcome [ 5 ,  9 ]. Rehabilitation programs tai-
lored to the special needs of an individual child are 
personnel intensive and, therefore, costly. Often 
limited resources hinder the achievement of opti-
mal therapy conditions and limit the dosages of 
rehabilitation measures. 

 Robotic therapies could contribute consider-
ably to the motor learning concept in rehabilita-
tion. Robots can deliver high-dosage (i.e., number 
of practice movements) and high-intensive (i.e., 
number of movements per unit time) training 
interventions, have accurate movement controlla-
bility, and can provide immediate and precise 
feedback. These points are all considered impor-
tant for successful neurorehabilitation [ 10 ]. 
Motivation appears important, especially in chil-
dren and adolescents. Nowadays, most rehabilita-
tion robots are equipped with virtual reality games 
to provide feedback and enhance motivation. 
Child-friendly games with strong, immersive 
qualities could distract children from monoto-
nous, repetitive exercises. These games can be 
adapted to the developmental and functional sta-
tus of the child, which can lead to more challeng-
ing training situations thereby increasing active 
participation (see, e.g., [ 11 – 15 ]). Feedback has 
been extensively investigated, and there is general 
agreement that it facilitates learning [ 16 ] and can 
be considered one of the most important vari-
ables, besides practice. The repeated practice 
must be linked to incremental success at a trained 
task, and this is usually achieved by trial and error 
practice, with multisensory feedback about per-
formance success [ 10 ]. Regarding robotic thera-
pies, feedback should result in changes in muscle 
activity, induced by the patient, toward a more 
physiological and functional movement pattern. 
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 Nevertheless, we also account for some  critical 
points in applying robot-supported rehabilitation. 
For the upper extremity, studies in adult patients 
after stroke reported signifi cant improvements in 
impairments, but failed to fi nd improvements in 
the performance of activities of daily living 
(ADL) [ 17 ,  18 ]. This could be due to a lack of 
transfer from the functional to the activity perfor-
mance domain as described by the ICF-CY or to 
an insuffi cient sensitivity of ADL outcome mea-
sures. Measures of ADL could be too unspecifi c 
to distinguish between true recovery and compen-
sation. The difference between recovery and com-
pensation is important, also with respect to motor 
learning. True recovery means that undamaged 
brain and spinal regions are recruited, which gen-
erate commands to the same muscles as were used 
before the injury [ 19 ]. This requires a certain 
structural redundancy around the affected region 
[ 20 ]. Compensation, however, refers to the use of 
a different movement strategy involving different 
muscles to accomplish the same task. Motor 
learning is a prerequisite for both, but it seems as 
if true recovery improves performance across a 
range of tasks, whereas improvement through 
compensation is limited to the task itself. Huang 
and Krakauer [ 21 ] therefore speculated “that what 
is needed to see improvement in ADL measures is 
subsequent intense training in everyday tasks 
once impairment has been reduced to a specifi c 
level. This serial approach (i.e., focus on impair-
ment fi rst and then on function) might address the 
apparent paradox of a parallel dissociation 
between impairment and functional measures 
after a particular rehabilitative treatment” [ 21 ]. 
Compensation can, of course, be a successful 
strategy to solve ADL-relevant problems; how-
ever, compensatory strategies might hinder fur-
ther progress and should not become routine. 
Instead, the aim should be to change the training 
and the goals in such a way that alternative motor 
solutions can be used. 

 Repetition of identical movements is not 
 desirable, as kinematic variability is an important 
prerequisite for motor learning. Rehabilitation 
robots that just play back a preprogrammed gait 
pattern are not considered optimal, especially in 
functionally better patients [ 22 ]. The consolida-
tion of a learned task over time also seems better 
if kinematic variability is introduced [ 23 ] 

(the “repetition without repetition” principle 
according to Bernstein [ 24 ]). Finally, variable 
practice might facilitate translation of the skill into 
everyday life [ 19 ]. Several innovative control strat-
egies have been developed over the last years to 
allow certain movement variability. Some studies 
suggest the superiority of assist as needed com-
pared to fully assisted control strategies [ 25 – 30 ]. 

 Nevertheless, despite these advantages of 
rehabilitation technologies, therapists and physi-
cians should keep in mind that especially in pedi-
atric neurorehabilitation, parents could have 
excessive expectations and hopes when therapists 
apply such expensive, high-tech rehabilitation 
devices. Realistic goals should be defi ned early 
in the rehabilitation process and communicated 
clearly to the parents.  

14.3     Applying Rehabilitation 
Technologies: Children 
Versus Adults 

 From clinical experience, it appears that the 
acceptability of rehabilitation technologies in 
combination with games appears to be much 
higher in children compared to adults. Younger 
patients can immerse easily in games and identify 
themselves quickly with the avatar. Especially 
attractive high-quality graphics increase immer-
sion, which is advantageous with respect to moti-
vation and duration of training and number of 
repetitions. During training, game scores can 
motivate them to continue with the training. 
Many executive functions, e.g., short-term mem-
ory, selective or divided attention, and alertness, 
can be partially affected after a congenital or 
acquired brain injury and become automatically 
trained when playing such games. Therapists 
should take impairments in one or more of these 
executive functions into consideration when 
selecting appropriate games (i.e., concerning the 
level of diffi culty, required reaction time, etc.). 
Additionally important in deciding what games 
can be played is the frustration tolerance of the 
children. 

 Nowadays, young patients are often experi-
enced in playing computer games. This also causes 
some problems because these “game users” are 
used to attractive graphics of excellent quality. 
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Unfortunately, many of the games delivered with 
rehabilitation technologies are on a qualitative 
lower level. Over time, this will likely reduce the 
compliance of the users. Systems that are more 
open, i.e., on which other available games can be 
installed and played as well, have a great advantage 
therefore. Therapists can select additional games 
with good graphics that could be used to induce 
meaningful and physiological movements when 
applied correctly. This would increase the accep-
tance of the system by the patients considerably. 

 The high-immersive capacity of children under-
going rehabilitation also has some disadvantages. 
Occupational and physical therapists experienced 
in applying rehabilitation technologies for years 
report that the increased immersion also lets chil-
dren forget that they should perform therapeuti-
cally desired movements consisting of physiological 
rather than compensatory movement strategies. 
Some children show increased muscular tonus 
when playing games in such devices. For some 
games, the young patients might fi nd out how they 
can “trick” the system, i.e., they fi nd out how they 
can increase their game score while performing 
less active, undesirable compensatory movements. 
The presence of a trained therapist who can guide 
the child or adolescent in performing the move-
ments correctly is, therefore, inevitable, especially 
when movement quality is the primary therapeutic 
goal or compensatory movements lead to malalign-
ment of joint axes, which could result in damaging 
forces on body structures. 

 Another disadvantage when applying such 
systems in children is that they show less patience 
when technological system errors delay the train-
ing. Repetitive stops often result in decreased 
motivation and compliance and, as a result, a pre-
liminary termination of the training session. If this 
situation occurs in several subsequent sessions, 
long-term compliance might be compromised.  

14.4     Habilitation 
Versus Rehabilitation 

 Although therapists apply the same therapeutical 
techniques, including rehabilitation technolo-
gies, they face differences when treating patients 

with either congenital or acquired brain lesions. 
First, when taking into account factors such as 
age, size and location of the brain lesion, or 
severity of functional and cognitive impairment, 
it is likely that children with congenital brain 
lesions might show less functional improve-
ments compared to children with acquired 
lesions, because these latter might show addi-
tional spontaneous neurological recovery. 
Second, children with congenital brain lesions 
might have developed functional compensatory 
strategies (potentially accompanied by joint con-
tractures) over (many) years. Children with 
acquired brain lesions, however, might have bet-
ter chances of restoring  physiological selective 
voluntary movements to a certain extent. If the 
therapist and patient decide to minimize the use 
of compensatory movements and train selective 
movements, patients and parents should be 
informed that initially this might result in a 
decrease in independence, as functionally useful 
compensatory movements would be restricted. It 
remains diffi cult to predict how successful such 
an intervention would be, as it is diffi cult to esti-
mate whether part of the limitations in selective 
movements might be caused by so- called learned 
nonuse of the upper or lower extremity (for a 
nice review see [ 31 ]). If the chance of improving 
physiological movements is small and compen-
satory movements appear the best option, then 
one must say that current rehabilitation technol-
ogies do not include exercises to practice a sim-
ple supportive function of a leg or assisting 
functions of the affected arm and hand (e.g., to 
use the affected hand for supporting tasks). 

 Third, often the rehabilitation goal of children 
with congenital lesions is, especially for those 
who are more severely affected, to maintain 
(rather than improve) the current level of func-
tionality. It appears that it is often easier for chil-
dren with acquired lesions (and their parents) to 
defi ne specifi c treatment goals, because they are 
aware of the previous capabilities of the child. 
As such a reference is missing for children with 
congenital lesions, our therapists report that 
these children and their parents often have more 
diffi culties in defi ning specifi c treatment goals. 
Other therapists though report that parents of 
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children with congenital lesions formulate more 
 qualitative goals (e.g., with respect to walking, 
better knee extension, improved initial contact 
with the heel) rather than goals related to perfor-
mance or participation. Besides, children with 
acquired lesions appear sometimes more moti-
vated compared to those with congenital lesions. 
This would be in line with literature showing 
that some children with developmental disorders 
appear less motivated and more passive in their 
playing behavior (less complex and less chal-
lenging) despite equal curiosity and pleasure 
[ 32 ,  33 ]. Furthermore, the motivation appears to 
differ between different fi elds. Some children 
with cerebral palsy (CP) appear less motivated 
for cognitive or motor tasks. It appears that chil-
dren with CP with higher IQ, better motor skills, 
and fewer restrictions in self-care, communica-
tion, and social skill lessons have higher motiva-
tion than those who do not [ 34 ].  

14.5     General Practical 
Considerations 

 Lower and upper extremity rehabilitation tech-
nologies should complement conventional thera-
pies well. Especially in pediatrics, the systems 
should be robust (with respect to both hardware 
and software), and donning and doffi ng should 
require little time. Due to the relatively large age 
span (5–21 years old children and youths) and 
consecutive wide range of anthropometrics, espe-
cially exoskeleton devices might have the disad-
vantage that it might take time to adjust the 
device optimally to the patient. When planning 
therapies, it might make sense to plan suffi cient 
time before the patient arrives so the therapist can 
prepare the device or needed materials (e.g., 
gloves) and software settings to the patient. An 
adequate room, quiet and with a pleasant atmo-
sphere, can assist in improving the compliance of 
children who might initially have a fear of too 
much technology. The young patients will less 
and less accept devices that are repeatedly 
uncomfortable. Furthermore, little time should be 
spent on performing calibrations, starting up the 
game, or changing from one game to another. For 

patients who have diffi culties in keeping concen-
trated for a longer time, it is proved useful when 
therapists can pause the game in between when 
needed. Importantly, in case of technical diffi cul-
ties, companies should provide fast and adequate 
support. In this respect, it is also important to 
mention that costs occur not only when buying 
the devices but also when the guarantee has 
passed or yearly services are needed. 

 Importantly, therapists should also be given 
time and support in getting used to these technolo-
gies. A poor instruction will likely result in uncer-
tainties with applying the devices, and it is unlikely 
that such therapists might achieve exploiting all 
the possibilities that some of the devices have. It is 
advantageous when collaborations with techni-
cally well-versed people exist, and from the onset 
on, it should be determined what standardized 
assessments might be useful to determine the 
effectiveness of these interventions. 

 Good therapeutic quality can only be achieved 
if therapists apply such systems regularly. It 
should be noted that especially when starting to 
introduce such technologies into the clinic, thera-
pists should be given suffi cient time to get famil-
iarized to such devices. Similar to working with 
conventional techniques, therapists should fi rst 
get a “feeling” what patient requirements are 
needed to train with and profi t from such an inter-
vention. This is very important because evidence- 
based guidelines on patient selection are currently 
not available (see, e.g., Aurich et al. [ 35 ] for the 
application of the Lokomat). Furthermore, we 
recommend selecting a small team of therapists 
who would apply the technologies repetitively on 
a daily basis rather than have each team member 
performing such training once in a while. From 
our experience, we work in a relative small pedi-
atric rehabilitation center, it should  not  be recom-
mended to build teams of therapists who  only  
apply such technologies. We would rather recom-
mend building teams of therapists who work part 
of their time with the technologies and part of 
their time with conventional therapeutic tech-
niques. This increases the fl exibility of the thera-
pists and allows therapists to have full programs, 
also in times when only a few patients have been 
referred to train with rehabilitation technologies. 
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Having therapists working both with conven-
tional and traditional techniques might also 
improve the transfer from improved body func-
tions to activities for the patient.  

14.6     Technology-Supported 
Lower Extremity 
Rehabilitation in Children 

14.6.1     Introduction 

 In general, robot-assisted gait training (RAGT) 
can be placed on a continuum from training fi rst 
stepping movements on a dynamic tilt table over 
manual bodyweight-supported treadmill therapy 
(BWSTT) and overground training in a therapeu-
tic environment to community gait training 
(Fig.  14.1 ). Please note, however, that we con-
sider such systems complementary to conven-
tional interventions. By no means, we would 
recommend performing RAGT solely, as 
improvements in physiological leg movements 
still need to be translated in improved overground 
walking. Depending on strength and coordina-
tion of the legs, it might be advantageous to use 
an exoskeleton robot to guide the leg movements 
in a physiological pattern. When patients become 
somewhat better, an end-effector device might 
induce higher muscle activity and a more vari-
able walking pattern. Basics like trunk stability 
and generating stepping movements are required 
for manual BWSTT, where therapists assist to 
achieve appropriate lower limb kinematics and 
inter-limb coordination during partial body-
weight unloading. Overground and community- 
related gait training require considerable physical 
and cognitive capacities to ambulate with little or 
no assistance or walking aids, especially when 
covering uneven terrains, environmental distur-
bances, and stair walking.

   In general, RAGT is indicated for patients 
with limited leg muscle strength and self- 
initiation of stepping while having some head 
and trunk control and being cardiovascularly 
stable (Fig.  14.1 ). Possible therapy goals during 
RAGT could be increase of body alignment, 
trunk control, ankle control and range of motion, 

muscle tone regulation, decrease of bodyweight 
support and biomechanical/ kinematical guid-
ance, improvement of speed, walked distance and 
gait symmetry, etc. Overall, most of these goals 
are also training parameters that can be adjusted 
to personalize the intensity of the training.  

14.6.2     Overview of Pediatric Lower 
Extremity Systems 

 There are nowadays many commercial systems 
available, so a complete overview cannot be 
given here. A dynamic tilt table (Erigo, Hocoma 
AG, Volketswil, Switzerland) is one option to 
train adolescents in a minimal conscious state or 
a very early state after severe brain injury, respec-
tively. Goals can be related to locomotion (release 
step initiation), but mostly involve functions such 
as circulation, verticalization, perception, or 
muscle tone regulation (see also Fig.  14.1 ). 

 Devices aiming at inducing repetitive step 
movements reach from rather simple constructed 
end-effector equipment that can be placed on a 
treadmill so the existing bodyweight support 
system can be used (Lokohelp Pedago, Lokohelp 
Group, Weil am Rhein, Germany) to more com-
plex complete end-effector systems like the 
LYRA (Ability AG, Zurich, Switzerland, 
Fig.  14.2 ), in which repetitive physiological leg 
movements can be trained. The RT600 FES step 
and stance (Restorative Therapies, Baltimore, 
USA) allows a combination with functional 
electrical stimulation, while the G-EO System 
(Reha Technology AG, Olten, Switzerland, 
Fig.  14.3 ) allows to practice even climbing-stair-
like movements. These systems use footplates as 
already integrated with the Gait Trainer (GT I, 
Reha- Stim, Berlin, Germany). In general, the 
end- effector technology allows effi cient setup 
times.

    The fi rst commercially widely distributed 
 exoskeleton gait trainer was the Lokomat 
(Hocoma AG, Volketswil, Switzerland, see 
Fig.  14.4 ). This system allows a full biomechani-
cal guidance of hip and knee joints. Many other 
exoskeleton devices have been developed in the 
meantime (e.g., ReoAmbulator or AutoAmbulator, 
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Motorika Medical Ltd., New Jersey, USA; 
Walkbot K for children, P&S Mechanics, Seoul, 
Korea; Guangzhou Yikang Medical Equipment 
Industrial Co., Ltd, Guangzhou City, China; 
Robogait, BAMA Technology, Ankara, Turkey). 
Then, there are also some motorized medical 
devices intended to experience assisted, guided, 
repetitive leg movements in an upright position. 
Examples are the Innowalk and Innowalk Pro 
(Made for Movement (global), Skien, Norway), 
where children of 80–150 cm height and maxi-
mally 50 kg weight can already train in the small 
version.

14.6.3        Clinical Evidence 

 Most literature on children and youths undergo-
ing RAGT involved the application of the 
Lokomat. A fi rst study about RAGT in 26 young 
patients (mean age 10.1 years) with congenital 
and acquired neurological movement disorders 
showed that RAGT could be well integrated with 
rehabilitation routines and was well accepted by 
patients, parents, and therapists [ 36 ]. Gait speed 
and the Gross Motor Function Measure (GMFM) 
improved signifi cantly after RAGT and conven-
tional physical therapy. In a follow-up study, the 

Step training
over-ground

Community
gait training

Step training
on treadmill
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  Fig. 14.1    Robot-assisted gait training ( RAGT ) can be 
positioned on a continuum from initiating stepping move-
ments on a dynamic tilt table over exoskeleton and end- 
effector robot-supported systems and manually assisted 
bodyweight-supported treadmill training to community 
ambulation. When changing from training body functions 

to activities and, fi nally, participation, according to the 
domains of the International Classifi cation of Functioning, 
Disability and Health ( ICF ), the requirements change as 
well. Please note that both environmental and personal 
factors can play a role in determining the individual goals 
and adjusting the training parameters for each session       
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maximum short-distance gait speed and 
 dimension D (standing) of the GMFM could be 
signifi cantly improved after 3–5 sessions/week 
of 45–60 min of RAGT for 3–5 weeks, in combi-
nation with conventional therapy in children with 
CP [ 37 ]. Furthermore, the dimensions D and E 
(walking) of the GMFM changed for the better in 
20 outpatients with CP [ 38 ], especially in mildly 
affected children (Gross Motor Function 

Classifi cation System (GMFCS) levels I and II). 
In comparison, patients with GMFCS levels III 
and IV improved less in motor function over 
time. A sustainability study of the same group 
showed that improvements in gait capacity 
(GMFM dimensions D, E, and gait speed) 
induced by 12 sessions of RAGT during 3 weeks 
were maintained at 6 months after baseline in 14 
children with CP [ 39 ]. Arellano-Martinez and 

  Fig. 14.2    The end-effector gait trainer LYRA (Ability 
AG, Zurich, Switzerland) allows to train children and 
youths with body heights varying between 1.00 and 
1.95 m and a bodyweight up to 150 kg. The patient is posi-
tioned on footplates, and step lengths can easily be 
adjusted from 39 to 67 cm according to the patient’s need. 

Foot-bindings are interchangeable taking into account dif-
ferent shoe sizes and different step widths. Pediatric hand-
rails can be mounted onto the handrails supporting the 
younger patients, and additional hip stabilization is avail-
able in various sizes (Picture with kind permission from 
Ability AG)       
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colleagues [ 40 ] investigated two groups of chil-
dren with spastic hemiplegic CP, randomly 
assigned to either training with the Lokomat or 
along a rail inside a hydrotherapy tank. Signifi cant 
changes in quantitative measurements of gait 

could be observed in both groups, but they sus-
tained only in the Lokomat group after a 1-year 
follow-up. While these studies provide some 
insight into the long-term effects of RAGT, all 
mentioned studies lacked a control group. 

  Fig. 14.3    The G-EO System (Reha Technology AG, 
Olten, Switzerland) is a high-tech end-effector device that 
allows children and adults to execute a repetitive walking 
pattern in either a passive, an adaptive-assisted, or adap-
tive way. Moreover, it can be set to simulate walking up or 
down the stairs (in the G-EO Evolution). The end-effector 

technology allows a rotating pelvis for a physiological 
gait pattern and a distinguished weight shift from one leg 
to the other. The pediatric module is intended for children 
with body heights varying between 0.90 and 1.60 m and a 
maximum weight of 50 kg (Picture with kind permission 
from Reha Technology AG)       
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  Fig. 14.4    The exoskeleton Lokomat system comprises a 
treadmill belt, a weight support system, and the driven 
gait orthosis itself. Depending on the size of the patient, 
specifi c leg orthoses are used: ( a ) pediatric leg orthosis for 
children with a femur length between 21 and 35 cm or ( b ) 
adult leg orthoses intended for patients with a femur 
length between 35 and 47 cm. The patient is fi xated with 
three cuffs per leg to the legs of the orthosis. The hip and 
knee joint of the device are actuated. Until now, the device 
is position controlled, meaning that the relationship 
between hip and knee movements is fi xed. Stumbling is 

prevented by elastic straps that keep the feet in dorsifl ex-
ion. The Lokomat system can be adjusted to get the best 
possible fi t for each patient. Especially young patients 
become motivated by the game scenarios (in  a  the 
Gabarello game is shown) that provide an online feedback 
about the patient’s active participation. Recent develop-
ments, currently under investigation, include a free D 
modus (moveable pelvis and leg cuffs), new control 
mechanisms (i.e., path control rather than position con-
trol), and innovative virtual scenarios (With kind permis-
sion from the University Children’s Hospital Zurich)         

a

 A bi-center survey showed that RAGT appears 
safe [ 41 ]. Of 47 adverse events in 89 patients, 
85 % were insignifi cant and not affecting therapy 

continuation. Only fi ve adverse events (joint pain, 
open skin lesions, tendinopathy) were considered 
mild or moderate and interfered with further 
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b

Fig. 14.4 (continued)
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 training. It has been criticized that fi xation during 
RAGT might be too strong to improve balance. 
Results of Druzbicki et al. [ 42 ] were therefore 
somewhat unexpected, as they showed improve-
ments in balance after RAGT in children with 
CP. Improvements in hip and knee stiffness were 
observed after a single session of RAGT, espe-
cially in children with higher levels of spastic 
hypertonia [ 43 ]. 

 An advantage of RAGT is that additional vir-
tual reality scenarios can motivate the children 
while simultaneously providing feedback about 
the active participation of the child. Patritti et al. 
[ 44 ] suggested that augmented feedback tech-
niques appear to be associated with better motor 
outcomes. Brütsch et al. [ 12 ] showed that RAGT 
with virtual reality could lead to more challeng-
ing situations during training. In subsequent 
studies, active participation of healthy children 
and children with neurological gait disorders 
could be increased with instructions of the thera-
pist, virtual reality, or a combination of the two. 
Children showed higher biofeedback values 
(more activity) [ 11 ] and increased leg muscle 
activation [ 15 ] during RAGT with virtual reality 
compared to other interventions. Even within one 
single session of RAGT with virtual reality, chil-
dren can modify their participation, according to 
the challenging situations within the game [ 14 ]. 
Higher levels of muscle activity and heart rate 
during demanding parts of a virtual reality game 
were observed. Furthermore, game performances 
correlated moderately with the cognitive capacity 
of patients. Electromyographic data of children 
with neuro-orthopedic disorders could confi rm 
that virtual reality or verbal encouragement from 
therapists increased leg muscle activity, while the 
pattern of activation remained physiological [ 45 ]. 
Additionally, these results suggest that RAGT 
with the Lokomat in general exploits restorative 
rather than compensatory walking patterns [ 45 ]. 

 Who might profi t most from RAGT? Patritti 
et al. [ 44 ] indicated that less severely affected 
patients (GMFCS level II against GMFCS level III 
patients) improved signifi cantly more in clinical 
outcomes as well as gait biomechanics. This con-
tradicts recent fi ndings from van Hedel et al. [ 46 ]. 
Improvements in walking activity were larger and 

correlated better with the number of Lokomat 
trainings in more severely affected patients with 
CP (i.e., GMFCS levels III and IV) compared to 
the less affected patients (GMFCS level II), whose 
changes corresponded better with the number of 
conventional physical therapy sessions. 

 A recent study of Schroeder et al. [ 47 ] could 
show with a prospective controlled cohort of 18 
children with bilateral spastic CP that signifi -
cant improvements in the ICF-CY domains of 
activity and participation occur after 12 ses-
sions of RAGT. Clinically meaningful changes 
could be observed when including all children 
and youths (GMFCS levels I–III). However, the 
authors found a tendency that younger patients 
responded better than older patients, as did less 
severely impaired patients and patients who 
absolved RAGT for the fi rst time. This teaches 
us that age and previous training have to be 
considered as relevant variables when trying to 
induce gross motor improvements. Furthermore, 
maintaining gross motor performances over 
time might be a more realistic goal especially 
for more severely affected patients [ 47 ]. 
Another recently published study of Schroeder 
et al. [ 48 ] detected that gross motor abilities at 
baseline as well as age were relevant patient-
specifi c determinants of responsiveness to 
RAGT in children. No association could be 
found for the changes in gross motor perfor-
mances and the variables sex, diagnosis, and 
botulinum toxin injection prior to the therapy 
block. Overall, a high interindividual variabil-
ity in treatment response was found for the 83 
included children with CP [ 48 ]. 

 To our knowledge, there are currently only 
two randomized controlled trials performed. A 
randomized controlled trial evaluated the effec-
tiveness of repetitive locomotor training with the 
Gait Trainer GT I versus conventional training in 
18 ambulatory children with diplegic and tetra-
plegic CP [ 49 ]. Gait velocity and endurance in 
children absolving RAGT were signifi cantly 
improved and maintained at 1 month after the 
treatment had fi nished. No signifi cant changes in 
the parameters were observed in the control 
group, and a between-group comparison showed 
that the effects of the experimental and the  control 
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treatments were signifi cantly different in all pri-
mary outcome measures. These results appear 
very promising for the fi eld of pediatric RAGT, 
but, unfortunately, the inclusion criteria and 
patient characteristics are sometimes unclear. A 
better description could have helped to determine 
potential responders and nonresponders an 
important issue in rehabilitation research. The 
fi rst randomized controlled trial for RAGT with 
the pediatric Lokomat was performed by 
Druzbicki et al. [ 50 ]. They concluded that chil-
dren with spastic diplegic CP slightly improved 
their walking speed, but without signifi cant dif-
ferences between the intervention or control 
group. Unfortunately, also this study comprises 
many methodological limitations; the effective-
ness and effi cacy in children and youths are still 
inconclusive. 

 Therefore, we consider algorithms and recom-
mendations (as partly presented in this book 
chapter or as proposed for children with CP by 
Aurich-Schuler et al. [ 35 ]) as a valuable contribu-
tion to the development of standardized training 
approaches. Such recommendations should take 
into account patient-specifi c impairments and 
therapy goals. In our experience, besides biome-
chanical and pure motor control reasoning, we 
propose that additional factors play an important 
role in pediatrics, i.e., personal factors such as 
fear or motivation. For example, consider a child 
with rather good walking ability but problems in 
dual-task performance during overground walk-
ing due to fear of falling. Within the safe environ-
ment of robotic therapies, the child could fi rst 
exercise dual tasks (with or without motivating 
virtual reality scenarios), before changing to 
treadmil training and fi nally overground walking 
while simultaneously performing more daily life-
related dual-task exercises.  

14.6.4     Clinical Application Based 
on Best Practice 

14.6.4.1     The Lokomat System 
 Most of the RAGT devices provide bodyweight 
support or at least support for vertical postural 
control. In the following paragraphs of this 

 chapter, we will focus on the Lokomat (Fig.  14.4 ). 
The Lokomat is one of the most widely distrib-
uted robotic systems (>550 adult and >200 pedi-
atric devices worldwide). It is also by far the most 
studied system, and we gained considerable clini-
cal experience in its application.  

14.6.4.2     Patient Selection 
 In general, rehabilitation physicians together 
with physical therapists and human movement 
scientists estimate the potential risks and ther-
apeutic benefi ts of RAGT for each patient. 
Feasibility of RAGT for a particular patient is 
determined during a trial session subsequent to 
the initial medical consultation. Feasibility is 
given if the robotic device can be well adjusted 
to the patient. It should not cause discomfort, 
and necessary prerequisites for applying a 
physiological gait pattern should be achieved 
(e.g., suffi cient knee extension during stance, 
ample knee and hip fl exion during swing). 
Other important guidelines are the inclusion 
and exclusion criteria, as defi ned by the manu-
facturer or recently published experience-
based recommendations [ 35 ]. Particularly 
important are the allowed anthropometrics and 
therapy compliance. Rather than relying on a 
minimum age (e.g., 4 or 5 years), we recom-
mend evaluating the cognitive state, especially 
of very young patients and for intensive ther-
apy programs. The patient should have a cer-
tain understanding of the treatment situation 
and should be able to respond adequately to 
demands that arise during RAGT. For patients 
who underwent orthopedic or neurosurgical 
procedures, clinical pathways were developed 
to standardize the process of gait rehabilitation 
and to fi nd the best onset for RAGT [ 35 ]. 
Abnormal muscle tone expressed as spasticity, 
hypotonus, or dyskinetic movements needs to 
be considered carefully before, during, and 
after the training, as they might infl uence the 
training parameters. Training might be 
improved in patients with severe spasticity 
when the dosage of antispastic medication is 
optimized or botulinum toxin injections are 
applied several weeks prior to the onset of the 
training period.  

14 Clinical Application of Rehabilitation Technologies in Children Undergoing Neurorehabilitation



296

14.6.4.3     Initial Assessment 
and Training Over Time 

 The integration of RAGT in the overall therapeu-
tic setting and therapy frequency depend on 
patient-related, infrastructural, and economic 
aspects as well as the organization of the particu-
lar health-care system. Two or three, up to fi ve 
sessions per week have been suggested. However, 
best therapy intensity, duration, and frequency are 
topics of ongoing clinical research and still to 
some extent controversial [ 47 ]. The therapy inten-
sity depends on the current individual treatment 
priorities and whether they can be supported with 
RAGT. To encompass the various needs of young 
patients, different intensity programs may be use-
ful to cover specifi c rehabilitation targets:

    I.    A  low-intensity  program for patients who 
have little potential for regaining indepen-
dent walking. The main goal is to initiate 
some stepping or to improve other functions, 
such as verticalization or muscle tonus regu-
lation. This intensity could also be applied to 
patients where the goal is to maintain the 
current level of walking ability.   

   II.    A  moderate-intensity  program to train gait- 
related aspects/parameters for patients who 
are capable of ambulating overground or for 
nonambulating patients who are very moti-
vated to improve their function.   

   III.    A  high - intensity  program to achieve or main-
tain overground walking ability, with or 
without assistive devices, during rehabilita-
tion, re-rehabilitation, or also after orthope-
dic or neurological surgery or after muscle 
tone-reducing botulinum toxin injections.    

  Like any other training devices, rehabilitation 
robots should be operated from experienced ther-
apists in a fl exible manner, with well-defi ned 
therapy goals and in combination with additional 
exercises [ 35 ]. Therapeutic procedures and 
objectives should change in agreement with 
motor function progression. Therapists should 
combine different devices or technical features to 
implement new challenges, or they have to decide 
when and how to replace RAGT gradually by 
other interventions. 

 We recommend that the fi rst training session 
should be scheduled for 60 min and conducted by 
two experienced therapists (ideally a physiother-
apist who knows the patient and a therapist who 
is experienced with the robotic device). We 
advise a ramp-up period with a gradual increase 
of training duration (e.g., 20–30–35 min) depend-
ing on the patient’s fatigability and compliance. 
Training periods of more than 45 min are diffi -
cult, because children are often not able to keep 
motivation and concentration up for so long, and 
appropriate activity cannot be assured anymore. 

 Initially, about 50–60 % bodyweight support 
should be provided. Already in the fi rst sessions, 
this can be gradually decreased in patients who 
are familiar with walking and loading and who 
can extend their knees during stance. Bodyweight 
support should be gradually decreased according 
to the patient’s capacity while assuring a tolera-
ble loading response with adequate knee exten-
sion during stance. Taking over bodyweight also 
reduces the pulling of the harness and alleviates 
soft-tissue pain. 

 Guidance force should initially be set to 100 % 
for safety reasons, except when the cuffs cause 
painful pressure, for example, in the case of con-
tractures. Training with reduced guidance force 
can increase the interaction of the patient with the 
robot allowing a diversifi cation of training possi-
bilities and a more independent gait pattern. 
Nevertheless, we do not recommend training 
below 60 % of guidance force in children. 
Unpublished data from our group showed sur-
prisingly that leg muscle activity levels did not 
increase when reducing the guidance force. 
Therefore, if patients should increase in leg mus-
cle activation, we recommend to use other strate-
gies than reducing guidance force (e.g., walking 
faster or have therapists verbally encouraging the 
children to remain active). 

 If knee and ankle joint control is a main focus 
of the therapy, we suggest training with minimal 
bodyweight support combined with a reduced 
guidance force. The focus should be made on 
controlling the knee positioning during heel 
strike and loading phase and performing an opti-
mal knee extension during stance phase. New 
robot control strategies (patient-cooperative 
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assist-as-needed) and new technical develop-
ments with more kinematical freedom are in 
focus to allow a more active, variable natural 
walking (see outlook). 

 Experienced-based data display that walking 
velocity in children and adolescents is usually set 
between 1.0 and 1.8 km/h for the pediatric mod-
ule and between 1.6 and 2.4 km/h for adolescents 
in the adult module. The walking speed should 
not be too fast (pediatric module ≤2.0 km/h; 
adult module ≤2.5 km/h) to allow the child to 
concentrate on a physiological walking pattern or 
specifi c tasks. Having mentioned that, unpub-
lished data from our group show that muscle 
activities increase in a physiological manner 
when walking at higher velocities. In patients 
with severe spasticity, a lower speed is recom-
mended to prevent an increasing muscle tone. 

 The Lokomat lacks a driven ankle joint. The 
use of elastic foot lifters is strongly recommended 
to avoid stumbling, especially for patients with 
diffi culties to control their ankle dorsifl exion 
actively during swing. Recent studies could show 
that the muscular activity of the shank is not 
largely affected when wearing foot lifters, pro-
vided that they are not tied up too strong [ 15 ,  45 ]. 

 The patient’s participation can be visualized by 
the Lokomat’s biofeedback line charts. The thera-
pist should read the data carefully to not overinter-
pret the patient’s activity because both biofeedback 
and virtual reality scenarios that use these data are 
strongly affected by spasm or compensatory 
movements. The complexity of this feedback 
modus requires the therapist to translate these 
graphs into easy-to-understand patient instruc-
tions. However, to participate in daily life, patients 
also have to relearn indoor and outdoor walking 
abilities. Walking in daily life consists mostly of a 
dual-task or multitask activities, such as walking 
and looking around, walking and talking, walking 
and handling something, adapt walking to changes 
of the ground, or negotiating obstacles.   

14.6.5     Outlook 

 Despite the fact that most studies report improve-
ment in walking capacity, there is currently no 

conclusive evidence about the effi cacy of RAGT 
in young patients with neurological movement 
disorders. Various smaller studies should be per-
formed to develop evidence-based guidelines on 
the application of RAGT, followed by well- 
designed large-scale controlled studies. RAGT 
could play an important role in future directions 
for rehabilitation research. It allows excellent 
documentation of training (duration, the number 
of steps, bodyweight support, guidance force, 
etc.), which could be useful in investigating dose- 
response relationships. Furthermore, RAGT 
allows the documentation of (changes in) body 
functions and walking-related outcome that are 
currently diffi cult to assess with clinical assess-
ments (e.g., joint torques, active participation 
during RAGT). This also applies to patients who 
are still not able to walk overground. The future 
success of RAGT and its impact on the advance-
ment of neurorehabilitation might be dependent 
on the input of the clinical users on the further 
development of this concept and a close transla-
tional cooperation between clinicians and rehab 
engineering. 

 Besides randomized controlled trials, we 
could also learn from collecting large amounts of 
data from various centers that apply the same 
technology worldwide, but with variations in 
dosage, patient’s characteristics, or application 
protocols. One of these endeavors has recently 
started. In the Advanced Rehabilitation 
Technology Integrated Centers (ARTIC) net-
work, several centers in the USA, Asia, and 
Europe agreed on applying a basic dataset of 
patient characteristics, assessments, and data that 
can be directly imported from each Lokomat 
training. Despite that this network has started 
only recently, several hundreds of cases have 
already been documented in the database. 

 Finally, it remains questionable how much of 
the improved functions during RAGT can be 
translated to overground ambulation. We think 
that one of the factors limiting a good transfer 
might be the reduced complexity of walking 
movements during RAGT. The patient can focus 
solely on performing nice physiological leg move-
ments, and this does not take into consideration 
the large complexity of overground ambulation, 
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where dual-task performance is a prerequisite for 
successful, safe ambulation. We have therefore 
started with collaborators from the technical uni-
versity and serious game designers to modify 
Lokomat training. A new software allows to train 
an additional task (with the upper extremity) 
within the Lokomat. In the newly developed 
games (Fig.  14.5 ), the focus is still on performing 
active stepping movements in the Lokomat, but 
the additional voluntary upper extremity tasks 
should force the patient to divide his attention. 
This dual-task approach should resemble the cog-
nitive load experienced during overground ambu-
lation. We hypothesize that such a training 
incorporated in an early phase of rehabilitation 
might slow down the initial skill acquisition, but 
will improve the generalizability from RAGT to 
overground walking.

14.7         Technology-Supported 
Upper Extremity 
Rehabilitation in Children 

 Parents of children undergoing neurorehabilita-
tion often communicate that they prioritize 
improvements in gait above changes in upper 
extremity function. However, it should not be for-
gotten that arm and hand functions are important 
prerequisites for many activities of daily living 
and therewith independence. As conventional 
training performed by occupational or physical 
therapists of the arm and hand is very labor- 
intensive, more and more systems to train the 
upper extremity have entered the fi eld of rehabili-
tation in the past years. More recently, therapists 
have started to apply these systems to children 
with neurological diagnoses. Not all systems 

  Fig. 14.5    Innovative movement therapy in childhood. 
Screenshot taken from the serious game  Magic Castle . In an 
effort to perform a dual-task training early during rehabilita-
tion, several games were developed by serious game design-
ers from the Zurich University of the Arts. In  Magic Castle , 
the avatar of the young patient is a little wizard who travels 
on the back of an animal. If the child is a little active in the 
Lokomat system, this animal is a snail. If the child becomes 

more active, the animal switches from the snail to a turtle or 
a sheep. The dual task consists of pointing the magic wand 
of the therapist on objects that are displayed in the game. 
When the wizard points suffi ciently long at an object 
(i.e., accurate and prolonged pointing task), the object 
becomes alive, and the child playing the game gets addi-
tional points (Picture with kind permission of the Zurich 
University of the Arts/Specialization in Game Design)       
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were specifi cally modifi ed to be applied to young 
patients. While the anthropometrics were 
changed for some exoskeleton systems, it was 
often forgotten to adjust the games to the require-
ments of a younger target group, and children had 
to play games initially developed for senior 
patients after stroke. 

 Compared to the lower extremity, it seemed to 
have taken longer to develop and introduce reha-
bilitation technologies aiming at improving upper 
extremity functions in the clinical fi eld. It is 
likely that the relative few degrees of freedom of 
the lower extremity and the cyclical rhythmic 
walking pattern encouraged engineers in an ear-
lier phase to develop assisting technologies. 
However, despite the higher complexity, new 
technologies were introduced during the last 
years to train arm and hand function. Due to these 
late developments, evidence is still very scarce, 
and the best application is therefore still largely 
based on clinical experience. 

14.7.1     Overview of Pediatric Upper 
Extremity Systems 

 This paragraph is intended to provide a short, 
most likely incomplete, list of commercially 
available devices that would enable to train arm 

and hand function in children and youths. Please 
note that some of these devices are discussed 
later in greater detail. 

 The pediatric Armeo Spring (Hocoma AG, 
Volketswil, Switzerland) is a weight-supporting 
exoskeleton device with integrated springs. The 
tension of the springs can be adjusted to support 
the weight of the arm against gravity and enables 
to train movements in three dimensions. Its 
anthropometrics were adjusted to enable children 
from age 5 and higher to train into the device. 

 The InMotion2 (Fig.  14.6 ) is the commer-
cially available version of the MIT-Manus 
(Interactive Motion Technologies, Watertown, 
MA, USA). It is an end-effector robot assisting 
planar two-dimensional pointing movements of 
the shoulder and elbow. It appears to be currently 
the most frequently investigated upper extremity 
device in children and youths.

   The Bi-Manu-Track allows active and passive 
training, including pronation and supination of 
the forearm, extension and fl exion of the wrist, 
and extension in the metacarpophalangeal joints 
(Reha-Stim Medtec GmbH, Berlin, Germany). 

 Another device that can be used to train active, 
assistive, or passive is the Amadeo (Tyromotion 
GmbH, Graz, Austria). This device focuses on 
hand and fi nger movements. Several games can 
be played by performing adequate fi nger or hand 

  Fig. 14.6    The upper extremity end-effector device 
InMotion2 (Interactive Motion Technologies, Watertown, 
MA, USA) allows to train planar movements in a 
 two- dimensional workspace. This device is nowadays 

probably the best investigated upper extremity rehabilita-
tion robot in pediatrics (Picture with kind permission from 
Interactive Motion Technologies)       
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movements. The fi rst version of the device was 
not specifi cally developed for children, and it was 
diffi cult to fi xate smaller hands to the sledges that 
move the fi ngers and thumb in fl exion and exten-
sion movements. A new version has been released 
that takes into account the anthropometrics of 
smaller children and includes more games to 
allow a more variable training program. The 
same company also distributes the Pablo 
(Fig.  14.7 ). This system allows assessing strength 
or training playfully various movements, includ-
ing pronation and supination or fl exion and 
extension of the wrist. However, due to the size 
of the handlebars, it seems that it will be diffi cult 
to use for children aged below about 12 years.

   A glove-based system with no support but 
with games to train arm and grasping movements 
is the YouGrabber system (YouRehab Ltd., 
Schlieren, Switzerland). It contains two data 
gloves, an infrared camera, and display. It enables 
an interactive training, and games can be selected 
and set to train specifi c single-joint movements, 
more complex multi-joint movements, including 
bilateral movements, or, for example, mirror 
training. 

 When rehabilitation specialists and manage-
ment have to make a decision on what system to 
purchase, several questions appear relevant: the 
patient group with its specifi c impairments and 
severity (e.g., age groups, more proximal or  distal 

impairments, cognitive capacity), the costs (pur-
chase and annual recurring), practicability (e.g., 
time needed for donning and doffi ng, but also 
how easy it is to use for patients and therapists), 
and the available space. It might make sense to 
convince the supplier to deliver a system and test 
it fi rst for a couple of months before deciding to 
buy.  

14.7.2     Clinical Evidence 

 In adults with stroke, a meta-analysis concluded 
that adult patients after stroke who received elec-
tromechanical or robot-assisted arm training were 
more likely to improve their generic activities of 
daily living. The paretic arm function improved 
also, but not arm muscle strength [ 51 ]. 
Considerably less literature (and of less method-
ological quality) is available on the application 
and effectiveness of upper extremity devices in 
children and adolescents with congenital or 
acquired brain lesions (for an overview see also, 
e.g., Meyer-Heim and van Hedel [ 52 ]). The end- 
effector robot InMotion2 (Interactive Motion 
Technologies Inc., Watertown, MA, USA) was 
fi rst applied to 12 children aged between 4 and 
12 years with upper limb hemiplegia caused by 
congenital or acquired brain injury [ 53 ]. These 
children continued with their community-based 

  Fig. 14.7    Training 
elbow and shoulder 
movements with the 
Pablo sensor system 
(Tyromotion GmbH, 
Graz, Austria). Besides 
enabling a playful 
training, the Pablo 
system is also intended 
to perform standardized 
assessments of the 
upper extremity 
(Picture with kind 
permission from 
Tyromotion)       
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therapy while they received 1 h of robotic  training, 
twice a week for 8 weeks. Per session, they per-
formed 640 repetitive, goal-directed planar reach-
ing movements with their paretic arm (mainly 
shoulder and elbow movements). The Quality of 
Upper Extremity Skills Test (QUEST) and the 
Fugl-Meyer upper limb subtest improved, while 
the parents reported improvements in “how 
much” and “how well” the paretic arm was used 
in daily life tasks [ 53 ]. The InMotion2 system was 
also evaluated by Frascarelli et al. [ 54 ] in a similar 
patient group. After 18 sessions, the Melbourne 
Scale, the Fugl-Meyer upper limb subtest, the 
Modifi ed Ashworth Scale, the Reaching 
Performance Scale, smoothness and velocity of 
movement derived from the robotic system 
improved. Compared to the previously mentioned 
study by Fasoli et al. [ 53 ], patients had now no 
additional therapies (but a control group was still 
lacking). A later study showed further that chil-
dren with CP had more diffi culties than typically 
developing children in learning to adapt to a novel 
dynamic environment [ 55 ]. Nevertheless, in 12 
children with CP aged 5–12 years, it was shown 
that robot-based evaluations improved signifi -
cantly in trained movements. Improvements were 
sustained at follow-up, and children improved 
their performance in untrained movements indi-
cating generalization [ 56 ]. 

 The New Jersey Institute of Technology Robot-
Assisted Virtual Rehabilitation system (NJIT-
RAVR, see [ 57 ]) comprises a HapticMaster 
(Moog, the Netherlands) in combination with a 
custom-made gimbal ring. The system has 6 
degrees of freedom and is force controlled. In the 
fi rst study, only two children with CP were tested 
who performed several “games” in a virtual reality 
environment. Therapeutic goals were  improving 
speed and accuracy of shoulder and elbow move-
ments, general upper extremity strength, or 
improving forearm pronation and supination. In a 
subsequent study, nine children with CP per-
formed 9, 60-min, training sessions, which 
included this system [ 58 ]. Overall, the young 
patients improved in the Melbourne Assessment 
of Unilateral Upper Limb Function test, a compos-
ite of three timed upper extremity tasks and several 
measurements of reaching kinematics. 

 In our opinion, it is important to combine such 
systems with games that playfully motivate the 
children to perform many movement repetitions. 
Indeed, a previous review evaluated the effective-
ness of virtual reality alone (i.e., without robotic 
or mechanical supporting system) to improve 
upper limb function in children with neurological 
impairments [ 59 ]. Children with CP participated 
in four out of fi ve studies, but for most studies the 
number of participants was very small. Only in 
the randomized controlled trial from Reid and 
Campbell, who evaluated the GestureTek 
Extreme IREX VR, 19 children with CP were in 
the experimental group, while 12 received con-
ventional care [ 60 ]. Also included was a study 
that evaluated the glove-based virtual reality sys-
tem nowadays known as YouGrabber (see previ-
ous paragraph) in fi ve children with congenital 
and acquired central and peripheral neurological 
lesions [ 61 ]. After 3 weeks of training, some 
improvements were observed, and patient moti-
vation remained high throughout this period. The 
YouGrabber system was later evaluated in a small 
randomized controlled pilot trial [ 62 ]. Changes in 
hand and key-pinch strength and manual dexter-
ity, quantifi ed by the Box and Block Test (BBT) 
and the Nine-Hole Peg Test (NHPT), were exam-
ined. Ten children with CP were in the experi-
mental group and received 12 therapy sessions 
(each lasting 45 min). The seven children in the 
control group performed computer games for a 
similar amount of time, which required no large 
hand and arm movements. The BBT tended to 
improve more, and effect sizes for most measures 
were larger in the experimental group suggesting 
that children with CP might profi t from such an 
intervention [ 62 ]. 

 It seems that the development of new systems 
is growing rapidly now, and despite the rather 
small fi eld of pediatric neurorehabilitation, many 
groups are developing new systems to train arm 
and hand function (see, e.g., the new Handreha 
haptic device developed for children aged 
7–14 years with hemiplegia [ 63 ] or the pediatric 
robotic thumb exoskeleton for at-home rehabilita-
tion [ 64 ]). Unfortunately though, as presented in 
this overview, well-designed randomized con-
trolled studies evaluating the effectiveness of 
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these systems are merely lacking. Recently, 
Gilliaux et al. [ 65 ] performed a fi rst randomized 
controlled trial investigating the effectiveness of 
robot-assisted therapy in children with CP. Sixteen 
children were divided in two groups and received 
fi ve therapies (each lasting 45 min) per week for 
8 weeks. One group received fi ve conventional 
therapies per week, while the other group received 
two robotic and three conventional interventions. 
The robotic device was an end-effector robotic 
prototype called REAplan. Per session, partici-
pants performed on average 744 movements with 
the robot. The smoothness of movement and the 
Box and Block test improved signifi cantly more 
in the patients who received the combination of 
conventional and robotic training compared to 
those who received solely conventional training. 
It seems therefore justifi ed to conclude that 
despite that well- designed suffi ciently powered 
studies are lacking in this fi eld, the application of 
such technologies complementing conventional 
interventions seems promising for children under-
going neurorehabilitation.  

14.7.3     Clinical Application Based 
on Best Practice 

14.7.3.1     Upper Extremity Systems 
 In our center, occupational therapists apply since 
several years the YouGrabber, pediatric Armeo 
Spring, and Amadeo. We selected these devices 
because, in our opinion, they provide different 
levels of support therewith covering a range of 
patients with various levels of impairments (see 
blue triangles in Fig.  14.8 ).

   The YouGrabber system has no active or pas-
sive structures that support the patient, so the 
patient has to be fully active to train with the 
device. Some alleviation of the intensity can be 
performed by having the patient placing his 
hands on the table (e.g., on a cloth) while per-
forming movements. The YouGrabber consists of 
two data gloves (sizes xs to xl) that contain three 
bending sensors for the thumb, index, and middle 
fi nger and a sensor positioned on the back of the 
glove. Also, it is combined with an infrared cam-
era that tracks the position of the hand in space. 
While the sensors hardly limit movements of the 
hand and arm, the bending sensors for the thumb, 

index, and middle fi nger are nowadays unfortu-
nately only available in one size. This makes it 
more diffi cult to adjust it to children with smaller 
hands. On a monitor in front of the patient, games 
can be displayed that should motivate the young 
patient to perform many repetitive movements. 
As the system has no means to support or assist 
movements, patients should be able to initiate 
and perform at least some movements (of elbow 
or shoulder) against gravity. In specifi c cases, it 
can also be used to train fi nger movements spe-
cifi cally. The system has several advantages com-
pared to other systems. For example, it allows 
besides a unilateral training also a bilateral train-
ing, and it can be used to perform virtual mirror 
movement training. Also, the workspace of the 
games can be adjusted to the individual active 
range of motion of the patient. The therapeutic 
goals that can be achieved with the system are 
described in Fig.  14.8 . 

 Figure  14.8  also shows the pediatric Armeo 
Spring. This exoskeleton device is offi cially not a 
robot, as it does not contain any actuators, but it 
has springs that support the weight of the upper 
and lower arm, thereby alleviating arm move-
ments against gravity. Single joints of the device 
can be set to move freely or fi xated (e.g., to train 
single-joint movements in other joints). It also 
contains a pressure-sensitive hand module that 
allows training arm movements with grasping 
hand movements. It is the commercial version 
based on the T-WREX system, which was ini-
tially developed for adult patients by 
Reinkensmeyer and colleagues [ 66 ]. In our center, 
the pediatric version is applied especially to 
patients who have at least a minimal function of 
the elbow or shoulder. Besides that it can be used 
to train the initiation of movements, it can be used 
to maintain or improve reach, grasp, and transfer 
movements, as well as active range of motion and 
force regulation. For many games, the therapists 
can select whether active grasping movements 
should be performed or not. As the device can be 
well adjusted to different body sizes, strength, and 
range of motion of the patient, it can offer an indi-
vidually optimized support of the patient. A mon-
itor is placed in front of the patient, which allows 
an online feedback on the patient’s movement 
performance, while the games should encourage 
the patient to continue with the training. 
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  Fig. 14.8    These systems (YouGrabber, YouRehab GmbH, 
Schlieren, Switzerland; Armeo Spring, Hocoma AG, 
Volketswil, Switzerland; Amadeo, Tyromotion GmbH, 
Graz, Austria; and the ChARMin, Sensory-Motor Systems 
Lab of the ETH Zurich and the Rehabilitation Center of the 
University Children’s Hospital Zurich, Affoltern am Albis, 
Switzerland) allow different levels of support and can 
cover a continuum from severely affected young patients 

to patients with few impairments. The  light blue triangle  
refl ects differences in impairment and activity of the 
patient. The more affected a patient is and the less active he 
or she can be, the more support from the system ( dark blue 
triangle ) is required. Furthermore presented are the main 
characteristics of the device and the therapeutic goals that 
might be achieved with the device (With kind permission 
from the University Children’s Hospital Zurich)       
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 The Amadeo (Fig.  14.8 ) was specifi cally devel-
oped to train hand and fi nger opening and closing. 
Fingers and thumb are fi xated with special adhe-
sive patches and small magnets to sledges of the 
device that bend and extend the fi ngers and thumb. 
The device can be unilaterally applied, while fi n-
gers and thumb can be trained in an active, assis-
tive, or passive modus. In the active modus, various 
games can be played that train strength or active 
range of motion. In the assistive and passive 
modes, mobilizing movements are induced by the 
device, while the patient is encouraged to move 
with the device and take over if possible. In the 
fi rst version of the Amadeo, games could not be 
performed in these modes. The Amadeo depicts 
on the screen how much activity the patient pro-
vides. In the passive modus, the device completely 
takes over the fi ngers and thumb according to the 
predefi ned range of motion and movement veloc-
ity set by the therapist. 

 Prior to the training, the therapist can calibrate 
the range of motion of each fi nger separately. 
This allows an optimal range of motion through-
out the training, but would also allow the thera-
pist to block several fi ngers to enable a patient to 
focus on and train one specifi c fi nger if therapeu-
tically meaningful. Training with the Amadeo is 
especially indicated for children and adolescents 
who experience reduced selective voluntary 
motor control or limited range of motion of the 
fi ngers or reduced strength (control) of the hand. 
Depending on the functional impairments, the 
therapist decides what the best modus of the 
device would be to train the child. As the Amadeo 
was initially developed for adult patients, the 
sledges of the device are positioned relatively far 
from each other, also including the sledge for the 
thumb. This makes it diffi cult for children and 
young adolescents with small hands to perform 
physiological movements of fi ngers and thumb 
simultaneously. The company constructed the 
new version of the device differently. Now also 
children with smaller hands should be able to 
train physiological hand movements. 

 The Children’s Arm Rehabilitation 
Mechatronic Interface or ChARMin (Fig.  14.8 ) is 
a newly developed exoskeleton upper extremity 
robot with actuated joints. It is intended to train 

shoulder, elbow, wrist, and hand grasping move-
ments of more severely affected children and 
adolescents. The development and technical 
aspects of ChARMin are described in Chap.   17     
(Riener 3D Arm Robot ARMin). The feasibility 
of the device will be tested in children and youths 
undergoing neurorehabilitation as soon as the 
ethical committee and the Swiss authorities 
approve the device.  

14.7.3.2     Patient Selection 
 There are some general inclusion criteria for 
applying upper limb rehabilitation devices in 
children undergoing neurorehabilitation. 
Particularly important appear the anthropomet-
rics (device dependent) and therapy compliance. 
A minimum age of 5 is recommended because of 
the anthropometrics and from clinical experi-
ence. Children aged 5 years and older can under-
stand the therapy situation and should be able to 
respond adequately to the demands of the train-
ing. Children with various diagnoses are trained 
with such technologies, including children with 
congenital (CP) or acquired brain lesions (e.g., 
stroke, traumatic brain injury, encephalitis). 
Other diagnoses are spinal cord injury, degenera-
tive diseases of the upper extremity joints, mus-
cle weakness caused by immobilization, or 
muscle atrophy. There are many contraindica-
tions, although most are relative. Contraindications 
depend on the device that will be applied and 
should always be discussed with the responsible 
physician. Examples of such contraindications 
are severe adipositas (e.g., the arm cannot be fi t-
ted into the orthosis), severe joint contractures, 
joint instabilities, fractures, osteoporosis, allergic 
against material that is in contact with the skin, or 
open skin lesions. Depending how well the device 
can be disinfected, patients with contagious 
infections should not train with such technolo-
gies. Relative contraindications can be lesions of 
nerves, pain in the upper extremity (e.g., shoul-
der), or strong spontaneous movements such as 
seen in children with ataxia, dystonia, or with 
myoclonic twitches. Also instable vital functions 
(e.g., pulmonary or cardiovascular), apraxia, 
strong visual impairments, strong spasticity 
(Modifi ed Ashworth 4), or severe epilepsy can be 
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relative contraindications. Besides, severe cogni-
tive defi cits, uncooperative or aggressive behav-
ior, and insuffi cient trunk and head stability or 
the inability to position the patient well in the 
device can cause that such interventions cannot 
take place. In general, several of these issues can 
be cleared if an initial test training is performed.  

14.7.3.3     Initial Assessment 
and Training and Course 
of Training Over Time 

 Prior to the fi rst training, a physician sees the 
young patient and evaluates the indication and 
potential contraindications for upper extremity 
robotic-supported or computer-assisted interven-
tions. Furthermore, in a fi rst session, therapists 
perform several assessments to evaluate the func-
tional abilities and limitations of the patient. 
These assessments include evaluating grasping, 
transferring and releasing objects (e.g., with the 
Box and Block Test; gross motor functioning), 
collecting coins and performing the Nine-Hole 
Peg Test (fi ne motor functioning), opening and 
closing a bottle, and manipulating small objects to 
investigate bimanual tasks. Also, therapists test 
muscle strength (Jamar dynamometry of hand and 
fi nger strength and manual muscle tests of more 
proximal muscle groups). They evaluate sensory 
function and might perform Modifi ed Ashworth 
tests to score the severity of spasticity. We are still 
in a process of optimizing the assessments. We 
recently started to introduce the Goal Attainment 
Scaling, to evaluate whether goals defi ned by 
patients and their parents on the ICF activity 
domain can be achieved at the end of the rehabili-
tation period. Also, in some children we apply the 
Assisting Hand Assessment or the Melbourne 
Assessment of Unilateral Upper Limb Function. 

 After the assessments, one or more devices are 
tested with the patient to see what might be the 
best device with respect to the functional and 
cognitive abilities of the patient and the therapeu-
tic goals that are defi ned together with the par-
ents. Information concerning this test session is 
communicated to the physician, and together the 
decision is made whether the child should receive 
such training in addition to conventional occupa-
tional and physiotherapeutic therapy. A training 

session lasts 45 min and includes the donning and 
doffi ng of the system. The effective training time 
amounts therefore to about 30–35 min. A selec-
tion of the therapeutic games is based on the indi-
vidual requirements of the patient and the 
therapeutic goals. We recommend that training 
takes place three to fi ve times per week. Based on 
unpublished data from our group, at least 12 
training sessions are recommended, as this can 
result in signifi cant functional improvements 
[ 62 ]. Training is complemented with high- 
intensive conventional occupational therapy, as 
well as strength training or sports. 

 The intensity of training with rehabilitation 
devices can be increased over time. Besides a pro-
longation of the training duration or the number 
of repetitions, therapists can reduce the hands-on 
support that they might provide at the onset of the 
training. More diffi cult, complex, or faster games 
can be selected, or the child can switch from one 
system with considerable arm support to another 
system with less or no support. 

 With some systems such as the YouGrabber, 
other diffi culty levels can be achieved. The child 
can be placed on an unstable surface (trunk bal-
ance in combination with upper extremity move-
ments) or increase the strength component by 
playing the game while a Thera-Band is attached 
to the arm. Indeed, it is not uncommon when a 
system like the YouGrabber is used at a certain 
point to improve trunk stability rather than upper 
extremity function. Sometimes, rather than reduc-
ing the support of the system, the therapist might 
increase the diffi culty level by choosing a more 
complex game to keep the motivation of the child 
higher. Therapists should develop the confi dence 
and creativity to play around with such rehabilita-
tion technologies to fi nd solutions that fi t best to 
the requirements of the patient. At the end, it is 
the diffi cult task of the therapist to get a feeling to 
what approach the child might respond best to.   

14.7.4     Outlook 

 The systems that are currently applied allow still 
possibilities for improvements (e.g., graphics, 
practicability, the robustness of hard- and 
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 software, costs). Currently, the knowledge and 
fl exibility of the therapist are often required to 
solve problems when patients train with these 
devices. On the short term, research is needed 
toward evidence- based guidelines on how to 
apply these technologies and who might profi t 
from them. In the future, it would be desirable 
that upper (but also lower) extremity rehabilita-
tion systems could detect nonphysiological 
movements and apply corrected physiological 
ones to assist the therapist. Likely, these systems 
would be especially driven exoskeleton devices 
that could detect such deviations and apply cor-
rected movements. Only then, it might become 
possible that in the fi eld of pediatric neuroreha-
bilitation, a single therapist could treat several 
patients simultaneously. This could reduce 
health-care costs while keeping the quality of the 
intervention to an acceptable level.   

    Conclusion 

 As a general conclusion, it should be men-
tioned that the application of rehabilitation 
technologies in pediatric neurorehabilitation 
is emerging. More work has been done on the 
lower extremity compared to the upper 
extremity. Still, the level of evidence of the 
effectiveness of the various applications 
appears inconclusive. The number of studies 
and the number of participants included in 
these studies are generally small, and most 
studies lack a control group. The pediatric 
fi eld should work to substantiate the evidence 
in the next years. We should identify respon-
sive patient groups, come up with objective 
and responsive functional outcome measures, 
and initiate collaborations with other centers 
to recruit appropriate sample sizes.     
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    Abstract  

  Neurological injury, such as that resulting from stroke or spinal cord 
injury, often leads to impairment of the hand. Due to the importance of the 
hand in so many activities of our lives, diminished motor control can pro-
foundly impact quality of life. In the past 25 years especially, robotic and 
mechatronic technology has been developed to alleviate some of the func-
tional losses resulting from neurological injury. The devices generally fall 
into one of two categories based on intended use: assistive technology, 
programmed to perform specifi c tasks for the user, and therapeutic tech-
nology, designed to facilitate therapeutic practice. Assistive devices are 
intended for chronic use when neurological recovery has reached a pla-
teau, while the goal of therapeutic devices is to enhance recovery to the 
point where the devices are no longer needed. In the past, actuated assis-
tance has largely consisted of robotic arms and hands which perform a 
task for the user. A number of individuals, however, could benefi t from 
actuated hand exoskeletons which make use of residual arm function to 
position and stabilize the user’s own hand. These devices would be much 
smaller and could exploit residual sensory information to provide feed-
back to the user. Recently, therapeutic devices for the hand have begun to 
utilize increasing knowledge of stroke to target specifi c impairment mech-
anisms. While, traditionally, assistive devices have been developed for 
individuals with spinal cord injury and therapeutic devices have been 
developed for stroke survivors, individuals with incomplete spinal cord 
injury may benefi t from hand therapy, while stroke survivors with severe 
hand impairment may see functional benefi ts from using assistive devices.  
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15.1       Hand Neuromechanics 

 The hand is a wonderfully versatile instrument. 
We use our hands to communicate; to express 
ourselves through art, music, and writing; and to 
manipulate objects. Our hands constitute our pri-
mary means of interacting with our environment. 
Human evolution is closely linked with evolution 
of the hand. Indeed, one of the earliest species 
within our genus  Homo  was labeled  Homo habi-
lis , the “handy man,” for the presumed use of 
stone tools [ 1 ]. Features of the hand have facili-
tated this tool use which is so intertwined with 
human existence and development. In modern 
humans, the thumb is longer, compared to the 
other digits, than in any other primates [ 2 ,  3 ]. 
Increased thumb length, coupled with the saddle 
shape that has evolved for the carpometacarpal 
(CMC) joint [ 4 ], affords the human thumb the 
greatest range of motion among all animals, 
thereby facilitating opposition with the fi ngers 
for grasping objects. 

 The neuromechanical complexity of the hand 
drives its dexterity. The hand, distal to the wrist, 
is comprised of 19 bones connected through 
joints which provide more than 21 degrees-of- 
freedom (DOF) or more than three times the total 
of the effective DOF for the rest of the upper 
limb. The thumb contains fi ve DOF, and each fi n-
ger has another four, in addition to the DOF at the 
fi nger CMC joints. Rotation at the CMC joints of 
the ring and little fi ngers can be signifi cant and 
enables formation of the palmar arch [ 5 ]. The 
rotational axes of some of these consecutive DOF 
run at oblique angles to each other and are offset. 
This arrangement facilitates certain movements, 
such as thumb opposition [ 6 ]. 

 A total of 27 muscles control these DOF. Three 
of these muscles, fl exor digitorum profundus 
(FDP), fl exor digitorum superfi cialis (FDS), and 
extensor digitorum communis (EDC), are each 
comprised of multiple compartments, which give 

rise to tendons for each fi nger. These and the 
other extrinsic muscles, which provide most of 
the power to the hand in accordance with their 
size, originate proximal to the wrist. This arrange-
ment minimizes mass and bulk in the hand, 
thereby minimizing weight and inertia. This min-
imization is important as the hand, the most distal 
portion of the upper extremity, can have the 
greatest moment arm and linear acceleration with 
respect to the shoulder. 

 The intrinsic muscles, such as the lumbricals 
and interossei, have both their origins and inser-
tions within the hand. The muscle bellies for all 
the hand musculature, however, reside proximal 
to the metacarpophalangeal (MCP) joints in the 
digits. This maximizes the range of motion of 
the digits. Unlike the situation at the elbow or 
knee, where the contracting muscles (e.g., 
biceps brachii or biceps femoris) limit joint 
rotation, the fi ngers can curl completely such 
that maximum MCP rotation approaches and 
PIP rotation exceeds 90°. Additionally, with the 
abduction/adduction DOF, digits can actually 
overlap each other in a functional manner. 
Current robotic hands are not capable of such a 
rich repertoire of movements. The large active 
range of motion is achieved without sacrifi cing 
power. Voluntary forces at the index fi ngertip 
can exceed 60 N, and thumb tip forces can 
exceed 100 N. Joint rotational velocity can 
exceed 1,200°/s. 

 While hand biomechanics affords consider-
able fl exibility, it does increase motor control 
complexity. Each musculotendon unit infl uences 
multiple DOF simultaneously, and most tendons 
cross multiple joints. Many tendons interact with 
anatomical structures such as annular ligaments 
serving as pulleys or aponeuroses such as the 
extensor hood, which runs across the dorsal side 
of the phalanges of the fi ngers. Four to some-
times fi ve tendons insert into the extensor hood 
of each digit. These interactions impact the map-
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ping of musculotendon force to force at the digit 
tip. The mappings also change substantially with 
joint posture. 

 Thus, substantial cortical resources are 
devoted to the hand. Disproportionately large 
regions of the motor and sensory cortices and the 
corticospinal and dorsal column pathways are 
devoted to the hand [ 7 ]. Monosynaptic cortico-
motoneuronal pathways project predominantly 
to hand muscles [ 8 ]. Signifi cant activation of all 
seven muscles which actuate the index fi nger is 
needed to create even an isometric fl exion force 
at the fi ngertip [ 9 ]. Individuated fi nger move-
ment can be performed to a remarkable extent in 
humans. Indeed, seemingly similar muscles for 
the same digit, such as EDC and extensor indi-
cis, may be selectivity excited for different 
movements [ 10 ], and different compartments of 
even the same muscle may be activated indepen-
dently [ 11 ].  

15.2     Pathophysiology 

 With its heavy reliance on cortical projections for 
both motor commands and sensory feedback, 
hand function is especially impacted by injuries 
to the central nervous system, such as those pro-
duced by stroke or spinal cord injury. Diminished 
capacity to control the hand greatly reduces func-
tionality of the entire upper extremity. As a testa-
ment of its importance, loss of the hand, such as 
through amputation, is considered to result in a 
90 % reduction in the functionality of the entire 
upper extremity [ 12 ]. The resulting loss of motor 
control can have a profound impact on self-care, 
employment, and leisure activities. Hand impair-
ment can even impact mobility in individuals 
with combined lower and upper extremity defi -
cits by reducing the ability to use mobility aids. 
Thus, potential ambulators may become largely 
nonambulatory because of hand impairment. 

15.2.1     Stroke 

 Stroke, produced by either hemorrhage or 
occlusion of blood vessels in the brain, is the 

leading cause of major long-term disability 
within the United States. Almost 800,000 
Americans will incur a stroke each year, thereby 
leading to a population of seven million stroke 
survivors [ 13 ]. Worldwide, an estimated 15 
million strokes occur each year according to the 
World Health Organization. In fact, the World 
Stroke Organization reports that one in six indi-
viduals will experience a stroke during their 
lifetime. Thus, the long-term management of 
people with stroke-related problems is a major 
therapeutic, rehabilitation, and social chal-
lenge. While stroke is often considered a prob-
lem of the elderly, approximately 28 % of 
strokes in the United States occur in people 
under the age of 65 and about 4–5 % occur in 
individuals younger than 45 [ 14 ]. The Greater 
Cincinnati/Northern Kentucky Stroke Study 
showed that within 10 years, the proportion of 
all strokes occurring in those under 55 years old 
rose from 13 % to 19 % [ 15 ]. Unfortunately, 
recent evidence suggests that the rate of stroke 
even among adolescents and young adults has 
been increasing [ 16 ]. Thus, a growing number 
of adults experience a stroke that will affect 
their prime working years, which contributes 
substantially to the enormous fi nancial 
impact of stroke, with associated medical and 
disability costs estimated at $73.7 billion in 
2010 [ 17 ]. 

 Stroke potentially impacts a number of bodily 
functions, from speech to vision to sensorimotor 
control of the limbs. Hemiparesis affecting both 
the upper and lower extremities is typical. 
Roughly 30–50 % of stroke survivors will have 
chronic hemiparesis, involving the hand in par-
ticular [ 18 ]. Defi cits in voluntary digit extension 
are especially common [ 19 ]. 

 The severity of hand impairment in stroke 
survivors can range widely, from a fl accid paral-
ysis to trouble with fi nger individuation. A typi-
cal presentation has the wrist and fi ngers fl exed 
with preferential weakness of extension. The 
defi cits arise from a variety of sources, including 
somatosensory loss, fl exor hypertonicity, 
reduced and aberrant muscle activation, and loss 
of individuation, which are covered in detail in 
Sect.  15.3.2 .  
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15.2.2     Spinal Cord Injury 

 Spinal cord injury (SCI) is one of the leading 
causes of chronic disability in the young. Around 
260,000 individuals in the United States have 
SCI, with 12,000 new cases added each year [ 20 ]. 
The mean age at incidence is 40.2 years, and life 
expectancy is an additional 34 years for an injury 
occurring at that age. Interestingly, the increasing 
prevalence of SCI due to falls, primarily in the 
elderly, has led to a bimodal distribution of SCI 
incidence disproportionally skewed toward the 
young and the old. Falls are now the second most 
common cause of SCI, after automobile acci-
dents [ 20 ]. 

 The resulting functional impairments are 
dependent upon the location and extent of dam-
age to the spinal cord. Compression, blunt 
trauma, and shearing, in addition to severing, of 
the cord are all potential mechanisms of 
SCI. Injury within the cervical region of the cord 
leads to tetraplegia, involving impairment of all 
four limbs. An estimated 55 % of new cases will 
result in tetraplegia, while the other 45 % will 
experience paraplegia due to injury below the 
cervical level. As acute treatment has improved, 
the number of incomplete spinal cord injuries has 
risen. With an incomplete injury, some of the 
neural tracts traversing the level of injury remain 
viable, such that some sensation and/or motor 
function is preserved [ 21 ]. Fifty percent or more 
of new SCI cases involve incomplete injury [ 22 ]. 

 Tetraplegia typically involves the hands. Loss 
of descending drive can lead to fl accidity in the 
hand muscles, especially for high tetraplegia 
(C1–C4), although some muscle tone may be 
present, especially for low tetraplegia (C5–C8). 
Extensor muscle tone, however, seems to be as 
prevalent as fl exor muscle tone, unlike the situa-
tion in stroke survivors. Abnormal interlimb 
refl exes, in which stimulation of lower limb 
nerves can produce excitation of hand muscles, 
may be present [ 23 ]. 

 Hand function can be adversely impacted by a 
variety of means. As motoneurons and nerve 
roots are often damaged at the spinal level of 
injury, and even multiple segments below the 
level of the injury, fl accid paresis and muscle 

atrophy are common [ 24 ]. This greatly limits 
functional recovery. Up to 70 % of the paresis 
observed for C5–C7 lesions can be attributed to 
destruction of the nerve roots and motoneurons 
[ 25 ]. One study observed up to a 90 % loss of 
motor units in the thenar muscles of the thumb in 
subjects at the C4–C5 levels [ 26 ]. Joint move-
ment can be restricted by edema resulting from 
limited venous return, contracture arising from 
muscle shortening, and connective tissue forma-
tion around tendons and joint capsules. 

 Hand impairment mechanisms in individuals 
with incomplete SCI warrant further study. 
Substantial atrophy in more proximal muscles has 
been reported [ 27 ], as have reductions in nerve 
conduction velocities, diminished tetanic force 
production, and elongated twitch times [ 28 ].   

15.3     Rehabilitation Technology 

 Technology has been developed in an effort to 
restore functional capabilities lost due to stroke 
or SCI. For individuals with incomplete SCI or 
stroke survivors with some residual voluntary 
motor excitation, a number of devices have been 
created to facilitate rehabilitation. Research has 
shown that the central nervous system exhibits 
much greater plasticity than previously imagined. 
Even the mature nervous system is constantly 
changing and adapting to new circumstances. 
While neurogenesis is rare, synaptogenesis is 
constantly occurring. For example, repeated 
practice of hand movements, such as performed 
by musicians, can lead either to seemingly bene-
fi cial cortical changes in sensorimotor represen-
tation and processing [ 29 ,  30 ] or to harmful 
changes, such as in focal dystonia [ 31 ]. 

 Experimental evidence suggests that intensive 
repetitive training of new motor tasks is required 
to induce long-term brain plasticity [ 32 ]. This 
fi nding seems to be applicable to motor relearn-
ing after brain injury, such as from stroke, as 
well. In animal models of brain injury, practice 
appears to be the primary factor leading to synap-
togenesis and brain plasticity [ 33 – 35 ]. Similarly, 
in humans, repetitive practice has been shown to 
lead to functional improvement following stroke 
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[ 36 – 38 ]. Devices which encourage and direct this 
therapeutic practice would be seemingly benefi -
cial, as long as they address specifi c impairment 
mechanisms. 

 For individuals with complete SCI and stroke 
survivors with more severe impairment, it may 
not be possible to improve voluntary sensorimo-
tor control. For these individuals, assistive 
devices, which are intended to improve functional 
capabilities rather than sensorimotor control, have 
been developed. 

15.3.1     Assistive Devices 

 For individuals with higher-level SCI, assistive 
devices have traditionally been comprised of 
external equipment programmed to perform spe-
cifi c tasks. For example, powered wheelchairs 
can restore mobility to individuals with tetraple-
gia, while robots can be used to perform upper 
extremity tasks. These robotic arms have been 
located at workstations (DeVAR [ 39 ]), mounted 
to the user’s wheelchair (iARM, Assistive 
Innovations), and placed atop a mobile platform 
(thereby permitting autonomous movement) 
(Baxter, Rethink Robotics). 

 One of the fi rst successful assistive robots was 
the Handy 1 [ 40 ], a robot workstation that could 
be used for eating, drinking, grooming, and even 
art projects (Fig.  15.1 ). The Handy 1 employed a 
Cyber 310 robotic arm, which had fi ve DOF in 
addition to a gripper end effector. The user could 
operate the device through a single switch. Newer 
robots have been incorporated into updated feed-
ing assistants. My Spoon (SECOM Co., Ltd., 
Tokyo, Japan) and a feeding robot designed 
explicitly for Korean food [ 41 ] are currently 
being produced. These devices are more compact 
than their predecessors and offer control options 
for the user. Other robotic workstations have 
been designed to provide alternative services. For 
example, the Desktop Vocational Assistant Robot 
(DeVAR) was created to provide assistance 
within an offi ce environment. It consisted of a 
commercial PUMA-260 robot coupled to a 
Griefer prosthetic hand from Otto Bock 
Healthcare (Duderstadt, Germany).

   To increase the range of tasks and situations in 
which they could be employed, robotic systems 
were developed which could be mounted directly 
to a wheelchair. The KARES system created at 
the Korea Advanced Institute of Science and 
Technology (KAIST) has six DOF in its robotic 
arm and a gripper at its end [ 42 ]. KARES could 
perform tasks such as grasping objects and turn-
ing off and on light switches under the direction 
of the user. Its successor, KARES II, had a 
mobile platform, which could extend the work-
space of the robot, and compliant control which 
facilitated interactions with the environment 
[ 43 ]. The Raptor wheelchair robot system was 
developed by the Rehabilitation Technologies 
Division of Applied Resources Corporation 
expressly as an assistive device. It received US 
Food and Drug Administration (FDA) approval 
and was sold commercially beginning in 2000 
[ 44 ]. The Raptor arm had four DOF with a 

  Fig. 15.1    The Handy 1 workstation, intended to help 
users with eating, drinking, and grooming. First devel-
oped by Mike Topping at Staffordshire University 
(Reprinted with permission from Topping [ 94 ]. © Emerald 
Group Publishing Limited; all rights reserved)       
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 gripper which permitted grasping of objects. The 
most commercially successful wheelchair- 
mounted device has been the MANUS, which 
has evolved into the iARM (Assistive Innovations, 
Didam, the Netherlands). The iARM provides six 
DOF and a gripper end effector and can be pow-
ered from a wheelchair battery [ 45 ]. It is designed 
for close interaction with the user (see Fig.  15.2a ). 

A wide variety of control options are available 
dependent upon the capabilities and preferences 
of the user. The JAC02 robotic arm (Kinova 
Robotics) is a lightweight 6-axis robotic arm 
with three fi ngers for gripping (Fig.  15.2b ). It can 
be mounted to a wheelchair or a tabletop. 
Considerable federal funding has led to the devel-
opment of increasingly sophisticated prosthetic 

a

b

  Fig. 15.2    Wheelchair- 
mounted assistive robots. 
( a ) The iARM wheelchair- 
mounted assistive robot, 
seen here assisting a user 
to make a cup of coffee 
(Photo courtesy of 
Assistive Innovations, 
Didam, the Netherlands) 
( b ) The JAC02 robotic arm 
has three fi ngers for 
grasping objects such as a 
cup of water (Photo 
courtesy of Kinova 
Robotics, Boisbriand, 
Canada)       
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arms and hands, such as those from DEKA and 
from the Applied Physiology Laboratory at Johns 
Hopkins.

   Attempts have also been made to provide 
mobile robotic assistants which could move inde-
pendently from the wheelchair. The MoVAR 
device, developed at Stanford University and the 
Rehabilitation Research and Development Center 
at the VA Palo Alto Health Care System, consists 
of a PUMA robot arm affi xed to a powered omni-
directional base [ 46 ]. Autonomous mobile robots, 
intended for a number of possible applications, 
could also provide valuable functions for indi-

viduals with tetraplegia. For example, the assis-
tant Care-O-bot 4 (Fraunhofer IPA) has the 
potential to benefi t those with tetraplegia or 
severe stroke by retrieving and transporting 
objects. The Home Exploring Robot Butler 
(HERB) has been developed at Carnegie Mellon 
University for assisting individuals with house-
hold tasks (Fig.  15.3a ) [ 47 ]. Additionally, the 
Baxter robot (Rethink Robotics, Inc.) has been 
proposed as an assistant to individuals with dis-
ability (Fig.  15.3b ).

   One of the primary limitations in using assis-
tive devices is controlling the robot based on user 

a

b

  Fig. 15.3    Mobile robotic assistants. ( a ) HERB (Carnegie 
Mellon University) carrying coffee and a doughnut (Photo 
courtesy of Dr. Siddhartha Srinivasa, Carnegie Mellon 

University) ( b ) Baxter (Rethink Robotics, Inc.) employed 
as an assistant to an individual with paralysis (Photo cour-
tesy of Rethink Robotics, Inc.)       
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intent. For example, to bring a cup of water to the 
mouth for drinking, the robot needs to not only 
know that this is the intended action but also the 
location and orientation of the cup, the grasping 
force to be used, the speed at which it should be 
moved, and the path to be taken to avoid colli-
sions. While some of these decisions can be made 
by the device, to truly have the desired fl exibility, 
these parameters should be modifi able by the 
user. This intent must fi rst be discerned and then 
conveyed to the device in a translatable manner. 
Brain-machine interfaces (BMI) are one means 
for providing facile control of multiple DOF 
robotic devices. Electrical signals from the brain 
can be decoded to determine which task the user 
wants to perform and even details (e.g., velocity) 
of the intended movement. While electroenceph-
alograms have been used to control devices [ 48 ], 
fi ner control has been achieved using indwelling 
electrodes such as intracortical arrays or the less 
invasive electrocorticographic electrodes. The 
electrode arrays, such as the Utah array, consist 
of up to 100 electrodes implanted into motor or 
premotor cortices. For example, recordings from 
motor cortex have been successfully used in 
monkeys to drive a robot to move to specifi c loca-
tions in space [ 49 ]. Human participants have suc-
cessfully controlled a DLR Lightweight Robot 

III arm (German Aerospace Center, 
Oberpfaffenhofen, Germany) [ 50 ] and a modular 
prosthetic limb from the Johns Hopkins Applied 
Physics Laboratory to grasp and retrieve objects 
(Fig.  15.4 ) [ 51 ].

   These BMI-controlled robots restore motor 
function, but do not provide any sensation to the 
user. Researchers are investigating how to pro-
vide sensory information, such as cutaneous sen-
sation and proprioception, to the user. Techniques 
involve stimulation of peripheral nerves [ 52 ] or 
somatosensory cortex [ 53 ]. 

 For a number of stroke survivors and individu-
als with SCI, control of arm may be relatively 
spared in relation to the hand. These individuals 
could benefi t from a device which assists hand 
tasks but allows free arm movement. Sets of 
adaptive tools have been created which can insert 
into a splint worn on the wrist. These tools 
include modifi ed utensils, brushes, and electric 
razors. In this manner, the hand is no longer 
required for grasping these tools; basic activities 
of daily living, such as feeding and grooming, 
can be performed with residual control of the 
arm. While this adaptive equipment can be very 
effective, it does require proper motor control of 
the arm as well as typically some assistance to 
change tools in order to perform different tasks. 

  Fig. 15.4    BMI-controlled robotic limbs. Woman with tetraplegia uses modular prosthetic arm to grasp and manipulate 
objects (Photo courtesy of Motorlab, University of Pittsburgh)       
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 Recently, some assistive devices have been 
developed expressly for the hand to facilitate 
grasp and release [ 54 ]. The Soft Extra Muscle 
(SEM) Glove (Bioservo Technologies, 
Isafjordsgatan, Sweden) could help individuals 
with incomplete tetraplegia by amplifying their 
grasping force [ 55 ]. Other laboratories are also 
working to develop an assistive glove [ 56 ,  57 ].  

15.3.2      Therapeutic Devices 

 For therapy, passive movement of the limb is not 
the goal. Active participation is key to improving 
motor control and has been shown to lead to bet-
ter results [ 58 ]. Very sophisticated devices have 
been developed which can move the limb through 
desired trajectories, but if these devices allow the 
user to be passive, they may be limited in 
effectiveness. 

 Rather than focusing exclusively on moving 
the extremity, as assistive exoskeletons might, 
therapeutic devices need to directly consider the 
underlying impairment mechanisms in the hopes 
of facilitating recovery. In the stroke hand, defi -
cits arise especially from somatosensory loss, 
fl exor hypertonicity, reduced and aberrant muscle 
activation, and loss of individuation. 

15.3.2.1     Reduced Somatosensation 
 Somatosensory data is integral to proper hand 
function. Coordinated motor control depends 
heavily on sensory feedback information. 
Accordingly, the hand is richly innervated with 
sensory nerves. It has been estimated that 17,000 
cutaneous mechanoreceptors are present in the 
glabrous skin alone of the hand [ 59 ]. Proprioceptive 
acuity, especially in the thumb, is superior to other 
body segments, such as the toes [ 60 ]. To support 
this sensory precision, a disproportionately large 
portion of somatosensory cortex is devoted to the 
hand [ 61 ]. 

 Despite the importance of sensory informa-
tion to task execution, relatively few researchers 
have directly targeted somatosensation for reha-
bilitation following stroke or SCI. One group at 
ETH Zürich has been developing robotic tech-
nology both to quantify sensory capabilities and 

to treat sensory defi cits [ 62 ]. Index fi nger and 
thumb motion are coupled on a linear slide. 
Through admittance control, compliance can be 
carefully modulated to create haptic boundaries 
simulating contact with real objects. In this man-
ner, the user actively explores their environment 
to train sensing characteristics of external 
objects, such as object size through propriocep-
tion (Fig.  15.5 ).

15.3.2.2        Flexor Hypertonicity 
 One of the primary contributors to hand impair-
ment after stroke is hypertonicity of the long fi n-
ger fl exor muscles. This manifests as spasticity, 
excessive coactivation, and prolonged relaxation 
time. 

 Spasticity is defi ned as a velocity-dependent 
refl ex response to impose stretch under condi-
tions which would not produce a refl ex response 
in non-spastic muscles [ 63 ]. In the hand, spastic-
ity is predominantly observed in the fi nger fl ex-
ors, such as FDS and FDP (see Fig.  15.6a ). 
Interestingly, spasticity is largely absent in the 
long thumb fl exor (fl exor pollicis longus), even in 
individuals with spasticity in the fi nger fl exor 
muscles [ 64 ].

   A variety of factors, such as decreased recip-
rocal inhibition, afferent disinhibition, and 
altered postactivation depression [ 65 ], may con-
tribute to the spastic refl ex. Additionally, the 
motoneurons of a spastic muscle may have an 
elevated resting potential, increasing fi ring prob-
ability. Indeed, spontaneous discharge of motor 
units is much more frequent in spastic muscle 
[ 66 ], and the spastic refl ex response is dependent 
upon absolute muscle fi ber length in addition to 
stretch velocity and magnitude [ 67 ]. It should be 
emphasized, however, that the degree to which 
spasticity impacts voluntary movement is open to 
question [ 65 ]. 

 Hypertonicity may manifest in different ways 
during voluntary contraction. Attempts to open 
the hand using long fi nger extensors may actually 
result in net fi nger fl exion due to excessive coact-
ivation of the fi nger fl exors (Fig.  15.6b ). Thus, 
the fi rst phase of grasp, opening the hand to posi-
tion it around the object, may be substantially 
impaired. 
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 Object release may also be affected as deacti-
vation of the fi nger fl exors may be abnormal 
(Fig.  15.6c ). Stroke survivors have been shown to 
have prolonged relaxation time in FDS following 
a grasp, both for the impaired and less impaired 
sides [ 68 ]. Deactivation time does shorten fol-
lowing administration of cyproheptadine, an anti-
serotonergic agent, possibly suggesting a role for 
monoamines in increasing the probability of fi r-
ing within the motoneuron pool. 

 In my laboratory, we have observed that stretch-
ing can reduce hyperexcitability in stroke survi-
vors [ 68 ], in agreement with fi ndings by other 
groups [ 69 ]. Thus, we created an actuated glove 
orthosis, the X-Glove (Fig.  15.7 ), to perform cycli-
cal stretching. The X-Glove uses cables running 

across the dorsal side of the digits to pull the digits 
into extension and then allows the digits to relax 
back into fl exion. Single stretching sessions led to 
at least transient improvement of hand motor con-
trol in stroke survivors [ 70 ]. In stroke survivors in 
the subacute phase of recovery, 30-min stretching 
sessions repeated over 3 days showed a cumulative 
effect, with greater improvement each day as well 
as from before to after stretching [ 71 ].

   The fl exor hypertonicity biases the hand toward 
a fl exed posture. We have shown that applied con-
stant extension joint torque can increase the active 
workspace [ 72 ] for the fi nger and reduce error in 
point-to-point fi nger movements. Thus, several 
devices have been designed to overcome this bias 
by providing extension force. The SaeboFlex 

  Fig. 15.5    Sample training exercise with a robot designed to provide therapy for sensation. User picks the length cor-
responding to the virtual object represented by the haptic trainer (Photo courtesy of Dr. Roger Gassert, ETH Zürich)       
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  Fig. 15.6    Examples of hypertonicity in long fi nger fl ex-
ors in stroke survivors. ( a ) Spastic stretch refl ex evoked by 
rapid extension rotation (300°/s) of the MCP joints 
stretches. Note increases in fl exor EMG and torque (From 
Kamper and Rymer [ 95 ]; used with permission). ( b ) 
Excessive fl exor coactivation results in net fl exion torque 

during attempted production of voluntary extension 
torque about MCP joints (From Kamper et al. [ 96 ]; used 
with permission). ( c ) Prolonged relaxation of long fi nger 
fl exor ( FDS ) following generation of voluntary grasp 
force cued by audible tone         
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(Saebo Inc., Charlotte, NC), for example, uses pas-
sive springs to apply extension torque to the more 
proximal joints of the digits. We created a control 
mode in the X-Glove which applies a constant 
extension force, set equivalent to measure fl exion 
force at full passive extension, for each digit. The 
user can fl ex the digits by creating suffi cient fl exion 
force to overcome the extension force, but the bias 
assists in digit extension for hand opening prior to 
grasp and for object release. Additionally, Dr. Peter 
Lum’s group at Catholic University has incorpo-
rated extension compensation into the HandSOME 
device with passive springs [ 73 ] (Fig.  15.8a ) and 
into the HEXORR hand exoskeleton through elec-
tric motors [ 74 ] (Fig.  15.8b ).

15.3.2.3        Impaired Voluntary 
Neuromuscular Activation 

 Despite the hyperexcitability of the fl exor 
 muscles, weakness is profound in the hand. Even 
in moderately impaired subjects, grip strength in 

the impaired hand is only 50 % of that of the 
ipsilesional hand. The relative weakness in the 
fi ngers is asymmetrical, especially in individuals 
with severe hand impairment. A group of study 
participants with severe impairment created 
 maximum index fi nger extension force equal 
only to 9 % of the normal peak value, while gen-
erating fi nger fl exion forces only 27 % of normal 
levels [ 75 ]. 

 This weakness arises primarily from an 
inability to fully activate the muscle voluntarily. 
We found that even in individuals who could 
voluntarily produce no more than 20 % of the 
forces neurologically intact participants created, 
external electrical stimulation could generate 
force levels close to normal (Fig.  15.9a ). 
Additionally, stroke survivors may have great 
diffi culty modulating muscle activity with task. 
A study from my laboratory showed dramati-
cally reduced ranges of activation levels for 
given muscles as the stroke survivor attempted 

  Fig. 15.7    The 
eXtension-Glove 
(Rehabilitation Institute 
of Chicago, Chicago, IL, 
USA), which can 
perform cyclical 
stretching of the long 
fi nger fl exors. Cables 
run through guides on 
the back of each digit to 
a linear motor driven by 
a microcontroller. The 
X-Glove can also 
actively assist extension 
during voluntary 
movement       
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b

a
  Fig. 15.8    ( a ) The 
HandSOME exoskeleton 
(Catholic University, 
Washington, D.C.). 
Passive springs provide 
nonlinear extension 
compensation (From 
Brokaw et al. [ 73 ]; used 
with permission). ( b ) 
HEXORR (Catholic 
University, Washington, 
D.C.). The motors 
actuating the MCP-PIP 
joints in the fi ngers and 
MCP joint in the thumb 
can be programmed to 
provide compensation 
for fl exion torques 
(Photos courtesy of Dr. 
Peter Lum, Catholic 
University)       
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to create thumb forces in different directions 
[ 76 ]. For example, while neurologically intact 
subjects varied activation from 10 % to 60 % of 

maximum voluntary contraction (MVC) across 
force directions, activation of the same muscle 
in stroke survivors with severe hand impairment 
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ranged only from 30 % to 40 %. The ability to 
span regions in the activation workspace is also 
curtailed following stroke. Stroke survivors tend 
to produce fewer distinct activation patterns 
across tasks than neurologically intact individu-
als [ 77 ] (Fig.  15.9b ).

   One technique for directly addressing activa-
tion patterns in therapy involves the utilization of 
electromyographically (EMG) driven devices. 
We have developed the Voice and EMG-Driven 
Actuated (VAEDA) Glove in order to incorporate 
practice of generating activation patterns into 
clinical therapy (Fig.  15.10a ). Cables traversing 
the dorsal side of the hand are connected to a 
motor located remotely through a Bowden cable. 
Extension assistance is provided only when EMG 
signals recorded from FDS and EDC fall within 
specifi ed ranges. Similarly, the device only per-
mits the user to close her hand when EMG sig-
nals fall within the proper ranges. As EMG 
patterns for opening and closing can be indistin-
guishable in some stroke survivors, a voice rec-
ognition chipset is used to determine state (open, 
close, hold), while EMG controls movement 
within that state.

   An EMG-controlled exoskeleton has also 
been developed by Dr. Raymond Tong’s group in 
Hong Kong. The glove employs linear actuators 
to drive coupled rotation of the MCP and PIP 
joints for each fi nger in both fl exion and exten-
sion [ 78 ]. Electrodes placed over APB and EDC 
were used to initiate hand closing and opening, 
respectively (Fig.  15.10b ). 

 Drs. Sang Wook Lee and Hyung-Soon Park 
have been developing a glove in which cables are 
routed in order to mimic the pathways of indi-
vidual tendons in the hand [ 79 ]. Hence, assis-
tance can be provided to individual muscles. 
Activation patterns can thus be trained directly 
with this device (Fig.  15.10c ).  

15.3.2.4     Loss of Individuation 
 One of the hallmarks of human motor control is 
the capability for highly independent movement 
of each digit, especially the thumb and index fi n-
ger. Humans are not born with this ability; how-
ever, it develops over the fi rst years after birth. 

Individuation requires the development of mono-
synaptic corticomotoneuronal pathways to hand 
muscles [ 80 ]. These pathways develop months 
after birth [ 81 ]. Unfortunately, stroke or SCI may 
degrade the ability to independently manipulate 
the digits [ 82 ]. 

 Recently, some devices have been developed 
with the intent to facilitate rehabilitation of digit 
individuation. Amadeo System (Tyromotion, 
GmbH, Graz, Austria) uses an approach in which 
the fi ngertips are attached to linear tracks which 
directly control fi ngertip location. Each digit is 
attached to a separate track and can therefore be 
moved independently (Fig.  15.11a ). One draw-
back is that the hand position and orientation are 
fi xed as the Amadeo is externally grounded.

   Alternatively, the MusicGlove is unactuated 
but encourages practice of thumb-fi nger opposi-
tion movements [ 83 ]. Sensors are embedded in 
the tips of the glove such that contact between the 
thumb and any fi nger can be detected and distin-
guished (Fig.  15.11b ). The user must make the 
appropriate opposition movement in order to play 
the key specifi ed by a video game similar to 
Guitar Hero. The FINGER robot can indepen-
dently actuate the index and middle fi ngers 
through sets of eight-bar linkages to help those 
with more impairment to use the game for train-
ing [ 84 ]. 

 In my laboratory, we have created a pneumati-
cally driven glove, the PneuGlove [ 85 ], which we 
have coupled to a virtual keyboard. The user 
must fl ex and extend specifi ed digits in order to 
“play” the virtual keys dictated by the computer 
program (Fig.  15.11c ). The PneuGlove can be 
used to assist or resist performance of the task, 
with the level of assistance/resistance specifi ed 
by the therapist [ 86 ].    

15.4     Current Status 

 While assistive robots may be very benefi cial for 
a targeted population, they serve a relatively 
small market relative to the technological sophis-
tication of the devices. Numbers of the MANUS 
(iARM) and the JAC02 sold are in the hundreds 
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rather than thousands or tens of thousands. Thus, 
research and manufacturing costs have to be 
spread across a limited number of units, and 
overall costs remain high, thereby limiting the 
potential for more widespread adoption from 
individuals who might benefi t from use of the 
technology. 

 Intriguingly, the emergence of aging popula-
tions in many developed countries has led to a 
new push in the area of assistive devices to meet 
the needs of the growing geriatric populace. 

Many countries are now facing an altered popula-
tion model in which older generations comprise 
the largest percentage of the populace. Mobile 
assistants created to aid older individuals who 
have restricted movement and strength could also 
prove benefi cial to individuals with tetraplegia or 
severe stroke. Additionally, powered exoskele-
tons intended to augment the capabilities of the 
wearer (whether an elderly individual or a sol-
dier) may also be applicable for individuals with 
neuromuscular disabilities. 

a b

c

  Fig. 15.10    Actuated hand orthoses for promoting neuro-
muscular activation patterns. ( a ) VAEDA Glove employs 
EMG control of hand opening and closing (Rehabilitation 
Institute of Chicago/Illinois Institute of Technology, 
Chicago, IL). ( b ) Exoskeleton uses linear actuators to 
control MCP and PIP fl exion and extension. Hand open-
ing and closing can be triggered by EMG activity (Hong 

Kong Polytechnic University, Hong Kong, China) (Photo 
courtesy of Dr. Evan Susanto, Hong Kong Polytechnic) 
( c ) Individual cables mimic the actions of physiological 
tendons to facilitate practice of muscle activation patterns 
(Photo courtesy of Dr. Sang Wook Lee, Catholic 
University)       
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 Assistive technology targeting low tetraple-
gia, such as C7–T1, or severe stroke may be 
able to take advantage of residual function to 
reduce complexity and cost. Wearable devices 
which facilitate grasp and release, for example, 
would be helpful for this population. In addi-
tion to providing hand actuation, they would 
also be able to exploit the exquisite sensory 
capabilities of the hand in those individuals 
with motor impairment but sensory sparing. A 
number of researchers are currently working on 
assistive gloves, but the primary complication 
of interfacing with the hand remains a chal-
lenge. The device should be easily donnable 

and doffable, while minimally interacting with 
the palmar surface of the hand. It should also be 
very low profi le, both for aesthetics and func-
tion (e.g., inserting the hand into a confi ned 
space), and lightweight while still possessing 
suffi cient power both for grasping and for open-
ing the digits against fl exor tone. The need for 
such assistive devices is underscored by medi-
cal procedures being performed in an attempt to 
improve hand function. Three individuals with 
brachial plexus injuries underwent hand ampu-
tation in Austria in order to be fi tted with myo-
electric prostheses [ 87 ]. Seemingly, the existing 
skeletal structure could be exploited with an 

a c

b

  Fig. 15.11    Devices used to train fi nger individuation. ( a ) 
Amadeo (Tyromotion, Inc.) has a separate actuated linear 
slide for each digit (Photo courtesy of Tyromotion, Inc.). 
( b ) MusicGlove (Flint Rehabilitation) employs sensor in 
the tips of the digits to detect proper thumb-fi nger opposi-

tion (Photo courtesy of Flint Rehabilitation). ( c ) The actu-
ated virtual keypad ( AVK ) employs the PneuGlove with its 
pneumatically driven air chambers to facilitate practice 
playing the virtual keypad (From Thielbar et al. [ 86 ]; used 
with permission)       
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assistive device to create a more satisfying out-
come for the user. 

 In the last 10 years, a number of devices have 
been developed expressly to facilitate hand ther-
apy after neuromuscular injury. Clinical studies 
performed with these devices are still somewhat 
rare, but the ones that have been performed have 
shown some promise. Merians et al. saw 
improvement in the Jebsen-Taylor Hand 
Function Test (JTHFT) [ 88 ] and in fi nger frac-
tionation following arm- fi nger training [ 89 ]. 
Godfrey et al. reported statistically signifi cant 
gains in active range of motion and grip strength 
in stroke survivors with chronic impairment after 
completion of a training regimen with HEXORR 
[ 90 ]. Susanto et al. reported gains in the Action 
Research Arm Test and Wolf Motor Function 
Test following 20 training sessions with their 
hand exoskeleton [ 91 ]. A pilot study with the 
MusicGlove led to improved performance on the 
Box and Block Test and the Nine-Hole Peg Test 
[ 83 ]. We were able to show signifi cant gains in 
the Fugl-Meyer Upper Extremity Stroke 
Assessment and palmar pinch after training with 
the PneuGlove [ 85 ] and in JTHFT and fi nger 
individuation with the PneuGlove incorporated 
into the AVK system [ 86 ]. Larger trials with con-
trol groups and blinded raters, however, are 
needed to truly assess effi cacy. Inevitably, other 
interventions will need to be combined with the 
rehabilitative devices if substantial clinical ben-
efi t is to be obtained.  

    Conclusions 

 The neuromechanical complexity of the hand 
makes it a challenging target for rehabilitation 
after stroke or SCI. Rigid control of the many 
DOF in the digits, however, may not be neces-
sary to restore at least partial function. 
Principles from soft robotics may be utilized 
to exploit the existing skeletal structure of the 
hand (e.g., Polygerinos et al. [ 92 ]) and thus 
minimize the mass and bulk on the hand of 
devices actuating the digits. 

 The soft robotics design concept is espe-
cially appropriate for therapeutic devices, 
which should be designed to maximize effort of 

the user. An increasing number of therapy 
devices are being created for the hand (see 
Balasubramanian et al. [ 93 ] for a review), with 
a number of recent commercial ventures such 
as Gloreha (Idrogenet, Lumezzane, Italy), the 
IpsiHand Bravo (Neurolutions, St. Louis, MO), 
and RAPAEL (Neofect, Yongin, Korea). While 
the number of clinical studies which have been 
run are limited, preliminary results have given 
some encouragement. Results may be improved 
by the targeting of specifi c impairment mecha-
nisms. For example, we are attempting to treat 
fl exor hyperexcitability with a pharmacological 
agent while simultaneously addressing trouble 
with creating activation patterns by employing 
an EMG- controlled glove. Application to treat-
ment of incomplete SCI would seemingly ben-
efi t from more complete identifi cation of 
impairment mechanisms. 

 Inevitably, for some stroke survivors and 
individuals with SCI, capacity for restoration 
of hand motor control will be limited. For 
them, assistive mechatronic devices hold the 
best hope for improving function. 
Developments in decoding of human intent 
are leading to more natural control of assistive 
robots, which could consist either of external 
machines with robotic grippers or exoskele-
tons/gloves incorporating the user’s hand in 
the task. Growing research in the area of wear-
able exoskeletons and personal assistants to 
aid the geriatric population should also benefi t 
those with neuromuscular injury, including 
stroke survivors and individuals with SCI.     
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      Forging Mens et Manus: The MIT 
Experience in Upper Extremity 
Robotic Therapy                     

     Hermano     Igo     Krebs      ,     Dylan     Edwards     , 
and     Neville     Hogan    

    Abstract  

  MIT’s motto is “Mens et Manus” (Mind and Hand), and we have adopted 
it as the guiding rule (principle) for our line of research: using robotics and 
information technology to reconnect the brain to the hand. Nurture allows 
a patient to reduce impairment, increase function, and improve the quality 
of life beyond natural recovery. This chapter describes our efforts toward 
this goal since the initial development of the MIT-Manus in 1989. 
Numerous clinical trials involving thousands of patients (subjects) work-
ing with (receiving therapy using) the commercial version of the MIT- 
Manus have been conducted since then, and we have created a complete 
robotic gym for the upper extremity. Recently, the American Heart 
Association and the Veterans Affairs/Department of Defense endorsed the 
use of robot-assisted therapy in stroke rehabilitation for upper extremity, 
and we have been focusing on how to tailor therapy to a particular patient’s 
need and in determining who is a responder (and no-responder) to this 
kind of intervention.  
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16.1       Introduction 

 The use of robotic technology to assist recovery 
after neurological injury has proven to be safe, 
feasible, and effective, at least in some forms 
(e.g., upper extremity) and for some patient pop-
ulations (e.g., stroke). Nevertheless, there is a 
vast room for improvement. But what is the best 
way to pursue further improvement? Ultimately, 
we would like to prescribe customized therapy to 
optimize and augment a patient’s recovery. In this 
chapter, we review our experience developing 
upper extremity robotic therapy and applying it 
in clinical practice. Based on that experience, we 
propose the most productive way to refi ne and 
optimize this technology and its application. 
Needless to say, this personal viewpoint will 
almost certainly neglect or underemphasize 
important developments; however, that should 
not be construed as a dismissal of other work but 
more as a symptom of the explosive growth of 
research in this fi eld. Despite its inevitable limi-
tations, we trust our perspective may have value. 

16.1.1     The State of the Art 

 The 2010 American Heart Association (AHA) 
guidelines for stroke care recommended that: 
“Robot-assisted therapy offers the amount of 
motor practice needed to relearn motor skills 
with less therapist assistance. Most robots for 
motor rehabilitation not only allow for robot 
assistance in movement initiation and guidance 
but also provide accurate feedback; some robots 
additionally provide movement resistance. Most 
trials of robot-assisted motor rehabilitation con-
cern the upper extremity (UE), with robotics for 
the lower extremity (LE) still in its infancy . . . 
Robot-assisted UE therapy, however, can improve 
motor function during the inpatient period after 
stroke.” AHA suggested that robot-assisted 

 therapy for the UE has already achieved Class I, 
Level of Evidence A for Stroke Care in the 
Outpatient Setting and Care in Chronic Care 
Settings. It suggested that robot-assisted therapy 
for UE has achieved Class IIa, Level of Evidence 
A for stroke care in the inpatient setting. Class I 
is defi ned as: “Benefi t >>>Risk. Procedure/
Treatment SHOULD be performed/adminis-
tered;” Class IIa is defi ned as: “Benefi t >>Risk, 
IT IS REASONABLE to perform procedure/
administer treatment;” Level A is defi ned as 
“Multiple populations evaluated: Data derived 
from multiple randomized clinical trials or meta- 
analysis” [ 1 ]. 

 This is not an isolated opinion. The 2010 
Veterans Administration/Department of Defense 
guidelines for stroke care came to the same con-
clusion endorsing the use of rehabilitation robots 
for the upper extremity. More specifi cally, the 
VA/DOD 2010 guidelines for stroke care 
“Recommend robot-assisted movement therapy 
as an adjunct to conventional therapy in patients 
with defi cits in arm function to improve motor 
skill at the joints trained.” The VA/DOD sug-
gested that robot-assisted therapy for the UE has 
already achieved rating level B, “A recommenda-
tion that clinicians provide (the service) to eligi-
ble patients. At least fair evidence was found that 
the intervention improves health outcomes and 
concludes that benefi ts outweigh harm” [ 2 ]. 

 These endorsements came on the 21st anni-
versary of our initial efforts begun in 1989 that 
led to what became known as “MIT-Manus.” It 
would be diffi cult to deny the impact of this 
work on neuro-rehabilitation, described by our 
clinical colleagues as “perhaps one of the most 
important developments in neuro-recovery in the 
last 75 years” (Dr. Bruce Volpe, Feinstein 
Institute for Medical Research). Creating this 
level of trust required decades of perseverance. 
The enormity of the challenge cannot be under-
stated. This type of research is the antithesis of 
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the rapid-fi re breakthroughs expected in, say, 
information technologies. It requires slow and 
painstaking experimental trials and the creation 
of a large body of experimental evidence to dem-
onstrate progress, but that is essential. Neuro-
rehabilitation depends on neural plasticity and 
its potential to augment recovery. The central 
challenge of rehabilitation robotics is to provide 
tools to manage and harness positive plastic 
changes. It is not simply to automate conven-
tional practices. Primarily due to a lack of tools 
for measurement and experimental control, 
many conventional practices lack the support of 
scientifi c evidence. As a result, there is no clear 
design target for the technology nor any reliable 
“gold standard” against which to gauge its effec-
tiveness. In fact, the biggest hurdle we face in the 
development of rehabilitation robotics is deter-
mining what constitutes best practice. The mes-
sage seems clear: we must study the process of 
neuro-recovery as well as the technologies that 
might augment this process.  

16.1.2     An Upper Extremity Gym 
of Robots 

 To begin with, we had to invent the technology 
since the available technologies were inadequate. 
We developed interactive robots to work with the 
shoulder and elbow (with and without gravity 
compensation), the wrist and the hand, as well as 
combinations of these modules. We further devel-
oped exoskeletal robots for neuroscience research 
(see Fig.  16.1 ).

16.1.2.1       Modularity 
 We chose to pursue a modular approach for sev-
eral reasons. The foremost was entirely prag-
matic: as we intended to introduce new 
technology to a clinical environment, it needed to 
be minimally disruptive—i.e., not too big, com-
plex, or intimidating. A secondary reason was 
our recognition that engineers were unlikely to 
create optimal technology on the fi rst pass. 
Though a design to address over 200 DOFs of the 
human skeleton was technically feasible, it would 
have been large, complex, and—most impor-

tantly—diffi cult to revise or modify. With a mod-
ular approach, individual modules could be 
refi ned and optimized without redesign of other 
modules.  

16.1.2.2     Gravity-Compensated 
Shoulder-and-Elbow Robot 

 The centerpiece of our effort for the upper 
extremity became known as MIT-Manus, from 
MIT’s Motto “Mens et Manus” (Mind and Hand). 
Unlike most industrial robots, MIT-Manus was 
confi gured for safe, stable, and highly compliant 
operation in close physical contact with humans. 
This was achieved using impedance control, a 
key feature of the robot control system. Its com-
puter control system modulated the way the robot 
reacted to mechanical perturbation from a patient 
or clinician and ensured a gentle compliant 
behavior. The machine was designed to have a 
low intrinsic end-point impedance (i.e., be back-
drivable) to allow weak patients to express move-
ments without constraint and to offer minimal 
resistance at speeds up to 2 m/s (the approximate 
upper limit of unimpaired human performance, 
hence the target of therapy, and the maximum 
speed observed in some pathologies, e.g., the 
shock-like movements of myoclonus). MIT- 
Manus had two active degrees of freedom (DOF) 
and one passive DOF. It consisted of a semi- 
direct- drive, fi ve-bar-linkage SCARA mecha-
nism (Selective Compliance Assembly Robot 
Arm) driven by brushless motors [ 3 ,  4 ]. Since 
then several variants were deployed under the 
commercial name of InMotion2 robot (Interactive 
Motion Technologies, Watertown, MA, USA—
see Fig.  16.2 ).

16.1.2.3        Gravity-Compensated 
Shoulder-Elbow-and-Wrist 
Exoskeletal Robot 

 Based on their mechanical interface with a human, 
robots can be classifi ed as end-effector or exoskel-
etal designs. End-effector robots interact with the 
human via a handshake, i.e., the interaction takes 
place through a single point of contact. In other 
words, there is power exchange only at the tip of 
the robot. Exoskeletal robots are mounted on dis-
tinct human limb  segments with more than one 
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point of contact. End-effector robot designs like the 
MIT-Manus are simpler, afford signifi cantly faster 
“don” and “doff” (set- up time much smaller) than 
exoskeleton designs, but typically occupy a larger 
volume. We employ a “rule of thumb” to guide us 
in the selection of confi guration based on the target 

range of motion. For limb segment movements 
requiring joint angles to change by 45° or less, end-
effector designs appear to offer better compro-
mises. Conversely, exoskeletal designs appear to 
offer better choices for larger ranges of motion. 
That said, in some circumstances, the application 

  Fig. 16.1    A gym of upper-extremity robots.  Top row ,  left  
shows a person with chronic stroke working with the anti-
gravity shoulder-and-elbow robot. The  top row ,  middle 
panel  shows a person working with the planar shoulder- 
and- elbow robot. The  top row ,  right panel  shows the wrist 
robot during therapy at the Burke Rehabilitation Hospital. 
The  middle row ,  left panel  shows the hand module for 
grasp and release. The  middle row ,  middle panel  shows 
reconfi gurable robots. The robotic therapy shoulder-and- 
elbow and wrist modules can operate in standalone mode 
or be integrated into a coordinated functional unit. The 

 middle row ,  right panel  shows the shoulder-and-elbow 
and hand module integrated into a coordinated functional 
unit. The  bottom row  shows an exoskeletal robot with 
three active DOFs designed for psychophysical studies of 
the shoulder, elbow, and wrist. For this exoskeletal robot, 
the links must be adjusted to the person’s limb segments 
(using laser pointers). Once arm, forearm, and wrist are 
properly adjusted, psychophysical experiments can assist 
or selectively apply perturbation force fi elds to shoulder, 
elbow, and wrist (either fl exion/extension or abduction/
adduction)       
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dictates the confi guration. One such case occurs 
during psychophysical experiments in which we 
may want to carefully apply and control perturba-
tions to one, but not another, joint. Hence, we 
designed a highly backdriveable, 3-active DOF, 
gravity-compensated shoulder-elbow-and-wrist 
exoskeletal robot. A variant was deployed under 
the commercial name of InMotion-Exos robot, 
which adds to MIT-Manus’ shoulder-and-elbow 
capability either wrist fl exion/extension or wrist 
abduction/adduction as shown in Fig.  16.1  
(Interactive Motion Technologies, Watertown, 
MA, USA). Two InMotion-Exos can be confi gured 
for bimanual use.  

16.1.2.4     Gravity Non-compensated 
Shoulder-and-Elbow Robot 

 A 1-DOF module was conceived to extend the 
benefi ts of planar robotic therapy to spatial arm 
movements, including movements against gravity. 
Incorporated in the design are therapists’ 

 suggestions that functional reaching movements 
often occur in a range of motion close to shoulder 
scaption. That is, this robotic module was designed 
for therapy to focus on movements within the 
450–650 range of shoulder abduction and from 
300 to 900 of shoulder elevation or fl exion [ 5 ]. The 
module can permit free motion of the patient’s arm 
or can provide partial or full assistance or resis-
tance as the patient moves against gravity. As with 
MIT-Manus, the system is highly backdrivable.  

16.1.2.5     Wrist Robot 
 To extend treatment beyond the shoulder and 
elbow, we designed and built a wrist module for 
robotic therapy [ 6 ]. The device accommodates 
the range of motion of a normal wrist in everyday 
tasks, i.e., fl exion/extension 60°/60°, abduction/
adduction 30°/45°, and pronation/supination 
70°/70°. The torque output from the device is 
capable of lifting the patient’s hand against grav-
ity, accelerating the inertia, and overcoming most 

  Fig. 16.2    The MIT-Manus evolution. The fi gure shows the original MIT-Manus and several of its commercial 
variants       
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forms of hypertonicity. As with all of our exo-
skeletal designs, we purposely underactuated the 
wrist robot with fewer degrees of freedom than 
are anatomically present. Not only does this sim-
plify the mechanical design, it allows the device 
to be installed quickly without problems of mis-
alignment with the patient’s joint axes. In this 
case, the axes of the wrist’s ulnar-radial and 
fl exion- extension joints do not intersect and the 
degree of nonintersection varies between indi-
viduals [ 7 ]. If robot and human had the same 
number of degrees of freedom but these were not 
coaligned, motion might evoke excessive forces 
or torques. By allowing the human joint more 
degrees of freedom than the robot, excessive 
loads are avoided. Ease of use is another critical 
consideration in all our designs. We consider it a 
major determinant of success or failure in the 
clinical rehabilitation environment. The wrist 
robot must be attached to or removed from the 
patient (donned or doffed) within 2 min. Finally, 
the wrist robot module can be operated in isola-
tion or mounted at the tip of the shoulder-and- 
elbow, gravity-compensated robot. Hence, it 
enables a combination of translating the hand 
(with the shoulder-and-elbow robot) to a location 
in space and orienting the hand (with the wrist 
robot) to facilitate object manipulation.  

16.1.2.6     Hand Robot 
 Moving a patient’s hand is not a simple task 
since the human hand has 15 joints with a total 
of 22 DOF; therefore, it was prudent to deter-
mine how many DOF are necessary for a patient 
to perform the majority of everyday functional 

tasks. Here, our clinical experience with over 
800 stroke patients was invaluable in that it 
allowed us to identify what was most likely to 
work in the clinic (and what probably would 
not). Though individual digit opposition (e.g., 
thumb to pinkie) may be important for the unim-
paired human hand, it is clearly beyond the real-
istic expectations of most of our patients whose 
impairment level falls between severe and mod-
erate; a device to manipulate 22 DOF is unneces-
sary (or at least premature). Our hand therapy 
module is a novel design that converts rotary into 
linear movement using a single brushless DC 
electrical motor as a free-base mechanism with 
what is traditionally called the stator being 
allowed to rotate freely [ 8 ]. The stator (strictly, 
the “second rotor”) is connected to a set of arms, 
while the rotor is connected to another set of 
arms. When commanded to rotate, the rotor and 
stator work like a double crank and slider mech-
anism, in opposing confi guration, where the 
crank is represented by a single arm and the 
slider is the shell or panel which interacts with 
the hand of the patient (see Fig.  16.1 ). The hand 
robot is used to simulate grasp and release with 
its impedance determined by the torque evoked 
by relative movement between stator and rotor. 
A torsional spring (connected in geometric par-
allel) is available to compensate for a patient’s 
hypertonicity (inability to relax). The hand robot 
is capable of providing continuous passive 
motion, strength, sensory, and sensorimotor 
training for grasp and release; it can be employed 
in stand-alone operation or mounted at the tip of 
the planar robot (see Fig.  16.3 ).

  Fig. 16.3    The hand-module evolution. The fi gure shows the original hand module and several of its commercial variants       
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16.2          Harnessing Plasticity 
to Augment Recovery 

16.2.1     Clinical Evidence 
for Inpatient Care 

 Volpe et al. reported composite results of robotic 
therapy with 96 stroke inpatients admitted con-
secutively to Burke Rehabilitation Hospital in 
White Plains, NY [ 9 ]. All participants received 
conventional neurological rehabilitation during 
their participation in the study. The goal of the 
trial was to amass initial evidence to test whether 
movement therapy had a measurable impact on 
recovery. Consequently, we provided one group 
of patients with as much movement therapy as 
possible to address a fundamental question: does 
goal-oriented movement therapy have a positive 
effect on neuromotor recovery after stroke? Note 
in passing that, at the time of these studies, the 
answer to this question was far from clear. 

 Placement of subjects in an experimental 
(robot-trained) or control (robot-exposure) group 
was done in random fashion. Individuals in the 
experimental group received no less than 25 ses-
sions of sensorimotor robotic therapy for the 
paretic arm (1-h session daily every weekday). 
Patients were asked to perform goal-directed, 
visually guided and evoked reaching movements 
with their paretic arm. MIT-Manus’ low imped-
ance and low friction assured that the robot would 
not suppress patient’s attempts to move. The robot 
afforded gentle guidance and assistance only when 
a patient could not move or deviated from the 
desired path [ 10 ]. We named this intervention 
“sensorimotor” therapy, and it was similar to the 
“hand-over-hand” assistance that a therapist often 
provides during usual care. It is interesting to note 
that this form of “assistance as needed,” which has 
been a central feature of our approach from the 
outset, has been adopted by other groups [ 11 – 13 ]. 

 Individuals assigned to the robot-exposure 
(control) group were asked to perform the same 
planar reaching tasks as the robot-therapy group. 
However, the robot did not actively assist the 
patient’s movement attempts. When the subject 
was unable to reach toward a target, he or she could 
assist with the unimpaired arm or the technician in 

attendance could help to complete the movement. 
The robot supported the weight of the limb while 
offering negligible impedance to motion. For this 
control group, the task, the visual display, the audio 
environment (e.g., noise from the motor amplifi -
ers), and the therapy context (e.g., the novelty of a 
technology-based treatment) were all the same as 
for the experimental group, so this served as a form 
of “placebo” of robotic movement therapy. Patients 
in this group were seen for only 1 h per week dur-
ing their inpatient hospitalization. 

 The study was “double blinded” in that patients 
were not informed of their group assignment and 
therapists who evaluated their motor status did not 
know to which group patients belonged. Standard 
clinical evaluations included the upper extremity 
subtest of the Fugl-Meyer Assessment (FM, max-
imum score = 66), the MRC Motor Power score 
for four shoulder-and- elbow movements (MP, 
maximum score = 20), and the Motor Status Score 
(MSS, maximum score = 82) [ 14 – 16 ]. The Fugl-
Meyer test is a widely accepted measure of 
impairment in sensorimotor and functional grasp 
abilities. To complement the Fugl-Meyer scale, 
Burke Rehabilitation Hospital developed the 
Motor Status Scale to further quantify discrete 
and  functional movements in the upper limb. The 
MSS scale expands the F-M and has met stan-
dards for inter-rater reliability, signifi cant intra-
class correlation coeffi cients, and internal item 
consistency for inpatients [ 17 ]. 

 Although the robot-exposure (control) and 
robot-treated (experimental) groups were compa-
rable on admission, based on sensory and motor 
evaluation and on clinical and demographic scales, 
and both groups were inpatients in the same stroke 
recovery unit and received the same standard care 
and therapy for comparable lengths of stay, the 
robot-trained group demonstrated signifi cantly 
greater motor improvement (higher mean interval 
change ± sem) than the control group on the 
MS-S/E and MP scores (see Table  16.1 ). In fact, 
the robot-trained group improved twice as much 
the control group in these measures. Though this 
was a modest beginning, it provided unequivocal 
evidence that movement therapy of the kind that 
might be delivered by a robot had a signifi cant 
positive impact on recovery.
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16.2.2        Clinical Evidence 
for Chronic Care 

 The natural history of motor recovery of the paretic 
upper limb after stroke reveals a dynamic process 
that has traditionally been described by a period of 
fl accidity that is followed by changes in tone and 
refl ex, as well as the frequent development of syn-
kinesis or associated movement disorders. This 
synkinesis is characterized by involuntary, com-
posite movement patterns that accompany an 
intended motor act [ 18 ]. Complete motor recov-
ery, when it occurs, will unfold rapidly in hours or 
days. The more commonly observed partial recov-
ery, with broad variability in fi nal motor outcomes, 
unfolds over longer periods [ 19 ,  20 ]. At the time of 
our initial studies, the state of knowledge regard-
ing motor recovery post stroke indicated that the 
majority of gains in motor abilities occurred within 
the fi rst 3 months after stroke onset and that over 
90 % of motor recovery was complete within the 
fi rst 5 months [ 21 ]. However, we were able to 
recall one third of the 96 stroke inpatients 
 mentioned earlier 3 years after discharge. We 
observed that both groups continued to improve 
after discharge from the hospital and after 5 months 
post stroke. Our data suggested that previous 
results limiting the potential of chronic patients’ 
recovery were based on the effects of general 

rather than task-specifi c treatments during the 
recovery period post stroke. Recently, the Veterans 
Affairs completed the VA-ROBOTICS study 
(CSP-558), a landmark multisite, randomized 
clinical trial in chronic stroke of upper extremity 
rehabilitation robotics employing our gym of 
robots (planar shoulder- and- elbow, antigravity, 
wrist, and hand robots) [ 22 ]. 

 The VA-ROBOTICS study vanquished for 
good the old dogma that an adult brain was hard-
wired and static. It demonstrated that even for per-
sons with multiple strokes, severe strokes, and 
many years post stroke, there is a real opportunity 
for meaningful improvement. At follow-up, 
6 months after completing the intervention, the 
robot group demonstrated sustainable and signifi -
cant improvement over the usual care group on 
impairment, disability, and quality of life. The 
results are even more impressive if we consider the 
results of the complete program of robotic treat-
ment rather than an analysis that focused on the 
fi rst half of the study (see Fig.  16.2 ). In a nutshell, 
while the results at 12 weeks show that the differ-
ence between the fi rst half of the robotic treatment 
group and usual care was slightly over 2 Fugl-
Meyer points (as the therapists were learning how 
to use the robots), once the therapists were profi -
cient in using the technology, the difference 
between the second half of the robotic treatment 
group and usual care was almost 8 points in the 
Fugl-Meyer assessment (the total robotic group 
versus the total usual care showed a 5-point change 
which corresponds to the MCID threshold—
Minimum Clinically Important Difference [ 23 ]). 

 It is quite important to stress that 
VA-ROBOTICS enrolled moderately to severely 
impaired chronic stroke patients and over 30 % of 
these patients had multiple strokes. As such, the 
group represented a spectrum of disability bur-
den that many studies have avoided and, in our 
research, represented the majority of the cases 
(65 % of the volunteers were enrolled). Thus, 
even if the positive changes in the robotic therapy 
group might appear modest, the persistent statis-
tically signifi cant improvement at the 6-month 
follow-up evaluation suggests improved robust-
ness and perhaps an incremental advantage that 
prompted further improvement even without 
intervention. 

   Table 16.1    Burke inpatient studies   

 Between group 
comparisons: fi nal 
evaluation minus 
initial evaluation 

 Robot 
trained 
( N  = 55) 

 Control 
( N  = 41)   P -value 

 Impairment measures (±sem) 

 Fugl-Meyer 
shoulder/elbow 
(FM-se) 

 6.7 ± 1.0  4.5 ± 0.7  NS 

 Motor Power (MP)  4.1 ± 0.4  2.2 ± 0.3  <0.01 

 Motor Status 
shoulder/elbow 
(MS-se) 

 8.6 ± 0.8  3.8 ± 0.5  <0.01 

 Motor Status wrist/
hand (MS/wh) 

 4.1 ± 1.1  2.6 ± 0.8  NS 

 Disability evaluation 

 Function 
Independence 
Measure (FIM) 

 32.0 ± 5  25.5 ± 6.5  NS 

  ( n  = 96) Mean interval change in impairment and disabil-
ity (signifi cance  p  < 0.05)  
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 In this era of cost containment, cost-benefi t 
analysis is essential, and in this case, it provided 
an important result [ 24 ]. As expected, active inter-
ventions added cost beyond the usual care offered 
in the VA; for example, the extra expenditure of 
the robotic equipment and an additional therapist 
cost the VA $5,152 per patient. However, when 
we compared the total cost, which included the 
clinical care needed to take care of these Veterans, 
there were no signifi cant differences between 
active intervention and usual care. In fact, the 
robotic group costs less to the VA. The total 
healthcare utilization cost of the usual-care group 
was $19,098 per patient, compared to $17,831 
total healthcare cost for the robotic group (includ-
ing the additional cost of robotic therapy). To 
check the possibility that a Hawthorne-like effect 
may have biased the cost analysis, we requested 
the VA to examine whether the total healthcare 
costs increased for the robotic therapy group after 
the cessation of the intervention. It did not. In fact, 
the total healthcare cost for the robotic group 

went down further, perhaps because patients 
 continued to improve even  without intervention 
(see Fig.  16.4 ) [ 24 ]. This suggests better care for 
the same or lower total cost.

   This exciting result led the UK National 
Health Service (NHS) and its Health Technology 
Assessment (HTA) Programme to embark on the 
largest ever randomized clinical trial in robotic 
therapy. RATULS will enroll over 720 stroke 
patients. The goal of this research is to determine 
whether the same cost advantage can be observed 
in the British healthcare system. Of note here is 
the fact that enrollment is ahead of schedule, 
potentially leading to a total enrollment of 800 
stroke patients (see   https://research.ncl.ac.uk/
ratuls/    ). 

 Summarizing briefl y, there is now objective 
evidence that in the “real” therapy world away 
from the research environment, robotic therapy 
that involves an interactive high-intensity, 
intention- driven therapy based on “assist-as- 
needed” motor learning principles leads to better 

  Fig. 16.4    Changes over time in the VA-ROBOTICS. 
Training lasted for 12 weeks with an additional 6-month 
follow-up after completion of the intervention. The  left 
panel  shows the comparison of the fi rst half of the robot 
group with the usual care (fi rst half as therapists learned 
how to employ the system). The right panel shows the 

comparison of the complete robot group with the Intensive 
Comparison Training (both groups executed 1,024 reach-
ing movements with the paretic arm in an hour session). 
 Arrows  indicate the changes between usual care and robot 
group and between robot group and ICT at 36 weeks 
evaluation       
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outcomes than usual care in chronic stroke and 
probably equivalent or better results in acute/sub-
acute stroke.  

16.2.3     Clinical Evidence Contrary 
to Common Clinical 
Perceptions 

 While appropriate robotic therapy has been dem-
onstrated to augment recovery, we still don’t know 
how to tailor therapy to meet a particular patient’s 
needs. We do not know the optimal dosage. What 
is the minimum intensity to promote actual 
change? Is too much therapy detrimental? Should 
we deliver impairment-based or functionally based 
approaches? To whom: severe, moderate, mild 
stroke patients? Should therapy progress from 
proximal to distal or the other way around? Should 
we train subcomponents of a movement, such as 
reaching in a compensated environment and rais-
ing the arm against gravity, or train the complete 
spatial movement against gravity? Should we 
assist-as-needed, resist, or perturb and augment 
error? Who might be the responders who benefi t 
most from these interventions? How should we 
integrate robotic gyms with therapy practice? 

 Our ignorance was never more evident than 
when we tested a common perception among 
 clinicians that training must involve spatial 
movement. While Lo and colleagues demon-
strated that a combination of planar, vertical, 
wrist, and hand robot training improves both arm 
impairment and functional recovery, as well as 
quality of life [ 22 ], the added value of antigrav-
ity/spatial training was not addressed in that 
study. Though therapists long held the belief that 
training must be spatial, investigations compar-
ing training in gravity-compensated and non-
compensated environments had not been 
performed. To address this question, in a random-
ized clinical trial, we compared a combination of 
antigravity and planar robot training with planar 
training alone and compared its effectiveness to a 
control group who received intensive conven-
tional arm exercise (ICAE) [ 25 ]. We hypothe-
sized that planar robot training combined with 
robot-assisted reaching outside the constrained 
gravity-compensated  horizontal plane would be 

superior to gravity- compensated planar robot 
therapy alone. We also hypothesized that a 
6-week program of robot- assisted motor training 
would be more  effi cacious than ICAE across 
impairment, function, and activity measures 
(half of the duration used in VA-ROBOTICS). 

 All interventions were provided by the same 
therapist for 6 weeks: 1 h, three times a week for a 
total of 18 sessions. Robot therapy included the 
use of two different robots employed in the 
VA-ROBOTICS study. Robot-assisted planar 
reaching was performed with a 2 active degrees- 
of- freedom (DOF) InMotion2 shoulder-elbow 
robot. The combined robot group (planar + verti-
cal) used the planar shoulder-elbow robot for grav-
ity-compensated horizontal reaching  followed by 
the 1-DOF InMotion-linear robot in its vertical 
position for reaching against gravity. The robots’ 
compliant and backdrivable behavior allowed for 
expression of movement outside a rigid trajectory 
and provided assistance with a performance-based 
algorithm, adapting forces as needed to challenge 
or assist movement. This algorithm, introduced in 
2002 and described further below, continuously 
challenges the patient by modifying (a) the time 
allotted for the patient to make the move and (b) 
the primary stiffness of the impedance controller 
that guides the movement. The controller updates 
its characteristics after each group of fi ve games; 
the better the patient performs, the less guidance is 
provided and the more she/he is challenged to 
move quickly [ 10 ]. The intensive conventional 
arm exercise (ICAE) sessions were time-matched 
with the robotic sessions. The rate of movement 
repetition was not precisely matched to the robot, 
but overall intensity was much greater than with a 
conventional exercise program. 

 On the primary outcome, all three groups 
showed modest gains from baseline to fi nal train-
ing without signifi cant differences. The two 
robotic groups, however, showed signifi cant 
within-group changes not seen in the ICAE  control 
group, both at the end of treatment and after a 
retention period. Remarkably, contrary to clini-
cians’ expectations, the combined-training group 
was not superior to the gravity-compensated robot 
training group, in fact it improved less. In fact, the 
planar (gravity-compensated) robot training sub-
jects showed the greatest change. 
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 Independence in everyday living activities 
includes the ability to execute reaching motions 
at any given moment despite the opposition of 
gravity. In this investigation, the robot interven-
tions were primarily differentiated by the presen-
tation of two different types of reaching in a 
horizontal and in a vertical plane (gravity com-
pensated and non-compensated) versus reaching 
in a single (gravity compensated) horizontal 
plane. It was hypothesized that a combined 
robotic training program would enhance recov-
ery by increasing task challenge and generaliza-
tion of reaching to more than one context. 
However, the successive presentation of arm 
activities with different environmental and motor 
demands did not lead to better overall group 
outcomes. 

 One interpretation of these results is that the 
motor system may use two distinct modules for 
whole arm antigravity reaching and gravity- 
compensated planar reaching, and the training 
with block of each movement type in close suc-
cession interfered with motor consolidation [ 26 , 
 27 ]. This interpretation is supported by a prior 
robotic study which found that non-gravity- 
compensated vertical reaching promoted further 
recovery in chronic stroke beyond that resulting 
from gravity-compensated planar reaching if it 
followed, rather than abutted, gravity- 
compensated planar reaching, i.e., 6 weeks of 
planar reaching training followed by 6 weeks of 
antigravity training [ 5 ]. Whether motor memo-
ries require an interval to consolidate [ 28 ,  29 ] or 

whether practicing the whole arm movement is 
necessary to promote optimal recovery [ 30 ] is a 
complex question that this study design cannot 
answer. However, given the fi ndings, it is clear 
that further investigation of alternative sequenc-
ing of the two robot therapies is warranted. 
Perhaps combining these two robotic therapies 
on alternating days or weeks would provide a 
better recovery based on impairment and func-
tional measures. Perhaps each domain may 
require a different schedule. Identifying the best 
sequence and presentation of therapies that make 
different demands on the patient is clearly an 
important empirical question, a necessary step 
toward using robotic therapy to optimize stroke 
recovery. However, it is equally clear that basing 
therapy programs on intuitively reasonable, pre-
conceived but untested ideas will not suffi ce 
(Fig.  16.5 ).

16.2.4        Augmenting Robotic- 
Mediated Therapy: 
Neuromodulation 

 We have been investigating modes to increase the 
impact of robotic therapy. In particular, we have 
been investigating the potential of combining 
robotic-mediated therapy with transcranial mag-
netic stimulation (TMS) or transcranial direct 
current stimulation (tDCS) [ 31 ,  32 ]. Of the latter, 
we have been focusing particularly on anodal 
tDCS that can transiently increase corticomotor 
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  Fig. 16.5    Component training and spatial composition. 
The FMA change at each point (mean, STD) with ICAE 
standing for intensive conventional arm exercise. Baseline 

demonstrates stability and no difference among groups. 
Changes from baseline to fi nal and follow-up showed a 
signifi cant benefi t for both robotic groups       
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excitability of intrinsic hand muscles and improve 
upper limb function in patients with chronic 
stroke. 

 We tested whether the increased corticomotor 
excitability might extend to muscles acting about 
the wrist in patients with residual motor defi cit due 
to chronic stroke and remain present during robotic 
training involving active wrist movements. We 
employed TMS and measured the motor-evoked 
potentials (MEPs) in the fl exor carpi radialis (FCR). 
In particular, we measured corticomotor excitability 
and short-interval cortical inhibition (SICI) before 
and immediately after a period of tDCS (1 mA, 
20 min, anode, and TMS on same affected hemicra-
nium) and robotic wrist training (1 h). We observed 
following tDCS an escalation in MEP amplitude 
increase (mean 168 ± 22 %SEM;  p  < 0.05), which 
remained increased after robot training (163 ± 25 %; 
 p  < 0.05). Conditioned MEPs were of signifi cantly 
higher amplitude after tDCS or robotic training 
(62 ± 6 % pre-TDCS,  p  < 0.05; 89 ± 14 % post-tDCS, 
 p  = 0.40; 91 ± 8 % post-robot;  p  < 0.28), suggesting 
that the increased corticomotor excitability is asso-
ciated with reduced intracortical inhibition [ 31 ]. 
These effects continued during an expanded period 
of robotic motor training, demonstrating that a 
motor learning and retraining program can coexist 
with tDCS- induced changes in cortical motor excit-
ability. This result supports the concept of employ-
ing brain stimulation to potentially augment robotic 
therapy outcomes (Fig.  16.6 ).

16.2.5        Which Processes Underlie 
Neuro-recovery? 

 A common assumption is that sensorimotor ther-
apy works by helping patients to “relearn” motor 
control [ 33 ]. Though intuitively sensible, this 
notion may need to be refi ned. In the fi rst place, 
normal motor learning does not have to contend 
with the neuromuscular abnormalities that are 
common sequelae of neurological injury, includ-
ing spasticity, abnormal tone, disrupted or unbal-
anced sensory pathways, and muscular weakness. 
Thus, recovery is likely to be a more complex pro-
cess than learning. Secondly, normal motor learn-
ing is far from fully understood. Topics of 
ongoing, vigorous debate include questions such 
as: What variables or parameters of action does 
the brain command and control? How are these 
encoded and represented in the brain? How are 
these encodings or representations acquired and 
retained? These deep questions have practical rel-
evance for therapy. For example, if the brain rep-
resents action as a sequence of muscle activations, 
it would seem profi table to focus sensorimotor 
therapy on muscles. However, a large and grow-
ing body of evidence indicates that under many 
circumstances the brain does not directly control 
muscles; instead, it controls the upper extremity 
primarily to meet kinematic specifi cations (such 
as simple motion of the hand in a visually relevant 
coordinate frame), adjusting muscle activity to 
compensate for  movement-by- movement varia-
tion of mechanical loads. That would suggest it 
may be more profi table to focus sensorimotor 
therapy on motions rather than muscles and on 
motor learning rather than muscle strengthening. 
In our research on robotic stroke rehabilitation, 
we have attempted to assess some of these possi-
bilities and have developed adaptive treatment 
algorithms to incorporate such ideas. 

 Our performance-based adaptive algorithm 
uses nonlinear impedance control to implement a 
“virtual slot” extending between the start and 
goal positions during reaching movements [ 10 ]. 
Lateral deviation from the desired trajectory was 
discouraged by the stiffness and damping of the 
slot sidewalls. Desired motion was assisted by 
moving the back wall of the slot along a 
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  Fig. 16.6    Mean (± SEM) MEP amplitude from across 
subjects. MEPs were recorded from the FCR muscle dur-
ing a low-level isometric wrist fl exion, before and imme-
diately following 20 min anodal brain stimulation (tDCS), 
then again after 1 h of robotic wrist therapy. Following 
tDCS, MEP amplitude was signifi cantly elevated and 
remained signifi cantly elevated after robotic therapy       
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minimum- jerk virtual trajectory so that the slot 
progressively “collapsed” to a “virtual spring” 
centered on the reaching movement goal posi-
tion. However, motion along the “virtual slot” 
(well aimed and faster than the nominal desired 
trajectory) was unimpeded. 

 A request to move was signaled by a target in 
the visual display changing color. If the patient 
failed to trigger the robot within 2 s, the robot 
began to act (i.e., the back wall of the “virtual 
slot” closed on the goal position). To trigger the 
robot, the patient had to move the handle (in any 
direction) at a speed above a modest threshold 
value. Even severely impaired patients with a 
paretic arm could trigger the robot—although 
trunk motion was discouraged by restraining 
seatbelts, in practice suffi cient trunk motion was 
possible to move the handle and trigger the robot; 
no particular instruction was given but to try to 
reach the target. Though ultimately inappropriate 
trunk motion is to be discouraged, this mode of 
triggering the robot encouraged severely impaired 
patients to participate actively rather than pas-
sively allow the robot to drive the arm. 

 Secondly, the revised algorithm continuously 
monitored the patient’s performance. By combin-
ing records of the kinematics of actual patient 
motion and the kinetics of mechanical interaction 
between robot and patient, fi ve performance mea-
sures were computed: we graded (a) patients’ abil-
ity to initiate movement, (b) patients’ movement 
range or extension toward the reaching movement 
target goal, (c) amount of mechanical power that 
the robot exerted to assist the hand towards the tar-
get, (d) the smoothness of the movement, and (e) 
the aiming/deviation from a straight line connect-
ing the center to the reaching goal. These measures 
were used to adjust the parameters of the control-
ler during a therapy session. For the fi rst fi ve cycles 
through the eight goal positions, the time allotted 
for a movement (the duration of the nominal min-
imum-jerk trajectory) and the stiffness (imped-
ance) of the “virtual slot” sidewalls were adjusted 
to approximately track the patient’s current perfor-
mance and need for guidance. This was important 
as patient performance typically declined between 
the end of one therapy session and the beginning 
of the next as commonly seen in motor learning 

(acquisition of a skill and its retention). For every 
subsequent fi ve cycles of the game, the controller 
parameters were adjusted based on the patient’s 
performance and its variability during the previous 
batch of moves. The intent here was not just to 
track patients’ performance but also to challenge 
them to improve. As patients aimed better, the 
stiffness of the “virtual slot” sidewalls was 
decreased, requiring better accuracy (and vice 
versa). As patients moved faster, the time allotted 
for movement was decreased, requiring faster 
movements (and vice versa). The speed threshold 
to trigger the robot was also adjusted to 10 % of the 
peak speed of a minimum-jerk trajectory of that 
 duration. Consequently, if nominal movement 
duration increased, the speed of motion required to 
trigger the robot decreased (and vice versa). Thus, 
the motor ability required to trigger the robot and 
move to the target was less demanding for more 
impaired patients and more demanding as perfor-
mance improved. Again, this was intended to 
encourage active participation of even the most 
impaired patients and yet continuously challenge 
patients as they recovered. 

 Thirdly, to provide motivation, positive rein-
forcement and knowledge of results, the revised 
algorithm provided specifi c, movement-related 
feedback in the form of a simple graphical dis-
play consisting of fi ve indicators refl ecting 
patient’s performance in the last batch of fi ve 
 repetitions [ 34 ]. Each readout was determined by 
the fi ve performance measures discussed earlier. 
The therapist could elect to hide displays that 
were not meaningful for a patient to avoid dis-
couraging patients who could not yet move well 
without boring patients who could. 

 This performance-based progressive therapy 
algorithm provided support for patients to prog-
ress from complete hemiplegia to normal arm 
movement. The ability to initiate a movement 
was stressed for severely impaired patients, help-
ing to ensure appropriate timing of afferent and 
efferent signals. Movement range is an important 
clinical measure of function but also rewards 
hypertonic patients for relaxing their arms, allow-
ing the impedance controller to move their hands 
closer to the target. The amount of power that the 
robot exerted encourages a patient to attempt to 
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do more of the movement. Finally, smoothness 
and aiming (deviation from a straight path) quan-
tify the tradeoff between speed and accuracy that 
is characteristic of unimpaired movement and 
probably most important for patients with moder-
ate to mild impairment. 

 This adaptive algorithm was evaluated in multi-
ple studies including VA-ROBOTICS. Here, we 
recount the typical changes observed in chronic 
stroke patients as reported elsewhere [ 35 ]. All 
patients were evaluated six times: three times in a 
2-month period prior to the start of therapy to assess 
baseline stability (phase-in phase), then at the mid-
point and at the discharge from robotic therapy (18 
1-h sessions of robotic training, three times a week 
for 6 weeks), and fi nally at a follow- up evaluation 
session 3 months after training. Evaluators were 
blinded to the protocol used for treatment. 

 The fi rst three evaluations showed no signifi -
cant changes on any of the impairment scales, 
verifying that subjects were indeed at the chronic 
phase of their recovery in which no spontaneous 
improvement was observed. Subsequent evalua-
tions showed that the adaptive protocol evoked a 
statistically signifi cant improvement in motor 
performance which was maintained at the 
3-month follow-up (see Table  16.2 ). More impor-
tant for our understanding of recovery, the mag-
nitude of the improvement achieved with this 
adaptive algorithm was greater than that achieved 
with our previous robotic therapy. The only 
change was the robot control scheme; the same 
robot assisted with the same set of reaching 
movements during the same number of sessions. 
A treatment protocol that is adapted to the patient 

in order to present a continuous challenge sub-
stantially enhanced recovery.

   An important and informative detail is that like 
others we found that this enhancement of recov-
ery was achieved with fewer repetitions [ 36 ]. 
Because the adaptive protocol adjusted the time 
allotted for a movement and allowed long move-
ment durations as needed, fewer repetitions could 
be accomplished in a 1-h therapy session. Under 
this adaptive protocol, patients typically made just 
over 12,000 movements over the course of treat-
ment. Under the previous hand-over-hand senso-
rimotor protocol, patients made just over 18,000 
movements in the same number of sessions. 

 This confi rms that, although the process of 
recovery may share some features of motor learn-
ing (such as specifi city), the relationship between 
learning and recovery may be subtle. Though 
movement is benefi cial, movement alone is not 
suffi cient; active involvement of the patient is 
essential. Though repetition may be benefi cial, 
repetition alone is not suffi cient; the benefi ts of 
robotic therapy do not exclusively derive from the 
high “dosage” of movement delivered but from 
the interactive nature of the therapy protocol.  

16.2.6     Robot-Mediated Assay 

 First proposed over 25 years ago, robot-aided 
neuro-rehabilitation is increasingly being incorpo-
rated into every day clinical practices. In addition 
to delivering high-intensity, reproducible senso-
rimotor therapy, these devices are precise and reli-
able “measuring” tools. These measurements are 

   Table 16.2    Motor impairment outcomes of performance-based progressive robotic therapy   

 Severity 
 Impairment measure 
(Mean±Sem) 

 F-M SEC 
(Max = 42)  % Change  MP (Max = 70)  % Change 

 Moderate  Before treatment  17.0 ± 1.3  37.2 ± 2.5 

  N  = 12  After treatment  22.5 ± 1.3 a   32  45.4 ± 1.7 a   22 

 CNS >4; NIHSS 
<15 

 Follow-up (3 months)  24.5 ± 0.9 a   44  46.5 ± 1.9 a   25 

 Severe  Before treatment  8.2 ± 0.7  17.3 ± 1.8 

  N  = 16  After treatment  10.9 ± 0.9 a   33  23.7 ± 2.0 a   52 

 CNS <4  Follow-up (3 months)  12.5 ± 0.9 a   37  26.3 ± 2.2 a   52 

 NIHSS >15 

   F-M SEC  Fugl-Meyer, shoulder-elbow component,  MP  Motor Power,  CNS  Canadian Neurological Scale,  NIHSS  
National Institutes of Health Stroke Scale 
  a Denotes signifi cant change,  P  < 0.001  
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objective and repeatable. Reducing the time to 
evaluate a patient’s movement ability may offer 
new opportunities for designing therapeutic pro-
grams and for providing superior biomarkers [ 37 ]. 
Clinical scales and robotic devices were used at 
two clinical sites on 208 patients with moderate to 
severe acute ischemic stroke to measure (deter-
mine) range of arm movement 7, 14, 21, 30, and 
90 days after the event. 

 Kinematic and kinetic parameters were com-
pared to clinical assessments. Robot measures 
accurately forecast the clinical outcomes (cross- 
validated R 2  of modifi ed Rankin scale = 0.60; NIH 
Stroke Scale = 0.63; Fugl-Meyer = 0.73; Motor 
Power = 0.75). The robotic measures revealed 
greater sensitivity in measuring the recovery of 
patients (increased standardized effect = 1.47) dem-
onstrating that robotic measures will more than 
adequately capture outcome and the altered effect 
size will reduce noticeably the required sample size 
by close to 70 %. Reducing sample size will sub-
stantially improve study effi ciency [ 38 ]. 

 The reliability of human-administered clini-
cal scales has often been questioned; for exam-

ple, Sanford reported an inter-rater variability of 
±18 points (95 % confi dence interval) for the 
total Fugl-Meyer scale, pointing out that small 
patient improvements will not be identifi ed by 
this score [ 39 ,  40 ]. Krebs found up to a 15 % 
discrepancy between therapists when evaluating 
the same patient for the upper extremity FMA 
scale [ 41 ,  42 ], Gregson estimated an inter-rater 
agreement of 59 % for the Modifi ed Ashworth 
Scale (MAS) [ 43 ]. The MAS is considered a 
reliable clinical scale by some [ 44 ], but totally 
unreliable by others [ 45 ,  46 ]. Besides having 
questionable reliability, human-administered 
clinical scales are also time-consuming. In con-
trast, robot measurements can potentially pro-
vide therapists and patients with immediate 
feedback. Real-time scoring can not only greatly 
reduce the amount of time required to evaluate 
patients’ motor progress, but it is also becoming 
a key need for the new robot-aided neuro-reha-
bilitation scenarios. These include systems that 
continuously adapt the amount and type of 
delivered therapy based on patient’s motor abili-
ties [ 10 ,  47 ] (Fig.  16.7 ).
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  Fig. 16.7    Optimization of effect size for robot-derived 
robot-assisted measurement of kinematic and kinetic 
(RMK2) metrics. The  horizontal lines  show the day 7 to 
day 90 effect size for comparable patients of the historical 
Virtual International Stroke Trials Archive (VISTA) data 
for the NIHSS, as well as the effect sizes for the NIHSS, 
FM, and MP assessment scales for our completers’ cohort. 

The fi gure also shows the performance of the robot- 
derived RMK2 composites optimized for effect size for 
the trained ( solid lines ) and cross-validated sets ( dashed 
lines ). Note the increase of over 20 % in cross-validated 
effect size for the RMK2 composites over the clinical 
scales with four-features for this study (and over 70 %; 
over the historical data)       
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16.3         Discussion 

 We reiterate the observations (some of which we 
have made previously) to emphasize our percep-
tion of the state of the art. The available evidence 
demonstrates unequivocally that some forms of 
robotic therapy can be highly effective as 
 compared to usual care, even for patients many 
years post stroke. At the same time, other forms of 
robotic therapy have been singularly ineffective as 
compared to usual care. The contrast is starkest 
when we contrast upper-extremity and lower- 
extremity therapy. For example, the 2010 
American Heart Association (AHA) and the 2010 
Veterans Administration/Department of Defense 
guidelines for stroke care endorses the use of reha-
bilitation robots for the upper extremity but not for 
the lower extremity [ 1 ,  2 ]. While the AHA and VA 
recommendations compared robotic outcomes to 
usual care as practiced in the USA, results are only 
marginally better when  considering a mixture of 
usual-care practices around the world with the lat-
est Cochrane report stating that while robotics 
alone was not superior to a mixture of usual care, 
robotic walking training plus usual care leads to 
better outcomes than equal time in usual care 
alone [ 48 ]. 

 Of course, these differences might arise from the 
contrasting neuromechanical complexity of upper-
extremity reaching and grasping vs.  lower- extremity 
locomotion, the former being “simpler” in some 
sense. However, that is a diffi cult case to make. 
While the mechanical complexity of locomotion is 
undeniable (it involves “hybrid” dynamics, a com-
bination of discrete switching and continuous 
dynamics, one of the most challenging frontiers of 
robotics and control technology), locomotor behav-
ior is very “old” in phylogenetic terms; it doesn’t 
require a lot of “brain” to generate functional loco-
motion. In contrast, the prodigious versatility of 
“ordinary” human manipulation is very “new” in 
phylogenetic terms. It seems to require a highly 
ramifi ed central nervous system and may even be a 
unique characteristic of human behavior. 

 We submit that the contrasting effectiveness of 
upper- and lower-extremity therapies arises from 
neural factors, not technological factors. Though, 
no doubt, it might be improved, the technology 

deployed to date for locomotor therapy is elegant 
and sophisticated. Unfortunately, it may be mis-
guided, providing highly repeatable rhythmic train-
ing but ultimately doing the wrong thing. The 
technology we have deployed to date for upper-
extremity therapy is straightforward, though non-
trivial, but it is fi rmly based on an understanding of 
how upper-extremity behavior is neurally controlled 
and derived from decades of neuroscience research. 
The limitations of lower-extremity robotic therapy 
lie not in the robotic technology but in its incompat-
ibility with human motor neuroscience. 

 Of course, our knowledge of neural control of 
human movement is far from complete, and it is 
continually revised as new knowledge is gained. 
Thus, there remains ample opportunity to 
improve upper-extremity robotic therapy. To 
draw an analogy, the state of robotic rehabilita-
tion technology loosely resembles that of avia-
tion in the late 1920s. Heavier-than-air fl ight had 
been reliably demonstrated and some applica-
tions (i.e., military) had been explored, but the 
lasting benefi ts of this technology were about to 
be realized. Contrasting the piston-engined 
biplanes of the 1920s with turbine-powered mod-
ern airliners may help to comprehend the magni-
tude and future potential of robotic therapy.     
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    Abstract  

  Rehabilitation robots have become an important tool in stroke rehabilita-
tion. Compared to manual arm therapy, robot-supported arm therapy can 
be more intensive, with more frequent, more numerous, and longer repeti-
tions. Therefore, robots have the potential to improve the rehabilitation 
process in stroke patients. In this chapter, the three-dimensional, multi- 
degree- of-freedom ARMin arm robot is presented. The device has an exo-
skeleton structure that enables the training of activities of daily living. 
Patient-responsive control strategies assist the patient only as much as 
needed and stimulate patient activity. This chapter covers the mechanical 
setup, the therapy modes, and the clinical evaluation of the ARMin robot. 
It concludes with an outlook on technical developments and about the 
technology transfer to industry.  
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17.1       State of the Art 

17.1.1     Rationale for Application 
of Current Technology 

 Stroke remains the leading cause of permanent dis-
ability: Recent studies estimate that it affects more 
than one million people in the European Union [ 1 , 
 2 ] and more than 0.7 million in the United States 
each year [ 3 ]. The major symptom of stroke is 
severe sensory and motor hemiparesis of the con-
tralesional side of the body [ 4 ]. The degree of recov-
ery depends on the location and the severity of the 
lesion [ 5 ]. However, only 18 % of stroke survivors 
regain full motor function after 6 months [ 6 ]. 
Restoration of arm and hand function is essential to 
resuming daily-living tasks and regaining indepen-
dence in life. Several studies show that sensorimo-
tor arm therapy has positive effects on the 
rehabilitation progress of stroke patients [ 7 – 9 ]. 

 The goal is to induce long-term brain plastic-
ity and improve functional outcomes. Relevant 
factors for successful therapy are training inten-
sity [ 10 – 12 ] including frequency, duration [ 13 , 
 14 ], and repetition [ 15 ]. With respect to these cri-
teria, one-to-one manually assisted training has 
several limitations. It is labor-intensive, time- 
consuming, and expensive. The disadvantageous 
consequence is that the training sessions are often 
shorter than required for an optimal therapeutic 
outcome. Finally, manually assisted movement 
training lacks repeatability and objective mea-
sures of patient performance and progress. 

 Some shortcomings can be overcome by the 
use of robotics. With robot-assisted arm therapy, 
the number and duration of training sessions can 
be increased while reducing the number of thera-
pists required per patient. Thus, it is expected that 
personnel costs can be reduced. Furthermore, 
robotic devices can provide quantitative mea-
sures, and they support the objective observation 
and evaluation of the rehabilitation progress.  

17.1.2     Therapeutic Actions 
and Mechanism 

 Numerous groups have been working on arm- 
rehabilitation robots, and several different types 

of rehabilitation robots have been developed and 
tested with stroke patients. In this article, we dis-
cuss different types of robotic arm therapy by 
analyzing several arm robots. This is not an 
exhaustive analysis of arm therapy robots, and 
the interested reader is referred to appropriate 
review articles [ 16 – 18 ]. 

 The typical setup for robot-supported arm 
therapy consists of the seated stroke patient with 
the most affected arm connected to the robotic 
device (Fig.  17.1 ). In most applications, the 
patient looks at a graphical display—either a 
large, immersive 3D projection or a standard 
computer screen. The robotic device is 
 characterized by its mechanical structure, the 
number and type of actuated joints, and the actu-
ation principle. This section discusses these three 
key characteristics and their infl uence on the 
rehabilitation training.

17.1.2.1       Mechanical Structure: 
End- Effector- Based Robots 
and Exoskeleton Robots 

 End-effector-based robots are connected to the 
patient’s hand or forearm at a single point 
(Fig.  17.2 ). Depending on the number of links of 

  Fig. 17.1    Typical setup for a robot-supported arm ther-
apy system       

 

T. Nef et al.



353

the robot, the human arm can be positioned and/
or oriented in space. The robot’s axes generally 
do not correspond with the human-joint rotation 
axes. That is why, from a mechanical point of 
view, these robots are easier to build and to use.

   Many researchers have developed and evalu-
ated end-effector-based robots. The MIT Manus 
[ 19 ], the Mirror Image Motion Enabler [ 20 ], the 
Bi-Manu-Track [ 21 ], the GENTLE/s [ 22 ], and 
the Arm Coordination Training Robot [ 23 ] are 
examples of end-effector-based robotic devices. 
An important advantage of these robots is that 
they are easy to adjust to different arm lengths. A 
disadvantage is that, in general, the arm posture 
and/or the individual joint interaction torques are 
not fully determined by the robot because the 
patient and the robot interact just through one 
point—the robot’s end effector. 

 The mechanical structure of the exoskeleton 
robot resembles the human arm anatomy, and the 
robot’s links correspond with human joints. 
Consequently, the human arm can be attached to 
the exoskeleton at several points. Adaptation to 
different body sizes is, therefore, more diffi cult 

than in end-effector-based systems because the 
length of each robot segment must be adjusted to 
the patient’s arm length. Since the human shoul-
der girdle is a complex joint, this is challenging 
and requires advanced mechanical solutions for 
the robot’s shoulder actuation [ 24 ]. However, 
with an exoskeleton robot, the arm posture is 
fully determined, and the applied torques to each 
joint of the human arm can be controlled sepa-
rately. The ability to separately control the inter-
acting torques in each joint is essential, such as 
when the subject’s elbow fl exors are spastic. The 
mobilization of the elbow joint must not induce 
reaction torques and forces in the shoulder joint, 
which can be guaranteed by an exoskeleton robot, 
but not by an end-effector-based one. That is also 
why therapists use both hands to mobilize a spas-
tic elbow joint. To avoid exercising forces to the 
shoulder, one hand holds the lower arm while the 
other hand holds the upper arm. This is compa-
rable to an exoskeleton robot with a cuff affi xed 
on the lower arm and another cuff affi xed to the 
upper arm. Some examples of arm-rehabilitation 
exoskeletons include the Dampace [ 25 ], the 

  Fig. 17.2    Schematic view of end-effector-based ( left ) and exoskeleton ( right ) robots       
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ArmeoSpring (former T-Wrex) [ 26 ], the MGA- 
Exoskeleton [ 27 ], the L-Exos [ 28 ], the Caden-7 
[ 29 ], the Intelligent Robotic Arm [ 30 ], as well as 
the ARMin I, II, and III devices [ 24 ,  31 ]. 

 While it seems clear that end-effector-based 
robots have practical advantages (usability, sim-
plicity, and cost-effectiveness) and exoskeleton 
robots have biomechanical advantages (better 
guidance), it remains an open research question 
whether and how this disparity infl uences thera-
peutic outcomes.  

17.1.2.2     Number and Type 
of Actuated Joints 

 Apart from the mechanical structure, the number 
and type of actuated joints is another point of dif-
ferentiation among robotic devices. Some groups 
focus on a functional training that includes the 
entire arm and hand (proximal and distal joints). 
This functional training can be based on activities 
of daily living (ADL) and requires sophisticated 
and complex robotic devices such as the 
GENTLE/s, the Dampace, the ArmeoSpring, or 
the ARMin robot. The reason for ADL training is 
that there is evidence that functional and task- 
oriented training shows good results in stroke 
patients [ 9 ,  32 ]. This confi rms previous observa-
tions made with the constraint-induced move-
ment therapy. Interventional studies have shown 
that forcing the affected limb to perform ADLs 
yields functional gains, allowing the stroke 
patient to increase the use of the affected arm in 
the “real-world” environment [ 33 – 36 ]. 

 Other groups have developed robots that focus 
on the training of distal parts of the human arm 
such as the hand [ 37 ], the wrist, and the lower 
arm [ 38 ,  39 ]. One may speculate that the distal 
approach results in a more powerful activation of 
the sensorimotor cortex, given their larger corti-
cal representation [ 40 ]. The recently suggested 
competition between proximal and distal arm 
segments for plastic brain territory after stroke 
[ 41 ] would imply shifting treatment emphasis 
from the shoulder to the forearm, hand, and fi n-
gers. Other devices work proximal to the elbow 
and shoulder [ 23 ,  42 ]. Namely, the Act3D robot 
implements an impairment-based, 3D robotic 
intervention that specifi cally targets abnormal 

joint torque coupling between the elbow and 
shoulder joint [ 43 ]. 

 An interesting research question is whether 
robotic training should focus on whole-arm/hand 
functional movements, simply in distal fashion or 
by combining distal and proximal modes. There 
is evidence from Krebs et al. [ 44 ] that training 
both the transport of the arm and manipulation of 
an object did not confer any advantage over 
solely training transport of the arm. This calls for 
further investigation with other robotic devices—
especially with whole-arm exoskeletons.  

17.1.2.3     Actuation Principle: 
Nonmotorized Robots 
and Motorized Robots 

 Most motorized rehabilitation robots are pow-
ered by electric motors. Depending on the under-
lying control paradigm, the motors can either 
control the interaction force/torque between the 
patient and the robot or the position of the robot. 
This allows the robotic device to support the 
human arm against gravity, canceling gravita-
tional forces and making it easier for the patient 
to move his or her arm. Also, motorized robots 
can support the patient in movement toward a tar-
get, such as an object within an ADL training 
scenario. If required, electric motors can also 
resist the patient in the movement, making the 
patient’s arm heavier or making the patient feel 
that he is carrying an object with a given mass. 
Motorized robots can be used as an evaluation 
tool to objectively measure voluntary force, range 
of motion, and level of spasticity [ 45 ,  46 ]. 
Another important application is having the robot 
introduce force fi elds onto the endpoint of the 
human. The adaptation of the human to different 
force fi elds is expected to trigger plasticity 
changes in the brain and enhance rehabilitation. 

 Some recent rehabilitation devices have been 
developed to work without motors [ 25 ,  26 ]. The 
commercially available ArmeoSpring device is 
based on the former T-Wrex device [ 47 ] and 
works without any motors. In this exoskeleton 
device, springs support the human arm against 
gravity. The mechanical design allows the thera-
pist to adjust the spring length and to select the 
proper amount of support. Sensors measure the 
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position and orientation of the human arm, which 
is transmitted to the graphical display where the 
patient can see his or her own movement on the 
computer screen. Compared to motorized robots, 
this approach has the great advantage of signifi -
cantly lower costs and weight. Moreover, the 
device is easier to use and intrinsically safe. The 
disadvantage is that it is not possible to support 
the patient other than against gravity, so, for 
instance, the device cannot support the patient in 
directed reaching movements nor can it challenge 
the patient by resisting movement. Some devices 
overcome this by adding brakes to the robot that 
dissipate energy and challenge the patient’s 
movements [ 25 ]. Current evidence suggests that 
nonmotorized devices might be very well suited 
for the training of mildly impaired stroke patients 
who do not need as much support as heavily 
impaired subjects [ 47 ].    

17.2     Review of Experience 
and Evidence 
for the Application 
of the ARMin Robot System 

17.2.1     Technical Evaluation 
of the ARMin Robot System 

 The fi rst version of the arm therapy robot, ARMin 
I, was designed and tested from 2003 to 2006 at 
the ETH Zurich in close collaboration with thera-
pists and physicians from the University Hospital 
Balgrist, Zürich [ 31 ,  48 ]. This version is charac-
terized by four degrees of freedom (DOF) actuat-
ing the shoulder in 3D and fl ex/extend the elbow 
(Fig.  17.3 ). The upper arm is connected to the 
robot by an end-effector-based structure. Like 
later versions of the ARMin, the device could be 
operated in three modes: passive mobilization, 
active game-supported arm therapy, and active 
training of activities of daily living (ADL). The 
improved version, ARMin II, was characterized 
by a complete exoskeletal structure with two 
additional DOF (six altogether) allowing also 
pronation/supination of the lower arm and wrist 
fl exion/extension (Fig.  17.1 ). Particular efforts 
were undertaken to optimize shoulder actuation: 

a sophisticated coupling mechanism enables the 
center of rotation of the shoulder to move in a 
vertical direction when the arm is lifted [ 49 ,  50 ]. 
This function is required to provide an anatomi-
cally correct shoulder movement that avoids 
shoulder stress from misalignment of the robot 
and anatomical joint axes when lifting the upper 
arm above face level.

   ARMin III (Fig.  17.4 ) was further improved 
with respect to mechanical robustness, complex-
ity, user operation, and reliability [ 24 ]. Five 
ARMin III devices have been developed for a 
multicenter clinical trial. The next section 
describes the mechanics of the ARMin III robot 
in more detail.

17.2.2        Mechanical Setup 
of the ARMin III Robot 

 The ARMin III robot (Fig.  17.4 ) has an exoskel-
eton structure with six electric motors allowing it 
to move the human arm in all possible directions. 
Three motors actuate the shoulder joint for shoul-
der fl exion/extension, horizontal abduction/
adduction, and internal/external rotation. The 
elbow joint has two motors that actuate elbow 
fl exion/extension and forearm pronation/supina-
tion. The last motor actuates wrist fl exion/exten-
sion [ 24 ]. An optional module to support hand 
opening and closing can be attached to the 
ARMin III robot. All motors are equipped with 
two position sensors for redundant measure-
ments. The motor and gears are carefully selected 
so that the friction is small and the backdrivabil-
ity is good which is an important requirement for 
sensorless force-control [ 50 ] and impedance- 
control strategies. 

 The patient’s arm is affi xed to the exoskeleton 
via two adjustable cuffs, one for the upper arm 
and one for the lower arm. To accommodate 
patients of varying body plans, the shoulder 
height can be adjusted via an electric lifting col-
umn, and the lengths of the upper and lower arms 
are adjustable. Laser pointers indicating the cen-
ter of the glenohumeral joint help the therapist 
position the patient in the ARMin III device. The 
ARMin III robot can be confi gured to accommo-
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date either the left or the right arm. The transition 
between the two confi gurations does not require 
tools and takes less than 15 s. 

 A spring in the uppermost horizontal robotic 
link compensates for part of the weight of the 
exoskeleton. This lessens the load of the elec-
tric motor and has the desired effect of balanc-
ing the robotic arm when the power is off. 
Experience has shown that this is crucial for 
safety and for easy handling of the patient. The 
robotic shoulder actuation compensates for 
scapula motion during the arm-elevation move-

ment, resulting in a comfortable and ergonomic 
shoulder motion [ 24 ].  

17.2.3     Therapy Modes 

 The motorized ARMin robots work in three train-
ing modes: mobilization, game training, and 
ADL training. We found it was benefi cial to start 
a typical 1-h training session with a slow and 
gentle mobilization exercise. Chronic stroke 
patients in particular seemed to profi t from the 

  Fig. 17.3    ARMin I robot with a healthy test person ( left ). The person is looking at a computer monitor showing the 
movement task ( right )       

  Fig. 17.4    ARMin III setup       
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passive mobilization that reduced spasms and 
“loosened” the arm and hand. After 10–15 min of 
passive mobilization, active training followed, 
including games, reaching exercises, and ADL 
training scenarios [ 51 ,  52 ]. 

17.2.3.1     Passive and Active 
Mobilization 

 In the mobilization-training mode, the robot 
moves the patient’s arm on a predefi ned trajec-
tory. The robot is position controlled, and the 
feedback loops help the motors compensate for 
any resistance that the patient produces. This 
means that, regardless of what the patient is 
doing, the robot will follow the predefi ned trajec-
tory. If the patient moves together with the robot 
in the desired direction (active mobilization), the 
motors have less work than if the patient remains 
passive (passive mobilization). However, in both 
cases, the resulting movement will look the same. 
Since it is often desirable for the patient to 
actively contribute to the movement, the motor 
torque can be recorded and used as performance 
measure to monitor how actively the patient con-
tributes to the movement. In this case, the audio-
visual display is used as feedback modality to let 
the patient and therapist know how actively the 
patient is contributing to the movement [ 46 ]. 
Note that, from a technical point of view, this 
position-controlled training is based on industry- 
standard position control and is straightforward 
to implement. 

 The mobilization requires predefi ned trajecto-
ries that fi t the patient’s needs in terms of velocity 
and range of motion. The therapist can either 
input the data via a computer graphical user inter-
face (GUI) or—more conveniently—use a teach- 
and- repeat procedure that enables the robot to 
directly learn a desired trajectory from the thera-
pist. To do this, the therapist moves the robotic 
arm together with the human arm in the desired 
way, and the robot records and stores the position 
data that enable the robot to repeat the movement 
as shown by the therapist.  

17.2.3.2     Game Therapy 
 Computer games are a good way to motivate the 
patient to participate actively in the training and 

contribute as much as possible to a particular 
movement task. For example, in the ball game, a 
virtual ball is presented on a computer monitor. It 
rolls down on an inclined table (Fig.  17.5 ). The 
patient can catch the ball with a virtual handle 
that replicates the movement of the human hand. 
Thus, the patient “catches” the virtual ball by 
moving his or her hand to the appropriate posi-
tion. An assist-as-much-as-needed control para-
digm has been implemented to support the patient 
in this task: If the patient can catch the ball on his 
or her own, the robot does not deliver any sup-
port. If the patient cannot catch the ball, the robot 
supports the patient with an adjustable force that 
pushes or pulls the hand to the ball position and 
helps the patient to initiate and execute the appro-
priate movement.

   Whenever the robotic device supports the 
patient, the color of the handle changes from 
green to red, and an unpleasant sound is produced 
to alert both patient and therapist that the robot 
has supported the movement. The goal for the 
patient is to perform the task with as little support 
as possible. The therapist selects the supporting 
force, typically scaled so that the patient can suc-
cessfully catch 80 % of the balls. Several options 
enable the therapist to select the therapy mode 
that best fi ts the patient’s needs. For instance, the 
incline angle of the virtual table can be modifi ed, 
resulting in faster or slower rolling. The size of 
the handle and the ball can be changed, and the 
behavior of the ball (multiple refl ections with the 
wall and the handle) can be changed to challenge 
the patient further. For advanced patients, dis-
turbing forces and force fi elds can be introduced 
by the robot to make the task harder and to chal-
lenge the patient even more. Also, the number 
and kind of joints, as well as range of motion of 
the involved joints, can be adjusted to the patient’s 
needs. 

 A prerequisite for this assist-as-needed con-
trol strategy is that the intended movement of the 
patient (i.e., where the patient wants to move his 
or her hand) is known. For the ball game, this is 
the position where the ball falls. 

 A similar supporting strategy has been imple-
mented for a ping-pong game (Fig.  17.5 ). Here, 
the patient holds a virtual ping-pong racket and 
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b

c

  Fig. 17.5    Virtual reality scenarios 
for arm training. Ball game ( a ), 
labyrinth ( b ), and ping-pong game 
( c )       

 

T. Nef et al.



359

plays a ping-pong match against a virtual oppo-
nent. At the highest level of diffi culty, the patient 
must control the position, orientation, and 
impulse of the virtual racket to hit the incoming 
ball so that it lands on the computer-opponent’s 
side of the table. At easier levels, the robot takes 
care of the orientation and velocity of the racket, 
and the patient need only move the racket to a 
position where it will hit the incoming ball. 

 If required, the robot can also support the 
patient’s arm and provide a force that pulls the 
hand to the desired spot. To increase the patient’s 
motivation and engagement, a multiplayer appli-
cation—where the patient plays virtual ping- 
pong against another patient instead of a virtual 
opponent—has been implemented and tested. 
This application allowed remote patients from 
different hospitals to meet virtually for a ping- 
pong game. 

 Another therapeutic computer game is the 
labyrinth game, where the patient navigates his 
or her hand through a virtual labyrinth. A red dot 
on the screen indicates the actual position of the 
human hand. The patient must move the red dot 
through the labyrinth. Virtual walls block the red 
dot, and robot motors produce resistance that pre-
vents the hand from passing through the walls. 
Force-feedback technology delivers a realistic 
impression of the virtual wall to the patient. 

 We found the labyrinth game particularly use-
ful for patient therapy since the patient can use 
the walls for guidance. By following the walls, 
his or her movements remain free in three move-
ment directions and are restricted only in the 
direction of the wall. This seemed to help patients 
move their hands on straight lines [ 52 ]. If 
required, the patient can be supported by the 
robot in completing the labyrinth task. In these 
instances, the labyrinth task is selected in the way 
that the patient must elevate his or her arm in the 
course of the exercise. This means that the start-
ing point is at the bottom of the labyrinth and the 
goal is on top of the labyrinth. The therapist can 
choose from two supporting strategies. One com-
pensates for the weight of the human arm, thus 
supports the patient in lifting the arm. In case of 
100 % weight support, the patient’s arm fl oats 

somewhat, and it is very easy for the patient to lift 
his or her arm. In the second supporting scheme, 
the robot allows upward arm movements but 
resists downward movements. With this strategy, 
the patient must lift his or her arm by him- or 
herself, but whenever he or she gets tired, he or 
she can rest, and the arm will stay at the current 
position without any effort. Both strategies can 
also be combined. To increase patient motivation, 
scoring is used based on the time, intensity, num-
ber, and time of collisions with the wall as well as 
the number of objects (positioned along the 
course of the labyrinth) that are collected by the 
patient.  

17.2.3.3     Training of Activities of Daily 
Living 

 The purpose of ADL training is to support the 
patient in relearning ADL tasks, make the train-
ing a better simulation of real-life tasks, and fur-
ther motivate the patient. An ADL task is 
presented on the computer screen, and the patient 
tries to complete the task. As with game therapy, 
the robot supports the patient as much as needed 
and only interferes if necessary. Current research 
focuses on the implementation and evaluation of 
appropriate ADL tasks for robotic therapy. To 
date, implemented ADL tasks and used within 
ARMin therapy include:

•    Setting a table  
•   Cooking potatoes  
•   Filling a cup  
•   Cleaning a table  
•   Washing hands  
•   Playing the piano  
•   Manipulating an automatic ticketing machine    

 For the kitchen scenario (Fig.  17.6 ), a virtual 
arm is presented on the computer screen. The 
arm refl ects the movement of the patient’s arm, 
including shoulder, elbow, wrist, and hand open-
ing and closing movements. A cooking stove, a 
kitchen table, and a shelf are fi xed elements of 
the scenario. Cooking ingredients include several 
potatoes, black pepper, salt, and oregano. 
Available cooking tools include a pan and a dip-
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per. Spoken instructions guide the patient through 
the cooking process. For instance, the patient 
must position the pan on the stove, turn on the 
heat, wait until the pan is hot, grasp the potatoes 
with his or her hand and put them into the pan, 
wait until he or she hears the sound of roasting, 
add pepper and salt, and stir the pan.

   For this training scenario, the robot supports 
the patient only as much as needed, the patient 
has enough freedom to select his or her own 
movement trajectory, and the patient always 
sees feedback on how much he or she is cur-
rently supported by the robotic device. This is 
technically challenging because the cooking 
scenario involves several different movements 
[ 54 ,  55 ]. One possible solution that has been 
implemented with the ARMin system is to use 
virtual tunnels spanning from the start point to 
the goal point [ 55 ]. 

 For instance, with the subtask of positioning 
potatoes in the pan, an invisible virtual tunnel 
starts at the initial location of the potatoes and 
ends above the pan. The robot lets the patient 
move freely within this tunnel. But once the 
patient hits the walls of the tunnels, the robot 
resists movement (similar to the labyrinth). 
Thus, the patient must follow the predefi ned path 
and not deviate from it. The diameter of the tun-
nel defi nes the amount of freedom the patient 
has. Furthermore, the patient is also free to select 
the timing and velocity of the movement. In 
addition, if required, the robot can also compen-
sate for part of the arm weight and make the 
movement easier. Similar support strategies are 
implemented for the other ADL tasks [ 53 ].   

17.2.4     Measurement Functionality 
of the ARMin Robot 

 The ability to objectively assess patient perfor-
mance is one of the key benefi ts of robot- 
supported arm rehabilitation and allows the 
therapist to quantify therapy effects and patient 
progress. With the ARMin robot, the following 
parameters can be measured:

•    Active range of motion  
•   Passive range of motion  

•   Muscle strength  
•   Abnormal joint synergies  
•   Spatial precision of hand positioning    

 The active and passive range of motion (ROM) 
are measured for each joint individually. When 
measuring, for example, the ROM of the elbow 
joint, all other joints are locked in a predefi ned 
position. The joint under investigation is con-
trolled so that the patient can move it without 
resistance from the robot. The motor is only used 
to compensate for friction and gravity. The 
patient is instructed to extend the elbow as much 
as possible, and the robot measures the position 
of the elbow and stores the maximum values. 
When the passive range of motion is determined, 
the patient remains passive, and the joint is 
moved by the therapist while the robot records 
the maximum values of the joint position. 

 Muscle strength is measured with all joints 
locked in a predefi ned position. The motors are 
position controlled with a fi xed-reference position. 
Each joint is tested individually. For example, if the 
muscle strength of the abduction movement is 
tested, the patient is asked to abduct his or her arm 
as much as possible. Since the robot is position 
controlled and—in almost all cases—stronger than 
the human, the arm will not move. But the electric 
motor will need more current to work against the 
abduction torque. By measuring the motor current, 
the abduction torque can be determined using a 
model of the ARMin robot. The model describes 
the effects of gravity, friction, and the current-
torque relationship in the electric motor. 

 Abnormal synergies result from abnormal 
muscle coactivation and loss of interjoint coordi-
nation. This means that, if a patient tries to abduct 
his or her arm, this goes together with an elbow 
fl exion, forearm supination, and wrist and fi nger 
fl exion [ 56 ]. To quantify abnormal synergies, all 
joints are locked in a predefi ned position. The 
patient abducts his or her arm as much as possi-
ble, and during the abduction torque, the joint 
torques produced by the patient in the shoulder, 
elbow, lower arm, and wrist are measured and 
recorded by the robotic device. 

 Currently under development is a procedure to 
assess the spasticity of the affected arm. Here, the 
robot moves the human limb at different veloci-
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ties and measures the required force. This tech-
nique has been implemented and evaluated for 
the lower limb within the Lokomat gait training 
robot [ 57 ].  

17.2.5     Evaluation of the ARMin 
Technology 

 Three different versions of the ARMin device (I–
III) were used to evaluate the ARMin technology. 
Evaluation of the ARMin technology was carried 
out with different versions of the ARMin. 

17.2.5.1     Technical Tests with Healthy 
Subjects 

 Before the robotic device can be used with test 
subjects, it must be tested without a person in it. 
The appropriate test procedure verifi es device 
safety and tests all situations defi ned as critical in 
the risk-management document. After testing, the 
technical specifi cations of the robot were validated 
by measurement. Table  17.1  shows the measured 
technical data for the ARMin III robot [ 24 ].

   The next step was to evaluate the robot with 
healthy subjects. After appropriate approval by 
an independent ethics committee (internal review 
board), a thorough technical evaluation was per-
formed on healthy subjects before the robot was 

used with patients. After providing written 
informed consent, the test subjects were exposed 
to the robotic device. The purposes of this evalu-
ation included:

•    Testing the handling of the robotic device. 
This includes positioning the test subject, 
adapting the robotic device for different body 
plans, changing from left-arm use to right-arm 
use, and comfort evaluation.  

•   Functional testing of the software. The ques-
tions were whether the test subject understood 
the instructions, whether he or she could 

  Fig. 17.6    Kitchen scenario       

   Table 17.1    Measured technical data for the ARMin III 
robot [ 24 ]   

 Maximal endpoint load a,b   4.6 kg 

 Weight (excl. controller, 
hardware, frame) b  

 18.755 kg 

 Repeatability (endpoint) b   ±0.5 mm 

 Stiffness (endpoint) a,c   0.364 mm/M 

 Force (endpoints) a,b    F  max  = (451 N, 804 N, 706 
N) T  with  G  = (–g,0,0) T  

 Bandwidth for small 
endpoint movements 
(±1.5 cm) d  

 1.28 Hz 

   a Worst-case exoskeleton position 
  b Measured without subject (exoskeleton only) 
  c Stiffness measured at the endpoint by applying 20 N, 
while the motors are position controlled 

  d Measured with healthy subject  
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successfully perform the exercises, and 
whether he or she liked the exercises. Special 
attention was also given to unwanted side 
effects, i.e., motion sickness and others.    

 Questionnaires validated the comfort and sub-
jective feelings of the test subjects. One impor-
tant side effect of this technical testing was that 
the therapist learned how to manipulate and use 
the robotic device before being exposed to 
patients.  

17.2.5.2     Technical Tests with Stroke 
Patients 

 After the tests with healthy subjects concluded, 
technical tests with stroke patients were per-
formed. After written informed consent was 
obtained, chronic stroke patients tested the device 
in one to fi ve therapy sessions. The purpose of 
these tests was not to measure possible improve-
ments in the patient’s health status but to evaluate 
the technical ergonomic functionality of the 
ARMin robot. Specifi c goals included:

•    Testing the handling of the ARMin device 
with stroke patients. Assessing the subjective 
feelings regarding comfort and ergonomics. 
Evaluating all training modes, including pas-
sive and active mobilization, game-supported 
therapy, and ADL training  

•   Testing the level of diffi culty of the tasks and 
the level of assistance that the robot provides 
to support the patients  

•   Assessing patient motivation    

 More than 20 stroke subjects participated in 
these preliminary tests [ 31 ].  

17.2.5.3     Clinical Pilot Studies 
with Stroke Patients 

 A pilot study with three chronic stroke subjects 
(at least 14 months post stroke) was performed 
with the ARMin I robot to investigate whether 
arm training with the ARMin I improves motor 
function of the paretic upper extremity [ 52 ]. The 
study had an A–B design with 2 weeks of mul-
tiple baseline measurements (A) and 8 weeks of 
training (B) with repetitive measurement and 

follow-up measurements 8 weeks after training. 
The training included shoulder and elbow move-
ments induced by ARMin I. Two subjects had 
three 1-h sessions per week, and one subject 
received fi ve 1-h sessions per week. The main 
outcome measurement was the upper-limb motor 
portion of the Fugl-Meyer Assessment (FMA). It 
showed moderate but signifi cant improvements 
in all three subjects ( p  < 0.05): Starting with 14, 
26, and 15 out of a maximum score of 66 points, 
the gains were 3.1, 3.0, and 4.2 points, respec-
tively. Most improvements were maintained 
8 weeks after discharge. However, patients stated 
that the daily use of their paretic arm in the real 
world did not change. This fi nding was sup-
ported by constant ARAT and Barthel Index 
scores. This could be explained by the fact that, 
due to limitations of the ARMin I device, pri-
marily non-ADL- related proximal joint move-
ments were trained. 

 Therefore, another study was performed to 
investigate effects of intensive arm training on 
motor performance using the ARMin II robot, 
where distal joints and ADL tasks were also 
incorporated into the training [ 51 ]. The study was 
conducted with four chronic stroke subjects (at 
least 12 months post stroke). The subjects 
received robot-assisted therapy over a period of 
8 weeks, 3–4 days per week, 1 h per day. Two 
patients had four 1-h training sessions per week, 
and the other two patients had three 1-h training 
sessions per week. 

 The primary outcome measurement was again 
the upper extremity portion of the FMA. The sec-
ondary outcome measures were the Wolf Motor 
Function Test (WMFT), maximum voluntary 
joint torques, and additional scores to assess 
transfer effects. Three out of four patients showed 
signifi cant improvements ( p  < 0.05) in the pri-
mary outcome. Starting with 21, 24, 11, and 10 
out of a maximum score of 66 points, the gains at 
the end of therapy were 17.6, 3.1, 6.8, and 2.1, 
and at 6 month follow-up 29, 5, 8, and 3 points, 
respectively. Improvements in FMA scores 
aligned with the torque measurements. 

 Most improvements were maintained; some 
even further increased, between discharge and a 
6-month follow-up. The data clearly indicate that 
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intensive arm therapy with the robot ARMin II 
can signifi cantly improve motor function of the 
paretic arm in some stroke patients. Even those 
who are in a chronic state achieve sustainable 
improvements. Care must be taken in analyzing 
the results of this pilot study. Participants were 
selected outpatients, there was no control group, 
and there were only four participants. Thus, one 
cannot generalize these results. However, the 
result justifi ed the start of a subsequent con-
trolled, randomized, multicenter clinical trial.  

17.2.5.4     Randomized Clinical Trial 
with Stroke Patients 

 In order to investigate the effectiveness of arm 
treatment with ARMin, a clinical study with sub-
jects in the chronic phase post stroke was per-
formed [ 58 ]. It was the fi rst large-scale clinical 
study to offer neurorehabilitative therapy of the 
arm with an exoskeleton robot. A key aspect was 
to investigate the effects of ADL training based 
on reaching and grasping movements. ARMin III 
provides the required functions: audiovisual 
ADL tasks, large movement ranges in the three- 
dimensional space, actuation of proximal and 
distal joints including hand opening and closing, 
and a patient-responsive control. 

 Four hospitals participated in the trial. 
Seventy-seven patients in the chronic phase (i.e., 
more than 6 months) post stroke with moderate to 
severe impairment of an arm (as tested with 
FMA: 8–38/max 66 points) were randomly 
assigned to either ARMin training or conven-
tional, physical, or occupational therapy. During 
therapy with ARMin, each of the three therapy 
modes (mobilization, games, and ADL training) 
had to be performed for at least 10 min. 
Conventional therapy resembled the regular ther-
apy given in outpatient clinics. Both groups were 
trained for 8 weeks, three times per week, with 
1 h for each training session (total of 24 sessions). 
Outcome measures were obtained at fi ve time 
points: prior to, during (after 4 weeks), directly 
after, and 2 and 6 months after the training phase. 
The primary outcome measure was the FMA, a 
well-established clinical test that measures 
impairment of the arm. Further outcome mea-
sures were performed to evaluate task-oriented 

function (by means of the Wolf Motor Function 
Test and the Motor Activity Log). Furthermore, 
participation in life was assessed (with the Stroke 
Impact Scale). With ARMin, isometric strength 
in the arm (i.e., of shoulder abduction, adduction, 
anteversion, and retroversion and of elbow fl ex-
ion and extension) was measured. 

 Results confi rmed the hypothesis: after 
8 weeks of training, ARMin therapy was not only 
as successful as conventional therapy but the 
improvements in motor function signifi cantly 
exceeded those of conventional therapy (FMA, 
mean difference: 0.78 points, 95 % CI 0.03–1.53). 
Especially the most severely affected profi ted 
from robotic therapy (mean difference 1.91 
points, 95 % CI 1.00–2·82). Of note, the robotic 
group gained signifi cantly less strength than the 
conventional group. We speculate that the vari-
ables for the path assistance chosen during 
ARMin therapy might have been too supportive, 
tempting patients to diminish their own effort and 
therefore restricting strength training. A future 
focus for chronic patients would be to integrate 
specifi c strength training tasks in the robot. The 
other tests showed no signifi cant difference 
between the two groups. 

 The higher motor functional gains in the 
ARMin group were still too small to be clinically 
meaningful for the single subject, but promising 
taking into consideration that the patients were in 
the chronic phase when a plateau of recovery is 
approached and gains in most cases are only 
limited. 

 A multitude of robotic systems, from simple 
manipulandum to exoskeletons with different 
control strategies, are under development and 
increasingly tested in clinical settings. A meta- 
analysis including 19 trials showed that, com-
pared to conventional therapy, electromechanical 
and robot-assisted arm training does improve arm 
function but not arm muscle strength. Results 
with ARMin are in accordance with this result. 
Looking only at exoskeletons, few clinical studies 
are available. Training with ARAMIS, either 
bilateral or unilateral, was compared to conven-
tional physical therapy. Each training group sig-
nifi cantly improved in FMA scores and range of 
motion without signifi cant group differences [ 59 ]. 
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 Similar to ARMin training, a 3D movement 
training with the 4 DOF robot Pneu-Wrex 
resulted in better impairment reduction than con-
ventional tabletop training ( p  = 0.07) in patients 
with chronic stroke and moderate to severe defi -
cits [ 60 ]. 

 In a crossover study, multi-joint and single- 
joint functional trainings with the 6-DOF exo-
skeleton robot BONES were compared. While in 
the single-joint group one joint after the other 
was trained within a session, the multi-joint 
group combined task-oriented training (e.g., 
multi-joint) with single-joint training within a 
session. Patients showed similar signifi cant, 
although not signifi cantly different, improve-
ments after 4 weeks training with a mean 3-point 
gain in the FMA in both training programs [ 61 ]. 
Authors concluded that task-specifi c training is 
not the key factor for successful robotic training. 

 We believe that future studies on patients 
should be performed in the fi rst days to weeks 
after stroke, when the potential for real recovery 
rather than compensation is highest. Here, an 
exoskeleton robot should be the ideal tool as it 
enables to train purposeful movements with con-
trol of the whole arm from the shoulder to the 
hand. It is thus capable of guiding the arm in a—
close to—physiological manner during task 
training. Different learning strategies that have 
been proven to be successful can be implemented 
in the software. Through the measurement func-
tionality of ARMin, the VR tasks can be adapted 
continuously to the subjects’ abilities in order to 
achieve a patient-tailored, intensifi ed therapy.    

17.3     Current Developments 
and Ongoing Testing 

17.3.1     From ARMin for Adults 
to CHARMin for Children 

 As mentioned above, an intensive, task-oriented 
rehabilitation training with active participation is 
crucial for recovery of arm motor functions in 
adult stroke patients. These key features can be 
addressed using robotic support during arm train-
ing. That is why robots are increasingly used to 

complement rehabilitation training in stroke 
(e.g., ARMin III) and SCI patients (e.g., ARMin 
IV) or patients suffering from other neurological 
or motor impairments. 

 For children who suffer from cerebral palsy 
(CP) and other motor defi cits, it is also known 
that an intensive training [ 62 ] with active partici-
pation [ 63 ] is important to maintain and improve 
arm motor function. A small number of robots 
are available that were tested with young patients 
(i.e., InMotion2 [ 64 ], NJIT-RAVR [ 65 ], REAPlan 
[ 66 ], and ArmeoSpring Pediatric [ 67 ]). First 
results suggest that children profi t from the 
intense training provided by the robot. 

 Based on the knowledge acquired with the 
adult arm robot ARMin and in close collabora-
tion with the Rehabilitation Center for Children 
and Adolescents, Affoltern a. A., Switzerland, a 
new prototype—ChARMin—was developed for 
the use for children with neurological diagnoses 
including congenital or acquired brain lesions 
[ 68 ]. To the best of our knowledge, ChARMin is 
the fi rst active robotic platform able to support 
single-joint and spatial movements and which 
was built specifi cally for the needs of the pediat-
ric target group. 

 Multiple aspects had to be changed in the new 
pediatric robot to achieve a design that covers the 
requirements of children. The robot needs to 
cover the target group of 5- to 18-year-old chil-
dren and adolescents. The anthropometric ranges 
that need to be covered are too large to have it 
realized in a single system. Therefore, a modular 
design was chosen for ChARMin consisting of a 
proximal module that covers the entire range 
from 5- to 18-year-old children and a distal mod-
ule that covers children aged 5–13 years and 
13–18 years (Fig.  17.7 ). With this modular design 
and adjustable length settings for the shoulder 
height, the upper arm, the forearm, and the hand 
length, the robot is applicable to all the children 
within the target group.

   The kinematic shoulder structure of ARMin 
could not be transferred to the ChARMin concept 
as a miniaturization would lead to robotic parts 
very close to the patient’s head. The new mechan-
ical structure uses a parallel remote center of 
rotation mechanism (Fig.  17.7 , proximal module) 
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to actuate the horizontal shoulder rotation and 
another parallel structure for the shoulder inter-
nal/external rotation. This combination of serial 
and parallel kinematics provides the safety dis-
tance needed between the robot and the child. 
The two robotic concepts for ARMin and 
ChARMin are shown in Fig.  17.8 .

   Similar to the adult ARMin version, the pedi-
atric version has six DOF (three DOF for the 
shoulder and a single DOF for elbow, pro-/supi-
nation, and wrist). Instead of an actuated hand 
module, ChARMin has an instrumented rubber 
bulb that detects the grip pressure, which can be 
used as an input for the software. The robot can 
be used for the right- and left-arm side and is 
mobile for transportation and positioning accord-
ing to the patient. A passive gravity compensa-
tion mechanism and backdrivable joints allow for 
safe conditions even in the case of power loss. 

 An audiovisual interface with game-like sce-
narios is used to motivate the child to actively 
participate during the therapy session (Fig.  17.9 ).

   While the passive mobilization and parts of 
the active game-supported arm therapy were 
transferred to the ChARMin robot, the ADL 
tasks were replaced with more child-friendly 
gaming scenarios. Different game scenarios were 
implemented that allow for a diversifi ed training 
(Fig.  17.10 ). While some games are played with 
single joints (joint-based), others allow to per-
form multi-joint movements (end-effector based) 
in a workspace that is previously defi ned by the 
therapist (Fig.  17.11 ).

    Different support strategies are used to sup-
port the patient when needed. The support can be 

changed continuously from free nonsupported 
movements to completely guided movements, 
where the patient can stay passive. Between these 
extreme conditions, the support can be changed 
to optimally support the patient such that he or 
she is challenged but not bored or 
over-challenged. 

 Moreover, the interface supports robot- 
assisted assessments. Five different assessment 
packages, which were previously evaluated in 
SCI patients with ARMin IV [ 69 ], can be used to 
assess the active and passive joint range of 
motion, the cubic workspace of the hand, the 
quality of point-to-point movements, the resis-
tance to passive movements, and the isometric 
joint torques for the six different joints. 

 The fi rst ChARMin feasibility study is planned 
in the Rehabilitation Center for Children and 
Adolescents, Affoltern a. A., Switzerland, after 
receiving ethical approval. The study will investi-
gate the applicability of the robot to children with 
cerebral palsy or other neurological diagnoses. 
Furthermore, the different support modes will be 
evaluated and the psychometric properties of the 
robot-assisted assessments determined.  

17.3.2     Technical Development 
and Ongoing Testing 

 Current work includes the development and 
evaluation of new assessment tools for spastic-
ity measurement [ 57 ] and for quantifi cation of 
abnormal joint synergies [ 56 ]. This work is 
important because the objective and sensitive 

  Fig. 17.7    Change in FMA 
over 8 weeks therapy and 
during follow-up for 
ARMin and control 
groups; error bars are SE       
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quantifi cation of therapy progress is crucial for 
proper clinical evaluations of therapeutic 
effects. 

 Another important line of work is to develop 
and evaluate new training scenarios. A training 
scenario has an underlying control strategy and a 
visible audiovisual display (virtual reality). With 
recent technical innovations, tools are available 
that allow the implementation of sophisticated 
and realistic graphical scenarios. It remains an 
open question how an optimal virtual reality (VR) 

for stroke patients should look. Specifi c questions 
to answer are:

•    What is the optimal media to present VR to 
patients (monitor, projection screens, etc.)?  

•   Is it better to use realistic or simplifi ed graphi-
cal scenarios?  

•   Can 3D technology using stereoscopic vision 
improve the perception of objects in the 3D 
space?    

  Fig. 17.8    Modular design of the ChARMin exoskeleton. The distal module is exchangeable according to the size of the 
child being trained. The robot is shown with a 13-year-old avatar. (Copyright IEEE, used with permission)       

  Fig. 17.9    ( a ) ARMin IV 
robot for rehabilitation of 
stroke and SCI patients 
compared with ( b ) the 
ChARMin robot for 
pediatric arm rehabilitation 
(same scale). (Copyright 
IEEE, used with 
permission)       
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 The answers to these questions might also 
depend on the patient population. Particularly in 
stroke patients with hemispheric neglect, the per-
ception of complex graphical scenarios can be 
diffi cult and needs further investigation. 

 The underlying control strategy is a very inter-
esting research question, and a lot of work has 
been dedicated to develop new patient-responsive 
control strategies [ 54 ,  70 ,  71 ]. Assisting a stroke 
patient in naturalistic ADL tasks (drinking, cook-
ing, eating, dressing, and others) is quite a com-
plex task and requires extensive technical 
development and clinical testing. 

 The ARMin III robot also serves as a model 
for the prototype of the commercial version of 
the ARMin device, which is being developed and 
sold by Hocoma AG (Volketswil, Switzerland). 
The commercial version of the ARMin robot, 
named Armeo Power, was further optimized with 
respect to reliability, mechatronic robustness, 
user-friendliness, ergonomic function, and 
design, as well as optimized manufacturing pro-
cesses and costs. The Armeo therapy concept 
presented by Hocoma consists of three Armeo 

products (Fig.  17.12 ) that are all driven from the 
same software platform. Each product is opti-
mized for a specifi c phase of the rehabilitation 
process. Shortly after injury, a patient with no or 
very little voluntary activation of arm muscles 
trains with the motorized robotic device Armeo 
Power (former ARMin III). Once his or her motor 
function improves and some active movements 
are possible, the patient continues arm training 
with the nonmotorized, weight-supported exo-
skeleton ArmeoSpring (former T-Wrex) [ 26 ]. 
After further improvements, the patient might 
continue training with the Armeo Boom, which 
consists of an overhead sling suspension system. 
This training seems suitable for patients who can 
actively move the arm but still exhibit reduced 
workspace and poor motor control [ 72 ].

   Further distribution of the commercialized 
products would allow selling companies such as 
Hocoma AG to increase the body of clinical 
data of specifi c rehabilitation robots since a 
large number of rehabilitation facilities would 
use the same device for clinical practice and for 
research.   

  Fig. 17.10    Visualization of a possible setup of ChARMin and the visual interface shown with a healthy subject       
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  Fig. 17.11    Various games are available for ChARMin 
that can be played on joint- or end-effector level. ( a ) 
Airplane multi-joint, ( b ) diver multi-joint, ( c ) whack-a- 

mole single-joint and multi-joint, ( d ) tennis multi-joint, 
( e ) ball single-joint, ( f ) spaceship multi-joint         

a

b

c
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d

e

f

Fig.17.11 (continued)

17 Three-Dimensional Multi-degree-of-Freedom Arm Therapy Robot (ARMin)



370

a b

c

  Fig. 17.12    The Armeo Product line, with the commercial 
version of the ARMin device Armeo ® Power ( a ), 
Armeo ® Spring ( b ), and Armeo ® Boom ( c ). (Copyright 

Hocoma AG, Switzerland,   www.hocoma.com    ; used with 
permission)       
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17.4     Perspectives 
and Conclusions 

 Upper-limb rehabilitation is one of the fastest 
growing fi elds in modern neurorehabilitation. 
Quality of life can be signifi cantly improved 
when applying effi cient arm therapy. The 
results of the pilot studies presented within this 
chapter suggest that the new technology can be 
an important means to improve arm therapy. 
Thus, for the future, one might envision a com-
bined training paradigm including both manual 
and additional robot-supported therapy. The 
technology for upper-limb rehabilitation with 
three-dimensional multi-degree-of-freedom 
arm robots is mature and has been made com-
mercially available. Multicenter randomized 
clinical trials have shown signifi cant improve-
ments in motor function using arm robot ther-
apy over conventional therapy particularly for 
patients with severe impairment. Further stud-
ies should focus on the fi rst days to weeks after 
a stroke, when the chance for sustainable 
recovery is highest. Also, studies comparing 
the infl uence of single elements (i.e., VR vs. 
robotics) are needed. These studies will require 
large numbers of participants, a multicenter 
setting, and several robotic devices of the same 
type. It is crucial that these robots will be reli-
able, easy to use, and supported and main-
tained by a professional organization. 
Therefore, it is expected that the numbers of 
clinical data and clinical studies will increase 
once the technology is used widely in clinical 
organizations.     
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    Abstract  

  The implementation of electromechanical devices for the quantifi cation 
and treatment of movement impairments (abnormal muscle synergies, 
spasticity, and paralysis) resulting from brain injury is the main topic in 
this chapter. The specifi c requirements for the use of robotic devices to 
quantify these impairments as well as treat them effectively are discussed. 
A case is made that electromechanical devices not only allow the clinician 
to quantitatively control task practice and dosage, but, more importantly, 
allow for direct targeting of specifi c impairments, such as the loss of 
 independent joint control (Dewald et al. Top Stroke Rehabil. 8(1):1–12, 
2001), that are informed by a body of scientifi c evidence. Acceptance of 
these new technologies is dependent on proof of their effectiveness in the 
reduction of movement impairments and activity limitations, as opposed 
to compensation, and ultimately on carryover of benefi ts to activities of 
daily living and quality of life. Furthermore, the need of a concerted effort 
to simplify these new technologies, once essential treatment ingredients 
have been determined, is seen as being a key component for their 
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acceptance in the clinic on a large scale. Finally, it is crucial that we dem-
onstrate that electromechanical technologies augment existing rehabilita-
tive care and serve to reduce treatment time and costs while maintaining, 
and even improving, functional outcomes. This is a requirement for future 
technology development especially in a healthcare environment where 
rehabilitation services have become less accessible.  

  Keywords  

  Stroke   •   Hemiparesis   •   Arm   •   Movement   •   Impairment   •   Function   • 
  Robotics   •   Rehabilitation robotics  

18.1       Introduction 

 Sensorimotor defi cits and restricted mobility 
are among the more prevalent problems encoun-
tered by individuals following brain injury such 
as stroke. While the expression of stereotypical 
muscle synergies, spasticity, and paralysis are 
common to many forms of brain injury, it is 
only in recent years that we have begun to 
understand how each of these sensorimotor def-
icits may impact movement and subsequent 
function. It is with the advent of rehabilitation 
robotics and associated robotic technologies 
that scientists have begun to rigorously study 
both movement impairments and their amena-
bility to restorative interventions. An important 
distinction in the employment of robotics in 
rehabilitation is whether the application 
attempts to more effi ciently replicate aspects of 
conventional care such as repetitive functional 
task practice or if it directly targets specifi c 
impairments with a goal of movement restora-
tion through the amelioration of impairment. 
For example, some rehabilitation robotic thera-
pies aim to more effi ciently deliver conven-
tional approaches such as practicing functional 
tasks but with the added benefi t of a greater 
number of repetitions [ 2 – 4 ], whereas others 
attempt to ameliorate specifi c impairments such 
as loss of independent joint control/inter- joint 
coordination ([ 5 ,  6 ], respectively) or general 
motor impairment through a multifaceted 
approach [ 7 – 9 ]. Computational motor learning 
principles suggest that the optimal rehabilita-
tion robotics strategy may be to employ both 

approaches by fi rst directly targeting impair-
ments during early recovery to maximize resto-
ration of impairment and then to progress 
toward functional task practice to maximize 
restoration of activity limitations [ 10 ]. 

 In this chapter, we focus on the fi rst compo-
nent of Huang and Krakauer’s suggestion of an 
optimal rehabilitation strategy, that is, targeting 
impairment restoration. Since robotic devices are 
superior at quantifying movement impairments 
such as loss of independent joint control/inter- 
joint coordination [ 11 – 14 ], weakness [ 15 ,  16 ], 
and spasticity [ 17 – 25 ], clinical decision-making 
regarding the response to and progression of 
interventions can be quantitatively driven, opti-
mizing implementation of the rehabilitation strat-
egy. Here we will discuss evidence for the use of 
robotics in providing high-resolution measures of 
motor impairment in the upper limb of individu-
als with stroke, as well as preliminary results 
from novel robot-mediated interventions that can 
complement conventional neurotherapeutic inter-
ventions. In short, we will show that new robotic 
technologies are ideal for the delivery of 
impairment- based therapeutic interventions that 
can be implemented in current rehabilitation 
clinics to augment conventional rehabilitation. 
Considerations for successful transition to clini-
cal practice, both in rehabilitation clinics and at 
home, will be highlighted including methods to 
increase acceptance by the therapist and patient 
such as merging entertainment with impairment- 
based rehabilitation robotics through the 
implementation of virtual gaming environments 
(Table  18.1 ).
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18.2        Quantifi cation 
of Impairment 

18.2.1     Quantifi cation of Abnormal 
Synergies and Weakness 
Using Electromechanical 
Devices 

 A central abnormality in unilateral hemispheric 
brain injury is the loss of independent control of 
joint movement that is evident in the form of ste-
reotypic movement patterns [ 26 – 28 ]. It is 
believed that these stereotypic movement pat-
terns are an expression of abnormal muscle 
coactivation patterns or muscle synergies. We 
have presented quantitative evidence for the exis-
tence of abnormal muscle coactivation patterns 
using EMGs from elbow and shoulder muscles in 
the paretic arm of individuals with stroke during 
static force exertions in various directions and of 
various magnitudes [ 29 ]. Using static or isomet-
ric mechanical measurements, we were able to 
improve the quantifi cation of abnormal muscle 
coactivation patterns with a six-degree-of- 
freedom load cell [ 30 ,  31 ]. Using this approach, 
we studied the expression of isometric elbow and 
shoulder torque patterns during the generation of 
maximum voluntary torques one direction at a 
time. During the execution of this single-task 
protocol in a primary direction, we observed rela-
tive weakness in the paretic limb compared to the 
contralateral limb, and we found strong abnormal 
coupling between elbow fl exion and shoulder 

abduction/extension/external rotation and elbow 
extension and shoulder adduction/internal rota-
tion in the paretic limb of individuals with stroke 
[ 1 ,  31 ]. Conversely, control subjects, and indi-
viduals with stroke in their non-paretic arm, only 
generated nominal torques in secondary degrees 
of freedom. In subsequent studies, we measured 
maximum voluntary elbow torques under three 
different conditions; in combination with 10 and 
50 % of maximum shoulder abduction torque and 
in combination with 10 % of maximum shoulder 
adduction torque [ 30 ]. The torque combinations 
most affected were those that required the subject 
to deviate from the abnormal torque patterns 
observed during the single-task paradigm. 
Specifi cally, individuals with stroke exhibited an 
impaired ability to generate elbow extension 
torque with the paretic limb when increasing 
shoulder abduction (i.e., the 50 % shoulder 
abduction level). The opposite trend was observed 
for elbow fl exion torque. Individuals with stroke 
exhibited an enhanced ability to generate elbow 
fl exion torque in the paretic limb with increasing 
levels of shoulder abduction torque. These abnor-
mal torque patterns are analogous to the abnor-
mal upper extremity movement synergies 
described in the clinical literature (see Table 1 
26). These results demonstrated the existence of 
a strong and abnormal linkage in the paretic limb 
between elbow fl exion and shoulder abduction 
and between elbow extension and shoulder 
adduction. Precise quantifi cation of this funda-
mental impairment was only possible through the 
implementation of multi-degree-of-freedom 
force-/torque-sensing technologies as opposed to 
conventional clinical evaluation with the Fugl- 
Meyer Motor Assessment [ 32 ] that is limited by 
its ordinal scale of measurement and reliance 
upon subjective observational movement analy-
sis. Application of these new technologies would 
then set the stage for the execution of dynamic 
experiments and subsequent robotic 
development. 

 Our fi rst dynamic study investigated the effect 
of synergies on movement as a function of sup-
port condition (supported versus unsupported) on 
planar reaching and retrieval movements by com-
paring the kinematic and kinetic characteristics 

   Table 18.1    Upper limb synergies in hemiparetic stroke 
[ 26 ]   

 Flexor synergy  Extensor synergy 

 Flexion of the wrist and 
fi ngers 

 Extension of the wrist and 
fl exion of fi ngers 

 Flexion of the elbow  Extension of the elbow 

 Supination of the 
forearm 

 Pronation of the forearm 

 Abduction of the 
shoulder 

 Adduction of the arm in 
front of the body 

 External rotation of the 
shoulder 

 Internal rotation of the 
shoulder 

 Shoulder girdle 
retraction and/or 
elevation 

 Shoulder girdle 
protraction 
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of gravity eliminated (supported on a frictionless 
table) and free (unsupported) upper limb move-
ments [ 1 ,  33 ,  34 ]. Support of the upper limb in 
the supported condition was provided by a low- 
friction air-bearing apparatus and by activation of 
the shoulder musculature in the unsupported con-
dition. For either limb of control subjects, as well 
as the non-paretic limb of individuals with stroke, 
we found that movement parameters were 
broadly invariant with the support condition. In 
contrast, movements of the paretic limb exhibited 
a strong dependence on the supported condition. 
Specifi cally, active support of the paretic limb 
resulted in signifi cant reductions in estimated 
peak dynamic joint torques for targets requiring 
elbow extension or shoulder fl exion, while the 
peak elbow fl exion and shoulder extension joint 
torques associated with the acquisition of proxi-
mal targets were relatively unaffected. The clini-
cal implication of these fi ndings is that a 
target-dependent restriction in the work area of 
the hand exists and refl ects a reduced range of 
active elbow extension that is linked to the unsup-
ported state of the limb. We concluded that the 
target-dependent effect of the support condition 
on movements of the paretic limb refl ects the 
existence of abnormal coactivation of the elbow 
fl exors and shoulder extensors, abductors, and 
external rotators in individuals with chronic 
hemiparesis. These fi ndings led to the realization 
that implementing variable shoulder-loading 
conditions would be crucial to fully quantifying 
the effects of abnormal elbow-shoulder coupling 
on the functional workspace of the hand. 

 In an effort to implement variable load condi-
tions at the shoulder a HapticMASTER robot 
(Moog Inc., The Netherlands) was modifi ed by 
adding a gimbal with position sensors and a six 
degree-of-freedom load cell to its end effector. 
The individual’s forearm and hand are attached to 
the gimbal using a hand-forearm orthosis 
(Fig.  18.1 ). The modifi ed HapticMASTER robot 
was then integrated with a Biodex experimental 
chair (Biodex Medical Systems, Shirley, NY) to 
form the fi rst-generation Arm Coordination 
Training 3D (ACT-3D) device shown in Fig.  18.1 . 
This unique combination of technologies allows 
for the measurement of shoulder abduction load-

ing and induced shoulder and elbow coupling 
during reaching. It provides a sophisticated quan-
tifi cation tool to characterize movement disabili-
ties in individuals who have had brain injury 
resulting from a stroke. The advantage of this 
system is that it incorporates the ability to control 
the level of shoulder abduction/adduction load-
ing while measuring movement abilities in the 
3D workspace, features unavailable in the early 
isometric and dynamic studies [ 1 ,  30 ,  31 ,  33 ]. In 
an unprecedented way, the ACT-3D has allowed 
us to investigate the progressive debilitating 
impact of shoulder abduction loading on reach-
ing range of motion. When quantifying the effect 
of shoulder abduction loading on the work area 
of the hand, individuals with stroke and control 
subjects were asked to slowly trace with their 
hands the largest possible envelope on a horizon-
tal plane (at shoulder level) by moving their arm 
several times in a clockwise and counterclock-
wise direction. The largest work area for each 
level of abduction loading was calculated from 
multiple trials. Subjects performed the reaching 
movements while sliding over a haptically ren-
dered table or under conditions where the virtual 
effect of gravity was enhanced or reduced by pro-
viding forces along the vertical axis of the 
ACT-3D. The direction of these forces dictated 
the amount of resulting shoulder abduction load-
ing and was varied from 100 % of limb support to 
100 % or more of limb weight added to the shoul-
der load.

   An example of work area results from a single 
moderately to severely affected subject (Fugl- 
Meyer upper extremity score of 23/66, and 
Chedoke-McMaster Arm Scale of 3/7) is shown 
in Fig.  18.2 . The different lines correspond to the 
percentage of limb weight the subject was 
required to lift during the generation of the enve-
lope. This ranged from 0 % where the robot was 
compensating for the entire weight of the limb to 
200 % where the subject had to generate abduc-
tion torques twice the size of those required to 
lift the limb against the normal gravitational 
load. The left panel in Fig.  18.2  shows the reduc-
tion in work area in the paretic limb (left arm in 
this subject) with the greatest work area reduc-
tion in the ipsilateral and forward-reaching 
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portion of the envelope; this area coincides with 
the direction requiring primarily elbow exten-
sion (the upper left portion of the envelopes). 
This is consistent with the expression of the fl ex-
ion synergy that dictates the presence of greater 
coupling with elbow fl exion torque for increas-
ing levels of shoulder abduction. The reduction 
in work area for the same subject is displayed as 
a function of mean area versus percentage of 
active limb support. These results are in stark 
contrast to the non-paretic side, where no change 
or effect of abduction level related to shoulder 
and elbow range of motion is observed (see 
Fig.  18.2 ). The reductions in upper limb work-
space as a function of shoulder abduction load 
have been shown to exist in individuals with 
moderate to severe motor impairments following 
hemiparetic stroke [ 11 ]. This is a result of the 
abnormal coupling between shoulder abduction 
and elbow fl exion or the fl exion synergy. This 
synergy has been reported to also include more 

distal joints of the paretic arm, namely, the wrist 
and fi ngers [ 26 ].

   The paretic wrist and fi ngers have also been 
the focus of extensive research [ 35 – 37 ]; however, 
they have been examined most frequently in iso-
lation from the rest of the upper limb, without 
consideration for the effect of the fl exion syn-
ergy. The addition of a wrist/fi nger force-sensing 
device ([ 38 ] – Fig.  18.3 , top) to the ACT-3D 
robot has allowed us to study the effect of shoul-
der abduction loading on wrist and fi nger forces 
in both adults and children with spastic hemipa-
resis. As can be appreciated from the results 
shown in Fig.  18.3  (bottom), secondary fi nger/
wrist forces increase as shoulder abduction loads 
increase in individuals with adult-onset stroke 
[ 14 ]. Continued research using the wrist/fi nger 
force-sensing device will allow for the further 
characterization of abnormal coupling at the 
hand and wrist during 3D movements. This is 
likely to result in the development of a progressive 

  Fig. 18.1    ( left ) Illustrating ACT  3D  robot with gimbal and 
orthosis ( right ). Example of the visual feedback. The hap-
tic table is shown by the  darker gray , which the arm is 
resting on. In the envelope protocol (see measurement of 
work area below), subjects will use the  red arc  as their 

goal, with the  green tracer  shown to give them a reference 
to their performance in previous circles (From Sukal et al. 
[ 11 ]; with kind permission from Springer Science + 
Business Media)       
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shoulder abduction-loading rehabilitation proto-
col focused on the improvement of hand func-
tion. The integration of functional electrical 
stimulation of wrist/fi nger extensors can also be 
investigated using this device that allows for the 
measurement of extension forces generated by 
various electrical stimulation parameters and 
with various shoulder abduction loads encoun-
tered during activities of daily living.

18.2.2        Quantifi cation of Spasticity 
Using Electromechanical 
Devices 

 Spasticity, defi ned as an increased velocity sensi-
tive stretch refl ex [ 39 ], has been studied using 
electromechanical devices for four decades [ 18 , 
 20 ,  22 ,  23 ,  40 – 44 ]. Using robotic devices, spas-
ticity or refl ex hyperexcitability has primarily 
been studied in resting limbs, yet its clinical man-
agement has been directed mainly at an assumed 

impact on active movement. Current directions in 
the treatment of spasticity include stretching, 
serial casting, and the use of antispastic agents 
such as botulinum toxin and baclofen to reduce 
overactive muscle activity. The rationale for this 
approach is that by reducing spasticity, move-
ment performance will improve. This conven-
tional approach persists despite the lack of 
evidence demonstrating that refl ex hyperexcit-
ability (measured on a resting limb) actually 
impacts active movement. Numerous studies on 
resting limbs have reported increased mechanical 
resistance (refl ex torques) and augmented stretch 
refl exes during passive joint rotation imposed by 
single-degree-of-freedom robotic devices, par-
ticularly after stroke [ 17 – 22 ,  40 – 44 ]. Under pas-
sive or resting conditions spastic limbs can be 
clearly distinguished from normal limbs where 
slow stretches generally fail to elicit signs of sig-
nifi cant levels of stretch refl ex activity [ 45 ,  46 ]. 

 Relatively little is known of spasticity in active 
contracting muscle despite its obvious relevance 
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  Fig. 18.2    Envelope traces consisting of shoulder/elbow 
fl exion/extension combinations during various levels of 
limb support in the paretic limb ( left arm ) of a single sub-
ject [ 11 ]. Conditions listed in the legend are percentages of 

limb weight. Note the signifi cant reduction in work area for 
increasing levels of shoulder abduction/external rotation. 
Axes units are in meters (From Sukal et al. [ 11 ]; with kind 
permission from Springer Science + Business Media)       
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to active movement and subsequent treatment. 
Even a small voluntary background contraction 
leads to prominent refl ex activity and increased 
passive resistance in normal limbs [ 44 ,  47 ]. 
Additionally, there is no clear demonstration that 
refl ex EMG and torque magnitude are signifi -
cantly higher in spastic limbs under analogous 
background activation conditions [ 17 ,  22 ,  40 ,  41 , 
 48 – 50 ]. Hence, it is unclear how, or if, spasticity 
contributes to the movement disorder in the 
affected limbs. It is possible, without clear evi-
dence to the contrary, that the defi ning features of 
spasticity are a phenomenon confi ned to resting 

limbs. More detailed knowledge of the properties 
of spastic muscle during active movement is 
needed to resolve this issue. With the use of 
robotic technologies, we now have the capability 
to investigate the impact of spasticity, or hyperac-
tive stretch refl exes, on active movement. 

 Most of the spasticity quantifi cation literature 
to date considers hyperactive stretch refl ex activ-
ity at the single-joint level with the subject 
relaxed and does not consider its potential effects 
on multi-joint movements such as reaching or 
retrieval motions. If we hypothesize that spastic-
ity expresses itself as a hyperactive stretch refl ex 
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  Fig. 18.3     Top : 
instrumented hand fi nger 
orthosis (From Miller et al. 
[ 38 ]; used with permission). 
 Bottom : relative level of 
fi nger force (normalized for 
each subject by the largest 
forces measured over the 
fi ve shoulder abduction- 
loading conditions) 
generated for increasing 
levels of load as percentage 
of maximum shoulder 
abduction (SABD) torque 
(From Miller and Dewald 
[ 14 ]; used with permission). 
This demonstrates that 
increasing levels of 
shoulder abduction 
generates involuntary 
increases in fi nger fl exion in 
the paretic hand. The  error 
bars  represent intersubject 
standard errors       
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during passive conditions only (i.e. with the sub-
ject relaxed) and does not affect stretch refl ex 
activity during active (i.e., movement) conditions 
[ 17 ], then multi-joint movements may still be 
affected. This is especially true during multi-joint 
reaching where elbow extension is the result of 
coupling or interaction torques generated during 
shoulder fl exion movement and not due to elbow 
extensor muscle activation [ 34 ]. It is likely that 
under such conditions abnormal hyperactive 
stretch refl ex activity of “relaxed” elbow fl exors 
(which are not reciprocally inhibited by triceps 
activity because of the effect of coupling torques) 
could limit the upper extremity workspace, espe-
cially at higher movement velocities. In addition 
to the role that spasticity may play when joint 
movement is driven by coupling or interaction 
torques, as occurs during multi-joint movements, 
it may also be affected by the expression of 
abnormal muscle synergies (see section above). 
This is not addressed in spasticity quantifi cation 
studies at the elbow that support the weight of the 
paretic limb with the measurement system [ 17 , 
 18 ,  20 ,  22 ,  49 ]. However, steps have now been 
taken to investigate the infl uence of proximal 
joint demands (shoulder) on refl ex excitability of 
the elbow fl exors during passive single-joint 
elbow rotations and have suggested an interac-
tion between synergy-related activation and 
refl ex-related activation of elbow fl exors. For 
example, stretch refl ex excitability in elbow fl ex-
ors has been shown to be modulated by abductor 
activation for a single abduction load level [ 23 ] 
and as a function of abduction loading [ 51 ]. 
Investigating the interplay of spasticity and 
abnormal fl exion synergy during a dynamic 
multi-joint reaching task has also now begun in 
our lab. Analysis of preliminary data of elbow 
fl exor activation during an outward reach under 
various abduction loads indicates a small, if not 
negligible, contribution of refl ex-related fl exor 
activation superimposed upon much larger 
synergy- related fl exor activation. These data sup-
port an interaction between refl ex- and synergy- 
related fl exor activation and suggest a dominant 
and deleterious contribution of synergy-related 
fl exor activation to impaired reaching function. 
State-of-the-art robotic technologies, some of 

which are currently under development in our 
laboratory, will be required to fully elucidate the 
interaction between stretch refl ex excitability/
spasticity and impairments such as abnormal 
synergies during movement under a variety of 
abduction-loading conditions similar to that 
experienced during functional arm activities. 

 Depending on the specifi c application, robotic 
devices must possess certain key design charac-
teristics. First, these devices must be capable of 
rendering haptic environments within which 
users can interact with desired forces. For exam-
ple, to investigate the fl exion synergy, robotic 
devices must be capable of providing forces to 
simulate abduction loading and unloading of the 
shoulder muscles. These devices must also be 
capable of switching between compliant and 
stiff modes, enabling low impedance movements 
throughout the workspace while simultaneously 
providing the capability to apply precise position 
or speed-controlled perturbations to the user. 
Additionally, robotic devices seeking to measure 
the relationship between stretch refl exes and 
abnormal muscle coactivation patterns must pos-
sess an adequate number of degrees of freedom 
to capture functional behaviors. For planar 
movements of the upper limb, this translates to 
at least three degrees of freedom: two for the 
shoulder and one for the elbow. Finally, an 
important consideration for robotic devices 
seeking to capture functional movements is 
workspace volume. If, for instance, the desired 
task is a center-out reaching task in multiple 
directions, it may be necessary to permit full 
extension of the arm, which will require both 
shoulder fl exion and elbow extension and a 
larger workspace. If  however the goal is only 
elbow extension, a smaller workspace volume 
may be acceptable. 

 Ultimately, with careful design considerations 
and a working knowledge of the relevant physiol-
ogy, robotic devices can be designed and imple-
mented that allow investigators to answer specifi c 
questions in terms of the mechanisms underlying 
movement impairments. In addition, the same 
robotic devices can be used for subsequent develop-
ment of effective robotic treatments that comple-
ment conventional neurorehabilitation approaches.   
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18.3     Impairment-Based Robotic 
Interventions 

18.3.1     Introduction to a Scientifi cally 
Underpinned Concept 

 Focused impairment-based interventions for 
individuals with stroke have had a reduced 
emphasis in conventional care over the last 
15 years, giving way to a greater focus on func-
tional training of the arm [ 52 – 54 ]. A recent 
review has suggested that function training is 
more appropriate for mild to moderate stroke, 
whereas classical approaches of impairment 
reduction are more appropriate for severe stroke 
[ 55 ]. In order to optimize recovery of individuals 
with severe stroke, an innovative solution that 
allows for the amelioration of fundamental 
impairments such as abnormal synergies and 
weakness is needed. Specifi c to abnormal syner-
gies, recent basic science research discussed 
above has demonstrated that unavoidable and 
debilitating distal arm and hand fl exion occurs 
during progressively greater shoulder abduction 
loads in individuals with moderate to severe 
stroke [ 11 ,  13 ,  14 ]. This phenomenon is attrib-
uted to abnormal coactivation of groups of mus-
cles and results in the loss of independent joint 
control/inter-joint coordination making it impos-
sible to complete functional upper extremity 
tasks such as reaching out to pick up a glass of 
water. Only within the last few years, utilizing 
new robotic rehabilitation technology like the 
ACT-3D, has it been possible to design an inter-
vention that directly targets this impairment. 
Directly targeting loss of independent joint con-
trol with an impairment-based intervention is the 
most likely avenue for optimizing functional 
outcomes in this population. This impairment-
based approach represents a scientifi cally under-
pinned rehabilitation strategy since the neural 
mechanism of the impairment is well investi-
gated and its relationship to functional move-
ment is known. Recent evidence from our 
laboratory supporting this approach will be dis-
cussed below and appears to elevate the progno-
sis of even the most severely impaired individuals 
with stroke.  

18.3.2     An Isometric Impairment- 
Based Approach 

 Our initial and foundational intervention work 
[ 56 ] sought to determine the amenability of 
abnormal fl exion synergy to an impairment- 
based intervention. The intervention entailed 
intensive practice of an isometric multi-joint 
(shoulder and elbow) task comprised of both a 
multi-joint coordination element and a resistance 
element that ultimately proved to be successful in 
reducing the impairment but diffi cult to interpret 
the relative importance of therapeutic elements 
responsible for the observed improvement [ 56 ]. 
The abnormal fl exion synergy impairment was 
directly targeted by having individuals generate 
multi-joint torque patterns outside of the fl exion 
synergy. This was accomplished by maintaining 
a submaximal percentage of their maximum 
shoulder abduction while maximally generating 
shoulder fl exion or elbow extension. The involve-
ment of two concurrent torque directions was the 
multi-joint coordination element of the exercise, 
while the resistive element was the requirement 
of maximal isometric torque generation. 
Individuals practiced these multi-joint isometric 
tasks three times per week for 8 weeks. The pri-
mary outcome measure was the magnitude of 
abnormally coupled isometric elbow fl exion 
occurring during maximum isometric shoulder 
abduction (abnormal fl exion synergy). The sec-
ondary outcome measure was single-joint iso-
metric strength. 

 Ultimately, the study demonstrated the effec-
tiveness of implementing an impairment-based 
intervention targeting loss of independent joint 
control. All participants showed a decrease in the 
amount of abnormal fl exion synergy that was 
congruent with progressive improvements in 
generating torque patterns outside of the fl exion 
synergy throughout the course of the interven-
tion. A second meaningful improvement was an 
increase in single-joint isometric strength for the 
torque directions comprising the practiced tasks. 
Participants became stronger following the inter-
vention for shoulder abduction, shoulder fl exion, 
and elbow extension. The concurrent increase in 
multi-joint coordination and increase in single- 
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joint strength offered two inextricable explana-
tions for the measured improvements in arm 
function. Future work from our laboratory dis-
cussed below began utilizing robotics in an 
attempt to more specifi cally target abnormal fl ex-
ion synergy by removing the resistance compo-
nent from the intervention.  

18.3.3     Targeting the Loss 
of Independent Joint Control 
with the ACT-3D 

 Our robotic intervention for individuals with 
severe stroke sought to identify the effect of the 
multi-joint coordination element without the con-
founding effects of other potential therapeutic 
elements such as resistance training as incorpo-
rated in our initial isometric intervention work [ 6 , 
 57 ]. Utilization of the robotic device, ACT-3D, 
allowed us to target the fl exion synergy and asso-
ciated loss of independent joint control through 
the implementation of a dynamic multi-joint 
coordination task that did not involve a resistive 
element. In a randomized controlled design, 14 
participants were assigned to one of two inter-
vention groups. While both groups practiced 
reaching with the ACT-3D over 8 weeks emulat-
ing traditional therapy, only the experimental 
group was required to support the arm against 
specifi ed submaximal abduction (vertical) loads. 
The control group practiced the same reaching 
tasks but was fully supported on a horizontal hap-
tic table. Therefore, only the experimental group 
was practicing movement outside of or against 
the abnormal fl exion synergy. Participants in the 
experimental group were required to support 
greater percentages of arm weight (correspond-
ing to greater shoulder abduction loads) as reach-
ing abilities improved beyond standardized 
kinematic performance thresholds. For example, 
if a participant could reach 80 % of the distance 
to the practiced target for 8 out of 11 trials in one 
set for a given abduction load, the load would be 
increased by one increment of 25 % of limb 
weight. The same procedure was followed inde-
pendently for all fi ve of the targets that spanned 
the reaching work area of each participant based 

on standardized joint angles (Fig.  18.4 ). The pri-
mary outcome utilized to demonstrate effective-
ness was total reaching work area as a function of 
abduction loading, measured by the ACT-3D, 
and the secondary outcome was isometric single- 
joint strength.

   We found signifi cantly greater increases in 
work area for the experimental group. Importantly, 
the greatest improvements in total reaching work 
area were at abduction loading levels equivalent 
to and beyond limb weight such as experienced 
during the transport of an object during a func-
tional task. The results of the secondary outcome 
measure of strength were important to the inter-
pretation of why improvements were observed in 
work area as a function of abduction loading. We 
found that there was no improvement in single- 
joint maximum strength indicating that a reduc-
tion of fl exion synergy and associated increase in 
multi-joint coordination must have occurred [ 6 ]. 
This research indicated that the abduction load-
ing element was effective in improving arm func-
tion. Most importantly, it demonstrated the 
capacity of a scientifi cally underpinned 
impairment- based approach to achieve gains in 
individuals with chronic severe stroke whom 
conventional care had failed.   

18.4     Successful Translation 
to Clinical Practice 

18.4.1     Device Design That Facilitates 
Successful Translation 

 Recent advances in robotic technology have 
given rise to multiple systems for upper extrem-
ity rehabilitation in stroke [ 11 ,  58 – 65 ]. Such sys-
tems combine robotics with computer graphics 
for delivery of a rehabilitation protocol. 
Systematic reviews of the effect of robotic-based 
therapy on upper limb recovery following stroke 
[ 2 – 4 ] suggest improvement in motor function of 
the paretic upper limb but are less conclusive on 
improvement of functional abilities or activities 
of daily living. Recent studies have perpetuated 
the equivocal evidence by investigating multifac-
eted approaches targeting both impairment and 
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activities of daily living with robotics. A random-
ized controlled trial following a multifaceted 
robotic intervention found functional improve-
ment; however, clinical meaningfulness of the 
gains was in question [ 7 ]. In contrast, a high- 
quality large-scale randomized controlled trial 
employing a multifaceted robotic intervention 
targeting impairment reduction did not show 
improvements in arm function [ 8 ]. Furthermore, 
a robotic study specifi cally investigating the dif-
ference between motor function [impairment] 
gains and clinical functional outcome found that 
improvements only occurred for impairments of 
motor function [ 66 ]. The continued equivocal 
evidence raises the question of what attributes of 
robotic training are most relevant to successful 
impairment restoration, functional recovery, and/
or both. What is clear though is that for electro-
mechanical systems to successfully translate to 
practice, a clear advantage beyond conventional 
neurorehabilitation therapies must be realized. 

 Many rehabilitation systems are based on tra-
ditional therapeutic approaches of functional task 
practice similar to conventional hands-on reha-
bilitation. For example, implementing a task- 
oriented approach where subjects complete a 
pick-and-place or grasp and release in a virtual 
task [ 3 ,  67 – 77 ] is similar to conventional thera-
peutic strategies [ 53 ,  78 – 80 ]. A few groups have 
implemented systems based on a more con-
strained approach where the reaching movement 
or task is guided by a predefi ned trajectory or set 
of rules [ 81 – 83 ], again, similar to traditional 
interventions where the movement is guided by 
the therapist(s). The sole focus on functional task 
practice may explain the equivocal evidence for 
benefi ts over that of conventional care. On the 
other hand, some systems provide robotic- 
assistance to the task or movement being per-
formed either by smartly assisting the arm in a 
programmed endpoint or joint-space trajectory 
and/or by supporting the weight of the limb [ 72 , 
 76 ,  84 – 90 ], thus taking advantage of the unique 
features of their device to address motor impair-
ments during functional task practice which is 
diffi cult to be replicated by a person. 

 Device design has primarily been driven by a 
focus on conventional functional task practice 
with a limited emphasis on targeting and reduc-
ing impairments. Even with a multifaceted func-
tional and impairment-based robotic approach, 
only limited success is possible [ 8 ]. Therefore, 
we believe a sole focus on ameliorating loss of 
independent joint control will be most effective 
especially in more moderate to severely impaired 
individuals where function task practice is not 
possible. The Dewald laboratory has taken the 
approach of shifting the sole focus of the robotic 
training intervention to reducing the most promi-
nent impairment, loss of independent joint con-
trol, based on years of research of the mechanisms 
underlying upper extremity movement impair-
ment in individuals with brain injury. Based on 
results from previous studies [ 1 ,  16 ,  29 – 31 ,  33 , 
 34 ,  85 ], we have designed robotic systems to 
directly target loss of independent joint control 
believed to most strongly impact upper extremity 
function. 

  Fig. 18.4    Example of a research participant positioned 
with the ACT-3D showing the fi ve reaching targets (From 
Ellis et al. [ 6 ]; used with permission)       
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 Attempting to ameliorate the loss of indepen-
dent joint control may be a more effective strat-
egy in improving arm function during activities 
of daily living in individuals with moderate to 
severe hemiparetic stroke that struggle to benefi t 
from functional task practice due to the severe 
abnormal muscle synergies throughout the arm 
and hand. The ACT-3D [ 11 ,  13 ], which is based 
on the HapticMASTER (Moog, Inc., The 
Netherlands), a commercially available haptic 
device, was designed to allow adjustable shoul-
der abduction loading, a required attribute to 
directly target the fl exion synergy impairment. 
Previous studies have demonstrated the effective-
ness of targeting the fl exion synergy impairment 
with the ACT-3D and increasing the work area of 
the upper limb at greater shoulder abduction 
loads (see previous section – [ 6 ,  57 ]). Other sys-
tems like the T-WREX, Pneu-WREX, ARMin, 
L-EXOS, Freebal, ArmeoPower, and BONES 
[ 11 ,  60 ,  64 ,  70 ] have adjustable limb weight sup-
port abilities and are capable of progressively 
loading shoulder abduction. The ability to target 
inter-joint coordination through progressive 
shoulder abduction loading is a key component 
for therapeutic interventions attempting to 
improve arm function during activities of daily 
living because it is the loss of independent joint 
control that is the most detrimental impairment in 
moderate to severe stroke and it is correlated with 
upper extremity function [ 13 ]. 

 Based on the promising results obtained with 
the ACT-3D, our laboratory has continued to 
design robotic devices that target specifi c impair-
ments present in individuals with brain injury 
such as weakness, synergy, and spasticity. A new 
device, the ACT-2D, was designed to further our 
understanding of spasticity during movement in 
stroke (see Fig.  18.5 ). This device was designed 
to allow investigation of the interaction between 
the abnormal fl exion synergy and spasticity, 
through its ability to provide various shoulder 
abduction loads while stretching the elbow fl ex-
ors without volitional activation of elbow mus-
cles. Concurrently, a new version of the ACT-3D, 
the NACT-3D, was designed to augment its capa-
bilities both in workspace and strength to allow 
not only implementation of impairment-based 

interventions but also investigations of the com-
plex interactions between weakness, synergy, 
and spasticity during multi-joint dynamic condi-
tions in order to better understand the mecha-
nisms underlying movement dysfunction in this 
population (see Fig.  18.6 ). In doing so, standard-
ized protocols for the quantitative evaluation of 
each impairment are being developed and will 
provide a tool for clinicians to immediately aug-
ment conventional qualitative methods of clinical 
evaluation. Currently, initial efforts are underway 
to design and implement an affordable passive 
device that will facilitate translation to practice 
and even utilization at home.

18.4.2         Acceptance 
by the Rehabilitation 
Specialist 

 Despite exciting advancements in rehabilitation 
robotics regarding quantitative evaluation of 
movement impairments and impairment-based 
interventions, translation to clinical practice has 
been slow and incremental. The rate of transla-
tion can be improved by increasing the quality of 
evidence made available to practicing clinicians. 
The fi eld of rehabilitation will readily accept new 
technologies, such as the impairment-based 
robotics approach, given that quantitative data of 
impairment reduction is provided. Recent 
 evidence from our lab supports an impairment-
based approach showing that amelioration of 
fl exion synergy and improvement in reaching 
function is possible [ 6 ,  57 ]. As impairments are 
remedied, normal movement is restored, and thus 
function in everyday activities improves. This 
represents a methodical scientifi cally under-
pinned strategy to achieving improved function 
that is in stark contrast to the conventional 
approach of practicing functional tasks which 
may only be appropriate once impairment resto-
ration has been optimized [ 10 ]. 

 Educating clinicians will need to go beyond 
marketing tutorials describing bells and whistles 
of robotic devices, and include evidence of how 
the device is grounded in medical science both in 
concept, design, and implementation. Convincing 
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evidence from large-scale clinical trials is neces-
sary to demonstrate that an impairment-based 
robotic intervention is superior to conventional 
care not just in improving function but in restor-
ing normal movement through impairment reduc-
tion. Additionally, improvements observed 
should be explained by the underlying neuro-
physiological mechanism. Our laboratory has 
recently made substantial efforts to merge quan-

titative evaluation of movement with high- 
resolution neuroimaging to evaluate 
intervention-related experience-dependent neu-
roplasticity addressing this requirement [ 91 ]. 
Future work should also seek to evaluate how 
other aspects of motor learning [ 92 ], beyond our 
current employment of optimal practice schedul-
ing, task specifi city, and augmented feedback, 
can be brought to bear when targeting loss of 
independent joint control. With convincing 
 quantitative evidence and sound scientifi c under-
pinning, the rehabilitation specialist will readily 
accept the impairment-based approach catalyz-
ing the translation to clinical practice.  

18.4.3     Motivation, Ease of Use, 
Practical Implications, 
and Translation 
into Rehabilitation Clinics 

 Patient motivation is one principle of motor 
learning that can be readily brought to bear in 
targeting impairment restoration in rehabilita-
tion robotics by integrating with video game 
platforms. Combining impairment-based inter-
ventions with a game has the potential to moti-

  Fig. 18.5    The ACT-2D robotic device allows for single- 
joint perturbations at the elbow combined with adjustable 
shoulder abduction loading to study the relationship 

between synergies and abnormal stretch refl ex or spastic-
ity following brain injury       

  Fig. 18.6    New version of the ACT-3D, the NACT-3D, is 
designed to allow greater workspace measurements as 
well as for the application of multi-joint perturbations in 
the plane of movement       
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vate patients to participate in therapy sessions 
and push themselves to greater performances. 
Recent advances in robotic and video game 
technology have given rise to multiple systems 
for upper extremity rehabilitation in stroke [ 11 , 
 58 – 65 ]. Such systems combine robotics with 
computer graphics for delivery of a rehabilita-
tion protocol. An increasingly common 
approach is the use of virtual reality (VR) games 
that allow interaction with a three-dimensional 
environment simulated in a computer and inte-
grated with haptic feedback. Reviews on the 
effectiveness of virtual reality programs for 
stroke rehabilitation [ 93 – 95 ] support its appli-
cation albeit with limited evidence. All of these 
reviews recognize the potential for these thera-
peutic modalities, encouraging further research 
to establish their validity and provide evidence 
of their advantages over conventional therapy. 
The lack of directly targeting specifi c impair-
ments in current gaming approaches may 
explain the limited improvements in arm func-
tion during activities of daily living. Preliminary 
results from our laboratory suggest that the 
combination of video games and robotics to cre-
ate a haptic interface should emphasize the 
design of games that include specifi c reaching 
targets in the workspace compromised by the 
expression of the loss of independent joint con-
trol following stroke [ 96 ]. Therefore, the ulti-
mate goal will be to develop video games that, 
in combination with state-of-the-art robotic 
devices, directly address movement impair-
ments while providing a fun and challenging 
experience. The combination of increased moti-
vation and improved outcomes will facilitate 
successful translation to practice. 

 Another important element that needs to be 
considered for the successful translation of robot-
ics to clinical practice, and possibly to the home 
environment, is its ease of use. Once the neces-
sary ingredients have been determined to mea-
sure and reduce movement impairments resulting 
from brain injury, simple actuated or possibly 
passive devices should be developed. Setup time 
for the use of such devices should be fast, and 
measurement and treatment approaches, incorpo-
rating gaming, should provide intuitive interfaces 

that can be ultimately utilized by the individual 
receiving therapy. 

 Finally, to facilitate translation of impairment- 
based electromechanical devices to clinical prac-
tice, they should offer evaluation and treatment 
approaches that are not readily reproducible by 
rehabilitation specialists. Electromechanical 
devices must provide for a precise quantitative 
evaluation of movement impairments resulting 
from brain injury such as the loss of independent 
joint control, weakness, and spasticity. 
Furthermore, devices must utilize standard quan-
titative measurements of impairment to initiate 
and progress the intervention. With these attri-
butes, clinicians will be better informed of the 
impairments causing movement dysfunction and 
the response of the patient to rehabilitation.   

    Conclusion 

 This chapter discusses the use of impairment- 
based rehabilitation technologies and provides 
examples of device development that allows 
both for the evaluation and treatment of move-
ment impairments. Evidence is provided dem-
onstrating that electromechanical devices have 
the unique ability to measure loss of indepen-
dent joint control, weakness, and spasticity fol-
lowing brain injury. In addition to the 
quantifi cation and study of mechanisms under-
lying the expression of these impairments, evi-
dence was also provided demonstrating the 
effectiveness of specifi cally targeting funda-
mental impairments in order to improve arm 
function during activities of daily living. A 
shifted focus to impairment restoration was 
suggested in contrast with the current applica-
tion of robotics that focuses on greater intensity 
of existing rehabilitation approaches and multi-
faceted approaches of impairment-based and 
functional-based task practice. Finally, suc-
cessful translation to clinical practice was dis-
cussed pointing to several key attributes that 
will facilitate both clinician and patient accep-
tance. From this chapter, we hope to have dem-
onstrated that new robotic technologies are 
ideal for the delivery of novel therapeutic inter-
ventions grounded in a body of scientifi c evi-
dence. And that robotic interventions can be 
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implemented in current rehabilitation clinics as 
well as provide a tool for clinicians to better 
evaluate and treat patients in a more controlled 
fashion with greater specifi city and intensity 
than is currently possible with conventional 
rehabilitation. 

 The successful application of impairment- 
based rehabilitation technologies will depend 
on two factors. First, robotic devices must 
prove to provide a quantitative evaluation that 
precisely defi nes movement impairments that 
can serve both as indicators for prognosis and 
response to rehabilitation. Wielding powerful 
diagnostic and prognostic tools, rehabilitation 
specialists will make more informed clinical 
decisions and achsieve better clinical outcomes. 
Second, the future of rehabilitation robotics lies 
in our ability to demonstrate the effectiveness 
of robotic devices in delivering interventions 
that result not only in amelioration of impair-
ments but also in clear gains in arm function 
during activities of daily living. This will 
require implementation of large-sample Phase 
III and IV clinical trials that encompass con-
trolled impairment-based rehabilitation robotic 
interventions and conventional care. These tri-
als will have the statistical power necessary to 
detect signifi cant clinical effects utilizing out-
comes measuring activity of daily living that 
are unavoidably limited by low-resolution ordi-
nal scales of measurement. Additionally, it is 
with these large Phase III and IV clinical trials 
that cost-benefi t analyses can be completed 
demonstrating the fi scal utility of these exciting 
new impairment-based technologies in a chang-
ing healthcare environment.     
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      Technology of the Robotic Gait 
Orthosis Lokomat                     

     Robert     Riener     

    Abstract  

  Rehabilitation robots allow for a longer and more intensive locomotor 
training than that achieved by conventional therapies. Robot-assisted 
treadmill training also offers the ability to provide objective feedback 
within one training session and to monitor functional improvements over 
time. This article provides an overview of the technical approach for one 
of the most widely used system known as “Lokomat” including features 
such as hip abduction/adduction actuation, cooperative control strategies, 
assessment tools, and augmented feedback. These special technical func-
tions may be capable of further enhancing training quality, training inten-
sity, and patient participation.  

  Keywords  

  Exoskeleton   •   Actuated gait orthosis   •   Gait rehabilitation   •   Cooperative 
control   •   Augmented feedback   •   Lokomat  

19.1       Introduction 

 A major limitation of manual-assisted, body 
weight-supported treadmill therapy (BWSTT) is 
that a training session relies upon the ability and 
availability of physical therapists to appropriately 
assist the patient’s leg movement through the gait 
cycle. Robotic devices can eliminate this prob-
lem through the use of a mechatronic system that 
automates the assistance of the leg movement [ 1 , 
 2 ]. This article presents the technological steps in 
the evolution of the design and development of 
Lokomat, an internationally well-established 
robot for gait therapy. 
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 Manually assisted BWSTT involves therapist 
assistance, while the patient practices stepping 
movements on a motorized treadmill with simul-
taneous unloading of a certain percentage of 
body weight. Manual assistance is provided as 
necessary (and as far as possible) to enable 
upright posture and to induce leg movements 
associated with adaptive physiological human 
gait. Over the last two decades, there has been 
growing evidence of support for the use of this 
technique in neurorehabilitation programs for 
stroke and SCI subjects. Recently, a large ran-
domized clinical trial, known as the LEAPS 
study, has confi rmed that walking training on a 
treadmill using body weight support and practice 
overground at clinics was superior to usual care 
in improving walking, regardless of severity of 
initial impairment [ 3 ]. 

 Whereas evidence demonstrates improvement 
in locomotor function following manually assisted 
treadmill training, its practical implementation in 
the clinical setting is limited by the labor-intensive 
nature of the method. Specifi cally, training sessions 
tend to be short because of the physical demands 
and time costs placed upon the therapists’ resources. 
This resource constraint yields signifi cant limita-
tions upon access to the therapy and, ultimately, to 
the effectiveness of the therapeutic approach with 
patients. Particularly, in individuals with limb 

paralysis and/or a high degree of spasticity, appro-
priate manual assistance is diffi cult to provide; 
these patients require more than two therapists, 
which increases the already high cost and also lim-
its training time [ 4 ]. Furthermore, manual forces 
provided by human trainers are highly variable 
between trainers [ 5 ]. The success and promise of 
BWSTT, the limitations and resource constraints in 
the therapeutic environment, and the variability 
between human trainers have inspired the design 
and development of robotic devices to assist the 
rehabilitation of ambulation in patients following 
stroke or spinal cord injury (SCI). 

 The research team of the Spinal Cord Injury 
Center of the University Hospital Balgrist in 
Zurich, Switzerland, an interdisciplinary group 
of physicians, therapists, and engineers, began to 
work on a driven gait orthosis in 1995 that would 
essentially replace the cumbersome and exhaust-
ing physical labor of therapists in the administra-
tion of locomotor training [ 1 ]. The “Lokomat” 
(commercially available from Hocoma AG, 
Volketswil, Switzerland) consists of a computer- 
controlled robotic exoskeleton that moves the 
legs of the patient in an adjustable conjunction 
with a body weight support system (Fig.  19.1 ). It 
is the most widely used rehabilitation robot 
worldwide, with about 700 sold devices till sum-
mer 2015. Later on, other exoskeletal systems 

  Fig. 19.1    Current 
version of the Lokomat 
system with a spinal 
cord-injured patient 
(Printed with permission 
of Hocoma AG, 
Volketswil)       
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were developed including the “AutoAmbulator” 
by Healthsouth Inc. (USA). As the Lokomat, the 
AutoAmbulator is a four degrees-of-freedom 
(DOF) treadmill-based rehabilitation device, 
which consists of actuated robotic orthoses that 
guide the patient’s knee and hip joints within the 
sagittal plane. In Europe, the device is sold as 
“ReoAmbulator” (  www.motorica.com    ). Another 
treadmill-based robotic exoskeleton is LOPES 
[ 6 ]. It combines an actuated pelvis segment with 
a leg exoskeleton. The pelvis can move in trans-
lational directions, whereas the legs have two 
active rotary DOF at the hip (fl exion/extension 
and abduction/adduction) and one active DOF at 
the knee (fl exion/extension). The leg joints of the 
robot are actuated with Bowden cable-driven 
series elastic actuators. The lateral pelvis transla-
tion is equipped also with the same actuation 
principle, whereas the anterior/posterior motion 
is driven by a linear actuator. Another gait reha-
bilitation robot is the active leg exoskeleton 
(ALEX) [ 7 ]. A so-called walker supports the 
weight of the device, and the orthosis has several 
passive and actuated DOF with respect to the 
walker. The trunk of the orthosis (connected to 
the walker) has three DOF, namely, vertical and 
lateral translations and rotation about the vertical 
axis. All the DOF in the trunk are passive and 
held in position by springs. The hip joint of the 
orthosis has two DOF with respect to the trunk of 
the orthosis allowing actuated hip fl exion/exten-
sion and passive abduction/adduction move-
ments. David Reinkensmeyer from UC Irvine 
together with colleagues from UCLA developed 
the exoskeletal device “PAM” (pelvic assist 
manipulator), which is a device that assists the 
pelvic motion during human gait training on a 
treadmill [ 8 ] and “POGO” (pneumatically oper-
ated gait orthosis), which moves the patient’s legs 
with linear actuators attached to a frame placed 
around the subject [ 9 ].

   An alternative to exoskeletal systems are end 
effector-based systems such as the commercially 
available Gait Trainer [ 2 ]. The Gait Trainer oper-
ates like a conventional elliptical trainer, where 
the subject’s feet are strapped into two footplates, 
moving the feet along a trajectory that is similar 
to a gait trajectory. As the Gait Trainer moves 

each leg only in one degree of freedom (DOF), 
Hesse and colleagues from the Fraunhofer 
Institute IPK developed a more complex device, 
called the “HapticWalker” [ 10 ]. The device com-
prises two end effector-based platforms that 
move each foot in three DOF. Based on the 
knowledge gained with Gait Trainer and 
HapticWalker, Hesse et al. [ 11 ] developed G-EO 
robot (EO is Latin meaning “I walk”), which is 
commercially available by the company Reha 
Technology AG in Switzerland (  www.rehatech-
nology.com    ). As in the HapticWalker, G-EO con-
sists of two footplates, which move each foot 
with three DOF in the sagittal plane and enables 
the training of freely programmable tasks such as 
stair climbing. Another end effector-based robot 
developed by the group of D. Reinkensmeyer 
together with colleagues from UCLA and 
University of Louisville was ARTHUR, which is 
a backdrivable two DOF planar robot to measure 
and assist the stepping of the right leg. This robot 
uses a two-coil linear motor and a pair of light-
weight linkages to drive the robot’s apex, which 
is attached to the subject through a revolute joint 
and running shoe modifi ed to include an embed-
ded footplate [ 12 ,  13 ].  

19.2     Orthosis Design 

19.2.1     Mechanical Aspects 

 The Lokomat® is a bilaterally driven gait ortho-
sis that is used in conjunction with a body weight 
support system [ 1 ]. The Lokomat moves the 
patient legs through the gait cycle in the sagittal 
plane (Fig.  19.1 ). The Lokomat’s hip and knee 
joints are actuated by linear drives integrated into 
an exoskeletal structure. Passive foot lifters sup-
port ankle dorsifl exion during the swing phase. 
The leg motion can be controlled with highly 
repeatable predefi ned hip and knee joint trajecto-
ries on the basis of a conventional position con-
trol strategy. The orthosis is fi xed to the rigid 
frame of the body weight support system via a 
parallelogram construction that allows passive 
vertical translations of the orthosis while keeping 
the orientation of the robotic pelvis segment 
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 constant. The patient is fi xed to the orthosis with 
straps around the waist, thighs, and shanks. 

 The angular positions of each leg are mea-
sured by potentiometers attached to the lateral 
sides of the hip and knee joints of the orthosis. 
The hip and knee joint trajectories can be manu-
ally adjusted to the individual patient by chang-
ing amplitude and offsets. Knee and hip joint 
torques of the orthosis are measured by force sen-
sors integrated into the orthosis in series with the 
linear drives. The signals may be used to deter-
mine the interaction torques between the patient 
and the device, which allows estimation of the 
voluntary muscle effort produced by the patient. 
This important information may be optimally 
used for various control strategies as well as for 
specifi c biofeedback and assessment functions. 

 The Lokomat geometry can be adjusted to the 
subject’s individual anthropometry. The lengths 
of the thighs and shanks of the robot are adjust-
able via telescopic bars, so that the orthosis may 
be used by subjects with different femur lengths 
ranging between 35 and 47 cm. A special version 
of the Lokomat was designed and developed in 
2006 to accommodate pediatric patients with 
shorter femur lengths between 21 and 35 cm 
(equivalent to body heights between approxi-
mately 1.00 and 1.50 m). The width of the hip 
orthosis can also be adjusted by changing the dis-
tance between the two lower limbs. The fi xation 
straps, available in different sizes, are used to 
safely and comfortably hold the patient’s limb to 
the orthosis.  

19.2.2     Drives 

 Ruthenberg and coworkers [ 14 ] reported the 
maximal hip torque during gait to be approxi-
mately 1 Nm per kilogram of body weight and an 
estimated average torque of approximately 
35 Nm. In the Lokomat, hip and knee joints are 
actuated by custom-designed drives with a preci-
sion ball screw. The nut on the ball screw is 
driven by a toothed belt, which is in turn driven 
by a DC motor. The nominal mechanical power 
of the motors is 150 W. This yields an average 
torque of approximately 30 and 50 Nm at the 

knee and hip, respectively. Maximum peak 
torques are 120 and 200 Nm, respectively. This 
design has been demonstrated to be suffi cient to 
move the legs against gravitational and inertial 
loads and, thus, to generate a functional gait pat-
tern required in a clinical environment and suit-
able for most patients, even those with severe 
spasticity.  

19.2.3     Safety 

 Whereas the mentioned peak torques are required 
in order to move the patient’s joints in the pres-
ence of considerable interaction forces produced 
at the joints (e.g., due to spasticity) or between 
the patient’s feet and treadmill (e.g., due to minor 
deviations of robot and treadmill speed), they can 
pose an inherent risk to the musculoskeletal sys-
tem of the patient. In order to minimize this risk, 
various measures of safety were implemented 
into electronics, mechanics, and software. The 
electronic and mechanical safety measures fol-
low principles of medical device safety regula-
tions and standards (e.g., galvanic insulation). 
Additionally, passive backdrivability and 
mechanical end stops avoid incidents that human 
joints get overstressed or blocked in case of actu-
ator malfunction. The software safety measures 
manage proper operation of the device through 
control of nominal ranges of force sensors and 
also through the use of redundant position sen-
sors. Software also checks plausibility of move-
ment and stops the device as soon as the 
movement deviates too much from the known 
desired gait trajectory. Another important safety 
feature is realized by the existence of the body 
weight support system, where the patient can be 
brought to a safe situation, when all drives have 
to be deactivated, e.g., when stumbling, or when 
spasticity causes the interaction forces to exceed 
the given threshold values. A wireless sensor sys-
tem tracks the therapist’s presence and prompts 
input from the therapist in order to ensure thera-
pist’s attention and to improve patient safety. 
Furthermore, several manual emergency stops 
enable the therapist (or patient) to cause a sudden 
stop of the movement whenever desired.   
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19.3     Body Weight Support 
System 

 Body weight support systems enable patients 
with leg paresis to participate in functional gait 
therapy, both on the treadmill and in overground 
walking [ 15 ]. A simple system consists of a har-
ness worn by the patient, ropes and pulleys, and a 
counterweight used to partially unload the patient. 
However, these simple systems do not ideally 
accommodate the wide range of conditions a 
patient with sensorimotor defi cits will encounter 
in gait therapy. The supporting vertical force var-
ies mainly because of the effect of inertia that is 
induced by the vertical movement components 
performed during gait [ 16 ]. A mechatronic body 
weight support system called “Lokolift” has been 
developed to allow a more precise unloading dur-
ing treadmill walking. The Lokolift combines the 
key principles of both passive elastic and active 
dynamic systems [ 16 ]. In this system, at unload-
ing levels of up to 60 kg and walking speeds of 
up to 3.2 km/h, the mean unloading error was less 
than 1 kg, and the maximum unloading error was 
less than 3 kg. This system can perform changes 
of up to 20 kg in desired unloading within less 
than 100 ms. With this feature, not only constant 
body weight support but also gait cycle-depen-
dent or time variant changes of the desired force 
can be realized with a high degree of accuracy. 
More recently, a spring-based (passive) system 
has been developed that allows similar results 
like the Lokolift system [ 17 ].  

19.4     Control Strategies 

 In early clinical applications, the Lokomat was 
only used in a position control mode, where the 
measured hip and knee joint angles are fed into a 
conventional PD controller. In the position con-
trol mode, the Lokomat does not systematically 
allow for deviation from the predefi ned gait pat-
tern. However, rigid execution and repetition of 
the same pattern is not optimal for learning. In 
contrast, variability and the possibility to make 
errors are considered as essential components of 
practice for motor learning. Bernstein’s demand 

that training should be “repetition without repeti-
tion” [ 18 ] is considered to be a crucial require-
ment and is also supported by recent advances in 
computational models describing motor learning 
[ 19 ]. More specifi cally, a recent study by Lewek 
et al. [ 20 ] demonstrated that intralimb coordina-
tion after stroke was improved by manual train-
ing, which enabled kinematic variability, but was 
not improved by position-controlled Lokomat 
training, which reduced kinematic variability to a 
minimum. Another study performed with tran-
sected spinal rats also showing that kinematic 
variability facilitates spinal learning [ 21 ]. 

 In response to this important fi nding, “patient- 
cooperative” control strategies were developed 
that “recognize” the patient’s movement intention 
and motor abilities by monitoring muscular efforts 
and adapt the robotic assistance to the patient’s 
contribution, thus giving the patient more move-
ment freedom and variability than during position 
control [ 22 ,  23 ]. It is recommended that the con-
trol and feedback strategies should do the same as 
a qualifi ed human therapist, i.e., they assist the 
patient’s movement only as much as needed and 
inform the patient how to optimize voluntary 
muscle efforts and coordination in order to 
achieve and improve a particular movement. 

 The fi rst step to allow a variable deviation 
from a predefi ned leg trajectory, thus giving the 
patient more freedom, can be achieved by an 
impedance control strategy. In a simple version 
of such kind of impedance controller, the imped-
ance is kept constant in a world coordinate frame, 
i.e., a PD controller in world coordinates. It only 
depends on the amount of deviation, which 
depends on the patient’s effort and behavior. An 
adjustable torque is applied at each joint depend-
ing on the deviation of the current joint position 
from the trajectory. This torque is usually defi ned 
as a zero order (stiffness) or higher order (usually 
fi rst or second order) function of angular position 
and its derivatives. This torque is more generally 
called mechanical impedance [ 24 ]. In more com-
plex versions of such an impedance controller, an 
additional dead band has been added or the 
amount of impedance force varies with space and 
time. Figure  19.2  depicts a block diagram of an 
impedance controller [ 22 ].
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   The impedance controller was initially tested 
in several subjects without neurological disorders 
and several subjects with incomplete paraplegia 
[ 22 ]. In the impedance control mode, angular 
deviations increased with increasing robot com-
pliance (decreasing impedance) as the robot 
applied a smaller amount of force to guide the 
human legs along a given trajectory. Inappropriate 
muscle activation produced by high muscle tone, 
spasms, or refl exes can affect the movement and 
may yield a physiologically incorrect gait pat-
tern, depending on the magnitude of the imped-
ance chosen. In contrast, subjects with minor to 
moderate motor defi cits stated that the gentle 
behavior of the robot feels good and comfortable. 

 The disadvantage of a standard impedance 
controller is that the patient needs suffi cient vol-
untary effort to move along a physiologically cor-
rect trajectory, which limits the range of 
application to patients with only mild lesions. 
Furthermore, the underlying gait trajectory 
allows no fl exibility in time, i.e., leg position can 
deviate only orthogonally but not tangentially to 
the given trajectory. Therefore, the impedance 
controller has been extended to a so-called path 
controller [ 23 ], in which the time-dependent 
walking trajectories are converted to walking 
paths with free timing. Furthermore, the imped-
ance along the path can vary in order to obtain 
satisfactory movement especially at critical 
phases of gait (e.g., before heel contact) [ 23 ]. 
This is comparable to fi xing the patient’s feet to 
soft rails, thus limiting the accessible domain of 
foot positions calculated as functions of hip and 
knee angles. Along these “virtual rails,” the 

patients are free to move. Supplementary to these 
 corrective  actions of the Lokomat, a  supportive  
force fi eld of adjustable magnitude can be added. 
Depending on the actual position of the patient’s 
legs, the supportive force act in the direction of 
the desired path. The support is derived from the 
desired angular velocities of the predefi ned tra-
jectory at the current path location. Supportive 
forces make it possible to move along the path 
with reduced effort. Compared to the impedance 
controller, the path controller gives the patient 
more freedom in timing, while he or she can still 
be guided through critical phases of the gait. The 
path controller has been evaluated in several 
single- case studies [ 25 – 27 ]. Most stroke patients 
improved their gait performance after several 
weeks of training with the path controller.  

19.5     Additional Hip and Pelvis 
Actuation 

 The original Lokomat version restricts the gait 
pattern to a two-dimensional trajectory in the 
sagittal plane of the human body. It is assumed 
that this lack of lateral movement leads to a 
reduced weight shifting and, thus, to a lower load 
transfer between treadmill and supporting leg. It 
is assumed that this has a negative effect on the 
balance training and the excitation of the cutane-
ous, muscular, and joint receptors. Therefore, the 
Lokomat version installed at the Balgrist 
University Hospital has been extended by three 
additional actuated degrees of freedom. Two 
degrees of freedom perform hip adduction/
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  Fig. 19.2    Example of an impedance control architecture for 
the compliance of rehabilitation robot [ 22 ]. Symbols: q is the 
vector of generalized positions or joint angles; τ is the vector 

of generalized joint torques; F is the interaction force between 
robot and human; index “des” refers to the desired reference 
signal; index “act” refers to the actual, measured signal       
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abduction, and 1 degree of freedom enables the 
Lokomat to accomplish a lateral pelvis displace-
ment movement (Fig.  19.3 ). Three linear actua-
tors have been added to drive the adduction/
abduction (No. 1 and 2 in Fig.  19.3 ) and the lat-
eral pelvis displacement (No. 3). The linear 
drives are equipped with redundant position sen-
sors as well as force sensors.

   Several control strategies have been imple-
mented and tested with the new hip-pelvis actua-
tion. First, the new degrees of freedom have been 
position-controlled. For this purpose, gait trajec-
tories of healthy subjects have been recorded, 
which then served as the desired trajectories for 
the PD position controllers. Later, a controller 
was developed that is able to emulate the 

  Fig. 19.3    Sketch of the front view of the extended Lokomat hardware       
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 viscoelastic properties of passive spring-damper 
elements. The integrated force sensors allow 
measuring the interaction forces between the 
patient and the Lokomat, so that closed-loop 
admittance and impedance controllers could be 
implemented. The interaction force has been con-
trolled by a proportional force controller with 
feed-forward of the desired force value in order 
to display the virtual spring-damper element to 
the patient. The desired value depends on the 
angular velocity of the joint and the deviation 
from the desired angular position. In the mean-
time, further controllers have been derived that 
are based on the path controller that is perform-
ing the knee and hip joint movements in the sagit-
tal plane. 

 This extended Lokomat version has been 
tested with several healthy subjects and is cur-
rently being tested with single stroke patients. All 
subjects agreed that gait training with lateral pel-
vis displacement and adduction/abduction feels 
more physiological and comfortable than with-
out. The optimal amplitudes of lateral pelvis dis-
placement and adduction/abduction are not only 
dependent on the subjects’ heights but also differ 
due to individual walking behaviors. Therefore, 
the amplitudes of the new degrees of freedom 
were chosen to be adjustable.  

19.6     Assessment Tools 

 Using robotic devices in locomotor training can 
have more advantages than just supporting the 
movement and, thus, increasing the intensity of 
training. Data recorded by the position and force 
transducers can also be used to assess the clinical 
state of the patients throughout the therapy. The 
following clinical measures can be assessed by 
the Lokomat. 

19.6.1     Mechanical Stiffness 

 Spasticity is an alteration in muscle activation 
with increased tone and refl exes. It is a common 
side effect of neurological disorders and injuries 
affecting the upper motor neuron, e.g., after brain 

or spinal cord injuries. Formally, spasticity is 
usually considered as “a motor disorder charac-
terized by a velocity-dependent increase of tonic 
stretch refl exes (muscle tone) with exaggerated 
tendon jerks, resulting from hyperexcitability of 
stretch refl exes” [ 28 ]. It appears as an increased 
joint resistance during passive movements. 
Sanger et al. [ 29 ] used a more functional rather 
than physiological defi nition describing spastic-
ity as “a velocity-dependent resistance of a mus-
cle to stretch.” Most commonly, spasticity is 
evaluated by the Ashworth Test [ 30 ] or Modifi ed 
Ashworth Test [ 31 ]. In both tests, an examiner 
moves the limb of the patients, while the patient 
tries to remain passive. The examiner rates the 
encountered mechanical resistance to passive 
movement on a scale between 0 and 4. However, 
such an evaluation is subject to variable factors, 
such as the speed of the movement applied dur-
ing the examination and the experience of the 
examiner and interrater variability. 

 The mechanical resistance can also be mea-
sured with the Lokomat [ 32 ,  33 ], which is capable 
of simultaneously recording joint movement and 
torques. The actuation principle allows for assess-
ment of the hip and knee fl exion and extension 
movements in the sagittal plane. The stiffness 
measurement can be performed immediately 
before and following the usual robotic movement 
training without changing the setup. To measure 
the mechanical stiffness with the Lokomat, the 
subject is lifted from the treadmill by the attached 
body weight support system so that the feet can 
move freely without touching the ground. The 
Lokomat then performs controlled fl exion and 
extension movements of each of the four actuated 
joints subsequently at different velocities. The 
joint angular trajectories are squared sinusoidal 
functions of time replicating the movements 
applied by an examiner performing a manual 
Ashworth Test. Measured joint torques and joint 
angles are used to calculate the elastic stiffness as 
slopes of the linear regression of the torque- 
position plots. As the recorded torques also include 
passive physical effects of the Lokomat and the 
human leg, the measured torque is offl ine- 
compensated for inertial, gravitational, Coriolis, 
and frictional effects obtained from an identifi ed 
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segmental model of the orthosis including the 
human leg. Patient data comparisons with manual 
assessments of spasticity based on the Modifi ed 
Ashworth Scale demonstrated that higher stiffness 
values measured by Lokomat corresponded with 
higher ratings of spasticity [ 32 ,  33 ]. Assessment of 
spasticity is still in an experimental status and 
needs further validation in future studies.  

19.6.2     Voluntary Force 

 For some patients, maximum voluntary force is a 
measure of limiting factor for walking. In order 
to assess the maximum voluntary force in the 
Lokomat [ 32 ], the examiner instructs the patient 
to generate force in each joint, fi rst in fl exion and 
then in extension directions. The force is gener-
ated against the Lokomat, which is position- 
controlled to a predefi ned static posture, thus 
providing a quasi-isometric measurement condi-
tion. Simultaneously, the joint moments are mea-
sured by the built-in force transducers and 
displayed to the patient and the therapist. The 
maximum moments for fl exion and extension are 
used as outcome variables. An improved version 
standardizes the computerized sequence and 
instructions and uses a time-windowed calcula-
tion for the output values [ 34 ]. It was shown that 
this measurement method has a high inter- and 
intratester reliability and can be used to assess the 
strength of the lower extremities [ 34 ].  

19.6.3     Range of Motion 

 In a manner similar to conventional clinical range 
of motion assessments, the therapist moves the leg 
of the patient until the passive torque produced by 
the patient’s joint reaches a certain threshold that is 
qualitatively predefi ned by the therapist based on 
his or her expertise. As the patient’s legs are 
attached to the device with the anatomical and 
technical joint axes in alignment with each other, 
and the recorded joint angles correspond with the 
patient’s joint angles, the passive range of motion 
is determined by the maximum and minimum 
joint angles measured. This parameter can be used 

for further assessments and training. The Lokomat 
measures the joint range of motion within values 
typical for human gait and may represent only a 
fraction of the patient’s physiological range. This 
test provides important additional measures of the 
patient relevant to the gait and further conditions 
making contractures and other joint limitations 
(e.g., due to shortened tendons) quantifi able. 
These measures are directly relevant to activities 
of daily living.   

19.7     Biofeedback 

 Compared to manual treadmill therapy, robotic 
gait retraining changes the nature of the physical 
interaction between the therapist and the patient. 
Therefore, it is important to incorporate the fea-
tures into the Lokomat system to assess the 
patient’s contribution and performance during 
training and to provide necessary real-time feed-
back and instructions derived from precise mea-
surements taken by the system. The patient may 
have defi cits in sensory perception and cognition 
interfering with his/her ability to objectively assess 
movement performance and making it diffi cult to 
engage the patient and to encourage active partici-
pation in the movement and training. With the new 
feature of Lokomat, the technology of biofeed-
back has a potential to challenge and engage the 
patient in order to increase the benefi t on motor 
recovery and neurological rehabilitation [ 35 ,  36 ]. 

 The built-in force transducers can estimate the 
muscular efforts contributed by the patient’s knee 
and hip joints. Incorporating this information 
into an audiovisual display can simulate the 
“feedback” the therapist usually gives to the 
patient during manual training, where the thera-
pist estimates the patient’s activity based on the 
effort required to guide the patient’s legs. 

 The goal of the biofeedback function is to 
derive and display performance values that quan-
tify the patient’s activity in relation to the target 
gait function such that the patient can improve 
muscle activity toward a more functional gait 
 pattern. An early implementation of a force- 
biofeedback strategy for the Lokomat has been 
described [ 22 ,  37 ,  38 ]. 
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 In order to obtain relevant biofeedback values, 
the gait cycle is divided into stance phase and 
swing phase. For each phase, weighted averages 
of the forces are calculated at each joint indepen-
dently, thus yielding two values per stride per 
joint. Eight biofeedback values are available for 
each gait cycle from all four joints of the two 
lower limbs. Because of the bilateral symmetry, 
four weighting functions are required for the aver-
aging procedure (hip stance, hip swing, knee 
stance, knee swing). The weighting functions 
were selected heuristically to provide positive 
biofeedback values when the patient performs 
therapeutically reasonable activities (e.g., active 
weight bearing during stance, suffi cient foot 
clearance during swing, active hip fl exion during 
swing, active knee fl exion during early swing, 
knee extension during late swing). The graphical 
display of these values has been positively rated 
by the patients and leads to an increased instanta-
neous activity by the patients [ 39 ,  40 ]. However, 
there is no direct clinical evidence showing that 
this training with computerized feedback leads to 
better rehabilitation outcomes or faster recovery 
compared to Lokomat training without feedback. 

 To further increase patient’s engagement and 
motivation, virtual reality and computer game 
techniques may be used to provide virtual environ-
ments that encourage active participation during 
training (Fig.  19.4 ). A fi rst feasibility study showed 

that the majority of subjects could navigate 
through a virtual environment by appropriately 
controlling and increasing their activity of left and 
right legs while walking through a forest scenario 
and other scenarios [ 41 ]. Wagner et al. showed 
how such kind of VR-enhanced Lokomat training 
activates premotor and parietal areas [ 42 ].

19.8        Clinical Outcomes 

 Robotic technology is still very much in develop-
ment, and there are a lot of new devices and tech-
nical features that might further enhance the 
potential of therapeutic training. Nevertheless, 
there have already been more than 200 clinical 
investigations applying the Lokomat technology 
to different patient groups. It was applied for the 
therapy of patients with SCI, hemiplegia after 
stroke, traumatic brain injuries, multiple sclero-
sis, Parkinson’s disease, cerebral palsy, and other 
pathologies (see [ 43 ]). Most of these studies 
show positive outcomes with the Lokomat com-
pared to conventional therapies or usual care. 

 The majority of clinical studies was done with 
stroke subjects. Often cited are the ones from 
Hidler et al. [ 44 ] and Hornby et al. [ 45 ], who 
applied the Lokomat on subacute and chronic 
stroke patients, respectively, and compared it with 
conventional gait therapy. Both studies showed that 

  Fig. 19.4    Walking 
through a virtual 
environment. Lokomat 
in combination with a 
virtual reality back-
projection display 
system       
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participants who received conventional training 
experienced greater gains in gait parameters such 
as walking speed, walking distance, or single limb 
stance than those trained on the Lokomat. Hidler 
et al. and Hornby et al. concluded that for stroke 
participants, conventional gait training interven-
tions appear to be more effective than robot-assisted 
gait training. However, both studies included only 
ambulatory patients, although the Lokomat is rec-
ommended to be used primarily for nonambulatory 
patients. Furthermore, the Lokomat was used in 
most simple control modes (position controller or 
impedance controller with reduced guidance 
force), without any other features such as aug-
mented feedback or biofeedback functions. Of 
course, this kind of mode cannot compete with the 
quality and gentleness of a trained therapist or 
more advanced robotic features, such as coopera-
tive and self-adaptive control strategies. 

 A recent Cochrane report [ 46 ] analyzing 17 trials 
with 837 stroke patients revealed that people who 
receive electromechanical-assisted gait training, such 
as provided by the Lokomat or the Gait Trainer, in 
combination with physiotherapy after stroke are 
more likely to achieve independent walking than 
people who receive gait training without these 
devices. Specifi cally, people in the fi rst 3 months 
after stroke and those who are not able to walk seem 
to benefi t most from this type of intervention. The 
role of the type of device is not clear. Further research 
should consist of a large defi nitive, pragmatic, phase 
III trial undertaken to address specifi c questions such 
as: “What frequency or duration of electromechanical- 
assisted gait training might be most effective?” and 
“how long does the benefi t last?” One of the latest 
studies was the one by Dundar et al. [ 47 ] who com-
pared conventional physiotherapy and robotic train-
ing combined with conventional therapy, on 107 
subacute and chronic stroke patients. They found that 
robotic training combined with conventional therapy 
produced better improvement in a large number of 
different stroke scales.  

    Conclusion 

 Robotic rehabilitation devices such as the 
Lokomat become increasingly important and 
popular in clinical and rehabilitation environ-
ments to facilitate prolonged duration of train-

ing, increased number of repetitions of 
movements, improved patient safety, and less 
strenuous operation by therapists. Novel sen-
sor, display, and control technologies 
improved the function, usability, and accessi-
bility of the robots, thus increasing patient 
participation and improving performance. 
Improved and standardized assessment tools 
provided by the robotic system can be an 
important prerequisite for the intra- and inter-
subject comparison that the researcher and the 
therapist require to evaluate the rehabilitation 
process of individual patients and entire 
patient groups. Some rehabilitation robots 
offer an open platform for the implementation 
of advanced technologies, which will provide 
new forms of training for patients with move-
ment disorders. With the use of different coop-
erative control strategies and particular virtual 
reality technologies, patients can be encour-
aged not only to increase engagement during 
walking training but also to improve motiva-
tion to participate therapy sessions. 

 Several clinical trials have been performed 
showing that the application of rehabilitation 
devices is at least as effective as the application 
of conventional therapies. Further clinical 
studies are required to fi nd predictors for the 
success of a Lokomat treatment in order to dis-
tinguish therapy responders from nonre-
sponders. From such investigations it is 
expected to fi gure out which choice of techni-
cal Lokomat features (controller complexity, 
number of actuated joints, kind of feedback, 
etc.) have to be applied to which kind of patient 
characteristics (kind of pathology, severity, 
and time since lesion, anthropometry, etc.) in 
order to obtain the best therapeutic outcome. 
New sensitive assessment methods will be 
required to better distinguish among the differ-
ent patient characteristics and detect already 
small changes in the therapeutic outcomes.     
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Abstract

The demand for rehabilitation services is growing apace with the graying 

of the population. This situation creates both a need and an opportunity to 

deploy technologies such as rehabilitation robotics, and in the last decade 

and half, several research groups have deployed variations of this tech-

nology. Results so far are mixed with the available evidence demonstrat-

ing unequivocally that some forms of robotic therapy can be highly 

effective, even for patients many years post-stroke, while other forms of 

robotic therapy have been singularly ineffective. The contrast is starkest 

when we contrast upper-extremity and lower-extremity therapy. In fact, 

2010 Stroke Care Guidelines of the American Heart Association (AHA) 

and of the Veterans Administration/Department of Defense (VA/DoD) 

endorsed the use of the rehabilitation robotics for upper-extremity 
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 post-stroke care, but concluded that lower-extremity robotic therapy is 

much less effective as compared to usual care practices in the USA and 

declared “still in its infancy.” We submit that the contrasting effectiveness 

of upper- and lower- extremity therapies arises from neural factors, not 

technological factors. Though, no doubt, it might be improved, the tech-

nology deployed to date for locomotor therapy is elegant and sophisti-

cated. Unfortunately, it may be misguided, providing highly repeatable 

control of rhythmic movement but ultimately doing the wrong thing. The 

technology we have deployed to date for upper-extremity therapy is 

firmly based on an understanding of how upper-extremity behavior is 

neurally controlled and derived from decades of neuroscience research. 

The limitations of lower-extremity robotic therapy lie not in the robotic 

technology but in its incompatibility with human motor neuroscience. In 

this chapter we briefly review the evidence supporting such negative 

views, and based on our experience with upper-extremity robotic therapy, 

we describe what we are presently investigating to revert and work toward 

a future endorsement of the AHA and VA/DoD for rehabilitation robotics 

for lower-extremity post-stroke care.

Keywords

20.1  Introduction

Rehabilitation of human motor function is an 

issue of the utmost significance, and the demand 

is increasing due to a growing elderly popula-

tion and the inevitable incidence of age-related 

disorders. Robot-aided therapy has been devel-

oped as a promising method to meet the enor-

mous demand for effective rehabilitation 

services; robots can not only support the labor-

intensive tasks of therapists but also help by 

increasing the intensity of therapy. In addition, 

direct interaction with a robotic device enables 

quantitative measurement of human perfor-

mance, which is essential for systematic train-

ing and tracking recovery. However, while 

upper-extremity robotic therapy has proven 

effective and is now recommended by the 

American Heart Association and by the Veterans 

Administration/Department of Defense (VA/

DoD), lower-extremity robotic therapy is much 

less effective and was declared “still in its 

infancy” [1, 2].

To be more specific, the American Heart 

Association (AHA) 2010 guidelines for stroke 

care recommended that:

Robot-assisted therapy offers the amount of motor 

practice needed to relearn motor skills with less 

therapist assistance. Most robots for motor 

 rehabilitation not only allow for robot assistance in 

movement initiation and guidance but also provide 

accurate feedback; some robots additionally pro-

vide movement resistance. Most trials of robot- 

assisted motor rehabilitation concern the upper 

extremity (UE), with robotics for the lower extrem-

ity (LE) still in its infancy . . . Robot-assisted UE 

therapy, however, can improve motor function dur-

ing the inpatient period after stroke.

AHA suggested that robot-assisted therapy for 

the UE has already achieved Class I, Level of 

Evidence A for Stroke Care in the Outpatient 

Setting and Care in Chronic Care Settings. For 

stroke care in the inpatient setting, it suggested 

that robot-assisted therapy for UE has achieved 

Class IIa, Level of Evidence A. Class I is defined 

as “Benefit >>> Risk. Procedure/Treatment 

SHOULD be performed/administered”; Class IIa 

H.I. Krebs et al.
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is defined as “Benefit >> Risk, IT IS 

REASONABLE to perform procedure/administer 

treatment”; Level A is defined as “Multiple popu-

lations evaluated: Data derived from multiple ran-

domized clinical trials or meta-analysis” [1].

The 2010 Veterans Administration/

Department of Defense guidelines for stroke care 

came to the same conclusion endorsing the use of 

rehabilitation robots for the upper extremity, but 

going further and recommending against the use 

of robotics for the lower extremity. More specifi-

cally, the VA/DoD 2010 guidelines for stroke 

care “Recommend robot-assisted movement 

therapy as an adjunct to conventional therapy in 

patients with deficits in arm function to improve 

motor skill at the joints trained.” For the lower 

extremity, the VA/DoD states that “There is no 

sufficient evidence supporting use of robotic 

devices during gait training in patients post- 

stroke.” The VA/DoD suggested that robot- 

assisted therapy for the UE has already achieved 

rating Level B “a recommendation that clinicians 

provide (the service) to eligible patients. At least 

fair evidence was found that the intervention 

improves health outcomes and concludes that 

benefits outweigh harm.” For the lower extrem-

ity, the VA/DoD suggested against robot-assisted 

therapy for the LE: “Recommendation is made 

against routinely providing the intervention to 

asymptomatic patients. At least fair evidence was 

found that the intervention is ineffective or that 

harms outweigh benefits” [2]. While the AHA 

and VA recommendations compared robotic out-

comes to usual care as practiced in the USA, 

results are only marginally better when consider-

ing a mixture of usual care practices around the 

world with the latest Cochrane report stating that 

while robotics alone was not superior to a mix-

ture of usual care, robotic walking training plus 

usual care leads to better outcomes than equal 

time in usual care alone [3].

This negative perception of LE robotic reha-

bilitation is not without merit. For example, large 

studies employing the Lokomat (Hocoma, 

Zurich, Switzerland) showed statistically signifi-

cantly inferior results when compared to those 

produced by usual care for both chronic and for 

subacute stroke patients in North America [4, 5]. 

Figure 20.1 shows the results of two studies com-

paring LE rehabilitation robotics with usual care.

The top row shows results with chronic stroke 

patients (stroke onset >6 months), who trained 

three times per week for 30 min for 4 weeks, 

demonstrating improvements for the Lokomat 

trained (white bars) and the usual care group 

(black bars). The usual care group as practiced in 

North America improved significantly more than 

the Lokomat trained group and retained that 

advantage at 6-month follow-up. This was true 

for both severely and moderately impaired 

patients [4]. For subacute stroke patients (stroke 

onset <6 months) who trained for 8 weeks, a 

qualitatively similar result was observed. Both 

groups improved from admission to midpoint, to 

completion, and to 3-month follow-up, but 

patients in the usual care group improved more, 

and the difference between groups was statisti-

cally significant [5].

There are many plausible reasons for these 

results that indicate the immaturity of lower- 

extremity robotic therapy. First, the technologists 

assumed that body-weight-supported treadmill 

training (BWSTT) delivered by two or three ther-

apists was an effective form of therapy. Their 

devices are elegant engineering solutions aiming 

to automate this labor-intensive and demanding 

form of therapy, which is based on the conjecture 

that by “strengthening” spinal cord central  pattern 

generators, gait in stroke patients might be 

enhanced [6]. However, a recent NIH-sponsored 

randomized controlled study (RCT) demon-

strated that contrary to the hypothesis of its clini-

cal proponents, body-weight-supported treadmill 

training administered by two or three therapists 

for 20–30 min followed by 20–30 min of over-

ground carry-over training did not lead to supe-

rior results when compared to a home program of 

strength training and balance (LEAPS Study) [7]. 

This is a landmark result that must be seriously 

acknowledged by roboticists: the goal of reha-

bilitation robotics is to optimize care and aug-

ment the potential of individual recovery. It is not 

to simply automate current rehabilitation prac-

tices, which for the most part lack a scientific evi-

dential basis, primarily due to the lack of tools to 

properly assess the practices themselves. In fact, 

20 Beyond Human or Robot Administered Treadmill Training
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the lead authors of the LEAPS study have causti-

cally urged a wake-up call in their paper: “Should 

Body Weight-Supported Treadmill Training and 

Robotic-Assistive Steppers for Locomotor 

Training Trot Back to the Starting Gate?” [8].

To move LE robotics beyond its infancy, we 

must determine what constitutes best practice and 

how to assess it. Alternatives must be carefully 

examined. Here we will review our working model 

for walking, explore basic psychophysical aspects 

of lower limb control that have been hitherto been 

unknown, and describe some clinical results.

20.2  A Competent Model 
for Walking

We propose a competent model of human walk-

ing based on dynamic primitives. By “competent 

model” we mean that it may only be a first 

approximation of a fundamental theory, but it is 

good enough to improve the design of robots and 

regimens for LE therapy. The theory of dynamic 

motor primitives is succinctly outlined by Hogan 

and Sternad [9]. To accommodate real-life walk-

ing with all its variations, we propose that walk-

ing is a composite of three dynamic primitives, 

specifically submovements (discrete move-

ments), oscillations (rhythmic movements), and 

mechanical impedances (balance). The three 

primitives are related via the concept of a virtual 

trajectory [9]. To render precision, a discrete 

movement is defined as one with a clear start and 

stop posture. Because the term “rhythmic” has 

numerous confusing variations of meaning, the 

corresponding dynamic primitive is defined as an 

almost-periodic oscillation [10]. Mechanical 

impedance is defined as the operator that deter-

mines the force or torque evoked by imposed dis-

placement [11].
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Fig. 20.1 Clinical results of robotic therapy in stroke 

using Lokomat. Top row shows the results with chronic 

stroke (enrollment >6 months post-stroke), and the bottom 

row shows results of subacute stroke trials (enrollment 

between 3 and 6 months post-stroke)
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These dynamic primitives have different neural 

substrates. In a functional MRI study, Schaal et al. 

demonstrated that a discrete wrist movement 

recruited more regions of the brain than did the 

same movement performed rhythmically [12]. 

Perhaps more important, they influence learning in 

different ways. It has been shown that motor learn-

ing of discrete movements has a positive transfer 

to rhythmic movements but not vice versa [13]. To 

the extent that recovery after neural injury resem-

bles motor learning, this suggests that discrete 

training may be more effective than rhythmic 

training of locomotion [13]. Discrete locomotor 

therapy would consist of patients working on self-

directed, visually guided, discrete steps or point-

ing movements to targets with the lower limb [14].

Upright walking requires active balance mech-

anisms that often include modulating mechanical 

impedance. The posture or configuration of the 

limbs profoundly affects the response to perturba-

tions, i.e., mechanical impedance. Challenges to 

balance commonly evoke changes of lower limb 

posture, for example, a wider stance. Impaired 

balance is a common symptom in most neurologi-

cal injuries such as stroke and cerebral palsy [15–

18]. Balance training has been shown to reduce 

postural asymmetry associated with hemiparesis 

and was a part of the home- based protocol in the 

LEAPS study which resulted in walking benefits 

similar to those achieved with body-weight-sup-

ported treadmill training (BWSTT) [19].

A similar combination of dynamic primitives 

has been proposed to underlie upper-extremity 

actions [20]. This suggests that the differences 

between upper-extremity and lower-extremity 

control may be smaller than previously consid-

ered in the literature (see Chap. 16).

20.3  Our Lower-Extremity 
Robotic Tools

In the following we review two of our robotic 

devices, Anklebot [21] and MIT-Skywalker [22], 

both specifically designed to depart from existing 

LE robotic therapy, and some of the initial results 

obtained from investigating what might consti-

tute best practice. Our approach to lower- 

extremity therapeutic robots is guided by our 

model of dynamic primitives in locomotion, by 

the principle that the machine should allow the 

patient to express those dynamic primitives as 

much as he/she can (i.e., it should be able to “get 

out of the way”), and by the need to accommo-

date a vast spectrum of pathological gaits and 

impairment levels as defined in [23]. The 

Anklebot and the MIT-Skywalker exemplify our 

approach, affording at least three independent 

training modes (rhythmic, discrete, and balance 

training) that can be added or subtracted depend-

ing on the patient’s needs as showcased later.

20.3.1  Anklebot

We focused our initial LE robotics development 

efforts on the ankle because it is critical for pro-

pulsion, shock absorption, and balance during 

walking. Following stroke, “drop foot” is a com-

mon impairment. It is caused by a weakness in 

the dorsiflexor muscles that lift the foot. Two 

major complications of drop foot are “slapping” 

of the foot after heel strike in the early stance 

(foot slap) and dragging of the toe during swing, 

making it difficult to clear the ground (toe drag). 

In addition to inadequate dorsiflexion (“toe up”), 

the paretic ankle also suffers from excessive 

inversion (sole toward midline). Both begin in the 

swing phase and result in toe contact (as opposed 

to heel contact) and lateral instability during 

stance, major cause of ankle injuries. Lack of 

proper control during these phases increases the 

likelihood of trips and falls. In fact, deficits of 

swing clearance, propulsion, and balance con-

tribute to more than 70 % of stroke survivors sus-

taining a fall within 6 months [15], leading to 

higher risks for hip and wrist fractures in the first 

year [16–18]. The ankle is also the largest source 

of mechanical power during terminal stance [25]. 

The plantarflexors contribute as much as 50 % of 

positive mechanical work in a single stride to 

enable forward propulsion [26–29]. In pre-swing 

plantarflexors also act to advance the leg into 

swing phase while promoting knee flexion at toe- 

off [30]. Additionally, the ankle helps maintain 

body-weight support during gait [31–33] and bal-
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ance. Finally, the ankle musculature helps absorb 

impact forces during foot strike to enable con-

trolled landing. In summary, given its importance 

in overground foot-floor swing clearance, propul-

sion, shock absorption, and balance, we elected 

to focus first on the ankle. The Anklebot has the 

potential to address both swing clearance and 

propulsion, as well as balance problems since it 

is actuated in both the sagittal and frontal planes 

[21] (Fig. 20.2).

The design, characterization, donning proce-

dure, and safety features of the adult and pediatric 

version of the Anklebot have been previously 

described [24, 34]. Here, we will briefly summa-

rize the salient design features and measurement 

capabilities of the two versions of the robot. It is a 

portable wearable exoskeletal ankle robot that 

allows normal range of motion in all three degrees 

of freedom of the ankle and shank during walking 

overground, on a treadmill, or while sitting (25° 

of dorsiflexion, 45° of plantar flexion, 25° of 

inversion, 20° of eversion, and 15° of internal or 

external rotation). It also provides independent 

assistance or resistance in two of those degrees of 

freedom (dorsi-plantarflexion and eversion/inver-

sion) via two linear actuators mounted substan-

tially in parallel. Anatomically, internal-external 

rotation is limited at the ankle, the orientation of 

the foot in the transverse plane being controlled 

primarily by rotation of the leg at the hip. 

Underactuation, i.e., actuating fewer degrees of 

freedom than are anatomically present, affords 

one key advantage: it allows the device to be 

installed without requiring precise alignment with 

the patient’s joint axes (ankle and subtalar joints). 

This is actually an important characteristic of all 

our robotic devices. In this configuration, if both 

actuators push or pull in the same direction, a 

dorsi-plantarflexion torque is produced. Similarly, 

if the two links push or pull in opposite directions, 

an inversion-eversion torque results.

The Anklebot is a backdrivable robot with low 

intrinsic mechanical impedance, weighs less than 

3.6 kg (2.5 kg for the pediatric version), and can 

deliver a continuous net torque of approximately 

23 Nm in dorsi-plantarflexion and 15 Nm in 

eversion- inversion (7.21 Nm and 4.38 Nm for the 

pediatric version). The robot can estimate ankle 

angles with an error less than 1° in both planes of 

movement over a wide range of movement (60° 

in dorsi-plantarflexion and 40° in eversion- 

inversion) and can measure ankle torques with an 

error less than 1 Nm. It has low friction (0.74 Nm) 

and inertia (0.8 kg per actuator for a total of 

1.6 kg at the foot) to maximize backdrivability. 

Of course, the Anklebot torque capability does 

Actuator

Knee
brace

Shoulder
strap

Foot
attachement

Fig. 20.2 Adult and pediatric Anklebots. Left photo 

shows the adult Anklebot and on the right the pediatric 

version (ages 6–9 years old). The devices have 3° of free-

dom (DOF) with active dorsi-plantaflexion and inversion- 

eversion. They can be employed in seated position or 

while standing or walking overground or on a treadmill
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not allow lifting the weight of a patient. At best, 

we can cue the subject to use their voluntary 

plantarflexor function by providing supplemental 

support to the paretic ankle plantarflexors during 

the stance phase. Our design is aimed at support-

ing foot clearance during swing phase assisting a 

controlled landing at foot contact. The torque 

generated by the Anklebot can compensate for 

drop foot during early and final stance phases of 

gait and insufficient muscle activity during push- 

off. We can also generate torque during the mid- 

swing phase to evoke concentric activity in the 

dorsiflexor muscles. In this respect, the Anklebot 

can provide continuous torques up to ~23 Nm in 

the sagittal plane (~7 Nm for the pediatric ver-

sion), which is higher than required to position 

the foot in dorsiflexion during mid-swing.

We conclude this description of the salient 

features of the Anklebot by noting that we 

showed that unilaterally loading the impaired leg 

with an unpowered adult or pediatric Anklebot’s 

additional mass had no detrimental effect on the 

gait pattern of subjects with chronic hemiparesis 

or children with cerebral palsy [35, 36].

20.3.2  MIT-Skywalker

The MIT-Skywalker robot is inspired by the con-

cept of passive dynamic walkers [37]. In conven-

tional gait physiotherapy, the therapist pushes or 

slides the patient’s swing leg forward, either on 

the ground or on a treadmill. In kinematically 

based robot-assisted gait therapy, the leg is pro-

pelled forward by the robotic orthosis acting on 

the patient’s leg (e.g., in Lokomat or 

Autoambulator). Instead of lifting the patient’s leg 

manually or mechanically, we achieve forward 

propulsion during swing in MIT-Skywalker using 

the concepts of the passive walker by lowering the 

walking surface at maximum hip extension. This 

provides swing clearance and takes advantage of 

gravity and the pendular dynamics of the leg to 

propel the leg forward while allowing proper neu-

ral inputs due to hip extension near swing onset 

and ecological heel strike at swing termination. 

Moreover, since the working principle takes 

advantage of the natural dynamics of the leg, no 

mechanism attached to the patient’s leg is needed. 

This maximizes safety by eliminating the possi-

bility of exerting unwanted forces on the leg due 

to mismatch between the artificial (robot) and 

natural (human) degrees of freedom. Equally 

important, it significantly reduces the don and 

doff time required – a significant consideration 

for clinically practical designs. Preliminary tests 

demonstrated its ability to provide therapeutic 

assistance without restricting the movement to 

any predetermined kinematic profile, providing 

ecological heel strike and hip extension to maxi-

mize patient participation during therapy [22].

Figure 20.3 provides a conceptual sketch of 

the device and illustrates several phases of the 

walking cycle. In addition, the MIT-Skywalker 

Heel-strike Heel-strike

Stance phase Swing phase

Mid-stance Toe-off Swing

Fig. 20.3 The top left panel shows the MIT-Skywalker 

platform equipped with two cameras on the sides to moni-

tor the position of red markers placed on the user’s heels. 

The right panels depict the gait phases for walking on a 

flat surface (top row) and a surface that drops between 

toe- off and heel strike (bottom row)
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rotates in the frontal plane affording balance 

training. More details on the hardware architec-

ture and characteristics of MIT-Skywalker can be 

found elsewhere [22, 38], as well as details of our 

control algorithm to track the patient’s gait abili-

ties and challenge them to increase participation 

and improve speed and symmetry [39, 40].

20.4  Basis for Our Competent 
Model

20.4.1  Inter-limb Coordination 
in Body-Weight-Supported 
Locomotion: It Goes 
Beyond Central Pattern 
Generator

The coordination of the limbs during locomotion 

can be seen as a rhythmic activity of circuits that 

control different muscles and are specialized in 

repeating particular actions over and over again 

[6, 42, 43]. For locomotion, the term used is cen-

tral pattern generator (CPG), which usually 

refers to a functional network of neurons within 

the spinal cord. This network is responsible for 

generating the rhythm and shape of the motor 

pattern [44]. Although the CPG might receive 

supraspinal and afferent inputs, it is defined as 

being able to produce self-sustained patterns of 

behavior, independent of any sensory input. This 

understanding of the basic principle of such a 

CPG is mainly based on evidences acquired 

from animal studies, primarily on experiments 

with cats [45, 46].

Although there is some evidence that a CPG 

may exist in humans similar to the one in cats 

[47–51], its significance for human walking 

remains unclear. Nonetheless, rhythmic activity 

has only rarely been observed in spinal cord 

injured (SCI) patients. For patients with a com-

pletely transected spinal cord, it is possible to 

induce, modulate, and stop rhythmic contractions 

of the trunk and lower limb extensor muscles; 

however, these rhythmic contractions never 

occurred spontaneously and had only a one-step 

cycle duration [45]. On the other hand, for 

patients with incomplete lesions, several studies 

reported subjects with the presence of alternating 

flexor and extensor activity [52].

We investigated inter-limb coordination by 

applying unilateral perturbations and analyzing 

the response of the contralateral limb at a slow 

speed comparable to the preferred speed of our 

stroke patients. We perturbed gait by unexpect-

edly lowering the walking surface under one leg 

at mid-stance employing the MIT-Skywalker 

[22]. Although the kind of perturbation is similar 

to ones used in previous studies [53–57], our 

experimental paradigm included high body- 

weight support (80 %) and torso stabilization in 

order to limit the afferent feedback as well as the 

loading of the legs. We focused on analyzing the 

responses of the contralateral muscles in order to 

study the inter-limb coordination in body-weight- 

supported walking at slow speeds.

The latency of the effect of the perturbations 

on the activation of the contralateral ankle flexor 

and extensor was “large” (TA, 193 ± 80 ms; SOL, 

207 ± 74 ms). The overall mean value and its 

standard deviation for all contralateral muscle 

responses are shown in Table 20.1. These 

 numbers are comparable to those found in simple 

reaction time tasks.

Our findings question the hypothesis that a 

spinal response could fully explain the results 

and give support to the role of a supraspinal path-

way in inter-limb coordination. The large latency 

in the contralateral leg muscle response makes 

such an argument plausible. TA activation during 

unperturbed walking has been shown to involve 

both spinal (CPG) and cortical origin [58]. 

Moreover, it was observed that the disturbance in 

sensory information from the perturbed leg 

evoked muscular activity in the contralateral leg 

and the necessity of supraspinal input for walking 

[59]. For many motor functions, the cortex is 

Table 20.1 Muscle activity onset time for the four mus-

cles RF, ST, TA, and SOL calculated with the amplitude 

thresholding method by Di Fabio (1987). The values 

shown are mean ± one standard deviation over all six 

subjects

Muscle activity onset time

RF ST TA SOL

163 ± 22 ms 129 ± 68 ms 193 ± 80 ms 207 ± 74 ms
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known to be able to control automated functions 

executed at lower CNS levels. A cerebellar con-

tribution via reticulospinal neurons has been sug-

gested in humans [60], while evidence was 

presented for a cortical control of inter-limb 

coordination in the past [61]. Our work adds evi-

dence that the control of stability in walking is a 

combination of both supraspinal and spinal neu-

ral control.

20.4.2  Sensorimotor Control 
of Ankle Discrete Movements

Three of our recent studies on the ankle senso-

rimotor control were focused on revealing the 

similarities and the differences between the UE 

and the LE. Our findings provide additional evi-

dence for a remarkable behavioral similarity of 

LE and UE movements. Since it is known for 

years that the sensorimotor control of the UE is 

driven by cortical and subcortical areas, our main 

finding that UE and LE behave similarly expands 

the role of a presumptive supraspinal pathway 

from coordinating the two lower limbs to control-

ling discrete LE movements.

Functionally, the LE supports the body 

weight, provides locomotion, and maintains sta-

bility, whereas the UE are better suited for dex-

terity [62]. This difference between “working” 

(UE) and “walking” (LE) comes alongside dif-

ferences in limbs, muscles, joints, tendons, and 

ligaments [63].

When compared to usual care as practiced in 

the USA, the lack of superior results in LE robotic 

therapy could be attributed to therapeutic 

approaches that lack scientific bases. Since the 

paradigm shift on activity-dependent plasticity 

[64, 65], UE movements have been studied exten-

sively. Kinematic analyses of reaching move-

ments (e.g., [66]) have been followed up by 

analyses of single-peak speed profiles [67] and of 

more complex movements that were modeled as 

a combination of elementary movements (sub-

movements) [68]. The understanding of how the 

CNS controls and learns UE movements was 

developed from these and subsequent studies, 

and they provided a basis for the design of UE 

therapeutic robots as well as the establishment of 

quantitative metrics for patients’ motor recovery 

[69]. The lack of understanding or, at least, mod-

eling the neurophysiological signature of ankle 

discrete movements may limit the validity of any 

effort to design an ideal therapeutic intervention 

for the ankle or evaluate its performance.

To address this limitation, we studied the sen-

sorimotor control of ankle pointing movements at 

three modeling levels. In our first, macroscopic 

study, we demonstrated the adequacy of Fitts’ 

law to describe the mean time of major ankle 

pointing movements and to support the use of lin-

ear models to predict the ankle average perfor-

mance in dorsal-plantar (DP) and 

inversion-eversion (IE) directions in healthy sub-

jects [70]; this study verified that the central ner-

vous system commands and controls the speed 

and accuracy of ankle movement in both DP and 

IE directions in the same way as in UE. In our 

second, mesoscopic study, we found a remark-

able similarity between the models that described 

the speed profiles of unimpaired ankle pointing 

movements and the ones previously found for the 

upper extremities both during arm reaching and 

wrist pointing movements [71]. In our third, 

microscopic study, we found that the reaction 

time (RT) measured in both DP and IE ankle 

movements increased with the number of stimuli 

at an equal pace, as would be predicted by the 

Hick-Hyman law in UE [72]. Interestingly, there 

are clear differences when examining movements 

in DP and IE direction; this could be attributed to 

differences in the cognitive components known 

to affect RT, including motor preparation and 

execution. Below, we describe in more detail the 

main findings of our studies on whether our 

knowledge of how the CNS controls the UE can 

generalize and to what extent to the LE [73, 74].

20.4.3  Ankle Pointing Movements: 
Fitts’ Law

Fitts’ law has been widely used for more than 

half a century to quantify the human motor sys-

tem [75, 76]. Fitts’ law models the speed- 

accuracy trade-off in untrained movements by 
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establishing the existence of a linear relationship 

between (a) the time, MT, required to complete a 

discrete movement over different distances, D, to 

targets of different size, W, and (b) the difficulty 

of the task, measured by the index of difficulty, 

ID, in bits as a logarithmic ratio of D to 

W. Traditionally, Fitts’ law is formulated as:

 

MT a b ID where ID
D

W
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è
ç

ö
ø
÷, log2

2

 

where a and b are empirical constants that depend 

on the conditions under which movement is 

made. The intercept, a, can be thought of as an 

indicator of the reaction time and the slope, b, as 

the sensitivity of the motor system to a change in 

difficulty of the task. Although Fitts’ law was 

originally used to describe human forearm move-

ment, numerous studies have established that it is 

a reliable predictor of MT in psychomotor stud-

ies involving a variety of limb and muscle groups, 

including the upper limbs, head, and trunk move-

ments in children, adults, and the elderly both in 

healthy and persons with neurodegenerative and 

neurodevelopmental disorders (for more details, 

see [70]).

The apparent robustness of Fitts’ law in a wide 

range of neural disorders and across different 

limb segments led us to place the speed-accuracy 

trade-off at the core of our adaptive assist-as- 

needed robotic therapy delivered to both upper 

and the lower limbs [69, 77]. Twenty years after 

the early studies for neurorehabilitation with the 

MIT-Manus [78], we are focusing our research 

on what constitutes an ideal therapy intervention 

and on how to tailor therapy to a particular 

patient’s needs [79], including children with CP 

[80, 81]. We introduced and tested extensively 

the concept of adaptive assist-as-needed control 

for upper extremities [69]. We extended the con-

cept of performance-based progressive robotic 

therapy to meet the needs and special characteris-

tics of the lower extremities in children with CP 

[24, 77]. Briefly, visually guided, visually evoked 

games assist us in identifying the ability of chil-

dren to move and point with the ankle. In view of 

Fitts’ law, we then alter the speed of the game-

play and the size of the targets accordingly. To 

our knowledge, no study has examined the 

ankle’s sensorimotor control in terms of obeying 

(or not) Fitts’ law. Establishing a speed-accuracy 

trade-off in human ankle movement could be 

coupled with the metrics anticipated to quantify 

separately the ability to move fast and accurately. 

Our experimental protocol was designed for the 

adult Anklebot [34]; we tested the presence of the 

speed-accuracy trade-off in ankle movements of 

healthy young adults.

We were interested primarily in the MT-ID 

relationship in the subtalar and talocrural ankle 

joints but also whether there were indications 

that the control processes changed between the 

two joints. As expected from Fitts’ law, average 

MT was highly correlated with the task diffi-

culty for each 1D movement direction in both 

IE and DP movements. In addition, although 

Vpeak remained virtually unchanged in the ID 

range, Vavg decreased linearly with the increase 

of accuracy demand. Differences in average 

MTs and Vavg were not found to be significant 

between movements of the same joint in the 

tested ID range; however, significant differ-

ences in MTs were found between DP and IE 

movements. As the visual gain was the same for 

DP and IE experiments, the findings may serve 

as an indication of a difference in control capa-

bility between subtalar and talocrural ankle 

joints.

Like in UE reaching movements, the conjec-

ture of submovements following an initial ballis-

tic movement was supported by the analysis of 

the kinematic data for large ID target acquisitions 

in both DP and IE directions. A single, smooth 

submovement covered most of the total displace-

ment and was usually followed by subsequent, 

smaller, and slower ankle movements that cor-

rected any undershoot or overshoot of the initial 

movement, i.e., fine motor control (Fig. 20.4, 

W2). Our findings are supported by Woodworth’s 

venerable model that entails both a central and a 

(feedback-based) current control component 

([82], p. 41) as well as models able to approxi-

mate Fitts’ law at a high level, such as the sto-

chastic optimized-submovement model [83], and 

several other empirical and theoretical studies 
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[84–86]. However, Fitts’ law has been shown to 

hold in tasks where no visual feedback of the tar-

get and the moving limb was available; this 

excludes visual corrective mechanisms [87]. 

Whether Fitts’ law emerges at the level of motor 

planning or at that of movement correction is an 

ongoing research question.

20.4.4  Stereotypical Ankle Speed 
Profile

Given the importance of active participation dur-

ing therapy, we have translated the concept of 

adaptive assist-as-needed robotic therapy, intro-

duced for the UE [69], to our LE rehabilitation 

devices. For the pediAnklebot, our algorithm 

identifies the ability of young kids to point with 

their ankle [88], and then in line with Fitts’ law, 

we alter the speed of the gameplay and the size of 

the target. The goal is to initially track and even-

tually challenge the children [24, 88]. Our adap-

tive games have embedded the assumption that 

ankle movements follow a minimum jerk profile 

[67, 89]. However, to our knowledge, no study 

had ever modeled ankle pointing movements. To 

mitigate the lack of descriptive models for ankle 

pointing movement, we tested whether the CNS 

has developed distinct control strategies for the 

ankle. We tested a multitude of existing kine-

matic models, initially developed to describe 

simple UE movements, and determined if any 

were competent to describe ankle pointing move-

ments. The ankle presents a second fundamental 

constraint for our modeling purposes: Ankle and 

wrist movements are defined as finite spatial rota-

tions [90–92], which do not form a vector space. 

We selected the same nineteen models selected 

by Plamondon et al. [93] and Stein et al. [94] 

used in reaching movements and wrist modeling 

[92]. We recorded and analyzed the speed pro-

files of target-directed discrete ankle pointing 

movements by young healthy adults. For each 

movement and model, we used a nonlinear, least- 

squares optimization procedure to extract a set of 

parameters that minimized the error between the 

experimental data and the reconstructed speed 

profiles. The outlines indicate a noteworthy simi-

larity between the top performing models of 

ankle pointing movements and the ones previ-

ously found for the upper extremities both during 

arm reaching [93] and wrist pointing movements 
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Fig. 20.4 Movement time as dependent of Fitts’ index of difficulty, averaged across subjects for dorsiflexion (up) and 

plantar flexion (bottom) ankle movements. Error bars correspond to 95 % precision uncertainty values
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[92]. The top performers included the support- 

bounded lognormal model that has a neurophysi-

ological basis (the lgnb is derived as converging 

behavior of a system of a sequentially acting cas-

cade of velocity generators [93, 95–97]) and the 

beta model that has a kinematic-oriented basis 

and has been successfully used in upper- extremity 

studies with normal subjects and patients [68]. 

The same model can be applied to different 

“human” hardware, perhaps revealing a key 

invariant in human motor control.

20.4.5  Ankle Pointing Movements: 
Reaction Time

The connection between reaction time (RT) 

measurements and the underlying neurophysio-

logical processes has been known since 1868 

[98] and formulated as a robust model by Hick 

and Hyman [99, 100]. According to the Hick-

Hyman law, there is a positive linear relationship 

between the response latency, T, and the stimu-

lus information. Using the measure of informa-

tion entropy [101], the average T can be 

approximated by:
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where Pi refers to the probability of the ith 

stimulus-response (S-R) alternative, n is the 

number of S-R alternatives, and a, b are empiri-

cally determined constants. For n = 0, there is one 

S-R and subjects execute a simple RT experi-

ment; for n ≥ 1, there are n S-R alternatives and 

subjects execute a choice RT experiment. Simple 

RT in healthy subjects averages 220 ms [102], 

whereas a typical average choice RT increases by 

100 ms per doubling of the S-R alternatives 

[103]. As the time for motor preparation and 

response is the same across simple and choice RT 

experiments [104], differences in RT are attrib-

uted to processing time.

RT is a well-studied behavioral indicator of 

neurological integrity including cognitive motor 

function. Significant delays in RT measures 

have been found in basal ganglia disorders, such 

as Parkinson’s disease (PD) [105–107] and 

Huntington’s disease [108], and are commonly 

related to a deficit in motor planning [109, 110]. 

RT deficits have also been used to assess the 

severity of cognitive dysfunction, such as in 

Alzheimer’s disease [111, 112] and mild cogni-

tive impairment (MCI) [113] in adults as well as 

cerebral palsy (CP) [114, 115], autism [116], 

attention deficit hyperactivity disorder [117, 

118], and dyslexia [119] in children. A recent 

shift of interest from RT slowing to intraindi-

vidual RT variability over the trials of a given 

task has also linked RT to structural and func-

tional brain characteristics, such as white matter 

degradation [120, 121], disconnectivity in asso-

ciated pathways [122], impaired top-down exec-

utive and attentional control processes [123], 

cognitive disorder, neurotransmitter dysfunc-

tion, fatigue, and stress [124]. Interestingly, 

impaired RTs appear responsive to intervention. 

RT has been used to quantify restoration of 

motor functions according to the given cogni-

tive contexts in PD patients treated with deep 

brain stimulation [125]. In addition, exercise 

and practice improve simple and choice RT in 

both young and older adults [126–129]. RT has 

been studied extensively in the past but never 

before in the ankle.

In the design of the games that we developed 

for the pediAnklebot, we have embedded ankle 

discrete movements for simple and choice RT up 

to 4 S-R (2 bits) [see Figs. 20.2, 20.3, 20.4, and 

20.5, 88]. RT shows a great potential to be 

 integrated into our adaptive assist-as-needed 

robotic therapy delivered to both the upper and 

lower limbs of CP children [69, 77]. Establishing 

a speed-accuracy trade-off in human ankle move-

ment can be coupled with the metrics anticipated 

to quantify separately the ability to move fast and 

accurately. This will allow for better personaliza-

tion of the therapy both in terms of adapting the 

therapeutic parameters and assessing the response 

to treatment.

We combined an experimental data analysis 

with diffusion modeling of ankle RT, which 

revealed interesting similarities and important 

differences in controlling the ankle joints. 
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Specifically, the goals of this study were four. 

The first was to test whether the Hick-Hyman law 

applied to ankle movements. The second goal 

was to determine whether the slope and intercept 

of the Hick-Hyman law changed systematically 

between DP and IE. The third goal was to deter-

mine whether RT changed with spatial accuracy 

constraints, i.e., visually evoked and visually 
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Fig. 20.5 Average RT as a function of bits of informa-

tion, for DP and IE ankle movements (upper panel). Error 
bars correspond to standard errors; the three different con-

figurations that the subjects played by moving their ankle 
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guided ankle movements toward targets with dif-

ferent widths. This question is important as 

behavioral studies in UE suggest that spatially 

precise movements restrict control to the contra-

lateral hemisphere in unilateral and bilateral 

movements [130, 131]. These findings are rein-

forced by neural studies indicating that there are 

cortical cells responsible for controlling move-

ment precision and that the involvement of these 

cells is based on a selective mechanism depen-

dent on task requirements [132]. The fourth goal 

was to explain any systematic relationship found 

in RT between DP and IE movements by fitting a 

structured model to the experimental data and 

using it as a basis for possible neurophysiological 

explanations.

RT increased as a linear function of potential 

target stimuli, as would be predicted by Hick- 

Hyman law. The intercept in the regression was 

significantly smaller in dorsal-plantar (DP) than 

in inversion-eversion (IE) direction. To explain 

the difference, we used a hierarchical Bayesian 

estimation of Ratcliff’s (1978) diffusion model 

parameters and divided processing time into 

cognitive components. The hierarchical Bayesian 

model gave a good account of RTs, their distri-

bution, and accuracy values and explained the 

difference between the RT in DP and IE direc-

tions. The model also proposed that there was no 

systematic change in nondecision processing 

time or drift rate when spatial accuracy con-

straints were altered. Thus, RT was not found to 

change with spatial accuracy constraints defined 

by the width of the target in the direction of 

ankle movement.

Our study revealed an interesting similarity 

and an important difference between DP and IE 

movements of the ankle. The similarity is that the 

RTs measured in the ankle increased equally with 

the number of stimuli (Fig. 20.5). The important 

difference is that the cognitive components that 

affect RT seem to have a different effect when the 

ankle movement is controlled by the subtalar 

rather than the talocrural joint. Our analysis using 

the hierarchical Bayesian diffusion model gave 

behavioral and neurophysiological insights on 

the processing components that seem to affect RT 

differences measured in DP and IE ankle move-

ments [72]. This result suggests that it may be 

helpful to look at the effects of LE rehabilitation, 

for each joint separately, at least in the ankle, or 

limit the number of potential targets displayed at 

any particular time.

20.4.6  Ankle Mechanical Impedance

Discrete and rhythmic movements may provide a 

basis for unconstrained movements, but intermit-

tent contact and physical interaction are an essen-

tial element of locomotion. To account for it, a 

third class of dynamic primitives is required, 

mechanical impedance. Loosely speaking, 

mechanical impedance is a generalization of 

stiffness to encompass nonlinear dynamic behav-

ior [134]. Mechanical impedance is an intrinsic 

property that emerges solely from the dynamics 

of the neuro-mechanical system supporting the 

foot. It is completely independent of contact and 

exhibits the robustness we require for a dynamic 

primitive.

Modulating mechanical impedance is a par-

ticularly effective way to control interaction, and 

it is an essential dynamic primitive for locomo-

tion [135–137]. The ability to modulate ankle 

stiffness is a critical biomechanical factor in loco-

motion. Studies have shown that humans adjust 

leg stiffness to accommodate surface changes 

during hopping in place and forward running 

[138, 139], and there is increasing evidence that 

modulation of ankle stiffness is the primary 

mechanism for adjusting leg stiffness under a 

variety of circumstances [139]. Others have 

shown that the non-disabled human ankle appears 

to change stiffness characteristics as gait speed 

changes [140]. Further, there is evidence that 

adequate ankle joint stiffness is critical during the 

single-support phase to control forward and 

downward body momentum [141]. Tracking 

ankle mechanical impedance in neurologically 

impaired individuals over the course of a therapy 

or intervention program may yield better charac-

terization and assessment of a patient’s improve-

ment [142].

For the estimation of the multivariable 

mechanical impedance, a wide-bandwidth pseu-
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dorandom vibratory force can be applied con-

tinuously and the resulting motion measured. 

Due to the precision of our instrumentation, 

impedance identification can be achieved with 

unobtrusively small forces [133, 143]. We can 

identify the time-varying impedance at the ankle 

during multiple and distinct conditions [144] 

(Fig. 20.6).
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admission (PRE) and at discharge (POST) after 18 
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sons with chronic gait impairment due to stroke show sig-
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Asterisks denote statistical difference (significance 

p < 0.05)
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20.4.7  Translating to Practice: 
Training in Seated Position

Initial clinical results with stroke survivors with 

chronic hemiparetic gait who underwent a 

6-week interactive seated Anklebot training pro-

gram were quite promising [14]. This initial 

study’s purpose was to assess the potential ben-

efits of paretic ankle training on impairment and 

whether reducing impairment would translate 

into functional improvement in overground 

walking speed. We hypothesized that subjects 

with mild to moderate hemiparesis would suc-

cessfully complete regular training sessions of 

up to 60-min duration and that the training 

would reduce impairments and improve motor 

control at the paretic ankle, potentially enhanc-

ing independent gait function through increased 

walking velocity and changes in spatiotemporal 

gait parameters. We used a visually guided, 

visually evoked, training paradigm in which the 

amount of assistance changed and challenged 

participants to improve performance. In this ini-

tial trial, we trained subjects in a seated position 

(“open chain”) and not in task-specific gait 

training. Task difficulty (i.e., target locations on 

the screen) was initially set proportional to 

baseline deficit severity (i.e., paretic ankle 

active range of motion). Training parameters 

(i.e., target locations, speed) were adjusted 

every 2 weeks based on individual subject per-

formance. Figure 20.7 shows the training and 

Table 20.2 shows subject’s changes with train-

ing. Results suggest the potential for seated 

visuomotor ankle robot training to improve 

chronic hemiparetic gait velocity with concomi-

tant gains in multiple indices of paretic ankle 

motor control, including speed, accuracy, and 

smoothness. Time profile analysis revealed that 

control of targeting accuracy increased during 

the first 3 weeks, while maximum improve-

ments in mean and peak velocities and normal-

ized jerk were made in the last 3 weeks. The 

20 % increase in overground walking velocity 

suggests that seated robotics training to reduce 

ankle impairments may translate into improved 

functional mobility in key aspects of walking 

function.

Of course, we must take this pilot study result 

with the appropriate caveats as the number of sub-

jects is small, the intensities and duration of the 

interventions are different, the patient populations 

are distinct, and this is a noncontrolled study.

Similar results were observed when training 

children with cerebral palsy (CP) in seated posi-

tion. Table 20.3 below shows example of a feasi-

bility study with children age 7–11 with CP that 

trained during 8 weeks (two times per week) for 

an hour with the pediatric Anklebot. We observed 

promising changes in all metrics with the change 

in the 6-min walk test (6MWT) getting within 

striking distance of the minimum clinical impor-

tant difference (MCID) of 54 m [145]. Ultimately, 

these studies will allow us to better understand 

how to tailor lower-extremity therapy and how to 

change the perception that robotics for the lower 

extremity are still in its “infancy” [1] (Table 20.4).

20.4.8  Translating to Practice: 
MIT-Skywalker

Here we report on our initial feasibility study in 

which the MIT-Skywalker was employed to 

deliver three distinct modes of training in line 

with our model of walking: rhythmic, discrete, 

and balance.

20.4.8.1  Rhythmic Training Mode
The timing of the track drops is determined by 

the vision system estimating the position of the 

heel on the track. When a minimum x-position is 

found (indicating the onset of patient-directed 

swing phase), a signal is sent to drop the track. In 

the interest of a quick but soft drop, the sagittal 

plane drive was programmed to drop 2.5° 

(approx. 3.3 cm below the horizontal plane at the 

mid-frontal plane) and back to horizontal in 0.7 s. 

Acceleration of the initial drop was four times the 

deceleration at the end of the perturbation, result-

ing in a soft feel on heel strike. Our initial target 

of 0.4 s for swing was based on healthy gait at 

2 m/s. Training speeds for study participants 

were mostly done below or at 1 m/s resulting in 

longer swing times of the paretic limb. The soft 

feel of the final track movement was comfortable 
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for subjects even if the foot hit the track early. 

When delivering the rhythmic program, three 

additional goals were implemented for some 

participants.

20.4.8.2  Speed-Enhancing Programs
On top of the standard rhythmic protocol 

described above, the speed-enhancing programs 

focused on raising participant’s training speed.

Fig. 20.7 The upper panels depict a target moving from 

right to left across the screen as shown by the arrows 

(which are not part of the actual video display). The oval- 
shaped cursor is moved vertically by corresponding 

changes in dorsi- and plantarflexion movements, as 

depicted in lower panels. The subject’s heel pivots on a 

sturdy platform and the knee brace that supports the robot 

proximally is anchored to a mounting plate that is attached 

to the chair. The objective is to move the ankle and align 

the cursor with the openings as they approach. The ankle 

motion required to reach targets in each direction is scaled 

to a maximum of 80 % per individuals’ active ankle ranges 

of motion in plantar- and dorsiflexion. The level of diffi-

culty can be programmed by altering the speed of target 

progression across the screen, by changing the aperture 

width of the targets, and by altering the level of robotic 

assistance/resistance. There is also an option to present a 

performance score (upper right corner) reflecting the net 

of successful versus unsuccessful gate passages
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20.4.8.3  Asymmetric Speed Programs
The asymmetric speed programs focused on 

altering the step-length asymmetry via speed dis-

tortion (asymmetric split-belt speeds).

20.4.8.4  Vision Distortion Programs
A visual display presented in front of patients 

distorted the perceived length of each step while 

instructing participants to equalize the distorted 

steps to induce changes in step-length symmetry 

as seen in [40].

20.4.8.5  Discrete Training Mode
The MIT-Skywalker is the first rehabilitation 

robot to introduce discrete training for post- 

stroke lower-extremity training. In this mode of 

training, the treadmill tracks operate in position 

mode. A random target is projected onto the 

treadmill track from an overhead projector 

(Fig. 20.8). The patient is instructed to land the 

heel on the target. Once the vision system recog-

nizes that the patient’s heel has landed, the algo-

rithm compares the x-position of the heel with 

the x-position of the target to determine if the 

target was hit. The treadmill track gently moves 

the heel back to a neutral position underneath the 

body. A half second later, a new target is dis-

played. The number of successfully hit targets 

and the success rate is displayed at the front end 

of the treadmill, and the level of difficulty (target 

Table 20.3 Demographics and outcome of the feasibility study. Children improved in the TUG. Children with single- 

side paresis improved the outcome in the 6MWT. The child with bilateral paresis who trained unilaterally did not. It is 

assumed that a change of 54 m in the 6MWT corresponds to the minimal clinical important difference [145]

Age 

y.o. Gender CP type

Trained 

side

6MWT 

admission 

(m)

6MWT 

change (m)

6MWT 

change (m)

TUG 

adm (s)

6TUG 

disch (s)

6TUG 

change 

(s)

9 Male Bilateral 

paresis

Left 513 491 −22 13.2 11.8 −1.4

11 Female Left paresis Left 438 474 36 8.6 7.8 −0.8

7 Female Right 

paresis

Right 405 491 86 11.9 10.7 −1.2

7 Female Left paresis Left 387 405 18 10.9 9.7 −1.2

Table 20.4 Clinical evaluations before and after 1-month training

Participant 1 Participant 2 Participant 3

Initial Final Initial Final Initial Final

6-min walk test 

(m)

478 546 200 209 213 204

SSV (m/s) 0.89 1.17 0.50 0.50 0.24 0.22

MSV (m/s) 1.50 1.65 0.59 0.63 0.26 0.26

Berg balance test 54 55 10 37 52 55

Variable (units) Baseline 6 weeks % change p-value

Walking speed (cm/s) 51.4 ± 11.1 61.7 ± 10.9 20 0.032

Stride length (cm) 78.2 ± 10.5 86.3 ± 9.3 10 0.048

Cadence (steps/min) 75.3 ± 7.5 83.4 ± 8.1 11 0.045

P-single support (%) 21.1 ± 2.4 24.2 ± 2.4 15 0.033

Double support (%) 46.6 ± 4.6 40.3 ± 4.0 −14 % 0.010

P paretic

Table 20.2 Selected 

spatiotemporal gait parameters 

before and after 6 weeks of 

seated ankle robot training 

(mean ± SE)
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size) and location can be adjusted. Patients con-

sidered this simple game very engaging.

20.4.8.6  Balance Training
The MIT-Skywalker system is capable of impos-

ing perturbations in both frontal and sagittal 

planes. This is achieved by lowering or raising the 

walking surface or rotating the whole system in 

the frontal plane. In this feasibility study, only 

frontal plane perturbations were used with a ste-

reotyped sinusoidal profile ranging from 0 degrees 

to 2.5 degrees and back to 0 degrees in 1.4 s. This 

is a fairly gentle profile for a healthy subject but 

challenging for our patients. The initial rotational 

direction was presented randomly and perturba-

tion timing was randomized between 2 and 4 s. 

For stroke and cerebral palsy adult participants 

with a moderate impairment, the frontal plane 

perturbations were used in concert with the rhyth-

mic program. For our most severe participant, the 

frontal plane perturbations were used exclusively 

to develop balance during standing alone. We 

employed a video game in the form of a surfer 

(Fig. 20.9) to indicate the frontal plane rotation.

Before and after each session, participants in 

this feasibility study were asked to walk for 

approximately 30 s to 1 min while the MIT- 

Skywalker vision system recorded hip and knee 

kinematics. During training, kinematics and 

heart rate were also recorded. Clinical evalua-

tions were performed by a physical therapist 

before and after the 1-month long study at least 

1 day removed from therapy. Subjects under-

went clinical evaluations that included a 6-min 

walk test, self-selected and maximum walking 

velocity tests (measured as the average velocity 

of the middle 6 m of a 10 m walk test), the Berg 

balance scale, the Tardieu scale, and sagittal 

plane kinematic analysis using a 3D Guidance 

trakSTAR system (Ascension Technology Co., 

Milton, VT). Furthermore, we monitored heart 

rate. We observed an average increase in heart 

rate between the standing and training periods of 

14.7 bpm for rhythmic training sessions. Each 

training block lasted approximately 5 min, and 

each rest period was between 1 and 5 min 

depending on the state of the participant 

(Fig. 20.10).

This initial study marks the first time the MIT- 

Skywalker system has been tested with persons 

with neurological impairments. This initial study 

demonstrated the feasibility of the three different 

training routines and showed their promise for 

the rehabilitation therapy of various disabilities 

(stroke and cerebral palsy) at three impairment 

levels. MIT-Skywalker showed its versatility to 

accommodate each. Further, each participant was 

able to make substantial gains in one or more of 

the tested parameters even though the injury 

onset was more than 5 years in the past (in the 

case of our CP patients, the injury was over 25 

and 56 years prior).

Fig. 20.8 Discrete training mode stepping. A target is 

shown (white bar). The participant locates the target posi-

tion with the heel. The success rate can be seen in front of 

the participant to keep her engaged in the training session

Fig. 20.9 View from the MIT-Skywalker. A large screen 

is used to display games and real-time webcam video of 

the subject
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That said, these is just a feasibility study, and 

proper clinical controlled studies must be per-

formed to better understand how to tailor lower- 

extremity therapy and how to move robotics for 

the lower extremity beyond its “infancy” [1].

 Conclusion

A recently completed NIH-sponsored random-

ized controlled trial (RCT) demonstrated that, 

contrary to expectations of its clinical propo-

nents, body-weight-supported treadmill train-

ing administered by two or three therapists did 

not lead to superior results when compared 

with a home program of strength training and 

balance (LEAPS Study). This is a remarkable 

and extremely important result, one that must 

be acknowledged and explored further by 

roboticists: The goal of rehabilitation robotics 

is to optimize care and augment the potential of 

individual recovery. It is not simply to automate 

current rehabilitation practices, which for the 

most part lack a sound basis of scientific evi-

dence. This is not a criticism of clinical practi-

tioners, who must provide treatment as best 

they know how, but is primarily due to a lack of 

tools suitable to properly assess clinical prac-

tices themselves. To move LE robotics beyond 

its infancy, we have to determine what consti-

tutes “best practice.” Here robotics offers tools 

to carefully and methodically build evidence- 

and science-based approaches that allow a 

patient to harness plasticity and recover within 

only the limitations of biology. In this chapter 

we examined two alternatives: the Anklebot 

and the Skywalker, discussing our initial stud-

ies that aim to determine the basic psychophys-

ics of lower-extremity motor control, which 

suggested the need to engage the supraspinal 

network explicitly – much like we do in upper-

extremity robotic therapy and, we suspect, as 

occurs in usual-care gait-training approaches.

Of course, these are only the initial, faltering 

steps toward our goal. We recognize the cor-

rectness of the conclusion of the American 

Heart Association’s statement in its guidelines: 

“. . . robotics for the lower extremity (LE) still 

in its infancy . . .” We still don’t know how to 

tailor therapy for a particular patient’s needs. 

We do not know the optimal dose or in cost-

benefit terms: What is the minimum intensity to 

promote actual change? Is too much therapy 

detrimental? Should we deliver impairment-

based approaches (as in seated “open-chain” 

ankle training, i.e., joint based, non-task spe-

cific) or functionally based approaches (as in 

body-weight-supported treadmill training, i.e., 

whole body, task specific) and to whom: severe, 
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moderate, mild strokes? How can we predict 

potential responders vs. nonresponders based 

on stratification of impairments and deficit 

severities? What types of serious games should 

be designed and which patients’ behavioral 

metrics should be used to drive these games? If 

impairment-based approaches, should therapy 

focus on each joint one at a time? If so, should 

therapy progress proximal to distal or the other 

way around? Should we assist-as-needed, 

resist, or perturb and augment error? Who 

might be the responders who benefit most from 

these interventions? How should we integrate 

the robotic gyms in therapy practices?

The challenge for the next 5 years is to focus 

on the multitude of variables that may influence 

outcome and to determine the interaction or 

independence among these variables and their 

actual impact on outcomes. If we can make sig-

nificant inroads on this facet of the problem and 

avoid prematurely declaring victory, then we 

can rest assured that the guidelines from the 

American Heart Association, from the Veterans 

Administration, and the Department of Defense 

will endorse lower-extremity robotics as well.
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Abstract

A cable-driven locomotor training system (3DCaLT) has been developed 

to improve the locomotor function in adults following hemispheric stroke 

or spinal cord injury (SCI) and children with cerebral palsy (CP). A key 

component of this new system is that it is highly backdrivable and allows 

for variation in the trajectory of the gait pattern. In addition, this new 

robotic system can provide controlled forces in both the sagittal and fron-

tal planes at targeted phases of gait. The new robotic trainer uses a light-

weight cable driven with controlled forces applied to the pelvis and leg 

(rather than a controlled trajectory). The 3DCaLT is compliant and gives 

patients the freedom to voluntarily move their pelvis and legs in a natural 

gait pattern while providing controlled assistance/resistance forces during 

body-weight-supported treadmill training (BWSTT).

Thirty individuals post stroke, ten patients with SCI, and ten children 

with CP were recruited to participate in these pilot studies to test the fea-

sibility of using the 3DCaLT for gait training. Results from these clinical 

studies indicate that locomotor gait training using the 3DCaLT resulted in 

a significant improvement of walking function in adults post stroke, with 

SCI, and children with CP. Thus, it seems feasible to use a flexible cable-

driven robotic system, i.e., 3DCaLT, to improve the locomotor function in 

adults post stroke or with SCI, and children with CP. Further studies with 

a large sample size of subjects and a comparison of the current paradigm 

with conventional BWSTT are warranted.
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21.1  Introduction

Body-weight-supported treadmill training has 

been used for improving locomotor function in 

humans with spinal cord injury (SCI) [1–6], stroke 

[7–13], and children with cerebral palsy [14, 15]. 

One limitation of this technique is the requirement 

of greater involvement of physical therapist during 

locomotor training. In addition, it can be a labor-

intensive work for the physical therapist who con-

ducts the training, particularly for those patients 

who require substantial walking assistance. As a 

consequence, several robotic gait training systems 

have been developed. While these robotic gait 

training systems are effective in reducing the labor 

intensity of physical therapist, they showed lim-

ited functional gains for some patients. As a result, 

there is a need for the development of new robotic 

gait training systems and paradigms. In order to fit 

the need, we developed a 3D cable-driven robotic 

gait training system. In this chapter, we will focus 

on the development and clinical tests of this novel 

cable-driven robotic gait training system.

21.1.1  Relevant Pathophysiology 
Background

21.1.1.1  Stroke
There are nearly 6.6 million people with stroke liv-

ing in the United States, and approximately 795, 

000 people experienced a new or recurrent stroke 

each year [16]. Stroke is currently the leading 

cause of serious, long-term disability in the United 

States [17]. A stroke is the clinical consequence of 

neuronal death, related to either bleeding or a 

blockage in one of the two main supplying arteries 

or their branches. About 80 % of stroke cases are 

induced by ischemia, which may result from vas-

cular embolism or thrombosis. The remaining 

20 % result from hemorrhage, arising within cere-

bral tissues, or into surrounding spaces. The con-

sequence of either one or more etiology is often 

cell death, which results in a loss of brain function. 

As a result, patients may experience hemiplegia, 

sensory loss, visual impairments, cognitive diffi-

culties, and speech and language difficulties [18].

Impaired mobility is an important factor in 

determining the degree of physical disability 

after stroke [19]. While up to 80 % of individuals 

with stroke may ultimately recover the ability to 

walk a short distance [20], most of them do not 

achieve the locomotor capacity necessary for 

community ambulation [21]. Limited community 

walking reduces the probability of successful 

return to work and decreases participation in 

community activities [22].

Walking ability post stroke is characterized 

primarily by reduced walking speed [23] and 

endurance [24], residual spatial and temporal 

left-right asymmetry [25], and impaired postural 

stability [26]. Patients suffer a greatly reduced 

knee flexion at toe off and during swing of the 

paretic leg, as compared to the non-paretic leg, 

which is usually associated with compensatory 

movement such as pelvic hiking and limb cir-

cumduction [27]. The impaired hip and knee 

flexion during swing may result in a decreased 

forward progression and gait velocity, shortened 

step length, and toe drag at initial swing [28]. 

These impairments restrict independent mobility 

and severely impact quality of life of individuals 

post stroke.

21.1.1.2  Spinal Cord Injury
The estimated prevalence of spinal cord injury 

(SCI) in the United States is approximately 

276,000, with an incidence of approximately 

12,500 new cases every year [29]. While the inci-

dence of SCI is considered low compared to 

stroke, the personal and social-economic conse-

quence of SCI can be severe. For instance, most 

patients with SCI are young men (in their teens, 

20s, or 30s) [30]. Many of them are at their most 

productive age when injured. After injury, they 

have to rely increasingly on support from the 

healthcare system, and many have to switch jobs 

or may not be able to work at all after their injury. 

A major goal of patients with SCI is to regain 

walking ability [31, 32], as limitations in mobil-

ity can adversely affect most activities of daily 

living [33, 34].

Following SCI, descending spinal motor path-

ways are usually damaged. The loss of descending 

input to spinal neurons may reduce synaptic drive to 

locomotor networks and also compromise the abil-

ity to produce voluntary movements of the limbs. In 

addition, there is often impaired control of balance, 
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and this impairment, together with associated weak-

ness of lower-extremity muscles, may adversely 

impact walking. Specifically, individuals with SCI 

may suffer difficulties supporting their body weight 

during the stance phase and moving their legs for-

ward during the transition to swing. As a conse-

quence, patients with SCI walk with reduced speed 

and shorter stride length [35] require assistive 

devices, such as rolling walkers, and spend more of 

the gait cycle in double-limb support [36]. In addi-

tion, subjects with SCI may demonstrate excessive 

pelvis and trunk motion to compensate for the lower 

limb deficits due to the spinal cord lesion [37], 

resulting in an abnormal gait pattern.

21.1.1.3  Children with Cerebral  
Palsy (CP)

CP is the most prevalent physical disability origi-

nating in childhood with an incidence of 2–3 per 

1,000 live births [38–40]. Of the children who are 

diagnosed with CP, as much as 90 % of children 

with CP have difficulty in walking [41, 42]. 

Reduced walking speed and endurance are two of 

the main functional problems, particularly in 

children with more severe disabilities [43].

Attaining functional walking ability is often 

an important functional goal for children with 

CP. Ambulation plays a central role in healthy 

bone development [44] and cardiopulmonary 

endurance [45], and children who are able to 

ambulate are more accomplished in activities of 

daily living and social roles, such as participation 

in the community, than children who use a wheel-

chair [46]. The development of independent gait 

and efficiency of walking are often the focus of 

therapeutic interventions for children with CP.

21.1.2  Rationale for Application 
of Current Technology (The 
Role of Neural Plasticity)

21.1.2.1  Neuroplasticity of Adults 
with Stroke and SCI 
and Children with CP

Although the loci of neuraxis lesions obviously 

differ between stroke, SCI, and CP, the extent of 

injury to the motor system and to motor-related 

cognitive networks often overlaps. In particular, 

the mechanisms of the neural adaptations that 

accompany training and learning are not depen-

dent on the disease (i.e., stroke, SCI, or CP) as 

much as they rely on the available plasticity in 

relevant neural networks [47]. The neural reorga-

nization achieved during rehabilitation is highly 

dependent on the magnitude and specificity of 

neural activity. Thus, increasing intensity of neu-

ral activity during locomotor training should 

improve the training effect, consistent with use- 

dependent synaptic plasticity, as expressed in 

“Hebb’s rule” [48]. Observations in spinalized 

cats in which targeted standing training or loco-

motor training produced only task-specific 

improvements in motor function demonstrate 

that practice is more effective when it is task spe-

cific [49, 50]. Furthermore, motor training para-

digms that emphasize active movements are more 

effective in producing plasticity in spinal circuits 

and should increase volitional locomotor perfor-

mance when compared to passive movement 

training [51, 52]. Thus, to maximize locomotor 

recovery, rehabilitation for adults after stroke and 

SCI and children with CP should emphasize 

active, repetitive, task-specific practice that max-

imizes neuromuscular activity.

21.1.3  Therapeutic Action/
Mechanisms and Efficacy

21.1.3.1  Task-Oriented Practice 
in Individuals Post Stroke

To improve gait performance and functional out-

comes following neurological injury, rehabilita-

tion efforts have been focused on reestablishing 

normal walking patterns [32]. Toward this end, 

the use of body-weight-supported treadmill train-

ing (BWSTT) has demonstrated significant 

improvements in walking capability in individu-

als post stroke and SCI [53] and is becoming 

increasingly popular. Actually, the use of tread-

mill training for people with neurological disor-

ders has its roots in previous animal studies 

where spinal cats were able to regain locomotor 

functions of the hind limbs with weight support 

through treadmill training [54]. The underlying 

mechanism of the effectiveness of this technique 

is thought to be the reorganization capacity of the 
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central system when task-specific motor practice 

is provided through treadmill training [55]. In 

clinics, the use of a treadmill (with or without 

body weight support) permits a greater number 

of steps to be performed within a training ses-

sion. That is, it increases the amount of task- 

specific walking practice. For instance, previous 

studies indicated that stroke patients can perform 

up to 1,000 steps in a 20-min treadmill training 

session, but can only perform 50–100 steps dur-

ing a 20-min session of conventional physiother-

apy [56]. By providing partial body weight 

support over a treadmill and manual facilitation 

from therapists, previous research has demon-

strated improvements in temporospatial gait pat-

terns, including gait velocity [7–10], endurance 

[11], balance [8], and symmetry [12, 13]. For 

instance, previous studies in non-ambulatory 

hemiparetic subjects revealed that BWSTT was 

superior to conventional physiotherapy with 

regard to restoration of gait ability and improve-

ment of overground walking velocity [7]. In addi-

tion, a large study involving 100 acute stroke 

patients compared the effect of treadmill therapy 

with and without body weight support [8]. The 

results of this randomized clinical trial indicated 

that subjects with stroke who received 6 weeks of 

gait training with body weight support recovered 

better balance and walking abilities, such as over-

ground walking speed and endurance, than those 

who received similar gait training while bearing 

full weight on their lower extremities. Changes in 

impairments and functional limitations observed 

with intensive BWSTT are often greater than that 

achieved during conventional or lower-intensity 

physical therapy [9, 10].

However, two randomized, controlled trials in 

acute stroke survivors failed to show a superiority 

of BWSTT compared with conventional physical 

therapy focusing on overground training [57, 58]. 

For instance, results from a multicenter trial in 73 

hemiparetic patients indicated that there was no 

significant difference between the BWSTT and 

the control group (who completed overground 

walking training) with regard to Functional 

Independence Measure (FIM), walking velocity, 

Fugl-Meyer Stroke Assessment, and balance 

assessments [57]. However, in a subgroup of 

severe stroke subjects, the BWSTT group dem-

onstrated a greater improvement of walking 

speed and endurance compared to the control 

group [58]. In addition, in studies that have 

employed high-intensity walking regimens in 

individuals with chronic stroke (i.e., those with-

out presumed spontaneous recovery), the average 

increase in walking speed ranges from 0.09 to 

0.13 m/s following 1–6 months training [9, 11]. 

While significant statistically, these changes are 

relatively small considering the effort required to 

perform such training.

21.1.3.2  Task-Oriented Practice 
in Humans with SCI

BWSTT with manual assistance given to the legs 

and the pelvis has also been used as a promising 

rehabilitation method designed to improve motor 

function and ambulation in people with SCI [1–

6]. For instance, BWSTT has been shown to pro-

vide significant improvements in locomotor 

ability and motor function in humans with SCI 

[59]. Specifically, 89 patients with incomplete 

SCI underwent BWSTT and were compared with 

64 patients treated conventionally. The results 

indicated that the BWSTT group improved their 

mobility more than the control group (i.e., con-

ventional treatment group). For the acute patients, 

92 % of those initially wheelchair bound became 

independent walkers following BWSTT, while 

only 50 % were able to walk independently fol-

lowing conventional therapy. For chronic 

patients, 76 % of those initially wheelchair bound 

learned to walk independently following BWSTT, 

while only 7 % returned to walking following 

conventional therapy [59].

Conversely, results from a recent large multi-

center randomized clinical trial with acute 

incomplete SCI patients indicated that both 

groups improved their outcome measurements 

related to walking performance, but no signifi-

cant differences were found between the BWSTT 

and the conventionally trained groups [5]. 

Specifically, a total of 146 subjects within 

8 weeks of spinal cord injury were entered into a 

single-blinded, randomized clinical trial. 
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Subjects received 12 weeks of equal time of 

BWSTT or conventional overground mobility 

intervention. No significant differences were 

found at entry between treatment groups or at 

6 months for FIM, walking speed, and 6-min 

walk distance.

Even though BWSTT may only be as effec-

tive as conventional training, it is still a valuable 

technique for locomotor training in humans with 

SCI. The technique may be safer and more con-

venient for assisting ASIA A and B subjects to 

stand and step when compared with conventional 

physical therapy [5]. Also, it may allow for ear-

lier gait training in patients with limited locomo-

tor capabilities, allowing them to repeat a 

gait-like motion and alternative loading of the 

lower limbs [1, 59]. Despite this, BWSTT often 

requires the effort of multiple physical therapists 

(generally up to three) to assist the legs and con-

trol trunk movement. It can be a labor-intensive 

work for physical therapists, particularly for 

those patients who require substantial walking 

assistance following SCI. This suggests that 

there is a need to improve the current BWSTT 

system.

21.1.3.3  Task-Oriented Practice 
in Children with CP

BWSTT has also been used to improve the loco-

motor function in children with CP [14]. While 

statistically significant improvements in walking 

capacity with BWSTT have been shown, the 

function gains are relatively small (increased 

only 0.07 m/s in walking speed) [15]. In particu-

lar, recent randomized controlled studies indi-

cated that BWSTT is not more effective than 

overground walking for improving walking speed 

and endurance for children with CP [60, 61], 

although another randomized controlled study 

indicated that BWSTT is more effective than 

overground gait training in improving walking 

function in children with CP [62]. Thus, there is 

still insufficient evidence about the effect of 

BWSTT in improving walking function in chil-

dren with CP [63–65]. In addition, BWSTT 

requires greater involvement of the physical ther-

apist [66].

21.2  Review of Experience 
and Evidence 
for the Application 
of Specific Technology

Due to the high effort level required by therapists 

to assist patients during BWSTT, several robotic 

systems have been developed for automating 

locomotor training of individuals post stroke or 

SCI and children with CP, including the Lokomat 

[67], the Gait Trainer (GT) [68], and the 

AutoAmbulator [69]. The Lokomat is a motor-

ized exoskeleton that drives hip and knee motion 

in the sagittal plane with a fixed trajectory using 

four DC motors [67]. The GT rigidly drives the 

patient’s feet through a stepping motion using a 

crank-and-rocker mechanism attached to foot 

platforms [67]. The AutoAmbulator is a body- 

weight- supported treadmill robotic system with 

robotic arms strapped to the patient’s leg at the 

thigh and ankle, which move the legs in a quasi- 

normal walking pattern. These robotic systems 

had at their initiation the basic design goal of 

firmly assisting patients in producing correctly 

shaped and timed locomotor movements. This 

approach is potentially effective in reducing ther-

apist labor in locomotor training and increasing 

the total duration of training. For instance, while 

a manually assisted treadmill training session 

usually lasted up to 20 min, the robotic BWSTT 

could be performed up to 60 min [70], depending 

on the tolerance of the patient. Also, the number 

of therapists required to provide robotic BWSTT 

is significantly less than that required for manu-

ally assisted treadmill training [71].

21.2.1  Robotic Gait Training 
in Individuals Post Stroke

While robotic gait training relieves the strenuous 

effort of the therapists, the functional gains are 

limited for some patients [72, 73]. For instance, 

results from a study using the Lokomat with 30 

acute stroke patients indicated that there was only 

0.06 m/s gait speed improvement following 

4 weeks of training, and there was no significant 
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difference between the therapy on the Lokomat 

and gait training overground [72]. In particular, in 

a study with 63 subacute stroke patients, results 

indicated that participants who received conven-

tional gait training experienced significantly 

greater gains in walking speed and distance than 

those trained on the Lokomat [74]. In addition, 

results from a study with 48 chronic ambulatory 

stroke survivors indicated that robotic-assisted 

BWSTT with a fixed trajectory control strategy is 

less effective in improving walking ability in indi-

viduals post stroke than physical therapist- assisted 

locomotor training [75]. In contrast, results from a 

study with 155 non-ambulatory subacute stroke 

patients show that robotic- assisted gait training 

(using the Gait Trainer) plus conventional physio-

therapy resulted in a significantly better gait abil-

ity compared with conventional physiotherapy 

alone [76]. Recent literature reviews suggest that 

robotic gait training in combination with physio-

therapy increased the odds of participants becom-

ing independent in walking, although did not 

significantly increase walking speed (mean differ-

ence = 0.04 m/s) and endurance (i.e., mean differ-

ence = 3 m walked in 6 min) [77, 78]. In particular, 

the type of robotic systems (i.e., exoskeleton 

robotic system, such as the Lokomat vs. end 

effector, such as the Gait Trainer) might influence 

the outcome measures of gait rehabilitation of 

individuals post stroke [77]. For instance, a meta-

analysis indicated that the use of end-effector 

robotic gait training systems significantly 

increased the walking velocity with the pooled 

mean difference for walking velocity was 

0.15 m/s. In contrast, a meta- analysis indicated 

that the use of exoskeleton robotic systems for 

gait rehabilitation even significantly decreased the 

walking velocity with the pooled mean difference 

for walking velocity was −0.05 m/s [78], although 

direct empirical comparisons between two types 

of robotic gait training systems are still lacking.

21.2.2  Robotic Gait Training 
in Humans with SCI

Similar results have been observed in humans 

with SCI [79]. For instance, results from a ran-

domized study with 27 chronic SCI patients indi-

cated that all modalities of locomotor training 

were associated with improved walking speed, 

and there were no significant differences between 

the group with robotic gait training using the 

Lokomat and other groups [6]. Similarly, in a 

study with 30 acute SCI patients randomly 

assigned to three groups: robotic-assisted 

BWSTT using the Lokomat, therapist-assisted 

BWSTT, and overground ambulation with a 

mobile suspension system used for safety and 

support as necessary, results indicated that there 

were no significant differences in the rate and 

extent of motor and functional recovery among 

the three groups [71], although the total distance 

ambulated during robotic BWSTT was signifi-

cantly greater than that with overground training 

(i.e., 2,859 ± 111 m vs. 1,282 ± 666 m). Such 

results suggest that current robotic-assisted 

BWSTT methods may reduce the requirements 

and labor effort for the physical therapist, but 

does not necessarily offer an advantage in terms 

of regaining gait function in humans with SCI.

21.2.3  Robotic BWSTT in Children 
with CP

Recently, the Pediatric Lokomat (Hocoma AG, 

Volketswil, Switzerland) has been developed to 

provide robotic assistance in children with CP 

during treadmill training [80]. While the current 

Pediatric Lokomat is effective in reducing thera-

pist labor intensity during locomotor training and 

increasing the total duration of training, it shows 

relatively limited functional gains for some chil-

dren with CP [80]. For instance, a recent 

 randomized controlled study indicated that 

robotic treadmill training using the Pediatric 

Lokomat was not more effective than conven-

tional physical therapy for improving walking 

function in children with CP [81]. As a conse-

quence, there is a need for the development of 

novel robotic training paradigms and/or systems.

21.2.3.1  Limitations of Current 
Robotic Systems

While these first-generation robotic systems are 

effective in reducing therapist labor in locomotor 

training, they have obvious limitations [82]. For 
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example, due to the limited degrees of freedom of 

the standard Lokomat (i.e., only allows move-

ment in the sagittal plane), the device essentially 

eliminates, or at least minimizes, lateral and rota-

tional movement of the pelvis. This may have an 

adverse impact on walking, given that even small, 

but timely, right/left shifts in the pelvis can 

greatly facilitate leg swing [82, 83]. In addition, a 

fixed trajectory control strategy may encourage 

passive rather than active training. During robotic 

BWSTT, the driven gait orthosis passively moves 

the legs in a kinematically correct pattern. The 

robot essentially takes over the movement task, 

sharply reducing the patient’s participation level 

[84]. A fixed trajectory training eliminates the 

variability in kinematics of the lower limbs, 

which may be crucial for successful motor learn-

ing as demonstrated in animal studies [85].

Another limitation of current robotic gait 

training systems is the relatively expensive cost, 

which may be a significant barrier to widespread 

clinical application and use. For instance, the cost 

of the Lokomat is about four times the annual sti-

pend of a physical therapist. With such a high 

cost, many rehabilitation settings will be unable 

to deliver this type of therapeutic intervention to 

a larger patient population. As a consequence, 

there is a need to develop new cost-effective tech-

niques of robotic BWSTT in order to produce 

greater functional improvements in individuals 

post stroke, SCI, or children with CP.

In an attempt to improve the efficacy of robotic 

BWSTT, we have developed a novel cable-driven 

gait training system (CaLT) [86]. This new 

robotic trainer uses a lightweight cable driven 

with controlled forces applied to legs. A key 

component of this new system is that it is highly 

backdrivable, which means that the patient can 

readily overcome the forces and torques gener-

ated by the robot. This unique feature offers key 

advantages over both the ball-screw mechanisms 

used in the Lokomat [67] and the crank-and- 

rocker mechanism, as used in the Gait Trainer 

[68] in that it allows for variation in the lower 

limb kinematics and increases active participa-

tion of the patient during training.

Recently, this cable-driven gait training sys-

tem has been further developed by the integration 

of the pelvis component [87]. Specifically, two 

motor and pulley systems have been attached at 

the side of treadmill to provide controlled assis-

tance force to the pelvis during stance phase of 

gait (for assisting weight shift) while the subject 

walks on a treadmill. As suggested in previous 

studies, these components of gait training are 

critical to maximize motor learning and func-

tional improvements in adults with stroke and 

SCI and children with CP.

In the current design, four nylon-coated 

stainless- steel cables (1.6 mm diameter), driven 

by four motors (AKM33H, Kollmorgen) through 

four cable spools and pulleys, are affixed to cus-

tom cuffs that are strapped to the legs (routinely 

around the ankles) to produce an assistance/resis-

tance force of up to 45N (see Fig. 21.1). Four 

1-degree-of-freedom (DOF) reaction torque load 

cells (TRT-200, Transducer Techniques, 

Temecula, CA) are integrated between the output 

shafts of the motors and the cable spools to record 

the applied torques. Additional two cables, driven 

by two motors (AKM33H, Kollmorgen), are 

affixed to custom braces that are strapped to the 

pelvis and provide controlled assistance forces 

for facilitating weight shifting in the mediolateral 

direction during treadmill walking. Ankle kine-

matics of both legs are recorded using two cus-

tom, three-dimensional position sensors. Each 

sensor consists of a detection rod and two univer-

sal joints (U-joints) attached to the two ends of 

the rod. The ankle position signals are used by 

the operator to control the timing and magnitude 

of applied forces, at targeted phases of gait. In 

addition, the CaLT fits well with subjects of 

 different leg lengths because it used a single end 

attachment to deliver controlled forces to the pel-

vis and legs. Thus, it eliminates the requirement 

of alignment between the lower limb rotation 

center and the axis of rotation of a robot arm that 

is needed in other exoskeleton systems. This 

approach may reduce the time required for set up.

Control is implemented through a custom 

LabVIEW program, which sends control signals 

to the motor drives through an analog output to 

set the applied forces. The controller automati-

cally adjusts the load provided by the cables 

based on the kinematic performance of the sub-

ject. The load is applied to legs starting at 

 pre- swing (~10 % gait cycle prior to toe off) 
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Fig. 21.1 (a) This figure illustrates the cable robot, a 

motor- driven cable apparatus that was used with a tread-

mill and body weight support system. Six cables driven by 

six motors, pulleys, and cable spools were used to apply 

resistance/assistance loads to legs during the swing phase 

of gait and assistance load to the pelvis during the stance 

phase of gait. A personal computer was used to control the 

load produced by the six motors, applying targeted assis-

tance or resistance loads. (b) Illustration of the setup for 

leg resistance or assistance through cable-driven robotic 

system. (c) Illustration of the setup for pelvis assistance 

through cable-driven robotic system

a

b
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through mid-swing of gait [88]. In addition, the 

pelvis load is applied from heel strike to mid-

stance of the ipsilateral leg for facilitating weight 

shifting. Two control algorithms were designed 

for either an assistance or resistance strategy. For 

the assistance paradigm, the force applied to the 

legs was determined in real time using the fol-

lowing equation:

 

F t k x t x t

K x t x t
a P d

D d

( ) = − ( ) − ( )( )
− ( ) − ( )( )  (21.1)

where t is time, kP and kD are the position and 

velocity gains (e.g., kP and kD are adjustable 

depending the tolerance of the subject), and x(t), 
x t( ) , xd(t), and x td ( )  are the measured and 

desired ankle horizontal position and velocity 

during the swing phase. The desired positions 

were determined from the mean recorded ankle 

trajectory using the position sensor for two 

healthy subjects walking on the treadmill. For the 

resistance paradigm, a similar equation was used 

to determine the amount of force, but a resistance 

load was applied. For the pelvis assistance para-

digm, a control algorithm similar to the leg assis-

tance was used, but the load was applied during 

the stance phase of gait.

21.3  Current Developments 
and Ongoing Testing

21.3.1  Locomotor Training 
in Individuals Post Stroke

21.3.1.1  Introduction
Previous studies demonstrated that active motor 

training is more effective than passive training in 

eliciting performance improvement [52]. Further, 

data from hemiparetic subjects practicing upper 

limb movements with forces that provide passive 

guidance vs. error enhancement indicate that 

greater improvements in performance are 

achieved when errors are magnified [89]. These 

results suggest that error-augmentation training 

may also be used as an effective way to improve 

locomotor function in individuals post stroke. We 

postulated that by applying a controlled resis-

tance load to increase kinematic errors of the 

paretic leg during treadmill walking, motor learn-

c

Fig. 21.1 (continued)
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ing would be accelerated during treadmill train-

ing in individuals post stroke.

On the other hand, providing a controlled 

assistance load to the paretic leg may facilitate 

leg swing and induce a longer step length, 

which mimics the way that clinical therapists 

provide assistance to the paretic leg during 

treadmill training. We postulated that providing 

an assistance load to the paretic leg might also 

improve locomotor function in individuals post 

stroke through a use-dependent motor learning 

mechanism [90]. However, it remains unclear 

whether leg resistance vs. assistance is more 

effective in improving locomotor function in 

individuals post stroke. The purpose of this 

study was to assess locomotor function (i.e., 

walking speed, endurance, balance) after resis-

tance versus assistance treadmill training in 

individuals post stroke. The hypothesis was that 

subjects from both groups would show improve-

ments in locomotor function, although there 

would be greater improvements in subjects who 

underwent resistance training in comparison 

with those who underwent assistance training 

[91]. The cable-driven robotic gait training sys-

tem was used to provide controlled resistance 

or assistance load to the paretic leg during 

treadmill training.

21.3.1.2  Subjects and Protocol
Thirty individuals with chronic hemiparetic 

stroke were recruited to participate in this study. 

Mean age at the time of study enrollment was 

53.6 ± 8.9 and 57.4 ± 9.8 years old for the resis-

tance and assistance training groups, respectively, 

with no significant difference between two 

groups (p = 0.3, ANOVA). The average interval 

between stroke and the onset of robotic BWSTT 

was 7.3 ± 5.6 and 7.1 ± 6.0 years for the resistance 

and assistance training groups, respectively, 

again, with no significant difference between two 

groups (p = 0.95).

At the initiation of the locomotor training, the 

load was applied to the ankle of the paretic leg 

through the cable robot. For the assistance group, 

only an assistance load was applied and for the 

resistance group, only a resistance load was 

applied. At the beginning of each training ses-

sion, a physical therapist determined the position 

and velocity gains based on the tolerance of the 

subject. Then, the amount of the load was real 

time controlled by the controller, based on the 

kinematic performance of the subject using the 

control algorithm described above. Verbal 

encouragement from the physical therapist was 

provided as necessary.

21.3.1.3  Outcome Measures
Primary outcome measures were evaluated for 

each participant prior to training, after 6 weeks of 

training, and at 8 weeks after training was com-

pleted. Primary measures included self-selected 

and fast overground walking velocity collected on 

a 10-m instrumented walkway (Gait Mat II, E.Q., 

Inc., Chalfont, PA) and walking distance assessed 

through the 6-min walk [92]. Secondary measures 

included clinical assessment of balance, muscle 

tone, and strength. Balance, a clinical measure of 

postural stability during specific standing tasks, 

was assessed using the Berg Balance Scale [93].

21.3.1.4  Results
Thirty individuals with chronic hemiparetic 

stroke were recruited to participate in this study, 

with 28 participants finished all the training and 

test sessions. One patient dropped out due to an 

illness not related to the treadmill training. One 

patient was excluded because his self-selected 

overground gait speed was greater than the inclu-

sion criteria after retest at the first training ses-

sion. Subjects were randomly assigned to 

assistance or resistance groups after the first eval-

uation (14 subjects participated in the resistance 

group and 14 subjects in the assistance group).

A significant improvement in walking speed 

was observed for subjects from the resistance 

group after 6 weeks of robotic BWSTT using the 

cable-driven robot [91]. Specifically, self-selected 

and fast walking speeds significantly increased 

from 0.53 ± 0.25 m/s to 0.61 ± 0.28 m/s (P = 0.002, 

ANOVA) and from 0.72 ± 0.36 m/s to 

0.82 ± 0.39 m/s (P = 0.001), respectively, after 

resistance training. Further, improvements in 

walking speed were partially retained at follow- up 

(P = 0.03 and P = 0.002 for self-selected and fast 

walking speeds, respectively). The 6-min walk 
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distance increased from 201 ± 84 m to 207 ± 80 m 

after resistance training, although this was not sig-

nificant (P = 0.18), and was 210 ± 82 m at follow-

up test (P = 0.08). BBS score also slightly increased 

from 44.1 ± 8.8 to 45.6 ± 9.3 after resistance train-

ing, although this was not significant (P = 0.11), 

and was 44.9 ± 9.09 at follow- up (P = 0.47).

On the other hand, a significant improvement 

in walking function was obtained for subjects 

from the assistance training group after training. 

Specifically, self-selected and fast walking speeds 

significantly increased from 0.47 ± 0.24 m/s to 

0.56 ± 0.32 m/s (P = 0.01) and from 0.65 ± 0.38 m/s 

to 0.76 ± 0.45 m/s (P = 0.002), respectively, after 

training. Further, the improvements in walking 

speeds were partially retained at follow-up 

(P = 0.01 and P = 0.004 for self-selected and fast 

walking speeds, respectively). Also, the 6-min 

walk distance significantly increased from 

177.4 ± 99.9 m to 197.5 ± 109.5 m (P = 0.002) and 

was partially retained at follow-up 

(191.1 ± 108.5 m, P = 0.02). The BBS score sig-

nificantly increased from 43.6 ± 9.0 to 45.5 ± 8.8 

(P = 0.02) after assistance training and was 

44.1 ± 9.6 at follow-up, although not significant 

(P = 0.41).

There was no significant difference in 

improvements in walking speed between subjects 

who underwent resistance vs. assistance training. 

Specifically, the improvement in self-selected 

walking speed was 0.07 ± 0.07 m/s and 

0.09 ± 0.11 m/s after resistance and assistance 

training, respectively, with no significant differ-

ence between the two groups (p = 0.75). In addi-

tion, the improvement in fast walking speed was 

0.10 ± 0.08 m/s and 0.11 ± 0.12 m/s after resis-

tance and assistance training, respectively, with 

no significant difference between the two groups 

(p = 0.73). The improvement in the 6-min walk 

distance tended to be greater for the assistance 

group than the resistance group (i.e., 20 ± 20 m 

vs. 6 ± 16 m for assistance and resistance groups, 

respectively), although this was not significant 

(p = 0.06). In addition, the improvement in the 

BBS score was comparable, i.e., 1.4 ± 3.1 and 

1.9 ± 2.6 for the resistance and assistance training 

groups, respectively, with no significant differ-

ence between the two groups (P = 0.63).

21.3.2  Locomotor Training in Human 
with Incomplete SCI

21.3.2.1  Introduction
Recent reviews of clinical studies on the effective-

ness of current robotic training in humans with 

SCI suggest that robotic-assisted gait training is 

not superior to other gait training modalities [79, 

94]. One possibility is that these robotic training 

modalities do not provide adequate challenge to 

drive motor learning in humans with SCI during 

locomotor training [95]. For instance, muscle 

activities are significantly lower during passive-

guided, robotic locomotor training than with 

physical therapist-assisted treadmill training in 

humans with SCI [96]. Recent studies have shown 

that an error-augmentation training paradigm may 

enhance arm recovery in individuals post stroke 

[89]. Thus, we postulated that error- augmentation 

also would facilitate motor learning during loco-

motor training in humans with SCI.

By applying a resistance load to the leg during 

treadmill walking, which may increase leg kine-

matic errors [97], recent studies have indicated 

that humans with SCI adapt to the resistance load 

applied and demonstrate an aftereffect consisting 

of an increase in step length following load 

release [98]. The presence of aftereffects sug-

gests the formation of anticipatory locomotor 

commands in response to the resistance load. In 

particular, a previous study indicated that this 

aftereffect could be transferred from treadmill 

training to overground walking in humans with 

SCI [99]. However, locomotor adaptation and the 

aftereffects are generally short lived, i.e., the 

increase in step length returns back to baseline 

within tens of steps during the post-adaptation 

period, after one session of force perturbation 

training, which may have limited clinical impact 

on walking function in humans with SCI. A 

recent study using a split-belt treadmill paradigm 

indicated that prolonged repeated exposure to 

split-belt perturbation induces a long-term reten-

tion of improved step length symmetry in indi-

viduals post stroke [100]. Thus, we postulated 

that a prolonged repeated exposure to swing 

resistance perturbations during treadmill training 

might also induce long-term retention of 
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improved step length, resulting in improvements 

in walking function of humans with SCI. The 

purpose of this study was to determine whether 

robotic resistance or assistance treadmill training 

by using cable-driven robotic system would be 

effective in improving locomotor function in 

humans with chronic incomplete SCI [101].

21.3.2.2  Subjects and Training 
Protocol

Ten individuals with chronic incomplete SCI 

(i.e., >12 months post injury) with an injury level 

from C2 to T10 were recruited to participate in 

this study. Mean age at the time of study enroll-

ment was 47 ± 8 years old. The average interval 

between SCI and the onset of robotic BWSTT 

was 5.8 ± 3.8 years (range 1–14 years). All sub-

jects were classified by the American Spinal 

Injury Association (ASIA) as ASIA grade D.

In order to test the locomotor training effect of 

the cable-driven robot in the SCI population, an 

8-week training trial was conducted using a ran-

domized crossover schedule. Specifically, sub-

jects were blocked by gait speed into slow 

(<0.5 m/s) or fast (>0.5 m/s) subgroups and then 

randomized to either the assistance or resistance 

training first. After the first 4 weeks of training, 

subjects from both groups were switched from 

assistance to resistance or from resistance to 

assistance training and completed another 4 weeks 

of training. Three assessments of gait were used 

to determine the training effects. Gait speed, 

endurance, and clinical measures of functional 

ambulation and static isometric measurements of 

strength were made at the beginning, the middle 

(post 4 weeks of training), and at the end of the 

training period (following 8 weeks of training).

A training protocol similar to the stroke 

patients study was used. Training was performed 

three times per week for 8 weeks with the  training 

time for each visit set to 45 min as tolerated, 

excluding setup time. At the initiation of locomo-

tor training, controlled assistance (for assistance 

training group) or resistance (for resistance train-

ing group) loads were applied at the ankle of both 

legs. The amount of the load was controlled by 

the controller and was based on the kinematic 

performance of the subject.

21.3.2.3  Results
In this pilot study, eight out of ten subjects fin-

ished 8 weeks of robotic treadmill training, with 

two subjects dropping out the study. One subject 

dropped out due to increasing knee and low back 

pain, and the other was unable to continue with 

the study secondary to difficulty with transporta-

tion. For the eight patients that finished 8 weeks 

of robotic gait training, we found a significant 

improvement in self-selected overground walk-

ing speed (p = 0.03, one-way repeated measures 

ANOVA), i.e., the gait speed improved from 

0.67 ± 0.20 m/s to 0.76 ± 0.23 m/s (see Fig. 21.2a). 

Fast walking speed also improved from 

0.96 ± 0.31 m/s to 1.06 ± 0.32 m/s, although no 

significant difference was obtained due to the 

small sample size (p = 0.19, one-way repeated 

measures ANOVA). In addition, scores on the 

Berg Balance Scale significantly improved from 

42 ± 12 at pretraining to 45 ± 12 post 8-week 

robotic gait training (see Fig. 21.3). There was no 

significant changes in walking distance at the 

pre- and post robotic training evaluation sessions 

(p = 0.12), although averaged 6-min walk dis-

tance increased from 223 ± 81 m at pretraining to 

247 ± 88 m at post training (see Fig. 21.2b). In 

addition, we found all subjects in this study had 

no change in their WISCI II scores at pre- and 

post robotic treadmill training (17 ± 4). There was 

no significant change in muscle strength follow-

ing robotic BWSTT.

21.3.3  Locomotor Training 
in Children with CP

21.3.3.1  Introduction
Weight shifting in the mediolateral direction is of 

one of key components during human locomo-

tion [102]. However, the weight-shifting ability is 

often impaired in children with CP compared to 

children who are typically developed [103]. For 

instance, children with CP performed weight 

shifting less efficiently as demonstrated by a 

shorter range of motion of center of pressure 

(COP) and slower velocity of COP displacement 

during standing compared to children who are 

typically developed. It was suggested that weight- 
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b

Fig. 21.2 Self-selected overground gait speed (a) and 

6-min walk distance (b) at pre- and post 8-week robotic 

treadmill training in human SCI. The bar and error bar 

indicate the mean and standard deviation of the gait speed 

and walking distance across eight subjects for pre- and 

post training. Asterisk (*) indicates significant effect of 

treatment

21 Toward Flexible Assistance for Locomotor Training



448

shift training might improve dynamic balance 

during walking in children with CP [104], 

although this has not been tested. Thus, we postu-

lated that applying a mediolateral assistance 

force at the pelvis during stance phase of gait 

might facilitate weight shifting in children with 

CP during treadmill walking, and repeat practice 

of weight shifting during treadmill training may 

improve dynamic balance and improve walking 

speed in children with CP.

Evidence from spinalized mice indicates 

that motor learning is more effective with assis-

tance as needed than with a fixed trajectory 

paradigm [85]. Thus, a robotic system that 

allows for variability in the stepping pattern 

during treadmill training will be effective in 

improving walking speed in children with 

CP. In addition, results from motor learning 

studies indicate that when there are more simi-

larities between learning tasks and the applica-

tion of those tasks, a greater transfer of motor 

skills will take place [105]. Thus, a robotic 

BWSTT technique that provides less con-

straints and allows for a natural dynamic gait 

pattern during treadmill walking will be an 

effective method for transferring motor skills 

from treadmill training to overground walking 

in children with CP as measured by increased 

overground walking speed after robotic 

BWSTT. The purpose of this study is to assess 

improvements in locomotor function of chil-

dren with CP after robotic treadmill training 

with the application of applying controlled 

forces to both the pelvis, for facilitating weight 

shift, and leg at the ankle, for facilitating leg 

swing, through the 3D cable- driven robotic gait 

training system [87].

21.3.3.2  Subject and Training 
Protocol

Ten children (five girls) with spastic CP were 

recruited to participate in this study. Mean age was 

11.8 ± 3.9 years old. According to the Gross Motor 

Function Classification System (GMFCS) [106], 

one of them was classified as level I, five of them 

were classified as level II, three of them were clas-

sified as level III, and one of them was classified as 

level IV. Treadmill training was performed three 

times per week for 6 weeks with the training time 

for each visit set at 30–40 min, as tolerated, exclud-

ing setup time. The peak value of the pelvis assis-

tance force was set at ~9 % of body weight, and the 

peak leg assistance force was set at ~3–4 % of 

body weight, although these peak forces were 

adjusted based on the tolerance of each subject. 

The leg assistance load was applied to the ankle 

starting from late stance to mid-swing, and the pel-

vis assistance was applied in the mediolateral 

direction starting heel strike to mid-stance.

Gait assessment was made pre and post 

6 weeks of robotic treadmill training and at 

8 weeks after the end of training, using gait 

speed, endurance (6-min walk distance [107]), 

and clinical measures of motor function (the 

dimensions D (standing) and E (walking, run-

Fig. 21.3 Berg balance scale at pre- and post 8-week 

robotic treadmill training in humans with SCI. The bar 

and error bar indicate the mean and standard deviation 

across eight subjects for pre- and post training. Asterisk 

(*) indicates significant effect of treatment of robotic gait 

training
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ning, jumping) of the Gross Motor Function 

Measure (GMFM-66), [108]).

21.3.3.3  Results
Following 6 weeks of robotic treadmill training 

through the 3D cable-driven robotic gait training 

system, self-selected and fast overground gait 

speeds significantly increased for children with 

CP; see Fig. 21.4. Specifically, self-selected and 

fast walking speeds increased from 0.69 ± 0.18 m/s 

to 0.82 ± 0.21 m/s (p = 0.05, ANOVA, n = 9) and 

from 1.09 ± 0.29 m/s to 1.20 ± 0.33 m/s (p = 0.045 

<0.05, n = 9) after treadmill training; see 

Fig. 21.4. Further, improvements in walking 

speed were partially retained at follow-up (i.e., 

0.77 ± 0.19 m/s, p = 0.005 <0.05 and 

1.15 ± 0.32 m/s, p = 0.09, for self-selected and 

fast walking speeds, respectively, n = 10). Six- 

minute walk distance tended to increase from 

297.7 ± 52.6 m to 334.1 ± 100.5 m after robotic- 

assisted treadmill training, although no signifi-

cant difference was noted (p = 0.10), and was 

325.9 ± 91.5 m at follow-up (p = 0.09).

In addition, GMFM score also slightly 

increased from 62.4 ± 6.7 to 63.1 ± 7.8 (p = 0.39) 

after robotic treadmill training and was 63.4 ± 8.7 

(p = 0.39) at the follow-up, although these were 

not significant. Spasticity had a modest change 

after robotic treadmill training. Specifically, the 

average of Modified Ashworth Scale score which 

was 0.68 ± 0.44 slightly increased to 0.74 ± 0.59 

(p = 0.75) after robotic treadmill training and 

slightly decreased to 0.45 ± 0.38 (p = 0.12) at the 

follow-up, although these were not significant.

21.3.3.4  Discussion
The purpose of these pilot studies was to test the 

feasibility of using the CaLT and determine 

whether intensive locomotor training using the 

CaLT would improve ambulatory and functional 

capabilities in adults with chronic stroke and 

motor incomplete SCI and children with CP. We 

found that it was feasible to use the cable-driven 

robotic system to improve locomotor function in 

adults with stroke and SCI and children with 

CP. In particular, significant changes were 

observed in self-selected overground gait speed 

after robotic treadmill training. Further, the 

improvements in walking function were partially 

retained at 8 weeks after the end of training in indi-

viduals post stroke and children with CP, indicat-

ing a clinical significance of such intervention.

21.3.3.5  Improved Walking Function 
in Individuals Post Stroke

Applying a controlled resistance or assistance 

load to the paretic leg during treadmill training 

using the cable-driven robotic system signifi-

cantly improved walking speed in individuals 

post stroke. The improvements in walking speed 

obtained through robotic resistance vs. assis-

tance treadmill training were comparable with 

no significant difference between them. In addi-

tion, the 6-min walk distance and the BBS and 

ABC Scale scores significantly improved after 

assistance treadmill training but not after resis-

tance treadmill training. These results suggest 

that resistance training was not superior to assis-

tance training in improving endurance, balance, 

and balance confidence in individuals post 

stroke [91].

Fig. 21.4 Overground gait speed pre-, post 6-week 

robotic treadmill training, and 8-week follow-up in chil-

dren with CP. The bar and error bar indicate the mean and 

standard deviation of gait speed across nine subjects for 

pre- and post training (Data from one subject were not 

included due to sick right before the posttest), and for ten 

subjects at follow-up. Asterisk (*) indicates significant 

effect of treatment
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The increase in kinematic errors produced by 

the resistance load may elicit an error correction 

process that accelerates motor learning during 

locomotor training in individuals post stroke. 

For instance, for the subjects who were assigned 

to the resistance training group, the resistance 

applied to the paretic leg produced a deviation in 

leg kinematics, that is, increased kinematic 

errors. Enhanced error has been shown to be 

more effective than passive guidance in improv-

ing arm performance in individuals post stroke 

[89]. For the lower limb, previous studies indi-

cated that individuals post stroke adapted to the 

resistance load applied to the paretic leg and 

showed an aftereffect consisting of increased 

step length of the paretic leg after load release 

[109, 110].

Further, repeated exposure to resistance load 

during treadmill training may induce a prolonged 

retention of aftereffect of the paretic leg in indi-

viduals post stroke. In this study, repeated expo-

sure to a resistance load was applied to the paretic 

leg during 6 weeks of treadmill training. As a 

result, the step length of the paretic leg during 

overground walking increased after resistance 

training, suggesting that the aftereffect of an 

increased step length may be accumulated and 

transferred from one context (i.e., treadmill walk-

ing) to another context (i.e., overground walking) 

in individuals post stroke. In particular, we 

observed a partial retention of the increased step 

length of the paretic leg at follow-up.

On the other hand, for subjects who were 

assigned to the assistance training group, an 

assistance force provided to the paretic leg may 

facilitate the leg swing to induce a longer step 

length on the paretic side during treadmill train-

ing. The increased step length of the paretic leg 

may be accumulated and transferred to over-

ground walking through 6 weeks of locomotor 

training, resulting in an improvement in walking 

function after assistance treadmill training in 

individuals post stroke. However, because the 

assistance force was applied at the paretic leg 

facilitating the leg to swing forward, instead of 

resisting the leg to induce kinematic deviation, 

we postulated that the motor learning mecha-

nisms involved in robotic assistance training 

would be different from those involved in resis-

tance training. A use-dependent motor learning 

mechanism may be involved during robotic- 

assisted treadmill training [90]. The synaptic effi-

cacy of sensorimotor pathways involved in the 

leg swing of the paretic leg may be enhanced by 

repetitive stepping assisted by the cable-driven 

robot [111].

Results from this study suggest that resistance 

training was not superior to assistance training in 

improving speed, endurance, balance, and bal-

ance confidence in individuals post stroke. A pos-

sible reason is that while the larger size of errors 

induced by a resistance load may accelerate 

motor learning, the motor memory resulted from 

this learning may be less retained [112, 113] and 

less transferred to overground walking [114]. In 

addition, cognitive strategies or compensation 

from the non-paretic arm (because most subjects 

prefer to hold on the side bar during locomotor 

training) or leg may be used to quickly reduce 

errors in response to a leg resistance load, but this 

rapid performance improvement also vanishes 

quickly after that resistance load is removed, 

leading to less retention of motor memory after 

resistance training.

Maintaining variation in kinematics during 

BWSTT is considered to be critical in improving 

the locomotor function in individuals post stroke. 

For instance, results from animal experiments 

show that motor learning is more effective with a 

robotic algorithm that allows variability in the 

stepping pattern than with a fixed trajectory para-

digm [85]. In addition, results from human study 

have shown that intralimb coordination after stroke 

was improved by physical therapist- assisted 

BWSTT, which allowed for kinematic variability, 

but not robotic gait training with fixed trajectory, 

which reduces kinematic variability [115].

In the current study, the cable-driven robotic 

system, which is highly backdrivable, has limited 

constraint of the leg kinematics during treadmill 

training [86]. The cable-driven system can be 

moved by the patient with the smallest possible 

resistance opposed by the robot. Thus, the cable 

system allows the patients greater flexibility in 

controlling their gait pattern. The cable-driven 

robotic system did not significantly affect the 
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variability in ankle trajectory while controlled 

load was applied to legs during treadmill walk-

ing; see Fig. 21.5a. For instance, a previous study 

indicated that there were no significant changes 

in the variability of ankle trajectory of humans 

with SCI for different loading conditions (i.e., at 

baseline, with cable attached, and with assistance 

load applied (ANOVA, p = 0.6)); see Fig. 21.5b 

[86]. This type of training seems more effective 

than fixed trajectory training in improving loco-

motor function in individuals post stroke.

Results from basic neuroscience studies indi-

cated that motor learning is more effective when 

human subjects actively practice movement 

rather than being passively moved [33, 34]. In 

this study, a controlled assistance or resistance 

load was applied to the paretic leg during tread-

mill training through the cable-driven robotic 

system. Thus, subjects were more actively 

involved during training with the cable-driven 

robot, which served to increase the efficacy of 

robotic BWSTT in individuals post stroke. In 

contrast, currently available robotic systems, 

such as the standard Lokomat, use a fixed trajec-

tory control strategy. With this type of control 

strategy, it is easier for the patient to passively 

allow the robot to move the limb for them [84]. 

Results from this study suggest that a robotic sys-

tem that encourages active involvement of 

patients during training would be more effective 

in improving locomotor function in individuals 

post stroke.

The subjects who participated in the current 

study were all ambulatory chronic patients with 

self-selected walking speeds ranging from 0.12 

to 0.89 m/s. For these patients, cable-driven 

robotic gait training appeared to be effective to 

improve locomotor function. However, it remains 

unclear whether cable-driven robotic gait  training 

will be effective in improving the locomotor 

function of individuals who are more severely 

affected. In addition, we do not know whether 

robotic treadmill training through the cable- 

driven system is more effective than conventional 

treadmill training in improving locomotor func-

tion in individuals post stroke.

21.3.3.6  Improved Walking Function 
in Humans with SCI

The locomotor functional gains obtained using 

the cable-driven robotic gait training system are 

comparable or even greater than that of using cur-

rently available robotic systems with a fixed tra-

jectory control strategy. For instance, in a 

randomized trial involving 27 participants with 

SCI, the use of robotic-assisted BWSTT with a 

fixed trajectory did not significantly increase 

a

b

Fig. 21.5 (a) Ankle trajectories in the sagittal plane are 

shown from one patient with incomplete SCI during 

treadmill walking without the attachment of cable robot. 

The solid thick line shown is the ensemble average trajec-

tory across seven step cycles. (b) Variability of ankle tra-

jectory for three different loading conditions, i.e., baseline 

without attachment of the cable-driven robot, cable robot 

attached with 4N pretension load, and cable robot attached 

with controlled assistance load. Path deviation of ankle 

trajectory in the sagittal plane for each condition was used 

to quantify the variability of ankle movement of each sub-

ject during treadmill walking. The bar and error bar indi-

cate the mean and SD of the RMS error of ankle trajectory 

across subjects (Modified from Wu et al. [86])
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walking velocity (mean difference was −0.05 m/s) 

[6, 116]. However, in another study with 20 sub-

jects with chronic SCI, results indicated that the 

use of robotic-assisted treadmill training with a 

fixed trajectory may significantly improve walk-

ing speed in the SCI population [4]. The func-

tional gains were 0.11 ± 0.11 m/s following 

robotic gait training, which is comparable to the 

results obtained in the current study.

In addition, results from the current study 

indicate an improvement in balance control in 

human SCI following cable-driven robotic gait 

training, i.e., Berg Balance Scale scores increased 

3.3 ± 2.3. This is a functional gain not previously 

seen in studies with the Lokomat. The current 

Lokomat only allows movement in the sagittal 

plane due to the limited degrees of freedom. The 

unnecessary mediolateral support may reduce the 

potential functional gains in balance control fol-

lowing robotic gait training using the Lokomat. 

Recent studies indicate that there is a strong rela-

tionship between balance and walking capacity 

in patients with SCI [117, 118]. Thus, training 

stereotypical gait patterns in human SCI without 

challenging balance control may squander train-

ing time by focusing training on the impairment 

that is not the bottleneck for achieving a greater 

walking speed [119].

The effect of BWSTT in enhancing motor 

recovery and improving ambulation in human 

SCI has been studied intensely for the past two 

decades [120]. Specifically, it has been shown 

that BWSTT may increase lower-extremity 

motor strength, walking ability, and postural sta-

bility in people with motor incomplete SCI in the 

acute or chronic stages of recovery. However, the 

primary limitation of such therapy is the labor- 

intensive efforts required of a physical therapist. 

Manual facilitation of the lower extremities and 

trunk to generate appropriate kinematics associ-

ated with stepping behaviors may require sub-

stantial effort by the physical therapist, especially 

for those patients with significant weakness or 

spastic motor behaviors. Indeed, for patients with 

little voluntary muscle strength, but high spastic 

muscle forces, the training duration is often lim-

ited by the fatigue of the therapists rather than the 

SCI patient [121]. As the therapist fatigues, 

maintaining appropriate spatial and temporal gait 

pattern of patient becomes increasingly difficult. 

In addition, two or even three physical therapists 

are often needed to assist the patient’s legs and 

torso during BWSTT, which may limit the extent 

to which such therapy is given in the clinical 

setting.

In contrast, intensive task-specific walking 

practice may be delivered through a cable-driven 

robotic-assisted BWSTT system with the help of 

only one therapist and can be performed for a 

longer duration (dependent upon the tolerance of 

the patient), thereby increasing the amount of 

practice of stepping behaviors. While the sample 

size is small, our results indicate that the improve-

ments in locomotor function in our ambulatory 

subject population were statistically significant, 

with self-selected gait speed and Berg Balance 

Scale scores increasing by 0.09 ± 0.10 m/s (13 %) 

and 3.3 ± 2.3 (8 %), respectively, post robotic 

training. These improvements were qualitatively 

similar to those achieved by people with a similar 

diagnosis and chronicity of injury who performed 

therapist-assisted BWSTT [6]. Thus, the cable- 

driven robotic BWSTT may achieve comparable 

functional gains when compared to therapist- 

assisted BWSTT, but can substantially reduce the 

labor effort and personnel cost of physical 

therapists.

The patients who participated in the current 

study were all ambulatory (with or without an 

assistive device). The initial self-selected over-

ground gait speed ranged from 0.27 to 0.90 m/s. 

It remains unclear whether cable-driven robotic 

gait training will be effective in improving loco-

motor function in humans with SCI who are more 

severely impaired and cannot ambulate. The 

injury level of participants ranged from C3 to 

T10. Six out of eight subjects who completed all 

training and evaluation sessions had an injury at 

the cervical level. In addition, three out of eight 

subjects were taking antispastic medications dur-

ing the training sessions. These two confounding 

factors may have influenced the results of the 

robotic-assisted treadmill training. For instance, 

antispastic medications may affect locomotor 

activity in humans with SCI [122] and may alter 

the rate of locomotor recovery with robotic gait 
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training. However, due to the small sample size 

of the current study, there was no conclusion 

about the effect of injury level and antispastic 

medications on locomotor recovery following 

robotic training in this population. In addition, a 

randomized controlled study is ongoing to deter-

mine whether cable-driven robotic-assisted 

BWSTT can produce greater functional improve-

ments than those achieved through manual- 

assisted BWSTT in humans with SCI.

21.3.3.7  Improved Walking Function 
in Children with CP

The 3D cable-driven robotic gait training system 

was used to improve overground walking speed 

and endurance in children with CP through 

6 weeks of robotic treadmill training. Further, the 

improvement in walking speed was still partially 

retained at the follow-up, suggesting clinical sig-

nificance of these robotic training paradigms. 

Results from this study suggest that treadmill 

training in conjunction with the application of 

applying controlled forces to both the pelvis and 

legs, while allowing for a natural stepping pat-

tern, seems feasible in improving walking func-

tion in children with CP.

Applying assistance load to the pelvis during 

treadmill training may improve weight-shifting 

ability in children with CP. In this study, the 3D 

cable-driven robotic system provided no con-

straints on pelvis 3D movement but only assis-

tance force for facilitating weight shift at targeted 

phase of gait while children with CP walking on 

a treadmill. Repeat practice of weight shifting 

during treadmill training may improve the 

weight-shifting ability of children with CP 

through a use-dependent motor learning mecha-

nism [90].

In addition, applying a mediolateral assistance 

force at the pelvis may enhance muscle activation 

of hip abductors/adductors, key muscles for bal-

ance control in the frontal plane during walking 

[123]. Further, repeat activation of these senso-

rimotor pathways induced by repeat pelvis assis-

tance load during treadmill training may reinforce 

circuits and synapses used for lateral balance 

control during walking through use-dependent 

neuronal plasticity mechanisms [48], leading to 

long-term improvements in lateral balance con-

trol. The improvement in balance control may 

lead to improved lateral stability on the stance 

leg, allowing for the contralateral leg to move 

forward, resulting improvements in walking 

speed and endurance in children with CP after 

training.

In this study, the cable-driven robotic system 

is highly backdrivable, which may allow a natu-

ral gait pattern of children with CP during loco-

motor training. A natural gait pattern during 

treadmill training may facilitate transfer of motor 

skills obtained during treadmill training to over-

ground walking in children with CP. This is sup-

ported by results from motor learning studies, 

which suggest that the more similarities between 

tasks of learning and application, the more trans-

fer will take place [105]. As a consequence, we 

observed functional improvements in walking 

speed and endurance of children with CP after 

robotic treadmill training through the 3D cable- 

driven robotic gait training system. In particular, 

we observed a partial retention of the functional 

gains at 8 weeks after the end of treadmill train-

ing, suggesting a clinical significant of such 

training paradigm.

This pilot study has several limitations. For 

instance, the sample size is small, and we do not 

know whether robotic treadmill training is more 

effective than conventional treadmill training in 

improving walking function in children with 

CP. A randomized controlled study is ongoing.

21.3.3.8  Other Advantages of the 
Cable-Driven Robotic System

The cable-driven robotic system can apply com-

pliant assistance as needed or even resistance as 

tolerated to the paretic leg (s) during treadmill 

training. The cable-driven robotic system is easy 

to set up compared to an exoskeleton robotic sys-

tem, such as the Lokomat, which requires the 

rotation center of robotic arms to be aligned with 

the patient’s hip and knee joints [67]. The setup 

time of the cable-driven system is shorter than 

that of the exoskeleton systems, which is critical 

for the long-term treadmill training. In addition, 

the cost of the cable-driven robotic system is less 

expensive than the current robotic systems, such 
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as the Lokomat or AutoAmbulator. Also, it would 

be possible to install multiple sets of cable-driven 

robotic systems within a clinic and allow thera-

pists to treat more than one patient at the same 

time. Thus, the cable-driven robotic system has 

multiple potential advantages to allow for deliv-

ery of this type of therapy to a larger patient 

population.

21.3.3.9  Development of Other 
Robotic Systems

In an attempt to improve the efficacy of robotic 

BWSTT, several other robotic gait training sys-

tems, such as PAM and POGO [124], LOPES 

[125], and Haptic Walker [126], have been 

developed. The PAM and POGO is a pneumatic-

driven gait training robot that allows for a full 

range of natural motion of the legs and pelvis 

during treadmill walking and provides compliant 

assistance at both the pelvis and legs [124]. The 

LOPES is an 8-degree-of-freedom lightweight 

impedance controlled exoskeleton robot devel-

oped for gait training [125]. It consists of two 

actuated pelvis segments and three actuated rota-

tional joints for each leg (i.e., two at the hip and 

one at the knee). The joints of the robot are actu-

ated with Bowden-cable driven series elastic 

actuators and impedance controlled to allow 

bidirectional mechanical interaction between the 

robot and the training subject. The Haptic Walker 

is an updated design of the GT I with program-

mable footplates [126]. It allows the footplates 

to move along arbitrary foot trajectories (e.g., 

even ground, stair climbing up/down, perturba-

tions like stumbling/sliding). A prototype 

machine has been built and tested on individuals 

post stroke [127].

In addition, new control algorithms have been 

tested to improve the efficacy of the Lokomat. 

For instance, patient-cooperative control strate-

gies have been tested to improve the active par-

ticipation of the patients and allow more 

kinematic variability during robotic-assisted 

treadmill training through the Lokomat [128, 

129]. The new design of the Lokomat also allows 

for hip joint abduction and adduction movement 

and lateral movement of the pelvis. While these 

sophisticated robotic gait training systems and 

control algorithms are promising, it still remains 

unclear whether these are more effective than 

current robotic systems or conventional interven-

tions to improve the locomotor function in indi-

viduals post stroke or SCI. In addition, there are 

several other passive devices that deliver assis-

tance to the leg during treadmill walking [130, 

131], but no clinical results are reported.

Robotic-assisted treadmill systems provide 

for training of a repetitive walking pattern that is 

critical for locomotor recovery in individuals 

post stroke or with SCI. However, the sensory 

feedback provided to the patients who are trained 

on the treadmill is distinct from overground 

walking. For instance, the optical flows are dif-

ferent for these two walking conditions. Visual 

cues are in conflict with proprioceptive signals 

from the legs during treadmill walking, which is 

not experienced during overground walking 

[132]. Such factors may limit the transfer of the 

motor skill learned on the treadmill to over-

ground walking. For instance, a previous study 

showed a partial transfer of motor adaptation 

obtained from split-belt treadmill training to 

overground walking [133]. As a consequence, 

several overground robotic systems, such as 

ReWalk (Argo Medical Technologies Ltd., 

Haifa, Israel), Ekso (Ekso Bionics, Richmond, 

CA, USA), Rex (Rex Bionics, Auckland, New 

Tibion Bionic Leg (Tibion Corporation, 

Sunnyvale, California), have been developed. 

While the safety and feasibility of these over-

ground exoskeleton robotic systems have been 

tested, the clinical results are still limited 

[134–136].

 Conclusion

The cable-driven locomotor training system 

proposed in this study provides a promising 

adjunct for treatment of patients post stroke, 

patients with incomplete SCI, and children 

with CP through robotic-assisted treadmill 

training. This system is highly backdrivable, 

complaint, and allows patients to voluntarily 

move their legs during BWSTT. The 3DCaLT 

can apply controlled assistance/perturbation 

forces to the pelvis (in the frontal plane) and 
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legs (in the sagittal plane) at targeted phase of 

gait while subject walking on a treadmill. In 

addition, the cable-driven robot is easy to set 

up and cost-effective to allow for delivery of 

this type of therapeutic intervention to a larger 

patient population. Results from pilot studies 

indicate that it is feasible to improve the loco-

motor function in individuals post stroke, 

with incomplete SCI, and children with CP 

using the cable-driven robotic gait training 

system.

We acknowledge that there are limitations 

for these studies. For instance, the sample size 

is small. In addition, the group assignment 

was not blinded to the physical therapists who 

conducted the clinical assessments. We do not 

know whether robotic treadmill training 

through the cable- driven robotic system is 

more effective than conventional BWSTT in 

improving locomotor function. A randomized 

controlled study is warranted. Further devel-

opments of this cable-driven robotic gait train-

ing system, including new control algorithms 

and paradigms, are needed for the further 

clinical application of this cable-driven robotic 

gait training system.
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      Robot-Aided Gait Training 
with LOPES                     

     Edwin     H.  F.     van     Asseldonk       and     Herman   
  van der     Kooij     

    Abstract  

  Robot-aided gait training in stroke survivors and spinal cord injury patients 
has shown modest positive effects on walking ability. It is widely acknowl-
edged that the control and design of the robotic devices need to be further 
optimized to be able to provide training that fi ts better into modern insights 
in neural plasticity, motor learning, and motor recovery and in doing so 
improves its effectiveness. We will go more deeply into the need and sci-
entifi c background for improvements on active participation and task 
specifi city and the facilitation of different recovery mechanisms. 
Subsequently we will discuss recent advances that have been made in the 
control and design of robotic devices to improve on these aspects. Hereby, 
we will focus on the robotic gait training device LOPES that has been 
developed within our group. We will discuss how its design and control 
approach should contribute to improvements on all of the aforementioned 
aspects. The feasibility of the chosen approach is demonstrated by experi-
mental results in healthy subjects, chronic stroke survivors, and incom-
plete spinal cord injury subjects. Future clinical testing has to demonstrate 
whether the outcome of robot-aided gait training can indeed be improved 
by increasing its task specifi city and the active contribution of the patient 
and by allowing different movement strategies.  
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22.1       State of the Art in Robot- 
Aided Gait Training 

 Robotic gait training devices have been on the 
market since the start of the millennium. 
Currently, among others are the Gait Trainer GT 
I (Reha-Stim, Germany) [ 1 ], the G-EO System 
(Reha Technology, Switzerland), the 
ReoAmbulator (Motorika, USA), and the market- 
leading Lokomat (Hocoma AG, Switzerland) [ 2 ]. 
In addition, different research institutes and com-
panies are developing robotic gait trainers among 
which are ALEX (Active Leg EXoskeleton) [ 3 ], 
a combination of PAM (Pelvic Assist 
Manipulator) and POGO (Pneumatically 
Operated Gait Orthosis) [ 4 ] and LOPES (Lower- 
Extremity Powered ExoSkeleton) [ 5 ]. All these 
devices support the patients during treadmill 
walking. There are also developments in the 
design of wearable exoskeletons that were origi-
nally developed for assistive use but are now also 
being used as a therapeutic device in clinics [ 6 ,  7 ] 
like Ekso GT (Ekso Bionics, USA), HAL 
(Cyberdyne, Japan) [ 8 ], ReWalk (Argo Medical 
Technologies Ltd., Israel). 

 All these devices widely differ in their design 
and control. The most distinctive feature regard-
ing the design is the number of assisted, free, or 
constrained degrees of freedom (DOF). Table  22.1  
provides an overview of the DOFs of the afore-
mentioned devices. Notably most commercially 
available devices only assist movements in the 
sagittal plane and constrain all the movements out 
of the sagittal plane; even though these move-
ments are natural to human gait, only Lokomat is 
now available with a module that allows pelvis 
mediolateral translation and transverse rotation. 
Regarding the control of the devices, the most dis-
tinctive feature is whether the device controls/
enforces positions of the limbs or controls the 
interaction forces between the robot and the 
limbs. Whereas the earlier versions of the com-
mercially available devices were all position con-
trolled, more and more of these devices become 
available with force control. The majority of 
research devices are force controlled.

   The effectiveness of robot-aided gait training 
has been extensively studied over the years in 

many (randomized) clinical trials primarily using 
commercially available gait trainers. The fi rst 
effect studies showed fairly positive results in 
that training with these devices was at least as 
effective as manual training while the physical 
load on the therapists was reduced [ 9 ,  10 ]. Some 
studies even showed an increase in the number of 
subjects that could ambulate independently after 
receiving robot-aided gait training [ 11 ]. However, 
later two large randomized clinical trials, one in 
chronic stroke survivors [ 12 ] and one in subacute 
stroke survivors [ 13 ], demonstrated that walking 
velocity and endurance improved signifi cantly 
less after robot-aided gait training compared to 
conventional training. Subacute stroke survivors 
improved their walking velocity with 71 % after 
conventional training and only 35 % after robot- 
aided training [ 13 ]. A recent Cochrane review 
[ 14 ] included 23 trials involving 999 participants 
and concluded that stroke survivors receiving 
robot-aided gait training in combination with 
physical therapy are more likely to achieve inde-
pendent gait than stroke survivors who only 
receive physical therapy. Especially the people in 
the fi rst few months after stroke who cannot walk 
independently seem to profi t most. For spinal 
cord injury subjects, the effects of robot-aided 
gait training have also been frequently assessed. 
However, here a systematic review concluded 
that robotic gait training did not improve func-
tional recovery more than other forms of gait 
training [ 15 ]. 

 There is still much room for improvement to 
further optimize robot-aided gait training such 
that patients show larger and/or faster functional 
improvement and that a larger proportion of 
patients can benefi t from it. Clinicians, (neuro)
scientist, and engineers have put forward differ-
ent ways to advance robotic gait trainers and 
make robot-aided gait training better fi t in with 
new insights in neural plasticity, motor learning, 
and motor recovery [ 16 ]. In short, the therapeutic 
benefi t of robot-aided gait training might be 
increased by making the training more task spe-
cifi c, encouraging the patients to actively partici-
pate, and facilitating functional improvement by 
using recovery as well as compensatory 
strategies. 
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 Advances on these aspects require changes in 
the mechanical design of the devices and in the 
control of these devices. The general shift from 
position to force control and the addition of active 
and/or passive DOFs aim at improving on one or 
more of these aspects. We have been developing 
the LOPES robotic gait training device to improve 
on all of these aspects. In the following para-
graphs, we will fi rst elaborate more on the need 
to improve on the different aspects to increase the 
effi ciency of robot-aided gait training. Next we 
will shortly discuss what achievements have been 
made in the fi eld of robotic gait training devices, 
and we will describe the fi rst prototype of the 
LOPES device into more detail and introduce its 
mechanical design and control. We will discuss 
the results that were obtained with the LOPES I 
device. Finally we will shortly introduce the 
newly developed LOPES II, and we will elabo-
rate on the future perspectives.  

22.2     Background and Rational 
for Advancement in Robot- 
Aided Training 

22.2.1     Task-Specifi c Training Needed 
for Transfer of Learned 
Abilities to Overground 
Walking 

 Task specifi city of training has been shown to be 
a crucial factor in facilitating functional improve-
ment [ 17 ,  18 ]. Task specifi city in this respect 
means that the trained task should closely resem-
ble the real-world task that needs to be improved. 
The larger the resemblance, the larger the likeli-
hood that improvement during training will gen-
eralize to the daily task. The task specifi city of 
training in the currently commercially available 
robotic gait training devices is questionable. This 
is mainly due to the fact that DOFs that are used 
while walking overground are constrained in 
these devices. Although movements in the con-
strained DOFs are not possible, subjects can still 
generate torques in those DOFs. For instance, 
Neckel and colleagues [ 19 ] demonstrated that 
chronic stroke survivors still generated consider-

able abduction torques during swing when they 
were walking in a robotic gait trainer that con-
strained hip abduction movement. These abduc-
tion torques refl ected that these stroke survivors 
actually employed a circumduction strategy but 
the device was constraining this strategy. When 
subjects generate the same activity while walking 
overground, this will result in a hip abduction 
during swing and a completely different walking 
pattern. So by constraining important DOFs, 
learned muscle activity patterns in the device 
might not result in a suitable overground walking 
pattern, which will decrease the likelihood of 
transfer of the relearned abilities to overground 
walking. 

 Moreover, the therapeutic spectrum reduces 
when DOFs that are characteristic for (impaired) 
human gait are constrained. Most commercial 
devices actuate DOFs in the sagittal plane and 
focus on weight bearing and making an appropri-
ate forward step. Training of balance control is 
not possible or very limited as the devices impose 
stability [ 20 ] by constraining pelvic movements 
and hip ab-/adduction. Kollen and colleagues 
[ 21 ] demonstrated that improvement of balance 
control is the most important determinant in 
regaining walking ability, even more important 
than an increase in leg strength or decrease of 
synergies. So including the DOFs that allows the 
subject to actively practice his balance control 
during walking makes training in a robotic device 
more task specifi c and probably has a favorable 
effect on the outcome of robot-aided gait 
training.  

22.2.2     Recovery as well 
as Compensation Contributes 
to Functional Improvement 

 In clinical practice, a physical therapist focuses 
the therapy on achieving recovery of the paretic 
leg or on learning compensatory strategies that 
overcome the limitations due to impairments in 
the paretic leg. Recovery can be defi ned as restor-
ing the ability to perform a movement in the same 
manner as it was performed before injury, 
whereas compensation can be defi ned as the 
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appearance of new motor patterns resulting from 
the adaptation of remaining motor elements or 
substitution [ 22 ]. For example, in achieving an 
appropriate foot clearance during swing, a 
decreased ability to fl ex the knee can be compen-
sated for by using a hip circumduction strategy 
constituting of increased hip abduction and pel-
vic rotation. However, most robotic gait training 
devices limit the therapeutic spectrum, since 
these devices focus on recovery to gain improve-
ments in walking ability and do not allow to train 
compensatory strategies The robotic devices 
focusing on recovery direct their support at 
restoring a “normal” walking pattern and further-
more do not have the appropriate DOFs to allow 
or train compensatory strategies. 

 Currently there seems no solid scientifi c evi-
dence to favor one recovery mechanism over the 
other. Furthermore it seems that with the passage 
of time, the importance of compensation in 
attaining functional improvement increases. 
Several recent studies have demonstrated the 
importance of compensation in (the improvement 
of) functional walking ability in stroke survivors: 
stroke survivors using compensatory strategies 
can attain similar gait speeds as stroke survivors 
with “normal” movement patterns [ 23 ], a limited 
amount of generated propulsion (coordinated 
output) by the paretic leg does not necessarily 
restrict the gait speed [ 24 ], and improvements in 
walking ability during recovery are not accompa-
nied by a restoration of the paretic muscle coordi-
nation patterns [ 25 ]. An argument heard often 
against the use of compensation is that, in the 
long run, it might impede gains in other func-
tional tasks. In the abovementioned example, a 
circumduction strategy would, in all likelihood, 
not positively contribute to improving stair walk-
ing, whereas a recovery of knee fl exion could. 
There is also accumulating evidence that targeted 
interventions result in recovery of the paretic leg: 
an intervention aimed at increasing ankle func-
tion results in specifi c increases of ankle power 
and an accompanying increase in gait speed [ 26 ]. 
So, recovery and compensation can both contrib-
ute to functional gains observed in stroke survi-
vors. The contribution of each mechanism in 
bringing about functional improvements will 

probably depend on the patient’s impairments, 
their severity, and the time post stroke. 

 To improve the outcome of robot-aided gait 
training, the devices should not only be directed 
at recovery but also on allowing and potentially 
even training compensatory strategies. This 
requires that the number of assisted and free 
DOFs of the robotic device should be larger than 
the number of DOFs of the task at hand, so the 
device provides redundancy. Attaining enough 
foot clearance while making a forward step can 
be regarded as a task with two DOFs. Allowing 
and/or actuating hip fl exion and knee fl exion suf-
fi ces to perform the task. Yet adding hip abduc-
tion results in a redundant number of DOFs and 
makes compensatory strategies possible. 

 The need to allow compensatory strategies 
also has consequences for the control of robotic 
gait trainers. The control of the robot should 
allow the patient with suffi cient freedom in how 
to move. This implies that we cannot defi ne sub-
ject independent reference trajectories for each 
DOF. Instead these reference trajectories should 
be subject dependent or should be defi ned in a 
coordinate system that allows the subject to 
choose his own strategy.  

22.2.3     Active Training Required 
to Induce Cortical Plasticity 

 In fi rst instance, robotic gait training devices 
were developed for spinal cord injured subjects 
and were designed to provide the spinal cord with 
the appropriate sensory information by imposing 
a normal walking pattern upon the subject. The 
legs were moved according to this pattern 
whether the patient was active or passive, and 
consequently, patients were not encouraged to 
actively participate. This approach was built 
upon scientifi c evidence from animal models that 
locomotor activity can be evoked by appropri-
ately timed sensory information [ 27 ]. This infor-
mation would drive central pattern generators, 
which are an ensemble of spinal cord neural net-
works that can generate basic rhythmical motor 
patterns involved in walking. Although similar 
central pattern generators likely exist in human, 
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there is growing evidence that the bipedal nature 
of human walking requires an important contri-
bution of supraspinal structures in controlling 
walking. This evidence could be gathered through 
advances in brain imaging and electrophysiologi-
cal techniques [ 28 ,  29 ] that allowed investigation 
of supraspinal control of walking. For instance, 
Miyai and colleagues [ 30 ] measured the brain 
activity of healthy subjects during gait and 
showed that the medial sensorimotor cortices and 
the supplementary motor cortical areas were 
involved in the control of walking. 

 The supraspinal involvement in the control of 
walking implies that brain plasticity can contrib-
ute to improvements of walking ability, which 
has major consequences for the design of (robot- 
aided) gait training. Indeed, several studies using 
different technologies showed that changes at a 
cortical level and also on subcortical level corre-
lated with locomotor recovery in stroke survivors 
[ 31 – 33 ]. Also in spinal cord injury subjects, brain 
plasticity contributes to locomotor recovery. 
After 3–5 months of treadmill training, SCI sub-
jects showed an increase in evoked muscle 
responses from TMS to the leg area of the motor 
cortex that were related to locomotor recovery 
and could not be explained by increased spinal 
excitability [ 34 ]. 

 The process underlying this brain plasticity/
reorganization is driven by self-generated activ-
ity, which stresses the need of a subject to actively 
participate in the training and not being passive. 
The importance of self-generated activity over 
passive guidance was emphasized in a study by 
Lotze and colleagues [ 35 ] in healthy subjects. 
They showed that a training period consisting of 
voluntary induced (active) wrist movements 
resulted in larger performance improvement and 
cortical reorganization than passively induced 
movements. These results were later replicated 
for the lower extremities by Perez and colleagues 
[ 36 ], who also showed that not just repetitively 
performing a movement induces cortical plastic-
ity but that the generated activity should be part 
of a skill. They compared the changes in cortico-
motor excitability in subjects who received skill 
training consisting of a pursuit tracking task by 
performing ankle plantar- and dorsifl exion, pas-

sive training in which subjects were assisted in 
the pursuit tracking task, or non-skill training 
consisting of just voluntary performing plantar- 
and dorsifl exion. Only subjects receiving the skill 
training showed an increase in cortical excitabil-
ity that was accompanied by an improved 
performance. 

 These studies show that neurological patients 
should be encouraged to actively contribute in 
robot-aided gait training (and not to rely on the 
robot) in order to facilitate plasticity-induced 
improvements in walking ability. The tasks given 
during training should be clearly related to the 
skills that are important in walking, like balanc-
ing and foot placement. Additionally, the patients 
should not only be promoted to actively partici-
pate; they should also be allowed to experience 
errors in the task execution as in the end task 
execution errors drive motor learning [ 30 ].   

22.3     Mechanical Design of LOPES 

 Robotic gait training devices differ widely in 
their (actuated) DOFs and how they are con-
trolled (see Table  22.1 ). The choice of which 
DOFs to restrain, actuate, or let free depends on 
the underlying view on neurorehabilitation and 
on the nature and control of human walking. 
Arguments can be given for more DOFs, but 
these are balanced by the consequence that the 
device will be more complex and expensive. At 
this moment there is no solid evidence for which 
DOFs to actuate or not since no comparative 
studies have been performed between devices 
with different DOFs. In the next paragraphs, we 
will provide the arguments for the chosen DOFs 
of LOPES. 

 The DOFs of LOPES and how they are actu-
ated (see Table  22.1  and Fig.  22.1 ) are chosen in 
such a way that they allow unhindered walking in 
the device (transparent mode), allow the use of 
compensatory strategies, and selectively support 
the essential aspects of walking. A prerequisite 
for selective support is that the device itself is 
transparent. The transparent mode is needed at 
the end of the training program, when the subject 
only requires little support, since the device 
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should resemble normal walking as close as pos-
sible to facilitate the transfer of the learned abili-
ties to overground walking. Another argument 
for the importance of this transparent mode is 
that in hemiparetic gait, only the affected leg 
needs support, while the unaffected leg should be 
able to move freely. We will fi rst exemplify the 
choice of the DOFs in the light of the require-
ment that the essential aspects of gait should be 
selectively and partially supported.

   When determining the essential aspects that 
need to be supported, we took into account the 
inherently unstable dynamics of walking. 
Walking can be considered as controlled falling 
in a desired direction. The lateral and forward 
foot placement is used to stabilize gait and con-
trol balance [ 37 ,  38 ]. Therefore hip fl exion/exten-
sion and hip abduction/adduction are actuated. 

Also horizontal pelvis motions are actuated as 
constraining or reducing pelvis motion would 
externally stabilize gait. Different studies have 
shown that constraining pelvis movements affect 
foot placement and increases trunk motion [ 39 , 
 40 ]. Other essential aspects that need to be sup-
ported are foot clearance during swing and 
weight bearing during stance, which require actu-
ation of knee fl exion/extension. Also the propul-
sion is an important aspect of gait. Hip extension 
during initial stance contributes to propulsion 
[ 41 ], but the main contributor is plantar fl exion at 
the ankle. Still we decided not to actuate the 
ankle to reduce mass and complexity of the 
device. Different actuated orthosis has been 
developed to specifi cally support the ankle dur-
ing gait [ 42 ]. Future clinical testing with these 
devices has to show the additional value of incor-
porating ankle plantar fl exion [ 43 ]. 

 The DOFs needed to support the essential 
subtask also suffi ce in meeting the other above-
mentioned requirements. The inclusion of the 
hip abduction/adduction degree of freedom 
allows for using one of the most often used com-
pensatory strategies, the hip circumduction. The 
total set of DOFs allows all major movements of 
gait to be made with the device, so walking with 
the device can resemble walking outside the 
device as long as the dynamics of the exoskele-
ton does not infl uence walking with the device 
too much. 

 Another important requirement for the 
mechanical design of LOPES is related to the 
dynamics of the exoskeleton. For LOPES, and 
generally for force controlled devices, it is 
important to minimize the inertia of the device 
since control algorithms can only partly com-
pensate for the inertia. Therefore we built a 
lightweight exoskeleton that has the heavy 
motors and gearing detached from the exoskele-
ton. Newly designed Bowden cable-driven series 
elastic actuators are used to transmit the mechan-
ical power of the motors via Bowden cables to 
the actuated joints [ 44 ]. This actuation also 
resulted in the required high torque control 
bandwidth that is needed for impedance con-
trolled devices. The torque control bandwidth of 
LOPES is 16 Hz [ 45 ].  

  Fig. 22.1    Subject attached in the fi rst prototype of the 
LOPES device. The eight actuated DOFs are schemati-
cally indicated       
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22.4     Control of LOPES 

 The control of robotic devices greatly determines 
whether patients are encouraged to actively par-
ticipate in the training but also whether patients 
are allowed to use alternative movement strate-
gies. The fi rst generation of robotic gait training 
devices mainly used position control to move the 
patients’ legs through a prescribed gait pattern, 
irrespective of the patients’ self-generated activ-
ity, and not allowing the patient to use compensa-
tory strategies. To increase the active participation, 
more and more robotic devices control the inter-
action forces by using impedance or admittance 
control algorithms. Mostly, reference position 
trajectories are still used in these approaches to 
determine the amount of force to apply [ 46 ], but 
recently also some reference-free approaches 
have been explored in the therapeutic use of 
wearable exoskeletons [ 47 ]. The control of inter-
action forces brings along new challenges, as 
how and when to support the patient and to decide 
how large the amount of support should be. 

 By controlling the interaction forces, the 
amount of support can be adapted to the patients’ 
needs and abilities: the robot can still be very stiff 
and practically enforce a gait pattern when the 
patient is not capable of generating any appropri-
ate activity and can be very compliant and move 
with the patient when the patient is generating the 
appropriate movement and everything in 
between. One of the biggest challenges is how to 
determine the appropriate amount of support for 
each specifi c patient. Different algorithms have 
been developed to automate this process. Emken 
and colleagues [ 48 ,  49 ] developed and evaluated 
an error-based algorithm with a forgetting factor 
based on motor adaptation experiments in healthy 
subjects. One term in this assist-as-needed algo-
rithm increases the support when deviations from 
the reference trajectories become larger, whereas 
a second term gradually reduces the support from 
step to step. The resulting support is the equilib-
rium between these two terms. They showed that 
the support was shaped to patient’s specifi c 
needs. An appropriate choice of the parameters 
of this algorithm would not only assure automatic 
adaptation of the support but would also prevent 

reliance on the robotic support to occur. Hitherto, 
this latter aspect has only been shown in experi-
ments with healthy subjects and in simulation 
studies and not in experiments with neurological 
patients. 

 Another challenge is in the timing of the 
robotic support. When using reference trajecto-
ries, these trajectories should be synchronized 
with the movements of the subjects. Lowering 
the stiffness/impedance increases the likelihood 
that the reference and actual movement are not in 
phase. This phase difference can grow rapidly 
over different steps and turns the robot’s support-
ive forces into uncomfortable and unwanted per-
turbations. Different algorithms have been 
proposed and evaluated to synchronize the 
robot’s actions with the actual movements. 
Aoyagi and colleagues [ 4 ] proposed and demon-
strated the appropriate working of an algorithm 
that continuously adapts the “replay” speed of 
the reference trajectory to minimize the differ-
ence between the timing of reference pattern and 
the patient’s movements. Dushau-Wicke and col-
leagues [ 50 ] proposed a method in which varia-
tion in timing is allowed within a specifi ed time 
window. When the timing error exceeds the win-
dow, the robot will apply additional torques to 
slow down or speed up the movements of the 
patient. 

 The control approach is also important in 
allowing or even training alternative movement 
strategies, given that the used robotic device pro-
vides redundancy in the DOFs. Most robotic 
devices are controlled at a joint level and refer-
ence patterns are also defi ned at a joint level. This 
complicates the defi nition of reference patterns 
for alternative movement strategies. Although 
compensatory strategies can be classifi ed into a 
limited number of widely used strategies, there 
still is considerable variation between patients 
within a “class,” as the actual strategy is highly 
dependent on the patient’s impairments. As such 
it is hard to defi ne appropriate reference patterns 
that can be generally used, but also to defi ne 
subject- specifi c patterns. A nice approach to 
achieve the latter is to use a teach-and-replay 
approach [ 4 ]. In this approach the robot is fi rst 
controlled in such a way that it does not actively 

E.H.F. van Asseldonk and H. van der Kooij



469

assist the movement. The necessary guidance is 
provided by a physical therapist who moves the 
leg through the desired pattern, and the robot 
records these movements. Subsequently, this 
recorded trajectory is used as a reference which 
amounts to an endless repetition of the therapist’s 
actions. 

 For LOPES we developed and applied an 
alternative approach to tackle the previously 
described challenges. The core of this approach 
is that we divide human gait in different subtasks 
and the performance on each of these subtasks is 
evaluated and controlled separately. These sub-
tasks are attaining suffi cient foot clearance dur-
ing swing, making a forward step, weight bearing, 
weight shifting, stance preparation, and balance 
control. This approach is called selective subtask 
control. Each subtask is controlled in parallel by 
using virtual models, like virtual springs and 
dampers, which are defi ned between the actual 
performance and the defi ned reference on the 
concerned subtask [ 51 ]. The forces in these vir-
tual models are transformed into the required 
robotic joint torques which are exerted by LOPES 
on the human limb. Recent simulation and exper-
imental studies [ 52 ,  53 ] have provided evidence 
that healthy humans but also stroke survivors [ 54 , 
 55 ] and spinal cord injury subjects [ 56 ] control 
walking in a modular approach as the muscle 
activity during walking can be decomposed in 
different modules associated with different 
subtasks. 

 In our approach, the amount of support can be 
adapted to the patient’s needs in two different 
steps (see Fig.  22.2 ). First, the therapist selects 
the subtasks, which are impaired in the subject, to 
be controlled by LOPES [ 51 ]. Second, the 
amount of support in each of the controlled sub-
tasks is adapted to the patient’s needs by using an 
adaptive algorithm [ 49 ,  51 ,  57 ]. Basically, this 
algorithms increase the impedance, and as such 
the amount of support, on a subtask if the patient 
performs badly and “errors” are large and 
decreases it if the patient’s performance improves 
[ 49 ]. In this way, patients are supported as much 
as necessary on the impaired aspects of gait while 
they have to generate all the activity for the unim-
paired aspects by themselves, so they don’t 

become reliant on the support [ 57 ]. 
Synchronization problems are prevented because 
the support is gait phase dependent. This means 
that a specifi c subtask is only controlled during 
the phases in which the subtask should be per-
formed (see Fig.  22.2 ), and the control is actually 
reset for every gait cycle. Some of these subtasks 
are controlled in series; however, at some phases 
of gait, more than one subtask needs to be con-
trolled. The control on a subtask level also leaves 
room for compensatory strategies. Subjects can 
use different strategies to accomplish a certain 
subtask as the reference pattern is not defi ned on 
a joint level but on a subtask level. For instance, 
the patient can use a hip circumduction strategy 
instead of regular knee fl exion to get enough foot 
clearance. If by using this strategy, the patient 
indeed succeeds in attaining appropriate foot 
clearance, no support will be provided. If not, the 
support can either be directed at improving knee 
fl exion or at using a compensatory strategy.

   Another advantage of using selective control 
of subtasks is that it allows to provide intuitive 
feedback about the performance on each of the 
subtasks to the subject and therapist and that tar-
get values on each of the subtask can be presented 
to the subject (see Fig.  22.2 ). Our experience is 
that setting the targets and providing feedback on 
gait parameters like step length and height are 
easier to interpret for patients as well as thera-
pists than feedback in terms of joint angles or 
torques.  

22.5     Experience 
with and Feasibility of LOPES 

 Only providing assistance as the patient needs it 
not only requires that the robot is able to provide 
the necessary assistance but also that the robot 
does not hinder the motion of the subject when 
no assistance is required. As a fi rst step in imple-
menting LOPES into gait training, we evaluated 
this latter requirement by comparing the gait 
parameters, kinematics, and muscle activity of 
ten healthy subjects while walking with LOPES 
attached to their pelvis and limbs and while walk-
ing freely on a treadmill [ 58 ]. In this study 
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LOPES was controlled to provide no assistance 
(transparent mode). Overall, the patterns of the 
joint and segment movements and those of mus-
cle activity while walking with LOPES resem-
bled those of free walking. However, various 
changes did occur, which could be mainly 
ascribed to the mere fact that the attached exo-
skeleton added inertia to the subject’s legs which 
needed to be accelerated and decelerated by the 
subject. The muscles involved in accelerating the 
leg during initial swing, like the rectus femoris, 
and muscles involved in decelerating the leg dur-
ing terminal swing, like the biceps femoris, both 
showed an increase in activity (see Fig.  22.3 ). In 
addition, the added inertia resulted in a decreased 
knee fl exion during swing which on its turn likely 
induced the increase in tibialis anterior activity to 
achieve appropriate foot clearance. Apart from 
the inertia of the exoskeleton legs, the subject 

experienced some resistance in moving the pel-
vis, which caused a signifi cant increase in the 
frontal trunk rotations. All in all, the results were 
satisfactory in that the walking pattern with the 
device was similar to the normal walking pattern. 
However they do show the importance of reduc-
ing the inertia of the exoskeleton or developing 
algorithms to compensate for it when one wants 
to achieve unhindered walking in a robotic 
device.

   In a subsequent study, we determined whether 
ambulatory chronic stroke survivors were able to 
make use of the DOFs of the device. The included 
stroke survivors had a decreased amount of knee 
fl exion during the swing phase, which is an often 
reported gait abnormality in stroke survivors and 
is also referred to as stiff-knee gait. They walked 
with LOPES when again it was controlled to pro-
vide no assistance, so they were not forced to a 
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  Fig. 22.2    Schematic overview of the used approach to 
selectively support different subtasks of gait with 
LOPES. This control allows for an intuitive control for the 
patient and therapist. The therapist decides on which 
aspects of gait the patient needs support. Based on this 
selection, the implemented control algorithms calculate 
the required supportive torques. The level of support is 

automatically adapted to minimize the robotic support and 
maximize the patient’s participation by using an assist-as- 
needed algorithm. The reference or target values for each 
subtask are displayed on a screen in front of the patient or 
on the treadmill (by using a beamer). To stimulate the 
active participation of the patient, also its actual perfor-
mance on each subtask can be displayed       
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certain pattern and were free to adopt their own 
walking pattern. When walking in LOPES, sub-
jects indeed showed a marked lower knee fl exion 

range in the paretic leg compared to the  nonparetic 
leg (see Fig.  22.4 ). Most subjects compensated 
for this by using a hip circumduction strategy 
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  Fig. 22.3    Muscle activity of healthy subjects walking in 
LOPES when it is controlled to provide no assistance. 
Mean normalized integrated activity for eight leg muscles 
over seven gait intervals for LOPES walking and treadmill 
walking. The  vertical bars  indicate the standard deviation 

over the different subjects. Signifi cant difference between 
LOPES walking and treadmill walking are indicated with 
a * for  p  < 0.05 and with a ‡ for  p  < 0.001 (Reprinted from 
Van Asseldonk et al. [ 58 ]; with permission. © 2008 IEEE)       
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which was refl ected in the large amount of hip 
abduction during swing. There seemed to be a 
trend in that the lower the knee fl exion range, the 
larger the amount of hip abduction. Subjects 
using a hip circumduction strategy in LOPES 
also used this strategy while walking overground. 

These results demonstrate that subjects can use 
their own movement strategy in the device and 
that they experience the result of their self- 
generated activity.

   The feasibility of the selective support of sub-
tasks has been demonstrated in experiments with 
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healthy subjects for several subtasks, among 
which are attaining suffi cient foot clearance [ 51 ] 
and weight bearing [ 59 ]. In this experiment sub-
jects walked with LOPES and the support on a 
specifi c subtask or combination of subtasks was 
switched on during selected steps, whereas dur-
ing the other steps and on the other subtasks, no 
support was provided. In general, the feasibility 
was assessed by determining how well the set 
reference values were attained and how the sup-
port affected the remaining of the walking pat-
tern. The reference values were set at a 15 % 
increase with respect to their normal values 
(when walking without support), and two differ-
ent support levels, compliant and stiff, were used. 
The support of step height resulted in an increase 
of the step height (see Fig.  22.5 ) in the healthy 
subjects as well as the stroke survivors. This 
increase was caused by an increase of the knee 
fl exion during swing. The use of the stiff support 
resulted in a larger increase of the step height for 
the healthy subjects as well as the stroke survi-
vors. The support was selective in that it did not 
affect the relative duration of the different gait 
phases or other basic gait parameters like step 
length or cycle time.

   Weight bearing during stance can also be con-
sidered as a subtask of walking. Using a robotic 
gait trainer to support weight bearing might have 
considerable advantages over typical overhead 
suspension systems. These latter systems are 
often used in gait training to provide the patients 
with the required amount of body weight support, 
but do have some disadvantages. Over the last 
years, different studies [ 60 ,  61 ] have demon-
strated that this form of body weight support con-
siderably infl uences the spatial, temporal, and 
kinematic gait parameters in healthy subjects. 
Although some more advanced systems [ 62 ] 
allow the modulation of the amount of support 
between the different legs, most systems support 
an equal amount of body weight support during 
stance of both legs, whereas hemiplegic subjects 
only need the support during the stance phase of 
the affected leg. Additionally, typical systems do 
not provide a force in the pure vertical direction 
but also in the horizontal plane that helps subjects 
to maintain their balance. This implies that the 

amount of support on weight bearing and balance 
control cannot be independently varied, whereas 
the amount of impairment on each of these tasks 
varies widely within and between subjects. 

 The aforementioned disadvantages can be 
overcome by using a robotic exoskeleton. We 
have assessed the feasibility of a control algo-
rithm to support the subject in weight bearing by 
exerting torques on the joints to overcome the 
gravitational torques and to prevent knee buck-
ling [ 59 ]. This algorithm allows for independent 
control of weight support during stance of the 
different legs and does not interfere with balance 
control. Results showed that the algorithm was 
effectively supporting weight during loading as 
the muscle activity of important knee extensors 
decreased, whereas the pattern and range of 
angular movements resembled those of walking 
without the support. 

 All in all these results showed that the differ-
ent aspects of gait can be supported separately 
but not always selectively. A combination of 
selective controllers can be used to provide sup-
port on multiple aspects or to provide support on 
one aspect and set a boundary condition on 
another aspect. By selecting subtasks, which 
require support, the robotic assistance can be 
adapted to the capabilities of a subject. However, 
also within a subtask, the amount of support 
needs to be adapted to fi t the needs of the patient. 
The support should be such that large errors are 
prevented and safe walking is guaranteed and 
such that small errors and variation over steps are 
allowed. 

 To adapt the support within a subtask, we 
incorporated the error-driven adaptation algo-
rithm of Emken and colleagues [ 49 ] in the 
selective control of step height [ 51 ,  57 ]. The 
resulting algorithm modifi ed the virtual spring 
stiffness at each percentage of the gait cycle 
based on the experienced error in the previous 
steps. We evaluated this algorithm in ambula-
tory chronic stroke survivors. These stroke sur-
vivors did not need the robotic support to walk; 
the provided support was purely aimed at 
increasing their foot clearance. The results 
showed that the combined algorithm was effec-
tive in adapting the amount of support to each 
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subject’s capabilities (see Fig.  22.6 ). The pro-
fi le of the virtual spring stiffness (stiffness ver-
sus percentage of the gait cycle) and the exerted 
robotic support were shaped to the initial devia-

tion of the actual ankle trajectory from the ref-
erence trajectory. Interestingly, subjects 
responded quite differently to the provided 
 support, which stood out clearly by making use 
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  Fig. 22.5    Effects of exposure to selective subtask control 
of step height on different gait variables ( a ,  b ) and relative 
phase duration ( c ,  d ) in healthy subjects ( a ,  c ) and chronic 
stroke survivors ( b ,  d ). The  bars  indicate average values 
when subjects were receiving support. The healthy sub-
jects walked with compliant (HC) and stiff (HS) support 
of step height. As a reference, also the relative gait phases 
during walking when receiving no assistance are shown 
(HZ). Stroke survivors also walked with the compliant 

(PCV) and stiff support (PSV) but also received visual 
feedback in the form of a bar graph on their step height in 
the completed step.  DS  indicates double stance and  Sw  
indicates the swing phase. The  error bars  indicate the 
standard error of the mean. * p  < 0.05. ++ indicates a sig-
nifi cant difference between the compliant and stiff con-
trol. The  dashed horizontal lines  indicate the set reference 
values (Reprinted from Koopman et al. [ 51 ]; with 
permission)       
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of “catch steps.” In these steps the subjects 
were not receiving any support, and these trials 
were randomly interspersed among the steps 
with support. Some subjects (see subject on the 
right in Fig.  22.6 ) did not take over the robotic 
support by improving their walking pattern. In 
these subjects during the catch trials, the devia-
tion of the step height from the reference 
increased to pre- support values. Still, the sub-
jects did not rely on the support, since the devi-
ation did not increase above the pre-support 
values. Other subjects utilized the robotic sup-
port (see subject on the left in Fig.  22.6 ) to 
improve their own performance. In these sub-
jects the integrated error during the catch trials 

decreased in comparison to the pre- support 
errors (see, for instance, catch trial around step 
73). In short, the adaptive algorithm automati-
cally adjusts the amount of support to the capa-
bilities and the actual performance of the 
subject for the specifi c subtask; this reduces the 
need for the therapist to set the amount of the 
support on a trial and error basis. However, cur-
rently the used parameters in the adaptive algo-
rithm are not set specifi c to the subject, which 
would also decrease the chances of reliance on 
the support. The identifi cation of the appropri-
ate parameters is very cumbersome in neuro-
logical patients, and new methods need to be 
developed to make this identifi cation possible.
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  Fig. 22.6    Shaping of the virtual stiffness of the step height 
controller in two ambulatory chronic stroke survivors. The 
left and right set of graphs shows the responses for two dif-
ferent chronic stroke survivors. The  upper row  shows the 
course of the deviation from the reference ( light gray line 
and axis ) and the stiffness ( dark gray line and axis ) over 
multiple steps in a walking trial. The support is turned on 
after 20 steps and turned off for three steps after random 
intervals. The  shaded vertical bars  indicate the periods in 

which the support was turned on. The measures for the 
error and stiffness are obtained by integrating the  shaded 
area  indicated in the middle and lower row of graphs over 
time for each separate step. These graphs show the actual 
and reference ankle height ( middle row ) and virtual stiff-
ness ( lower row ) as a function of the gait cycle for the step 
preceding the fi rst exposure (stiffness is zero), the fi rst step 
of exposure (stiffness is constant, no shaping), and for a 
step when subjects walked for 70 steps with the support       
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22.5.1       Explorative Clinical Trials 
Using LOPES 

 The next step in the development of LOPES was to 
perform a fi rst explorative training study in a small 
group of ambulatory chronic neurological patients. 
Five chronic stroke survivors whose gait was char-
acterized as stiff-knee gait participated in a 6-week 
training program. During the training the subjects 
received support using the previously described 
adaptive support of step height. The provided sup-
port was directed at facilitating recovery of func-
tion in the paretic leg. All subjects showed a marked 
increase in walking velocity during training. Yet, 
there was only limited transfer of this gain to over-
ground walking (see Fig.  22.7 ). A larger gain in 
speed during training compared to overground 
walking has also been reported for body weight 
support training. Still the limited transfer might 

also indicate that walking in LOPES does not yet 
resemble overground walking enough. During 
training subjects were stabilized as they were hold-
ing the side bars, and the dynamics of the device 
provides some stabilization, whereas during over-
ground walking, this kind of stabilization is not 
provided. In two of the fi ve subjects, the training 
resulted in a considerable increase in knee fl exion 
during swing (5° or larger) in overground walking. 
Whether a subject showed an improvement in knee 
fl exion or not was not clearly related to the walking 
ability at the start of the training or clinical mea-
sures of motor functioning like the leg portion of 
the Fugl-Meyer. The small number of patients 
included and the variation in effect between sub-
jects do not allow drawing fi rm conclusion about 
the added value of the selective robotic support on 
promoting recovery of function. Still as changes in 
overground walking velocity were rather small, 
and only two subjects showed an increase in knee 
fl exion, we could argue that it might be more effi -
cient in some chronic stroke survivors to direct the 
provided support on the use of compensatory strat-
egies instead of on recovery of knee function to 
improve walking velocity.

   Recently we performed an explorative clinical 
trial in a group of ten chronic incomplete spinal 
cord injured individuals to assess the effect of 
training in LOPES on walking ability and quality 
[ 63 ]. After training three times a week for 8 weeks, 
the participants improved signifi cantly on walking 
speed (10-m walk test, pre, 0.61 m/s; post, 
0.64 m/s), walking endurance (6-min walk test, 
pre, 184.4 m; post, 212.9 m), and muscle strength 
(lower extremity motor score [ 64 ], pre, 34.4; post, 
37.8). These improvements were retained during 
the 8-week follow-up. The improvements in walk-
ing ability were accompanied by signifi cant 
improvements in walking quality (spatiotemporal 
variables and joint kinematics) as assessed by 
using clinical gait analysis. Here, the increase in 
step length and hip range of motion on the more 
affected side exceeded the changes observed on 
the stronger leg. As we did not include a control 
group, we do not know yet whether training in 
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  Fig. 22.7    Effect of training with selective support of step 
height on overground walking velocity and knee angular 
movement in chronic ambulatory stroke survivors. 
 Vertical bars  indicate the standard deviation. Subject 5 
experienced a serious fall in a home situation during the 
training period, but was able to complete the training       
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LOPES was more effective than conventional gait 
training. The magnitude of the observed improve-
ments was similar to those observed in other stud-
ies assessing the effects of robot-aided gait training 
in chronic SCI subjects [ 65 ]. 

 In this study we focused on having a large 
active contribution from the patients by mini-
mizing the impedance levels and thus the 
amount of support given by the robot. As a 
result, some participants, especially the slow 
walkers, could not walk in the device for the 
intended 45 min. The mean effective walking 
duration in each session was 19 min which is 
considerably lower than the training duration of 
45 min that is often achieved in studies using 
position-controlled robotic gait trainers [ 65 –
 67 ]. Since the observed improvements were 
similar as in other studies [ 65 ], we concluded 
that similar gains in walking ability can be 
accomplished with less training time. Actually, 
the biggest gains in walking ability were 
observed in slow walkers with the lowest train-
ing duration, suggesting that active participation 
is at least as important as training duration.   

22.6     Current Developments 
and Ongoing Testing 

 From the results we obtained so far with LOPES, 
it can be concluded that the walking pattern while 
walking with LOPES in the transparent mode 
resembled overground walking, that patients uti-
lize the redundant DOFs to make use of compen-
satory strategies, that the support on the level of 
subtasks is feasible, that the amount of support 
can automatically be adapted to the specifi c needs 
of the patients, and that the effectiveness of gait 
therapy in chronic SCI subjects is signifi cant and 
comparable to results obtained with other robotic 
gait trainers. 

22.6.1     Development of LOPES II 

 From the knowledge and expertise gained with 
the fi rst LOPES, two companies (MOOG and 
Demcon) and the University of Twente devel-
oped the LOPES II (Fig.  22.8 ). The differences 
with the fi rst prototype are that Lopes II:

  Fig. 22.8    Impression of 
the LOPES II. LOPES II 
has two shadow legs that 
are connected to the human 
legs by push-pull rods. The 
shadow leg is actuated in 
shank fl exion/extension 
and thigh fl exion/extension 
and abduction/adduction. 
The shadow leg is 
suspended on a stage 
connected to the patient’s 
pelvis with rods, actuated 
in pelvis forward/aft- and 
mediolateral direction. The 
other degrees of freedom 
are not powered but also 
not constrained by the use 
of passive joints. 
(Permission from Gijs van 
Ouwerkerk)       
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    Uses admittance control instead of impedance con-
trol which decreases the minimal impedance as 
needed for zero support and increases the maxi-
mal impedance used during full support  

  Has a lower refl ected inertia, which is important 
since a too high refl ected inertia affects the 
kinematics, and metabolic cost of human gait 
[ 68 ] and dynamic balance control  

  Has more passive degrees of freedom, including 
all pelvis rotations, and does not constrain any 
physiological joint so that the device inter-
feres even less with the natural dynamics of 
human gait  

  Has a non-exoskeleton structure, which minimizes 
donning and doffi ng time to about 10 min for the 
fi rst session to about 6 min for recurring sessions, 
and allows free arm swing during walking  

  Has an improved intuitive interactive graphical 
user interface, intended for usage by therapists    

 Preliminary evaluations of the LOPES II showed 
that when the powered degrees of freedom are set to 
its minimal impedance, walking in the device 
resembles free walking, which is an important req-
uisite to allow task-specifi c training. Clinical pilots, 
including subjects with functional ambulation cate-
gory scores from 0 to 5, demonstrate that LOPES II 
can provide suffi cient support to let severely 
affected SCI subjects and stroke survivors walk and 
that we can provide selective support to impaired 
aspects of gait of mildly affected patients. 

 A randomized clinical trial in (sub)acute patients 
with LOPES II has started to test the hypothesis 
that selective support subtasks according to the 
minimal robotic intervention principle increase the 
active participation of patients and result in func-
tional improvements that are larger than obtained 
with conventional therapy. Clinical gait analysis 
will be performed for each patient before starting 
the training to determine which aspect of gait is 
most affected and will be primarily targeted.   

22.7     Perspectives 

 The application of robots in gait training is a rela-
tively new development. The functional outcome 
after training with the fi rst-generation devices 

already showed modest improvements with 
respect to conventional training; however, there 
seems substantial room for larger improvements. 
Recent insights and developments resulted in 
new devices and modifi cations of existing devices 
that overcome some of the limitations of the fi rst 
generation of robotic gait trainers. In designing 
and controlling robotic devices, choices have to 
be made. We made these choices to improve the 
task-specifi city of training, to increase the active 
participation and to facilitate different recovery 
processes, whereas other researchers and compa-
nies might want to improve the training on other 
aspects. Clinical trials need to prove that the new 
generation of robotic gait training devices results 
in larger functional improvements and/or faster 
improvements. Comparison of the outcome of 
the clinical trials with the different devices should 
provide us with insight in which training aspects 
are the key elements in facilitating functional 
improvement. 

 In the end robot-aided training should be tai-
lored to each patient’s specifi c impairments, 
capacities, and prognosis. This requires objective 
and quantitative measures of the impairments and 
capacities. The unique features of robotic gait 
training devices can be used to obtain (some of) 
the measures. So, robotic gait training devices 
cannot only be used to apply the training but also 
to predict whether the training will be effective 
and what the content of the training should be.     
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    Abstract  

  In recent years, we have seen the emergence of numerous robotic tech-
nologies that focus on assisting individuals during overground gait and 
balance therapy following neurological injury and diseases. In general, 
these systems provide patients active body-weight support used for fall 
protection, to enhance postural stability, and to compensate for bilat-
eral weakness during overground gait and balance training. As a result, 
such systems allow individuals the ability to practice the types of activ-
ities they will need to be competent in before returning to their home 
and into the community. The ability to walk overground, practice 
standing up and sitting down, climbing stairs, and other functional 
tasks are critical components of achieving functional independence yet 
are often diffi cult to safely practice for patients with signifi cant levels 
of impairment. Not only is the patient at risk for injury but so too is the 
therapist. The integration of robotic technologies into neurorehabilita-
tion can play a critical role in the safe and effective delivery of gait and 
balance therapy. 

 The focus of this chapter is to present a range of robotic and non-robotic 
technologies that support overground gait and balance training, discuss the 
potential advantages and disadvantages of each, and provide a framework 
for how each may be useful in the clinical setting. Since the area of reha-
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bilitation robotics is quickly expanding with many devices being devel-
oped in laboratories around the world, it is not possible for us to detail 
every technology. Instead, we will highlight a few of the devices and use 
them for providing a rationale for their usefulness in neurorehabilitation.  

  Keywords  

  Robotics   •   Rehabilitation   •   Body-weight support   •   Gait   •   Walking   •   Stroke   
•   Spinal cord injury  

23.1         Overground Gait Training 
Systems 

 Body-weight-supported gait training has been 
the subject of intensive study over the last two 
decades. Here, a harness is placed around the 
torso of the individual being trained, which is 
then connected to an unloading system. As the 
subject walks, the system can relieve them of a 
percentage of their body-weight, making it 
possible for patients with excessive weakness 
and poor coordination to start walking early 
after neurological and musculoskeletal inju-
ries. The first generation of body-weight sup-
port systems were mounted over a treadmill 
with therapists sitting were the treadmill pro-
viding assistance to the patient. This therapy 
concept was based on a rich literature of ani-
mal studies that demonstrated treadmill-based 
gait training with body- weight support could 
restore stable, reliable stepping patterns in 
felines and rodents [ 1 – 3 ]. The obvious think-
ing was that if such an intervention worked in 
animals, perhaps it could also have clinical 
benefits to humans. 

 A number of large randomized clinical studies 
have been designed to evaluate the effi cacy of 
training individuals with neurological injuries 
using body-weight-supported treadmill training 
with therapist assistance. For example, a multi-
center randomized clinical trial compared the 
effects of body-weight-supported treadmill train-
ing with comparable overground gait training in 
individuals with incomplete spinal cord injury 
[ 4 ]. One hundred and forty-six participants com-
pleted the protocol, which consisted of 12 weeks 
of either body-weight-supported treadmill train-

ing or overground gait training. It was found that 
there were no signifi cant differences between the 
groups in terms of the lower extremity Functional 
Independence Measure (FIM) or overground 
walking speed. 

 Similar results have been reported in stroke 
populations. Duncan and colleagues enrolled 408 
subacute stroke patients into a three-arm study 
that compared body-weight-supported treadmill 
training beginning at 2 months post stroke to the 
same intervention beginning at 6 months post 
stroke [ 5 ]. Both of these groups were compared 
to a cohort of participants who home-based exer-
cises. All subjects completed 36 sessions over a 
12-week period. The investigators reported no 
differences between the groups at 12 months in 
terms of improvements in walking speed or 6-min 
walk tests, yet the group in the home-based exer-
cise group fell signifi cantly less than the other 
groups trained on the treadmill. 

 One potential limitation with manual-assisted 
treadmill training with body-weight support is 
that training sessions are often inconsistent and 
limited in duration due to therapist fatigue. 
Hidler et al. [ 6 ] investigated whether robotic-
assisted gait training on a treadmill with 
 body-weight support was more effective than 
conventional overground gait training in sub-
acute stroke patients. Sixty-three subjects com-
pleted the study where half of the subjects were 
trained for 24 1-h sessions on the treadmill with 
robotic assistance, while the control group 
received an equal dose of therapy focusing on 
walking, postural control, and balance activi-
ties. It was found that the group of subjects 
trained with overground, conventional gait and 
balance therapy improved their walking speed 
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by twice as much as those trained by the robot 
and were able to walk signifi cantly further in a 
6-min walk test than the robot group. 

 While training individuals with spinal cord 
injury, stroke, and other neurological injuries on a 
treadmill with therapist or robotic assistance can 
certainly benefi t patients of a particular functional 
ability, there are many changes in the biomechan-
ics of gait when walking on a treadmill [ 7 ]. In 
addition, the long-term goal of all patients is to 
safely walk at home and in the community in order 
to regain functional independence. Yet providing 
patients overground gait and balance training is 
challenging because of the risk of patients falling 
and getting injured. It is postulated that providing 
patients partial body-weight support during func-
tional activities, such as sit- to- stand, getting off the 
fl oor, or stepping over objects, may allow patients 
to practice therapy activities not otherwise possi-
ble in a safe manner [ 8 ]. Until recent years, train-
ing patients with partial body-weight support 
during overground gait and balance training was 
not possible; however, the development of new 
types of gait training systems now supports this 
type of gait and balance therapy. 

23.1.1     ZeroG® Gait and Balance 
Training System 

 The ZeroG gait and balance training system has 
been under development since 2005 and is now 
commercially available through Aretech, LLC 
(Ashburn, Virginia, USA). The system (shown in 
Fig.  23.1 ), which can provide up to 400 lbs of 
static body-weight support and 200 lbs of 
dynamic body-weight support, rides along a track 
mounted to the ceiling. As the patient walks, a 
percentage of their body weight can be removed, 
which helps compensate for weakness, poor bal-
ance, and other impairments common to neuro-
logical injuries. This allows patients to begin 
practicing a wide variety of therapeutic exercises 
in a safe manner. A small motor drives the trolley 
along the track so that as the patient walks, the 
system will automatically move with them.

   One of the key advantages of ZeroG is that, 
patients can practice walking overground, up and 

down steps, or perform sit-to-stand or other bal-
ance tasks. As mentioned previously, these activi-
ties of daily living are important since the patients 
will encounter such challenges every day in their 
normal lives. Additionally, because more than one 
ZeroG trolley can be placed on the same track, 
multiple patients can be trained simultaneously. 

 The performance of ZeroG has been evaluated 
using both benchtop testing and human trials [ 9 ]. 
Example plots of ZeroG’s ability to maintain 
constant levels of force are shown in Fig.  23.2 . In 
the upper two traces, a subject walked approxi-
mately 25 ft in ZeroG at their self-selected speed, 
turned around, and returned to their starting posi-
tion. During the trial, the level of body-weight 
support was set to 50 lbs. The error in force was 
approximately ±2.5 lbs, mainly due to inertial 
effects internal to the  system. The lower two 
traces show the  unloading force during a large 
change in vertical motion. Here the subject was 

  Fig. 23.1    ZeroG gait and balance training system 
(Aretech, LLC, Ashburn, Virginia, USA)       
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asked to drop down to one knee from a standing 
position two consecutive times under 30 lbs of 
body-weight support. It can be seen that the error 
in force is minimal despite a change in vertical 
motion of approximately 16 in.

   The clinical benefi ts of using ZeroG to 
improve gait and balance have been evaluated in 
a variety of patient populations, notably in tod-
dlers with cerebral palsy [ 10 ] and individuals 
post stroke [ 11 ]. For example, Prosser et al. [ 10 ] 
showed that toddlers trained for 6 weeks using 
ZeroG experienced gains in gross motor function 
that exceeded the expected rate in four of the fi ve 
participants. Rates of motor development during 
treatment were 10.8, 3.8, 7.0, 15.1, and 0.3 times 
greater than during baseline for the fi ve partici-
pants, respectively [ 10 ]. A pilot study by Ness 
[ 11 ] looked at the infl uence of ZeroG training in 
three patients with lateropulsion after stroke. 
Lateropulsion, sometimes referred to “pusher 
syndrome,” is a gait pattern commonly exhibited 
by individuals following stroke whereby the 
patient tends to list toward the hemiparetic side. 
Each patient was trained for 30 min with ZeroG 
two times per week. All three patients made 
improvements in 3-min walking distance (mean 
∆ = 83.6 ft), total distance walked (mean ∆ = 
123.3 ft), change in total FIM (mean ∆ = 37.6), 
and BLS (mean ∆ = 10 points) scores. There was 
also improvement in the 3-min walk and total dis-
tance walk data when the overground (BWS) 
training was initiated. Additional clinical studies 
are currently underway evaluating the clinical 
benefi ts of using ZeroG to help improve walking 
ability, balance, and postural control in numerous 
patient populations.  

23.1.2     FLOAT: Free Levitation 
for Overground Active 
Training 

 The FLOAT is a 3D body-weight support system 
that capitalizes on wire robot technology devel-
oped at ETH Zürich [ 12 ,  13 ]. As shown in 
Fig.  23.3 , FLOAT transmits forces to a human 
subject via wires that are actuated by motorized 
winches positioned at the ceiling, in the four cor-

ners of the desired workspace. To allow this work-
space to stretch over a long distance without 
excessive wire forces, the FLOAT also uses a new 
mechanical confi guration of moving wire defl ec-
tion units (pulleys) [ 14 ], which are guided along 
two parallel rails confi ning the workspace. These 
defl ection units are not actuated; instead, they are 
moved by means of the forces in the wires they 
defl ect. The design reduces moving masses to an 
absolute minimum, and it enables accurate con-
trol of a three-dimensional force vector acting on 
a human subject during gait within a large work-
space of about 8 m length by 1.5 m width by 
2.8 m height [ 15 ]. The FLOAT is now commer-
cially available through Lutz Medical Engineering 
(Rüdlingen, CH) (Fig.  23.4 ).

    Like the ZeroG, the FLOAT can also relieve 
patients of a percentage of their body weight dur-
ing diverse activities, and it can gently catch sub-
jects when they start falling. In addition, it can 
also provide forces in both horizontal directions, 
for example, to guide subjects along a path, to 
provide resistance or assistance in walking direc-
tion, or to apply perturbations [ 16 ]. 

 Unless such horizontal forces are desired, the 
subject can freely perform tasks in the three- 
dimensional work space, while the unloading 
force vector remains vertical also when the sub-
jects moves sideways. A major advantage is that 
restoring horizontal forces do not occur this way, 
which could potentially disturb balance or sup-
port it more than needed [ 17 ]. 

 So far, no clinical results are published for the 
device. Preliminary experiments with unimpaired 
subjects showed that the system exhibits good con-
trol performance and applies only minimal unde-
sired forces to users (less than 10 N root- mean- square 
error) during free overground gait [ 15 ].  

23.1.3     Limitations with Robotic 
Overground Body-Weight 
Support Systems 

 The potential limitations with the gait training 
technologies described above are device– specifi c. 
For  example, with ZeroG, patients are restricted 
to walk under the track and cannot deviate more 
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b

  Fig. 23.2    ZeroG performance during an overground walking trial ( a ) and a balance task ( b )       
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than a couple of feet without feeling a large hori-
zontal restoring force. In some cases, these hori-
zontal forces have been shown to be helpful in 
training subjects with particular gait abnormalities, 
such as lateropulsion after stroke [ 11 ]. However, in 
other patients, this may restrict movement freedom 
or disturb the natural balance mechanisms [ 17 ]. 

 With the FLOAT, achievable workspace 
dimensions depend on room size. The workspace 
is limited to the space inside the four winches. 
Therefore, the system cannot cover non-square 
workspaces, such as curved corridors. Due to the 
wire geometry, the ceiling height also infl uences 
the workspace: the lower the ceiling, the closer 
the parallel rails need to be placed to each other, 
such that the size of the workspace is reduced. 
Furthermore, the system does not allow training 
of multiple users simultaneously. 

 Another major disadvantage of these devices 
is cost. Because these systems contain numerous 
actuators, precision sensors, and other custom 
components, the pricing for these systems only 
allows the largest rehabilitation centers to adopt 
the technology. The ZeroG gait and balance train-
ing system retails for $214,900 (US), while the 
FLOAT retails for 250,000 CHF (pricing as of 
2015). Perhaps with increases in production 

 volume, the costs will come down so that smaller, 
outpatient clinics can also adopt these devices.   

23.2      Non-robotic Overground 
Gait Training Systems 

 A number of less expensive, non-robotic systems 
are available on the market that provide patients 
static body-weight support while practicing over-
ground gait and balance training. Static body- 
weight support is similar to being supported by a 
strap of fi xed length. If the patient moves verti-
cally from the neutral position, the strap will go 
slack. However, if the patient descends from the 
neutral position, the strap will become taut and 
prevent a fall. The principle advantage of such 
systems is that because they are not actuated and 
do not have sensors, the cost is only a fraction of 
the systems described above. 

23.2.1     Caster-Based Overground 
Systems 

 Two commonly used non-robotic overground 
gait training system are the LiteGait by Mobility 

  Fig. 23.3    Free levitation for overground active training (FLOAT)       
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Research (Tempe, AZ) and the Unweighing sys-
tem by Biodex (Shirley, New York, USA). The 
systems consist of a mobile cart with an overhead 
bracket through which the patient’s harness is 
attached (Fig.  23.5 ). The casters on the bottom of 
the frame can be locked so that the subject can 
walk on a treadmill or released for overground 
gait training. The height of the LiteGait system 
can be adjusted to accommodate different subject 
heights, while the Unweighing system is preset to 
allow patients up to 6′ 11″ (210 cm) to be trained. 
When patients are attached to these devices, the 

possibility of falling is eliminated, thereby 
removing the risk of injury. And because the 
systems roll on casters, patients can move 
throughout the gym and hospital.

23.2.2        Track-Based Overground 
Systems 

 While the LiteGait and Unweighing systems 
are popular with clinics because of the cost, the 
two key limitations with these devices are (a) the 

  Fig. 23.4    Unimpaired subject walking in FLOAT, along a diagonal of the workspace       
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confi guration places obstructions between the 
patient and therapist, which makes assisting the 
patients’ movements challenging, and (b) the 
weight of the frame requires the patient to physi-
cally pull it when walking overground. There are 
a number of track-based systems that eliminate 
these restrictions. 

 The ZeroG-Passive system (Aretech, LLC, 
Ashburn, VA, USA) and FreeStep (Biodex, 
Inc, Shirley, New York, USA) utilize small, 
lightweight trollies on a track (Figs.  23.6  and 
 23.7 ). Similar to the LiteGait and Unweighing 
systems, the patient is connected to the ZeroG-
Passive and FreeStep trollies with a harness, 
and then as the patient ambulates, they simply 
pull the trolley along the track. Because the 
weight of the trollies is low (i.e., less than 5 lbs 

or 2.3 kg), there are minimal inertial effects. 
Both systems only provide static body-weight 
support where the length of the harness shoul-
der straps is adjusted with the subject in a 
standing position and then become tight if they 
try to descend below this point.

23.3          Future Directions 

 The fi eld of rehabilitation robotic technology 
is at the very early stages, particularly as it 
relates to robots that promote overground gait 
training. Non-actuated devices such as those 
described in Sect.  23.2  offer the advantages of 
cost and simplicity yet are limited in the types 
of activities patients can practice because of 
the static body- weight support. Conversely, the 
robotic devices described in Sect.  23.1  offer a 
number of clinical advantages, yet a number of 

  Fig. 23.5    Unweighing system (Biodex Inc, Shirley, 
New York, USA) (Photo courtesy of Biodex Medical 
Systems, Inc)       

  Fig. 23.6    ZeroG-Passive gait training system (Aretech, 
LLC, Ashburn, Virginia, USA)       
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factors need to be addressed before gaining 
widespread clinical acceptance:

•    Cost: The current price of devices such as 
ZeroG and FLOAT restricts them to only the 
larger rehabilitation centers and some skilled 
nursing facilities. Developing derivative 
devices with fewer features may result in 
reduced costs.  

•   Proven Effi cacy: While overground body- 
weight support systems can provide high-
level safety to patients, administrators at 
hospitals are also interested in effi cacy. 
Randomized clinical trials will need to dem-
onstrate superior effi cacy before widespread 
adoption will occur.  

•   Therapist Acceptance: While today’s physical 
therapists are becoming more accepting of 
using technologies to help treat their patients, 
these devices will need to be easy to use, offer 
short setup times, and be user-friendly for the 
therapists to accept them as part of routine 
therapy.        
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    Abstract  

  Once designed to augment the capability of soldiers in combat, robotic 
exoskeletons are now emerging as promising assistive technologies in 
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24.1       Introduction and Brief 
History of Exoskeletons 

 Exoskeletons are wearable technologies designed 
to augment human capabilities and, in more 
recent applications, to provide therapeutic bene-
fi ts to people with neuromuscular impairments 
following stroke, spinal cord injury (SCI), or 
other neurological injuries. Some of the earliest 
concepts of exoskeleton-like devices date back to 
the late nineteenth century, described in a series 
of U.S. patents issued to Nicholas Yagn of Russia 
in 1890. It is not known whether this device was 
ever successfully built [ 1 ,  2 ]. In the 1940s, 
numerous concepts for other exoskeleton-like 
devices were developed in the form of hip-knee- 
ankle-foot orthoses (HKAFOs). These are simple 
spring-based orthoses that do not require any 
external power sources and can stabilize a user’s 
knee and hip joints to prevent involuntary fl exion. 
However, the practicality of these devices was 
severely limited outside of the clinic (weight, 
comfort, usability), and many patients abandoned 
these braces in favor of the wheelchair [ 3 ]. 

 In the 1960s, as advancements in electronics 
and motor design ushered in a new era of tech-
nology, more quests to design a powered exo-
skeleton arose. In 1965, General Electric—in 
partnership with the U.S. military—established 
the Hardiman I Project with the aim of develop-
ing an exoskeleton suit that would dramatically 
improve soldiers’ capabilities. With 28 joints 
and two grasping arms powered by hydraulics, 
the Hardiman was designed to mimic the user’s 
natural movements and enable soldiers to lift in 
excess of 1,500 lbs [ 4 ]. However, engineers still 
faced several major design limitations, and the 
Hardiman never transitioned past this prototype 
stage due to its size, weight, and power-supply 
issues [ 4 ]. While power-supply issues remained 
diffi cult to solve, several reciprocating gait 
orthoses (RGOs) were developed. RGOs incor-
porate an ankle-foot orthosis with a custom-
made brace at the hip to lock the joints in place 
for patients with impaired or reduced lower-limb 
muscular strength. These passive orthoses 
allowed for static standing and some limited 
mobility (users could move their legs recipro-
cally as opposed to “hopping” with HKAFOs). 

However, these devices required a signifi cant 
amount of upper- body strength, and demanded 
large subject energy expenditures for their oper-
ation. Patients also had diffi cultly donning and 
doffi ng these devices and walking on uneven 
surfaces [ 3 ]. Many of these limitations motivated 
engineers to design better assistive technologies, 
and further improvements in electronics and 
controllers allowed for more feasible powered 
rehabilitation technologies to appear.  

24.2     Robotic Treadmill Trainers 
and the Birth of Modern 
Exoskeletons 

 Beginning in the early 2000s, funding from the 
Department of Defense drove the development of 
several exoskeletons designed to augment sol-
diers’ capabilities in combat, and around the same 
time, a global interest in developing machines to 
assist the aging population and those with neuro-
muscular weakness fl ourished. Specifi cally, this 
was the period when the use of body-weight sup-
ported treadmill training (BWSTT) became a rec-
ognized form of treatment to improve locomotion 
in individuals with spinal cord injury and stroke. 
However, BWSTT proved physically very intense 
for the physical therapy trainers, as they had to 
move the patient’s limbs manually over the tread-
mill, resulting in clinician fatigue very quickly. 
Furthermore, the number of clinicians [ 3 ,  4 ] 
needed for the BWSTT was becoming impracti-
cal in an everyday clinical environment. Thus, 
several treadmill- based robotic gait trainers also 
surfaced, most notably the Lokomat® (Hocoma 
Norwell, MA USA and Volketswil, Switzerland) 
and the AutoAmbulator® (Birmingham, AL 
USA). These machines provide training in a con-
trolled environment—patients move their legs on 
a treadmill, based on a preprogrammed gait train-
ing settings while strapped to a harness providing 
body-weight support. In addition to having large 
actuators that allow for precise torque control of 
the joints, these treadmill-based “exoskeletons” 
reduce the need for therapist assistance while still 
providing the effects of BWSTT. On the other 
hand, their large size and high cost often pre-
cluded them for use outside of the clinic, and their 
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clinical effi cacy still remains uncertain, even after 
numerous clinical trials and research studies [ 5 ]. 

 More recently, lower-extremity exoskeletons 
have been developed and commercialized spe-
cifi cally to fi ll current clinical gaps in therapy 
and for personal mobility purposes. The popula-
tions they currently target are individuals with 
SCI, as well as persons recovering from stroke or 
those who have other neurological disorders. 
The therapeutic use of exoskeletons may eventu-
ally fi ll the gap in effective treatments for restor-
ing lower-limb function in these individuals. 
Compared to robotic treadmill trainers, which 
are massive and require the user to be strapped 
into a harness at all times, over-ground exoskel-
etons are designed to be portable, anthropomor-
phic devices that can ideally cooperate 
seamlessly with users. Though still in their 
infancy and very limited in use outside of the 
laboratory setting, current iterations of exoskel-
etons allow users to practice over-ground walk-
ing along with balance and postural control in 
standing. For persons with SCI who are confi ned 
to wheelchairs and experience secondary medi-
cal complications due to immobility and contin-
uous sitting, exoskeletons may help these 
individuals build endurance and strengthen mus-
cle groups related to walking. They may prevent 
adverse effects associated with SCI by initiating 
upright standing and walking, leading to 
increased loading of bones and muscles, as well 
as better cardiovascular, neural, endocrinal, and 
other physiological functions related to regular 
upright activities. Finally they may help users 
regain mobility if they choose to use the device 
for ambulation in the home or community. For 
persons with considerable gait defi cits due to 
stroke or other medical conditions, exoskeletons 
may also offer therapeutic benefi ts such as con-
tinuous over-ground stepping practice, loading 
of the limbs, and balance and posture control, 
while reducing the need for therapist assistance.  

24.3     Currently Available Devices 

 Although current exoskeletons differ in structure, 
weight, hardware, and control systems, most 
include a rigid outer framework; sensors that 

detect the user’s desired movements; a computer-
ized controller that processes information from 
the sensors to operate the device; motors or actu-
ators that power the joints; and lightweight bat-
teries. For each device, training protocols for 
locomotor activities as well as the suitability of 
the device for specifi c patient populations differ. 
Below, we will discuss some currently available 
exoskeletons, their clinical evaluation and use, 
and appropriate patient population(s). 

  ReWalk™ (ReWalk Robotics, Inc., Marlboro, 
MA, USA and Yokneam Illit, Israel)     ReWalk 
Robotics, Inc., formerly Argo Medical Techno-
logies, was founded in 2001 by Amit Goffer, 
PhD, an electrical and computer engineer whose 
own experience with SCI inspired him to develop 
the ReWalk [ 6 ]. The ReWalk provides powered 
hip and knee motion to assist individuals with 
SCI in standing upright and walking, as well as 
ascending and descending stairs. Due to regula-
tion by the Food and Drug Administration (FDA) 
and insuffi cient studies on safety, the stair func-
tion can only be used in research settings in the 
United States.  

 ReWalk Inc. produces two exoskeleton 
 products that differ slightly—the ReWalk 
Rehabilitation, for therapeutic purposes, and the 
ReWalk Personal, designed to provide personal 
mobility in the home and community. The ReWalk 
Personal is one of two exoskeletons to have 
received FDA clearance for personal use in the 
United States; this device is also available in parts 
of Europe. In both the United States and Europe, 
the ReWalk Personal Unit must be used with the 
supervision of a caregiver at all times. For the pur-
poses of this chapter, we will focus on the ReWalk 
Rehabilitation unit (ReWalk) (Fig.  24.1 ).

    Features     Designed for both personal mobility 
and therapeutic purposes, the ReWalk comprises 
a motorized exoskeleton with bilateral hip 
and knee joint actuator motors powered by 
 rechargeable batteries, as well as sensors that 
measure upper-body tilt angle, leg joint angles, 
and ground contact [ 7 ,  8 ]. Once the device is 
adjusted to fi t the user, a series of Velcro straps 
around the trunk, waist, thighs, knees, and calves 
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secure the user into the device. Users’ feet are 
placed over the footplate with the shoe worn over 
the footplate. The ReWalk is used primarily with 
forearm crutches; these ensure stability, safety, 
and help the user sense the ground [ 7 ]. The exo-
skeleton cannot be used without an assistive 
device due to lack of innate balance reactions. In 
older models, users wear a backpack that con- 
tains the control system, the main battery, and a 
backup battery. However in the latest version of 
the ReWalk the backpack has been integrated 
into the pelvic band. Additional padding can be 
used to provide further comfort and to reduce the 
risk of skin abrasion.  

  Control System     A wireless remote controller 
is worn by the user on his or her wrist (like a 
watch) and can be used to select different sit-
ting/standing/walking modes [ 8 ,  9 ]. To initiate 

the first step, users must put the ReWalk into 
walk mode via the controller. The user must 
gradually learn to balance with one crutch to 
change settings. Users operate the ReWalk 
through minor trunk movements; they must 
shift their trunk forward until a tilt sensor 
located on the lateral trunk support detects an 
8° change in sagittal plane position, which 
will initiate leg swing. The user must then 
return the trunk to a more upright position 
after step initiation to complete the swing and 
ensure that the leg clears the ground. As users 
move with the ReWalk, a tilt sensor detects 
trunk motions and changes in the user’s center 
of  gravity; software then produces a preset 
stepping pattern, resulting in a forward step 
[ 7 ,  8 ].  

  Target Population     The FDA has approved if for 
use by people with injuries at level T7–L5 for 
home use when accompanied by a trained care-
giver, and levels T4–L5 when used in a rehabili-
tation setting [ 10 ]. Individuals who use the 
ReWalk must have adequate bilateral upper limb 
strength, adequate trunk control, adequate thigh 
muscle and lower leg length, and suffi cient lower-
extremity range of motion that allows for ambu-
lation. They must also have adequate bone 
density (no history of fractures), adequate blood 
pressure tolerance for upright positioning, and 
be able to tolerate standing and participating 
in a walking program. Additionally, individuals 
should receive a prescription or medical clear-
ance from their physician before they begin using 
the device.  

  Mobility Training with the ReWalk™     The 
safety and effi cacy of the ReWalk to help restore 
locomotor abilities in people with SCI has been 
evaluated [ 7 ,  9 ,  11 ]. Although no data have been 
published on the safety and effi cacy of using the 
ReWalk in the home setting yet, studies have 
looked at the therapeutic benefi t and safety of 
using the device inside the clinic. Studies are also 
currently underway at the Rehabilitation Institute 
of Chicago to assess training strategies for the 

  Fig. 24.1    The ReWalk (Photo courtesy of ReWalk 
Robotics, Inc.)       
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ReWalk (for ambulation over level surfaces, non-
level surfaces, stairs, ramps, and curbs) in per-
sons with SCI.  

 It is not yet known how many training ses-
sions are necessary for individuals to become 
profi cient with the device. During therapy ses-
sions, the goal is for the individual to use the 
device with as little assistance from the therapist 
as possible. Early training sessions should focus 
on specifi c balance exercises, how to move with 
the crutches, how to weight shift, and fi nding a 
center standing position [ 8 ,  9 ]. The user must be 
profi cient in these tasks before he or she begins 
to walk with the device. Users must then master 
triggering the fi rst step, followed by learning 
proper weight shifts and timing with the crutches. 
Device settings are changed as users’ walking 
ability improves. Specifi c training guidelines are 
outlined in a training manual provided by 
ReWalk Robotics Inc. Additionally, Esquenazi 
et al. outlined a gait training schedule involving 
18 sessions. In sessions 1–4, therapists should 
perform all necessary measurements and begin 
helping the subject with sit-to-stand and stand-
to-sit transitions within parallel bars; progres-
sively, subjects should begin walking with the 
crutches (manual trigger mode followed by 
using the tilt sensor) and start performing sit-to-
stand and stand-to-sit transitions using the 
crutches [ 7 ]. 

 Primary outcome measures used are the 6 
minute walk test and 10 meter walk test. Other 
outcome measures included spasticity testing, the 
number of individuals who successfully com-
pleted the study, the number of training sessions 
required until stair climbing could be considered 
safe and acceptable, as well as the reasons for any 
disruptions in the training schedule. Additionally, 
psychological factors were assessed by question-
naires [ 7 ,  8 ,  11 ]. 

 In a 2-year clinical trial, Esquenazi et al. 
examined the safety and performance of the 
ReWalk in enabling 12 individuals with paraple-
gia due to SCI to carry out routine ambulatory 
functions, such as sit-to-stand transitions or 
walking [ 7 ]. The authors concluded that subjects 
could walk without physical assistance using the 

ReWalk for at least 50–100 m, continuously, for 
a period of at least 5–10 min, and perform trans-
fers without therapist assistance. Walking veloc-
ities ranged from 0.03 to 0.45 m/s (mean, 
0.25 m/s). Additionally, some subjects reported 
enhanced physical benefi ts, such as reduced 
spasticity and pain, as well as improved bowel 
and bladder function. 

 Some adverse effects have been reported 
with using the ReWalk, including minor falls, 
skin breakdown issues, and hairline fractures; 
however, no serious adverse events have been 
reported [ 9 ]. Benson et al. evaluated the neuro-
logical and functional effects of using the 
ReWalk in individuals with chronic SCI [ 9 ]. 
They observed that walking speeds and dis-
tances improved in ReWalk users compared to 
patients who did not use the device; however, 
perceived benefi ts of using the exoskeleton did 
not always meet subjects’ expectations, and the 
authors also noted a relatively high number of 
device-related skin breakdowns and cuts and 
bruises [ 9 ]. 

  Ekso™ (Ekso Bionics, Berkeley CA, USA)    
  Researchers from the University of California 
Berkeley Robotics & Human Engineering 
Laboratory formed Ekso Bionics—formerly 
known as Berkeley Bionics—in 2005 with grant 
support from the Department of Defense. The 
company also has partnerships with UC Berkeley 
and licensing technology agreements with 
Lockheed Martin Corporation [ 12 ]. Initially 
named eLEGS, the Ekso (Fig.  24.2 ) is a lower-
extremity exoskeleton intended for use as a gait 
training tool. It was designed for individuals with 
lower-extremity weakness following spinal cord 
injury, stroke, acquired brain injury, multiple 
sclerosis, Guillain- Barre syndrome, or other 
similar conditions. The FDA has approved it for 
clinical use by patients with stroke and SCI. 
Compared to other exoskeletons, the Ekso is cur-
rently the only device to feature a variable assist 
program that, based on the user’s needs and cur-
rent ability, allows therapists to adjust how much 
assistance the device provides at the hip and knee 
motors. Before the device is used in a therapy 
session, patients must learn to balance and shift 
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their weight when wearing the Ekso, so that they 
can safely and effectively ambulate with the 
device.

     Features     Weighing about 50 lb, the Ekso com-
prises two upper and lower leg segments that are 
connected to a rigid torso structure, which con-
tains a computer and batteries. Four motors actu-
ate the hip and knee joints in the sagittal plane. 
Upper and lower leg lengths of the exoskeleton 
can be adjusted to fi t the user and to align the 
user’s joints with the Ekso joints [ 13 ]. Additional 
features include a backpack and chest straps; a 
torso pad; foot binding; and shin and thigh 
 support for comfort and fi t. The Ekso also 
includes additional pads, spacers, and extenders 
to enhance fi t and comfort.  

  Control System     The Ekso has an LCD Controller 
Navigation panel. A therapist can manipulate 
 settings such as gait parameters and the amount 

of robotic assistance provided to the user. Early 
in training sessions, therapists set predetermined 
targets to match the user’s weight shifts with the 
software settings of the device. These targets can 
be adjusted progressively based on users’ needs. 
The Ekso has three functions—sit-to- stand, 
walk, and stand-to-sit. Walking modes include 
FirstStep, in which a trained physical therapist 
controls each stepin order to set appropariate gait 
parameters; ProStep, in which the patient weight 
shifts to meet predetermined targets; and ProStep 
Plus, in which the patient weight shifts to meet 
the lateral target and initates swing with the trail-
ing leg.  

  Patient Selection and Training     The Ekso is most 
appropriate for individuals who have lower- 
extremity weakness or paralysis as a result of SCI 
(motor complete paralysis C7 or below; incom-
plete SCI with functional bilateral upper extrem-
ity strength or functional strength of one upper 
extremity and one lower extremity) or stroke 
(hemiparesis or hemiplegia). During patient eval-
uation and selection, precautions should be taken 
in persons with cognitive impairments that inter-
fere with their ability to communicate, open 
wounds, uncontrolled orthostatic hypotension, or 
active heterotopic ossifi cation. Detailed inclusion 
and exclusion criteria are provided by Ekso 
Bionics in their training manual.  

 Patients must receive a prescription or medi-
cal clearance from a physician and be evaluated 
by a physical therapist prior to training with the 
device. Training will differ for each population 
and their specifi c needs and goals; however, for 
all populations, the fi rst step should focus on 
teaching the patient how to balance and weight 
shift properly in order to operate the exoskeleton 
using the appropriate assistive device. The ekso 
may be used with a walker, forearm crutches, 
large or small  based quad cane, or straight cane. 
Although the Ekso provides external stability in 
order to keep the patient upright, the patient must 
practice static and dynamic standing balance 
activities to ensure they can maintain their bal-
ance without strenuous physical effort. Once the 

  Fig. 24.2    The Ekso™ (Photo courtesy of Ekso Bionics™)       
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patient can adequately fi nd balance, the user can 
begin walking in the Ekso using an appropriate 
assistive device, with the goal of achieving a nat-
ural heel-strike pattern. Currently, the Ekso has 
collaborated with a commercial functional elec-
trical stimulation (FES) company to provide a 12 
channel FES system which synchs with the Ekso 
available for clinical use in Europe and research 
use in the United States. 

  Locomotor Training     Clinical trials of the 
device began in 2012 and have focused on the 
safety and feasibility of using the device on 
individuals with spinal cord injury, and evaluat-
ing its potential as an effective therapeutic train-
ing device. Training sessions have ranged from 
6 to 24 sessions, from one to three times a week 
[ 13 – 18 ]. Outcome measures have included 
energy expenditure, walking speeds and dis-
tances, temporospatial gait parameters, overall 
balance, exercise conditioning effects, changes 
in spasticity, as well as blood pressure and pain 
levels [ 13 – 18 ]. Decreasing the amount of 
robotic assistance during training sessions 
allows patients to increase their volitional mus-
cle activation so they can progressively achieve 
systematic stepping during ambulation—this 
cannot be replicated with traditional physical 
therapy (cannot progressively increase loading 
and stepping frequency in consistent manner). 
Thus, for individuals affected by moderate to 
severe stroke, the Ekso has the potential to 
increase step length, stride length, gait speed, 
walking endurance, overall balance, and confi -
dence with ambulation [ 19 ].  

 Individuals with SCI may also benefi t from 
using the Ekso. With practice, some subjects with 
SCI demonstrated minimal clinically important 
improvements in walking speed and balance, 
though larger clinical trials are needed before 
widespread use is proposed [ 15 ,  20 ]. In a pro-
spective pilot study, Kolakowsky-Hayner et al. 
evaluated the feasibility and safety of using the 
Ekso to aid individuals with SCI (complete TI 
SCI or below) with ambulation and found the 
device safe for use in a controlled environment 
with a trained professional [ 14 ]. 

  Indego (Parker Hannifi n Corporation, 
Macedonia, OH)     The Indego (Fig.  24.3 )—for-
merly known as the Vanderbilt exoskeleton or 
Parker Hannifi n exoskeleton—is a lower- 
extremity exoskeleton device designed at 
Vanderbilt University currently under evaluation 
in Europe and the United States. The FDA has 
approved the Indego for personal use in individu-
als with spinal cord injuries at T7-L5 and for 
rehabilitation use for patients with T4-L5 inju-
ries. The device, which weighs approximately 
26 lb, assists users in sit-to-stand transitions, 
stand-to-sit transitions, and when walking [ 21 ]. It 
is intended to be used with platform walkers, roll-
ing walkers, forearm crutches, or other devices 
that assist with stability.

     Features     The Indego features fi ve modular com-
ponents—right and left upper leg segments, a hip 
segment, as well as right and left lower leg seg-
ments—that come in three different sizes and can 
be mixed and matched to fi t different body types. 
Due to this modular design, the Indego can theo-
retically be donned in a user’s wheelchair if there 
is adequate space. The device’s rechargeable 
lithium-ion battery, power buttons, and other 
electronics are contained in the hip segment of 
the device. The hip attaches to the upper leg seg-
ments, which contain the actuation units and 
some of the electronics. The lower leg segments 
with an ankle-foot orthosis (AFO) attach to the 
upper leg segments at the knee. Hip, thigh, calf, 
and ankle straps secure the user in the device, and 
torso and hip pads provide additional comfort 
and protection.  

  Control System     The Indego features an ipod 
application that allows therapists to set gait 
parameters of the exoskeleton and capture and 
export data (such as stride length and step fre-
quency). The Indego has three operation 
modes—sit, stand, walk—and within these 
modes there are two states ( Standby , which 
allows users to pause between modes; or  Go !, 
which allows users to freely transition between 
modes). All movements (standing, sitting, or 
walking) are based on the user’s shift in body 
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weight and change in body position. In order to 
perform sit-to-stand transitions, the user’s body 
must be positioned at the edge of the seat with 
their feet fl at on the fl oor. They must lean for-
ward until they reach the hip fl exion threshold, 
which is cued by a hip vibration. The vibration 
feedback can be set to low, medium, or high. 
The Indego uses a Individual’s center of pres-
sure (CoP) projection onto the horizontal ground 
plane to estimate movement needs. By tilting 
the body forward or back the CoP moves in the 
anterior or posterior direction, which commands 
the controller to transition to stand or walk 
mode. In the future, Functional Electrical 
Stimulation (FES) may be incorporated into the 
system [ 22 ,  23 ].  

  Patient Selection     The device is intended for 
users with complete or incomplete SCI level C5 
or lower, although the FDA has set stricter regu-
lations. In addition to meeting specifi c height and 
weight ranges, users must have adequate passive 
range of motion at their shoulders, hips, knees 
and ankles, and must demonstrate suffi cient 
upper-body strength. Contraindications include 
insuffi cient upper extremity strength, uncon-
trolled spasticity, spinal instability, and condi-
tions that prevent proper fi t of the device (e.g., 
excessive soft tissue).  

  Locomotor Training     Training includes a series 
of approximately 5–28 sessions, lasting about an 
hour and a half each, that involve evaluating 
users’ walking distance, endurance, and commu-
nity ambulation skills (going through automatic 
doors, getting on/off elevators). The fi rst sessions 
will focus on achieving the correct fi t and balance 
when upright, and practicing sit-to-stand transi-
tions. Further sessions focus on standing, taking 
steps, and assessing changes to parameters. 
Outcome measures have included walking speed, 
endurance, as well as measures of a person’s 
independence, muscle strength, stability, ability 
to walk on various surfaces, and ease of donning 
and doffi ng the device [ 24 ,  25 ]. In a pilot clinical 
trial at Shepherd Center in Atlanta, Georgia 

  Fig. 24.3    The Indego (Photo courtesy of Parker Hannifi n 
Corporation)       
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involving 16 subjects with SCI, Hartigan et al. 
reported that individuals with tetraplegia and 
paraplegia learned to use the Indego on a variety 
of indoor and outdoor surfaces at the end of fi ve 
sessions that lasted 1.5 h each. Some individuals 
in this study also achieved walking speeds and 
distances that indicated they could potentially 
become limited community ambulators—aver-
age walking speed was 0.22 m/s for individuals 
with C5–6 motor complete tetraplegia and dis-
tances covered in 6 min averaged 64 m for the 
same group [ 25 ]. Additionally, Evans et al., in a 
pilot study involving fi ve subjects with chronic 
SCI (AIS A), found that using an exoskeleton 
during assisted over-ground walking resulted in 
participants experiencing cardiorespiratory and 
metabolic demands that were “consistent with 
physical activities performed at a moderate inten-
sity” supporting the potential exercise benefi ts of 
using these devices [ 24 ]. Currently, Parker is 
fi nalizing a multi-channel FES system for the 
Indego aimed at activating the lower-limb mus- 
culature to drive the exoskeleton, thereby enhanc-
ing the rehabilitative effect of the device and 
reducing the load of the motors, leading to 
increased battery life.  

  HAL® (Cyberdyne Inc., Tsukuba, Ibaraki 
Prefecture, Japan)     The Hybrid Assistive 
Limb, or HAL, is a wearable exoskeleton devel-
oped by Dr. Yoshiyuki Sankai of Tsukuba 
University, Ibaraki, Japan and his engineering 
team. It is being commercialized by Cyberdyne 
Inc., a robotics and technology company estab-
lished by Dr. Sankai. Different series of the HAL 
device have been developed and improved over 
the years for both augmentative and therapeutic 
purposes, including medical and emergency aid 
relief applications (most notably following the 
2011 nuclear disaster in Fukushima, Japan) [ 26 , 
 27 ]. The HAL for Medical Use-Lower Limb 
Model, which this chapter will focus on, is a full-
body exoskeleton developed to assist the elderly 
and to help individuals with disabilities walk, 
climb stairs, and lift objects. The HAL has not 
yet been certifi ed as a medical device in Japan, 
although Cyberdyne Inc. received Medical 

Device Directive (MDD) certifi cation from the 
European Union in 2013, and began applying for 
approval from the U.S. Food and Drug 
Administration for medical use of the HAL in 
2014 [ 28 ]. In Europe, the HAL has received cer-
tifi cation for use in patients with spinal cord 
injuries, traumatic brain injuries, cerebrovascu-
lar diseases, and other conditions affecting the 
neuromuscular system. The device is currently 
being used extensively in workman’s compensa-
tion clinics in Germany [ 26 ].  

  Features     The HAL contains power units and 
angle sensors for the upper and lower limbs, a 
fl oor reaction force sensor, and a control unit 
housed in the back of the device. The suit attaches 
to the user’s hips and legs via belts and cuffs and 
weighs approximately 23 kg (50.7 lb) [ 29 ,  30 ]. 
Sensors embedded along the suit detect electro-
myographic (EMG) signals from the skin surface 
to anticipate the user’s intended movement [ 31 ]. 
The HAL is the only exoskeleton that can be used 
for training on both a treadmill and over-ground.  

  Control System     The control system of the HAL 
has two modes: “cybernics voluntary control,” 
which assists users in locomotion based on the 
EMG signals generated by volitional activation, 
and a “cybernics robotic autonomous control,” for 
more severely paralyzed users who are not able to 
generate strong enough EMG signals [ 32 ,  33 ]. The 
autonomous control system is based on a user’s 
weight shifts, as well as information from force 
pressure sensors embedded in the device’s shoes 
[ 30 ,  34 ]. An algorithm infers the user’s intention 
based on their preliminary motion, and the HAL 
then independently supports this desired move-
ment [ 33 ]. Therapists use a detachable controller 
to activate the different modes of operation, such 
as start/stop assistance and motion statuses.  

  Locomotor Training     Clinical trials evaluating the 
therapeutic benefi ts of using the HAL in training 
sessions began at fi ve hospitals in Japan in 2012, 
where the device is being evaluated in patients 
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with chronic hemiparesis or spinal cord injury. 
Outcome measures have included stride length, 
walking speed, and physiological measures; the 
number of training sessions, generally performed 
5 days per week, has ranged from 6 to 31 [ 32 ,  35 ].  

 The HAL has been shown to increase walking 
speed in some patients with hemiplegic stroke 
[ 32 ]. Maeshima et al. observed that the HAL 
increased stride length and walking speed in 4 of 
16 patients with severe hemiplegia, though the 
authors also noted that walking with the HAL 
required users to adapt to a new gait pattern, 
which may be diffi cult for patients with severe 
hemiplegia [ 32 ]. The HAL has also been studied 
in patients with SCI in more limited studies 
involving treadmill training with the device [ 34 , 
 36 ]. In a single case experimental study with 
eight SCI subjects (chronic incomplete or com-
plete paraplegia), Aach et al. found that mean 
walking speed and average walking time 
increased with treadmill training using the 
HAL. Improvements in the 10 m Walk Test and 
6 min Walk Test were also observed, suggesting 
that the HAL can be used a therapeutic gait train-
ing tool for SCI patients [ 34 ,  36 ]. 

  Honda Stride Management Assist (Honda 
Research and Development Company, Ltd., 
Wako, Japan)     The Honda Stride Management 
Assist (SMA) is an assistive exoskeleton 
(Fig.  24.4 ) designed to regulate walking pace in 
individuals who can walk but have mild gait dis-
turbances due to aging or medical conditions such 
as osteoarthritis or stroke [ 37 ]. Honda initiated 
research into developing an assistive walking 
device in 1999, and began conducting collabora-
tive testing of the device in 2008 with Shinseikai 
Medical Group at Kasumigaseki- Minami Hospital 
in Kawagoe, Japan [ 38 ]. In 2013, the company 
began leasing the device to hospitals in Japan in 
order to monitor its use and study its applicability; 
clinical research in the United States evaluating 
the device for therapeutic purposes in individuals 
who have experienced stroke also began in 2013 at 
the Rehabilitation Institute of Chicago.

     Features     The device, which fi ts around the user’s 
hips and thighs and is worn like a belt, is much 

smaller and lighter than full-body exoskeleton suits. 
It weighs approximately 2.8 kg (6.1 lb), and comes 
in three different sizes. The system is comprised of 
a waist frame, two thigh supports, two thigh frames, 
two brushless DC motors, two electrical actuators, 
and a rechargeable lithium- ion battery [ 39 ]. Assist 
torque generated by the SMA actuators is transmit-
ted to the thighs via the thigh frames, and the device 
assists in hip fl exion and extension for each side 
independently. Individual assist levels can be set for 
each leg, and the device’s actuators are equipped 
with sensors that monitor torque and the range of 
motion of the user’s hip joints.  

  Control System     The control computer and battery 
are housed in the lower back portion of the device. 
A physical therapist operates the device through 
software run on a tablet; and settings can be 
remotely adjusted while the user is wearing the 
SMA. The control system can analyze users’ 

  Fig. 24.4    Honda stride management assist (Photo cour-
tesy of Honda Research and Development Company, Ltd.)       
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stride, and adjust their stride and walking rhythm 
within a preprogrammed range in order to improve 
their walking pattern [ 39 ]. In order to synchronize 
itself with user input, the device’s control system 
employs neural oscillators in conjunction with a 
user’s Central Pattern Generators (CPGs). CPGs 
are neural networks that generate rhythmic pat-
terns of output independent of sensory feedback 
[ 40 ]. Angle sensors embedded in the actuators 
detect the wearer’s hip joint angles throughout the 
gait cycle. These angles are input into the device’s 
controller, which calculates hip joint angle sym-
metry. The SMA then produces assist torques at 
specifi c instances during the gait cycle to regulate 
walking patterns. Additionally, the walking data 
recorded during training sessions can be reviewed 
by the user or a therapist after a session.  

  Patient Selection and Training     The SMA has 
been tested in healthy young adults and elderly 
people in Japan, and is currently undergoing 
 clinical evaluation in the U.S. in persons recover-
ing from stroke. All potential subjects must 
be assessed for strength, fl exibility, balance, 
 sensation, endurance, transfers, and gait. Contra-
indications to use of the SMA include symptom-
atic cardiovascular disease, hypertension, heart 
failure, or severe pain. In studies involving young 
adults, subjects were excluded if they had a pres-
ence and history of any disease (lower-limb 
orthopedic diseases, neurological disorders) that 
may affect walking capacity, energy expenditure, 
and endurance [ 39 ].  

 Initial gait training with the SMA emphasizes 
safety and balance, to minimize the risk of falls. In 
studies involving elderly adults, subjects walked 
on a treadmill or outside anywhere from 30 to 
90 min [ 39 ,  40 ]. Stride lengths and cadences with 
and without the assistive device were evaluated 
[ 41 ]. These studies found that the device improved 
subjects’ walk ratio, waking speed, and step 
length, indicating that using the SMA alongside a 
walking intervention program may improve the 
walking ability of the elderly [ 41 ,  42 ]. In stroke 
survivors (≥30-days post stroke, 18–85 years old) 
the training protocol involved 18 sessions of out-

patient physical therapy training (lasting 
45–60 min) and post-training sessions evaluating 
speed and distance outcome measures (6 min Walk 
Test, 10 m Walk Test, Berg Balance Scale, 
Functional Gait Assessment test). A recently pub-
lished study indicated the SMA was therapeuti-
cally as effective/slightly better than high-intensity 
physical therapy on spatiotemporal parameters 
measured using the GAITRite® system [ 43 ]. 

  NASA-IHMC Mina (Institute of Human and 
Machine Cognition, Pensacola and Ocala, 
FL)     Developed by researchers at the Florida 
Institute for Human and Machine Cognition 
(IHMC), the Mina (Fig.  24.5 ) is a lower- extremity 
exoskeleton designed in collaboration with 
NASA to assist individuals with paraplegia and 
paresis. It is currently being developed for a 
range of applications, including mobility assis-
tance, rehabilitation, and exercise [ 44 ]. In its cur-
rent iteration, the Mina has four ‘compliant 
control actuators’ that are aligned with the wear-
er’s hip and knee joints to provide hip and knee 
fl exion/extension. Sensory feedback is provided 
through F-Scan (Tekscan Inc., Boston, MA) 
insoles that help the user detect ground reaction 
[ 44 ]. Other features include a rigid ankle joint 
and compliant footplate made of carbon fi ber; a 
rigid back plate that connects users to the device 
and has a curvature designed to match the human 
spine; and nested aluminum tubing. Current pro-
totypes require a tether to power the device and 
prevent falls; however, a later version of the 

  Fig. 24.5    NASA-IHMC X1 Mina exoskeleton (Photo 
courtesy of the Institute of Human and Machine 
Cognition)       
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device will be untethered and will combine bat-
tery power and wireless communications tech-
nologies [ 41 ]. The control system of the Mina 
consists of an embedded PC-104 computer 
mounted on the back plate of the device [ 45 ]. 
This system stores the control software and rele-
vant trajectories used for walking modes. This 
information is transmitted to a host computer for 
monitoring and display in real-time [ 45 ]. A future 
feedback system will incorporate sensory infor-
mation to assist users in balancing during the 
stance and dynamic phases of walking; a video 
game interface to assist with static posturing with 
and without sensory feedback is also being inves-
tigated [ 45 ].

     REX (Rex Bionics Ltd., Auckland, New 
Zealand)     New Zealand-based Rex Bionics Ltd. 
produces two exoskeleton products: the REX, 
designed to be used in therapy by people with 
mobility impairments due to stroke, SCI, or other 
neurological conditions; and the REX Personal 
(REX P), designed as a personal mobility device 
[ 46 ]. These devices are operated by a joystick 
control, and are self balancing; thus they do not 
require crutches or a walking frame [ 46 ]. 
According to the company’s website, the REX 
features fi ve actuated degrees of freedom (DOF) 
and has electric motors that enable the user to sit, 
stand, and make turns. The REX Personal has 29 
on-board processors while the REX Rehab has 
27. Currently, the REX is labeled for use by indi-
viduals with complete spinal cord injury from 
C4/5 level. Researchers at the University of 
Houston are currently evaluating the potential in 
using the REX with noninvasive brain-machine 
interface (BMI) technology, specifi cally EEG, to 
interpret user intent [ 47 ]. The company is also 
working with therapists to develop “Robot-
Assisted Physiotherapy” sessions in which the 
REX lifts patients from a sitting position into a 
robot-supported standing position to begin sup-
ported walking and stretching exercises [ 46 ]. In 
April 2015, Rex Bionics announced a distribu-
tion agreement with Deltason Medical Ltd. to 
commercialize the REX in Hong Kong for use in 
clinics and for personal mobility purposes [ 46 ].  

 The list of aforementioned exoskeletons is 
only partial—there are several other exoskele-
tons currently being designed and tested across 
the world, and we expect more clinical trials to 
begin from these developments. Currently an 
estimated 16–20 fully lower-extremity exo-
skeletons are under development or clinical 
testing. We estimate an additional 15–20 mod-
ular robotic devices which power single joints 
for therapeutic and mobility benefi ts are cur-
rently being clinical tested for future commer-
cialization (Table  24.1 ).

24.4        Summary 

 Currently, the utility and purported benefi ts of all 
these exoskeletons are still exploratory. ReWalk 
and Indego, are the only FDA approved devices 
for home use. So far the ReWalk has been used 
by nearly 20 individuals in a home environment 
without any major adverse events (as reported to 
the FDA). The Ekso is currently being used in 
numerous clinical populations for therapeutic 
purposes. Most of the reported benefi ts have been 
in either severely impaired populations or in 
research and clinical facilities (Europe mainly) 
where long-term use of the device is permitted. 
Anecdotally, prolonged use of the device has 
been shown to have therapeutic benefi ts even in 
the complete-SCI population, with some indi-
cated return of sensory and motor function. Ekso 
Bionics is working on their third generation con-
troller while ReWalk has most recently put out a 
new version of their device which feature removal 
of the backpack and integration of the battery and 
computer into the pelvic band. Anecdotally, the 
Indego is more  user-friendly as a personal mobil-
ity device due to its light weight and modular 
design which allows the user to independently 
transport the device. Rex Bionics is also working 
on obtaining clinical evidence to receive CE and 
FDA approval. Currently, all these devices can 
walk over-ground safely with a help of a trained 
caretaker or physical therapist. Further evidence 
through publications is expected later this year 
and next year.  
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   Table 24.1    Overview of discussed exoskeletons   

 Exoskeleton  Basic features  Controls  Patient population 

 ReWalk (ReWalk 
Robotics Inc.) 

 Bilateral hip and knee joint 
actuator motors powered by 
rechargeable batteries 
 Sensors that measure 
upper-body tilt angle, joint 
angles, and ground contact 

 5–8° anterior displacement 
 External watch controls 
fi rst step 

 Persons with lower- 
extremity paralysis or 
paresis due to SCI (level 
T7–L5 for home use 
when accompanied by a 
trained caregiver, and 
levels T4–T6 when used 
in a rehabilitation 
setting) 

 Ekso (Ekso Bionics)  Straps for the shoulders, 
chest, and feet 
 Backpack with control 
system 
 Motors at the hip and knees 
 Thigh and hip shanks to 
support a user’s body weight 

 Forward and lateral weight 
shifts to initiate steps 
predetermined by the 
trainer 
 LCD controller with 
variable assist motors 

 SCI patients (motor 
complete paralysis C7 or 
below, and any level of 
incomplete SCI) 
 Stroke patients 
(hemiparesis or 
hemiplegia) 
 Potentially suitable for 
persons with acquired 
brain injury, multiple 
sclerosis, Guillain-Barre, 
or other neurological 
impairments 

 Indego (Parker 
Hannifi n) 

 Modular design 
 Motors at the hip and knee 
joints power movements 
 Built in ankle-foot-orthoses 
at ankle joints 

 Wireless software interface 
 Movements are based on 
postural cues, based on a 
user’s center of pressure 
(CoP) projection 
 Includes Indego iOS app to 
adjust gait training 
parameters (stride length, 
step frequency) 

 Complete or incomplete 
SCI level C5 or lower 
 Persons with lower-limb 
weakness or paralysis 
due to other neurological 
impairments 

 HAL (Cyberdyne Inc.)  Rigid frame that attaches to a 
user’s hips and legs; power 
units at the hip, knee, and 
ankle joints; sensors that 
measure a person’s EMG 
signals 

 Voluntary or autonomous 
control modes 

 Persons with weakened 
leg muscles due to 
neurological impairments 
such as stroke, SCI, 
traumatic brain injuries, 
or other neuromuscular 
impairments 

 Honda stride 
management assist 
(Honda Research and 
Development Company, 
Ltd.) 

 Waist frame with two thigh 
supports, two thigh frames, 
two brushless DC motors, 
two electrical actuators, and a 
rechargeable lithium-ion 
battery 
 Assist torque generated by 
the SMA actuators is 
transmitted to the thighs via 
the thigh frames 
 Device assists in hip fl exion 
and extension for each side 
independently 

 Tablet 
 System can analyze a 
user’s stride, and their 
walking rhythm can be 
adjusted within a 
preprogrammed range 

 Individuals with 
lower-extremity 
weakness due to stroke, 
aging, or other medical 
conditions 

(continued)
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24.5     The Therapist/Trainer 
and the Exoskeleton 

24.5.1     General Assessment 

 Before an exoskeleton is prescribed or used in a 
therapy session, a trained professional (physiat-
rist or physical therapist) must assess each 
potential candidate, and potential subjects 
should also receive medical clearance from 
their physician. This section describes recom-
mended procedures based on our extensive 
experience with the ReWalk, Ekso, and the 
Indego. Recommendations for the Honda Stride 
Management Assist are different and not 
detailed here. 

 As most exoskeleton devices require use of 
crutches/a walker/bilateral canes to assist the 
individual with walking and to provide additional 
stability, an individual’s ability to use their hands 
and shoulders, as well as their overall cardiovas-
cular health and bone density, must be assessed 
prior to using the device. In general, for most 
exoskeleton machines, it is recommended that 
subjects must:

•    Be between the ages of 18–70  
•   Be able to fi t into the device and have joint 

motion to allow ambulation in the device  
•   Be able to tolerate upright standing for 30 min  
•   Have suffi cient upper extremity strength and 

balance to allow ambulation with the device  
•   Have a walking speed of <0.4 m/s, including 

those considered “non-ambulators”    

 Persons with joint contractures that limit the 
range of motion of the lower extremities, and 
those with any medical issues that prevent them 
from fully bearing their weight, are also not ideal 
candidates. Individuals should also be evaluated 
for any incidence of skin breakdown, and lead to 
further complications in areas that come in con-
tact with the device. 

 One of the most important clinical assessments 
involves optimizing the fi t of the exoskeleton, 
which requires obtaining detailed measurements 
of the person in order to match the joints of the 
device with the joints of the person. If the leg or hip 
length is mismatched, it can change how the user’s 
body moves within the device and can also lead to 
safety issues. For individuals with spinal cord inju-
ries, poor fi t may lead to skin pressure sores, which 
are not easily detectable by an individual who has 
lost sensory feedback. In the SCI population, it is 
important to get a close fi t without being too 
tight as a tight fi t ensure proper control of the 
device and reduces the amount of movements 
the patient will be require to Additionally, poor fi t 
may decrease the user ability to control the device 
as a precise fi t is necessary for the users move-
ments to be directly transferred to the device.  

24.5.2     Documentation 

 Suggestion for this section: During an evaluation 
for exoskeleton use, the individuals strength, 
ROM, spasticity, and overall skin condition should 
be measured and documented. Additionally, any 

Table 24.1 (continued)

 Exoskeleton  Basic features  Controls  Patient population 

 NASA-IHMC X1 Mina 
(Institute of Human and 
Machine Cognition) 

 Actuators at the hip fl exion/
extension and knee fl exion/
extension 
 Passive joints for hip ab/
adduction, as well as hip 
internal/external rotation 
 Adjustable links to fi t a 
person’s body size 

 Embedded PC-104 
computer system 
 An external control 
operator is required to 
activate or deactivate the 
system when in paraplegic 
assistance mode 

 Currently in development 
for a range of 
applications, including 
mobility assistance 
(able-bodied persons and 
those with disabilities), 
rehabilitation, and 
exercise purposes 

 REX (Rex Bionics Ltd.)  5 actuated degrees of freedom 
(DOFs); electric motors that 
enable the user to sit, stand, 
and make turns 

 Joystick control  Complete SCI from C4/5 
level 

A. Jayaraman et al.



507

measurements for device set up should be per-
formed such as leg length, hip width, and weight. 
Each therapy session should include documenta-
tion of  vital signs, device hardware set up, and gait 
paremeter settings. During sessions, therapists 
should keep track of any skin irritations, bruises, 
or other adverse effects. Finally, the number of 
minutes spent walking, steps per session, any ther-
apeutic interventions and mobility skills (walking 
on ramps or steps, going in and out of an elevator)  
performed and how much therapist assistance was 
needed may also be documented. In the case of 
device malfunction or overheating the exoskele-
ton’s services team should be contacted and use of 
the system ceased till cleared for safe use.  

24.5.3     General Locomotor Training 
Strategies 

 Training strategies differ for each device and for 
each individual depending on their type or level of 
injury or the severity of impairment. Training for 
personal mobility using the exoskeleton will focus 
on becoming profi cient with specifi c tasks, such as 
getting in and out of the device safely, over-ground 
walking, going up and down ramps or curbs, and 
being able to stop. The training strategies for 
improved gait outside of the device  will emphasize 
strategies related to balance, strength, and endur-
ance. It is still not known exactly how many training 
sessions are needed in order for individuals to 
become profi cient in using any device. Psychological 
factors such as motivation, time since injury, and 
anxiety may also affect the number of sessions nec-
essary in order to accmilate to the device. 

 Few long-term clinical studies have evaluated 
exoskeletons as gait training devices and clinical 
tools to be used in the rehabilitation setting. 
However, some studies have compared current 
exoskeleton technologies for rehabilitation pur-
poses in clinical settings [ 9 ,  47 ,  48 ].  

24.5.4     Current Limitations 

 There are several limitations that must be 
addressed before exoskeletons receive more 
widespread use in the home and clinical setting. 

For use in the home and community, individuals 
must be able to achieve speed levels necessary 
for daily living, such as being able to safely cross 
a busy intersection in an urban setting. Other 
 limitations include the fi nancial costs of using 
exoskeletons, as the devices require time-con-
suming and intense therapy sessions [ 9 ]. Finally, 
exoskeletons are expensive investments, costing 
anywhere from $50,000–$250,000 (Rewak, 
$70,000; Ekso, $125,000; Indego, $75,000: Rex, 
$150,000). This high cost makes the devices out 
of reach for most individuals, for physical ther-
apy clinics, and for researchers whose grant 
funds do not allow them to purchase such expen-
sive equipment. Currently, lack of extensive clin-
ical evidence on the effi cacy of these devices has 
limited insurance reimbursement.  

24.5.5     Adverse Effects 

•      Falls : There is potential for a number of 
adverse effects associated with exoskeleton 
use. These include: With any exoskeleton, 
there is a risk that a user may fall and be seri-
ously injured. Although the risk of falling is 
minimized with trained therapists and person-
nel, as well as some device safety features, 
currently these devices are not capable of pre-
venting falls and independent fall recovery 
strategies do not exist. If the user falls, they 
will need someone to help them recover, 
which makes the presence of a trained care-
giver necessary at all times for use in the 
home. Falls can be caused by loss of control of 
the device by the participant or therapist, or 
more rarely, malfunction of the device. The 
risk of falling may be particularly high outside 
of the clinic where variable environmental 
factors may make using the device more 
dangerous.  

•    Skin breakdown : Pressure or friction from the 
device can cause bruising, pain, or swelling. 
These risks can be reduced by thorough skin 
checks performed before and after therapy 
sessions by a trained therapist and by adding 
supplementary padding as necessary.  

•    Muscle soreness : Exercises performed during 
therapy sessions may result in soreness. For 
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this reason, therapists should allow the user to 
slowly acclimate to using the device.  

•    Device malfunction : (although rare) may 
cause loss of control of the device by the user 
or therapist which may result in  falls or other 
injuries.  

•    Generic Controller : Currently, the controllers 
of these devices do not adapt to impairments 
such as spasticity, rigidity, tonicity, joint range 
of motion limitations, contractures, cognitive 
and balance limitations. Consequently, the 
motors may “push through these limitations” 
to complete the kinematic cycle, leading to 
numerous adverse events.      

24.6     Regulatory Status 
and Future Expectations 

 In the United States, all exoskeletons must 
receive approval from the U.S. Food and Drug 
Administration (FDA) before they can be com-
mercialized and used in clinics and rehabilita-
tion settings. In February 2015, the FDA 
announced that exoskeletons will be classifi ed 
as Class II devices (special controls) [ 49 ]. The 
report cited falls, bruising, skin abrasions, 
changes in blood pressure, adverse tissue reac-
tion, premature battery failure, burns, and device 
malfunction as potential risks [ 49 ]. Currently, 
the ReWalk and the Indego is the only exoskel-
eton approved by the FDA (through the FDA’s 
de novo classifi cation for novel devices of low 
to moderate risk) for home mobility use [ 50 ].  

    Conclusion 

 Exoskeletons are rapidly evolving technolo-
gies that have the potential to restore some 
lower-limb function and improve overall 
functional recovery in persons who have 
experienced stroke, spinal cord injury, or 
other neuromuscular injuries/diseases. They 
may also provide personal mobility for per-
sons who are currently confi ned to a wheel-
chair. Although promising, exoskeletons are 
still in early stages of development and 
require experienced and trained physical 

therapists and caregivers to monitor and 
assist users at all times. Most exoskeletons 
currently have very generic controllers and 
hardware, which do not specifi cally fi t the 
needs of any specifi c neurological disease or 
condition. Additionally, a large number of 
individuals with disabilities do not qualify to 
use these devices as they have physical 
impairments that prevent the exoskeletons 
from functioning safely. Only recently have 
the controllers of these devices been modeled 
based of  prevailing patient populations (Most 
are  currently based on healthy subject mod-
els). Currently, there are no fall prevention or 
fall recovery systems with these devices, 
making them potentially dangerous for 
everyday home and community use. The 
FDA thus mandates that a therapist or trained 
caregiver be with the exoskeleton user at all 
times. This is not very practical for long-term 
use and actually inhibits a patient’s ability to 
be truly independent. The fi nancial con-
straints of most of these exoskeleton compa-
nies or investigators have prevented them 
from making major changes to the device’s 
hardware or software. Also, it remains 
unclear whether or not exoskeletons are 
effective as personal mobility devices, thera-
peutic devices, or both. Most current research 
is limited to early stage safety and effi cacy 
data for FDA approval and CE marking in 
Europe. Long-term health economics data is 
sorely missing. Further research regarding 
potential benefi ts, limitations, and risks is 
necessary before these devices can enter 
widespread clinical use. 

 However, the future of these devices is 
bright. Over time, controllers and hardware 
will become more inclusive of larger patient 
populations. Fall warning and prevention sys-
tems under evaluation will become the default 
in these devices. Clinicians will have a better 
understanding on how to use these devices for 
patient populations who do not qualify for tra-
ditional therapy or how to gain therapeutic 
benefi ts that supersede current gold standard 
therapy. 
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 Currently, numerous low weight materials 
are being tested for exoskeletons; specifi cally, 
a whole new group of exoskeletons called 
soft exoskeletons are being developed. These 
soft exoskeletons can signifi cantly reduce the 
weight of these devices without sacrifi cing on 
power and control mostly, thus paving the way 
for more safer and effi cient use of these 
devices. In the long-term, artifi cial muscle and 
joints will be combined with the motors and 
mechanical sensors will be controlled by deep 
learning techniques obtained from neural, 
muscle, and mechanical intent.     
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    Abstract  

  Electrical stimulation is a tool that applies low-energy electrical pulses to 
artifi cially generate muscle contractions. If electrical stimulation is used to 
enable functional movements, such as walking and grasping, then this 
intervention is called functional electrical stimulation (FES). When FES is 
used as a therapy instead of being used as an orthosis, it is called FES 
therapy or FET. In this chapter, we introduce recent fi ndings and advances 
in the fi eld of FET. The fi ndings to date clearly show that FET for reaching 
and grasping is a therapeutic modality that should be implemented in 
every rehabilitation institution that is treating patients with stroke and 
SCI. There is also considerable evidence to support the use of FET as a 
therapeutic modality to treat drop-foot problem in both stroke and incom-
plete spinal cord injury (SCI) populations. Although phase I randomized 
control trials have been completed with chronic SCI population using this 
new FET  technology and preliminary fi ndings are encouraging, further 
R&D is required before the multichannel FET for walking will be ready 
for prime time clinical implementation.  
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25.1       Introduction 

 Functional electrical stimulation (FES) is a 
 technology one can use to artifi cially generate 
body movements in individuals who have para-
lyzed muscles due to injury to the central nervous 
system. More specifi cally, FES can be used to 
generate functions such as grasping and walking 
in individuals with spinal cord injury (SCI) and 
stroke. This technology was originally used to 
develop neuroprostheses that were implemented 
to permanently substitute impaired functions such 
as bladder voiding, grasping, and walking. In 
other words, a consumer would use the device 
each time she/he wanted to generate a desired 
function. In recent years FES technology has been 
used to deliver therapies to retrain voluntary 
motor functions such as grasping, reaching, and 
walking. In this embodiment, FES is used as a 
short-term therapy, the objective of which is resto-
ration of voluntary function and not lifelong 
dependence on the FES device, hence the name 
FES therapy or FET. In other words, FET is used 
as a short-term intervention to help the central 
nervous system of the consumer to relearn how to 
execute impaired functions, instead of making the 
consumer dependent on neuroprostheses for the 
rest of her/his life. In this chapter, we introduce 
recent fi ndings and advances in the fi eld of FET.  

25.2     Functional Electrical 
Stimulation (FES) 

25.2.1     Defi nitions 

 Individuals with SCI and stroke have injuries that 
prevent the central nervous system from generat-
ing a desired motor command and/or transmitting 
the desired motor command to the parts of the 
peripheral nervous system that innervate mus-
cles. As a result, these individuals are frequently 
unable to voluntarily move different body parts 
and perform functions such as sitting, standing, 
reaching, grasping, and bladder voiding. 
However, as long as the nerves innervating the 
muscles, the muscles themselves, and the joints 
and soft tissues supporting the muscle-joint 

structures are intact, the electrical stimulation can 
be used to generate joint movements by contract-
ing the muscles that actuate them. The electrical 
stimulation used for this purpose is called neuro-
muscular electrical stimulation (NMES). An 
organized and patterned NMES that aims to gen-
erate coordinated limb or body movements, 
instead of isolated muscle contractions, is called 
functional electrical stimulation (FES). One of 
the possible applications of FES technology is to 
artifi cially generate body movements such as 
grasping, standing, and walking. In such a con-
text, the FES technology is used as a prosthetic/
orthotic device. In literature, this use of FES 
technology is referred to as neuroprosthesis or 
neuroprosthetics.  

25.2.2     Physiology 

 In nerve cells, information is coded and transmit-
ted as a series of electrical impulses called action 
potentials, which represent a brief change 
in cell electric potential of approximately 
80–90 mV. Nerve signals are frequency modu-
lated; that is, the number of action potentials that 
occur in a unit of time is proportional to the inten-
sity of the transmitted signal. Typical action 
potential frequency is between 4 and 12 Hz. An 
electrical stimulation can artifi cially elicit this 
action potential by changing the electric potential 
across a nerve cell membrane (this also includes 
the nerve axon) by inducing electrical charge in 
the immediate vicinity of the outer membrane of 
the cell (Fig.  25.1 ).

   The stimulated nerve bundle includes motor 
nerves (efferent nerves—descending nerves from 
the central nervous system to muscles) and sen-
sory nerves (afferent nerves—ascending nerves 
from sensory organs to the central nervous sys-
tem). In some applications, FES can be used to 
directly stimulate muscles, if their peripheral 
nerves have been severed or damaged (i.e., dener-
vated muscles) [ 1 ]. However, the majority of the 
FES systems used today stimulate the nerves or 
the points where the junction occurs between the 
nerve and the muscle. The main reason is the 
fact that direct muscle stimulation requires 
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 considerably more energy to generate  contractions 
(at least three orders of magnitude more [ 2 ]), 
which makes these systems more challenging to 
implement at home and in clinical settings. 
Nevertheless, it should be noted that an electric 
stimulator that has been purposefully designed to 
generate contractions in denervated muscles is 
currently commercially available. Its name 
is Stimulette den2x, and it is manufactured 
by Dr. Schuhfried, Medical technology, Austria 
(  www.schuhfriedmed.at/en/    ). In the remainder of 
this document, we will only discuss FES systems 
that have been developed to stimulate innervated 
muscles. 

 The electrical charge can stimulate both motor 
and sensory nerves. In some applications, the 
nerves are stimulated to generate localized mus-
cle activity, i.e., the stimulation is aimed at gener-
ating direct muscle contraction. In other 
applications, stimulation is used to activate sim-
ple or complex refl exes. In other words, the affer-
ent nerves are stimulated to evoke a refl ex, which 
is typically expressed as a coordinated contrac-
tion of one or more muscles in response to the 
sensory nerve stimulation. 

 When a nerve is stimulated, i.e., when suffi -
cient electrical charge is provided to a nerve cell, a 
localized depolarization of the cell wall occurs 
resulting in an action potential that propagates 
toward both ends of the axon. Typically, one 
“wave” of action potentials will propagate along 
the axon toward the muscle (orthodromic propaga-
tion), and concurrently, the other “wave” of action 
potentials will propagate toward the cell body in 
the central nervous system (antidromic propaga-
tion). While the direction of propagation in case of 
the antidromic stimulation and the sensory nerve 
stimulation is the same, i.e., toward the central ner-
vous system, their end effects are very different. 
The antidromic stimulus has been considered an 
irrelevant side effect of FES. According to Rushton 
[ 3 ], repeated antidromic stimulation through 
Hebb-type processes may over time enable week/
sparse supraspinal commands to activate anterior 
motor neuron and enable it to produce desired 
muscle contraction(s). Typically, FES is concerned 
with orthodromic stimulation and uses it to gener-
ate coordinated muscle contractions. 

 In the case where sensory nerves are stimu-
lated, the refl ex arcs are triggered by the stimula-
tion of sensory nerve axons at specifi c peripheral 
sites. One example of such a refl ex is the fl exor 
withdrawal refl ex. The fl exor withdrawal refl ex 
occurs naturally when a sudden, painful sensa-
tion is applied to the sole of the foot. It results in 
fl exion of the hip, knee, and ankle of the affected 
leg and extension of the contralateral leg in order 
to get the foot away from the painful stimulus as 
quickly as possible. The sensory nerve stimula-
tion can be used to generate desired motor tasks, 
such as evoking fl exor withdrawal refl ex to facil-
itate walking in individuals following stroke, or 
they can be used to alter refl exes or the function 
of the central nervous system. In the later case, 
the electrical stimulation is commonly described 
by the term neuromodulation.  

25.2.3     Technology 

 Nerves can be stimulated using either surface 
(transcutaneous) or subcutaneous (percutaneous 
or implanted) electrodes. The surface electrodes 

Brain

Spinal cord
Motor nerve

Stimulation
electrode

Neuromuscular
junction

FES Device

Damage in 
stroke patients

Damage in 
SCI patients

  Fig. 25.1    A schematic representation of the surface 
functional electrical stimulation (FES) system. The FES 
system causes a muscle contraction by electrically stimu-
lating the motor axons that are connected to the muscles. 
The electrical stimulation generates action potentials in 
the motor neurons, which propagate along the motor neu-
rons toward the muscle. When the action potentials reach 
the muscle, they cause the muscle to contract       
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are placed on the skin surface above the nerve or 
muscle that needs to be “activated.” They are 
noninvasive, easy to apply, and generally inex-
pensive. Until recently the common belief in the 
FES fi eld has been that due to the electrode-skin 
contact impedance, skin and tissue impedance, 
and current dispersion during stimulation, much 
higher-intensity pulses are required to stimulate 
nerves using surface stimulation electrodes as 
compared to the subcutaneous electrodes. This 
statement is correct for all commercially avail-
able stimulators except MyndMove® stimulator 
(Fig.  25.2 ), which is manufactured by a Canadian 
company MyndTec (  www.myndtec.com    ). 
MyndMove® has implemented a new stimula-
tion pulse that allows the stimulator to generate 
muscle contractions using electrical pulses, 
which amplitudes are 10–15 times lower in inten-
sity then those required by other transcutaneous 
electrical stimulation systems. The key aspects of 
this new technology are stimulation pulses that 
have very fast slew rate (US Patent 20130090712) 
and are able to rapidly engage Aα efferent nerve 
fi bers (i.e., descending nerves from the central 
nervous system to muscles) using very low stim-
ulation amplitudes and at the same time minimize 
engagement of afferent Aδ and C nerve fi bers 
responsible for transmission of pain sensation. 
This new technology not only reduces the inten-
sity of stimulation, but it also reduces discomfort 

during stimulation, which is a common problem 
with commercially available transcutaneous elec-
trical stimulation systems.

   A major limitation of the transcutaneous elec-
trical stimulation is that some nerves, for exam-
ple, those innervating the hip fl exors, are too deep 
to be stimulated using surface electrodes. This 
limitation can be partly addressed by using arrays 
of electrodes, which can use several electrical 
contacts to increase selectivity [ 4 – 6 ]. 

 Subcutaneous electrodes can be divided into 
percutaneous and implanted electrodes. The per-
cutaneous electrodes consist of thin wires inserted 
through the skin and into muscular tissue close to 
the targeted nerve. These electrodes typically 
remain in place for a short period of time and are 
only considered for short-term FES interven-
tions. However, it is worth mentioning that some 
groups, such as Cleveland FES Center, have been 
able to safely use percutaneous electrodes with 
individual patients for months and years at a 
time. One of the drawbacks of using the percuta-
neous electrodes is that they are prone to infec-
tion, and special care has to be taken to prevent 
such events. 

 The other class of subcutaneous electrodes is 
implanted electrodes. These are permanently 
implanted in the consumer’s body and remain in 
the body for the remainder of the consumer’s life. 
Compared to surface stimulation electrodes, 

  Fig. 25.2    Use of 
MyndMove® to retrain 
upper arm voluntary 
movements (Photo 
courtesy MyndTec, 
Toronto, ON, Canada)       
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implanted and percutaneous electrodes poten-
tially have higher stimulation selectivity, which is 
a desired characteristics of FES systems. To 
achieve higher selectivity while applying lower 
stimulation amplitudes, it is recommended that 
both cathode and anode are in the vicinity of the 
nerve that is stimulated [ 7 ]. The drawbacks of the 
implanted electrodes are they require an invasive 
surgical procedure to install, and, as is the case 
with every surgical intervention, there exists a 
possibility of infection following implantation.   

25.3     FES Therapy (FET) 

25.3.1     Defi nition 

 FES can be used for neuroprosthetic and thera-
peutic purposes. If FES is used as a neuropros-
thesis, the purpose of this device is to generate a 
body function that the consumer is unable to per-
form alone, such as walking, biking, bladder 
voiding, grasping, etc. In this application the FES 
system needs to be worn or used each and every 
time the consumer needs to perform the desired 
function. In essence, the consumer uses the FES 
device as a permanent orthotic system. 

 The use of neuroprostheses as a means of pro-
viding short-term therapeutic intervention for 
improving and restoring voluntary function has 
been termed FES therapy or FET [ 8 ]. When the 
FES technology is used to deliver FET, the pur-
pose of that intervention is to restore voluntary 
function. In other words, FES is used only tem-
porarily as a short-term intervention with the 
objective of helping the neuromuscular system 
relearn to execute a function impaired due to neu-
rological injury or disorder. In this application 
the ultimate goal of the FES intervention is for 
the consumer to recover voluntary function, as 
much as possible, so the consumer does not need 
to use the FES system for the rest of her/his life. 
In this application, the central nervous system 
essentially relearns how to control the impaired 
muscles and how to contract them in a temporar-
ily appropriate manner to generate the desired 
body function. Since FET systems are generally 
noninvasive and are used to produce diverse 

upper or lower limb movements/therapies, FET- 
dedicated systems can have many more stimula-
tion protocols (e.g., ten or more for upper limb 
FET) that at times target different muscle groups 
and can be used with a single consumer. However, 
the neuroprostheses that are used as permanent 
orthotic systems often target one set of muscles 
or muscle groups and have one or at best two/
three consumer-specifi c stimulation protocols. 

 Some neuroprosthetic systems are also used 
for cardiovascular conditioning and muscle 
strengthening. Although the ultimate goal of this 
type of application is therapeutic, this is not 
FET. Good examples of these FES systems are 
neuroprostheses for rowing and biking. Each 
time the consumer wants to row or bike she/he 
needs to use the neuroprosthetic system, without 
which she/he would not be able to perform this 
task at all. Good examples of such technologies 
that are commercially available are RT300 FES 
bike from Restorative Therapies (  www.
restorative- therapies.com    ) and RehaBike by 
Hasomed (  www.hasomed.de    ). 

 The implanted FES systems are primarily 
used as permanent neuroprostheses. However, 
some attempts have been made to use the BION 
implantable FES system for FET [ 9 ]. On the 
other hand, the surface FES systems have been 
used equally well as neuroprostheses and 
 platforms to deliver FET. In the past, the main 
focus of the FES fi eld was on developing 
 neuroprosthetic systems, in particular those that 
patients had to use daily. In recent years, the 
advances made in the fi eld of FET and the use of 
neuroprostheses for muscle strengthening and 
cardiovascular exercises have shifted the focus of 
the FES fi eld, at least partially, toward the use 
of surface FES systems. As a result, a number of 
commercially available surface FES systems 
have been developed in last decade.  

25.3.2     Neuroplasticity Effect 

 Since the 1970s, some researchers and practitio-
ners in the fi eld of FES have observed that many 
patients who use FES on a regular basis experi-
ence signifi cant carry-over in function that 
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 persists even when the device is not in use. This 
“enigma” of “carry-over effect” has interested 
researchers [ 10 ], even though most of these 
reports were anecdotal in nature at the 
beginning. 

 One of the fi rst papers that specifi cally dis-
cussed this phenomenon was an article authored 
by Merletti et al. in 1975 [ 11 ]. They investigated 
the carry-over effect of FES on hand opening and 
elbow extension functions for stroke patients. 
Three of fi ve patients showed the carry-over 
effects after a 2-month training period, i.e., after 
the FES intervention session, functional tasks 
such as the shifting of an object between two 
specifi ed areas on a desk were improved even 
without wearing the FES device. The observed 
carry-over effect supported the potential role of 
neuroprostheses as therapeutic interventions in 
clinical practice. Despite the fact that FES-related 
carry-over results were observed as early as the 
1970s, a rigorous investigation of FES carry-over 
effect started only recently.   

25.4     Current Evidences of FET 

 It took almost two decades before the carry-over 
effect started being examined seriously. As 
describe next, it was fi rst examined with the 
drop-foot FES systems, where scientists explored 
the ability of the system to restore voluntary 
walking function in individuals with stroke. 
These studies were then followed by studies 
examining the use of a neuroprosthesis for grasp-
ing and, later, neuroprostheses for reaching and 
grasping for restoring voluntary arm and hand 
functions in individuals with stroke and 
SCI. Finally, the neuroprosthesis for walking was 
used to investigate restoration of voluntary walk-
ing function in individuals with incomplete SCI. 

 Initially, FET did not exist as a fi eld on its 
own, and the fi rst FET studies were essentially 
examining carry-over effect of the neuroprosthe-
ses. Once, it become clear that FET is actually 
helping reprogram the central nervous system 
and that the carry-over effect is not due to the 
muscle strengthening (which was initially sus-
pected [ 12 ]) but was due to neuroplasticity, the 

FET fi eld has been established and FET-dedicated 
systems started being developed. The systems 
used to test FET concept were originally neuro-
prostheses that were normally used as orthoses. 
Today we are experiencing the development of 
FET-dedicated systems, which design require-
ments are very different from the “garden vari-
ety” neuroprosthetic systems developed for 
orthotic applications. 

25.4.1     FET for Restoration of Lower 
Limb Function 
Following Stroke 

 Among stroke patients, the drop-foot is a com-
mon symptom, characterized by a lack of 
 dorsifl exion during the swing phase of gait, 
resulting in short, shuffl ing strides. It has been 
shown that the drop-foot stimulator effectively 
compensates for the drop-foot during the swing 
phase of the gait. At the moment just before a 
heel off phase of the gait occurs, the drop-foot 
stimulator induces a stimulus at the common 
peroneal nerve, which results in contraction of 
the muscles responsible for dorsifl exion 
(Fig.  25.3 ). There are a number of drop-foot stim-
ulators, which use surface FES technology and 
have been FDA (US Food and Drug 
Administration) approved, that have been devel-
oped to date: the Odstock® Dropped Foot 
Stimulator (ODFS® Pace) by Odstock Medical 
(  www.odstockmedical.com    ) [ 13 ], the WalkAide® 
by Innovative Neurotronics (  www.walkaide.
com    ) [ 14 ], and the NESS L300 for Foot Drop by 
Bioness (  www.bioness.com    ) [ 15 ]. The ActiGait® 
by Ottobock (  www.ottobock.com    ) [ 16 ] and the 
STIMuSTEP® by Finetech Medical (  www.fi ne-
tech-medical.co.uk    ) [ 17 ] are implantable drop-
foot stimulators that are also commercially 
available and have the CE mark in Europe. Drop-
foot stimulators are one of the most successful 
neuroprostheses to date after cochlear implants. 
Overall, consumer perception of the drop-foot 
stimulators is they are superior to the ankle-foot 
orthosis [ 18 ].

   There has been a great deal of evidence show-
ing the benefi ts of the drop-foot FES for the lower 
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limbs of stroke patients. In most of the studies, 
the effect of the drop-foot stimulator as an ortho-
sis has been studied. Only few studies have inves-
tigated the FET effect in stroke patients with 
drop-foot problem (e.g. [ 19 ]). In the early phase, 
some studies showed a negative result with 
respect to the FET effect [ 20 ,  21 ], while other 
studies showed positive effect on the FET effect 
[ 13 ]. For example, Granat et al. [ 21 ] investigated 
the effect of a drop-foot stimulator on hemiplegic 
patients ( n  = 19) in a two-period crossover study 
design (4-week control period followed by 
4-week FES treatment period). The results dem-
onstrated that there was a signifi cant orthotic 
effect (positive effect when the subject was using 
the FES system) in inversion of ankle, while the 
same study did not show a therapeutic effect 
(positive effect when the subjects was not using 
the FES system, i.e., FET effect). In a random-
ized controlled trial, Burridge et al. [ 20 ] investi-
gated the effect of a drop-foot stimulator on 
individuals with stroke. The intervention group 
( n  = 16) received conventional physiotherapy and 
FES treatment, while the control group ( n  = 16) 
received conventional physiotherapy alone. They 
demonstrated that the mean increase in walking 
speed was 20.5 % in the intervention group when 
the subjects in that group used the drop-foot stim-
ulator as an orthosis. The control group showed 
only a 5.2 % increase in mean walking speed. The 
physiological cost index (PCI) was reduced 
24.9 % in the intervention group when they were 

using the drop-foot stimulator as an orthosis and 
was reduced 1 % in the control group. However, 
the same study did not show any improvements 
in the intervention group when the drop-foot 
stimulator was removed. In other words, they 
were not able to demonstrate the drop-foot stimu-
lator’s FET effect. Taylor et al. [ 13 ] investigated 
the effect of a drop-foot stimulator in stroke 
( n  = 9) and multiple sclerosis (MS) ( n  = 2) 
patients. Stroke patients showed a mean increase 
in walking speed of 27 % and a reduction in PCI 
of 31 % when the system was used as an orthosis. 
However, the same study showed a 14 % increase 
in walking speed and a 19 % reduction in PCI, 
when the stimulator was removed from the 
patients, i.e., FET effect. The MS patients showed 
similar benefi ts when they used the drop-foot 
stimulator as an orthosis, with no noticeable FET 
effects. 

 Recently, in a relatively larger population 
study, Stein et al. [ 14 ] investigated the effect of a 
drop-foot stimulator in stroke ( n  = 41) and MS 
( n  = 32) patients. They demonstrated that both 
stroke and MS patients showed increased walk-
ing speed when the system is used as therapeutic 
and orthotic devices. After 3 months of drop-foot 
stimulator training, both groups had a similar and 
signifi cant orthotic (increments of 5.0 % and 
5.7 % for stroke and MS patients, respectively) 
and FET (17.8 % and 9.1 % for stroke and MS 
patients, respectively) effects on walking speed, 
during over ground fi gure-8 walking. After 

  Fig. 25.3    NESS L300 for 
foot drop (Photo courtesy 
Bioness Inc., Valencia, CA, 
USA)       
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11 months of following the baseline, the FET 
effect on fi gure-8 speed diverged between the 
two groups to 28.0 % and 7.9 % for stroke and 
MS patients, respectively. Overall, PCI showed a 
decreasing trend. They concluded that both sub-
ject groups had an orthotic benefi t from FES up 
to 11 months. The FET effect increased up to 
11 months in stroke patients, which is a nonpro-
gressive neurologic disorder, while in the MS 
patients, as expected, the therapeutic effect 
increased only in the fi rst 3 months following the 
baseline. 

 In summary, there is considerable evidence 
that the drop-foot stimulators, if they are used to 
deliver FET, produce lasting positive changes in 
gait in individuals with stroke.  

25.4.2     FET for Restoration of Lower 
Limb Function Following SCI 

 Impairment in lower limb function is a common 
symptom following SCI. Various FES systems 
have been developed to help individuals with SCI 
to improve walking function. In individuals with 
SCI, the scope of impairment is not limited to the 
ankle joint, as is the case with many stroke indi-
viduals, but rather affects many muscles in the 
legs, pelvis, and trunk. Thus, the FES technology 
for walking for individuals with SCI is more 
diverse and targets the muscles of the entire lower 
limb. However, it is not uncommon that in some 
individuals with SCI, the above discussed drop- 
foot stimulators have been also used as a means 
to assist with gait. 

 As early as the 1960s, Kantrowitz demon-
strated paraplegic standing by applying continu-
ous electrical stimulation to the quadriceps and 
gluteus maximus muscles of a patient with com-
plete SCI, using surface FES technology [ 22 ]. 
This earliest neuroprosthesis for paraplegic 
“gait” provided continuous stimulation to the 
quadriceps to produce a mode of gait similar to 
long leg-brace walking, by inducing stiffened 
legs. Later systems used alternating bilateral 
quad/glut stimulation (during stance phase) out 
of phase with peroneal nerve stimulation to 
induce the fl exor withdrawal refl ex (during swing 

phase) [ 23 ]. Following that, Kralj et al. described 
a technique for paraplegic gait using surface elec-
trical stimulation, which remains the most popu-
lar method in use today [ 24 ]. Electrodes are 
placed over the quadriceps muscles and peroneal 
nerves bilaterally. The user controls the neuro-
prosthesis with two pushbuttons attached to the 
left and right handles of a walking frame, or on 
canes, or crutches. When the neuroprosthesis is 
turned on, both quadriceps muscles are stimu-
lated to provide a standing posture. The left but-
ton initiates the swing phase in the left leg by 
briefl y stopping stimulation of the left quadriceps 
and stimulating the peroneal nerve. This stimula-
tion is applied suddenly, so as to trigger the fl exor 
withdrawal refl ex, resulting in simultaneous hip 
and knee fl exion, as well as dorsifl exion. After a 
fi xed period of time, peroneal nerve stimulation 
is stopped, and quadriceps stimulation is initi-
ated, while the refl ex is still active to complete 
the stride. Similarly, the right button initiates 
swing phase in the right leg. Many current FES 
systems for walking have employed this tech-
nique as the basic concept. 

 As microprocessor technology developed, 
neuroprostheses for walking became more por-
table and fl exible. Examples of this type of 
 neuroprosthesis are Parastep [ 25 ,  26 ], HAS [ 27 ], 
and RGO [ 28 ] and the Case Western 
Reserve University (CWRU)/VA neuroprosthesis 
[ 29 – 32 ]. The Parastep system is one of most pop-
ular products and uses Kralj’s technique [ 25 ,  26 ] 
(Fig.  25.4 ). The HAS and the RGO walking neu-
roprostheses are devices that, in addition to FES, 
also apply active and passive braces, respectively. 
The braces were introduced to provide additional 
stability during standing and walking and to con-
serve the user’s energy. CWRU/VA neuropros-
thesis is an implant system [ 29 – 32 ]. Parastep, 
HAS, and RGO systems were designed for 
orthotic use; however, they could be potentially 
implemented as FET devices as well.

   The above neuroprostheses for walking apply 
the fl exor withdrawal refl ex to generate stepping 
movement during the walking cycle. There is a 
disadvantage in using this approach as the fl exor 
withdrawal refl ex is highly variable and is subject 
to rapid habituation. However, there are systems 
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that do not use the fl exor withdrawal refl ex, 
instead they stimulate muscles in a manner that is 
as close as possible to the physiologically correct 
muscle activation pattern that generates the 
bipedal walking cycle. Good examples of such 
systems are the Case Western Reserve University 
(CWRU)/VA neuroprosthesis [ 29 – 32 ], Praxis 
[ 33 ], and Compex Motion neuroprosthesis for 
walking [ 34 ,  35 ]. The Praxis and CWRU/VA 
neuroprosthesis are implantable FES device sys-
tems that have 22 and 8–16 stimulation channels, 
respectively. They are able to generate sit-to- 
stand, walking, and stand-to-sit functions and are 
suitable to orthotic applications. However, 
recently the Cleveland team tested the therapeu-
tic effects of their implantable system in a single- 
subject study [ 29 ]. 

 Compex Motion neuroprosthesis for walking 
is an 8–16 channel surface FES system used to 
restore walking in stroke and SCI individuals 
[ 34 ]. The system uses a push button control strat-
egy, similar to the one used in the Parastep 
 system, and a gate phase detection sensor [ 36 ] to 
trigger the FES sequences. What is unique about 
this FES system is that it was specifi cally 
 developed for FET applications. The benefi ts of 

FES for lower limbs of individuals with incom-
plete SCI were discussed in a review by Bajd 
et al. [ 37 ]. The review concluded that there are 
various benefi ts including therapeutic effect of 
FES for individuals with SCI and of strength 
training, drop-foot stimulator, and plantar fl exor 
stimulation during gait phase. 

 In addition to those studies, Wieler et al. [ 38 ] 
investigated, in a multicenter study, the effect of a 
drop-foot stimulator and a withdrawal refl ex stim-
ulator on individuals with SCI ( n  = 31) and with 
cerebral impairment ( n  = 9). The results showed 
that the walking speed increased by approximately 
40 % when the drop-foot stimulator was used as an 
orthotic device and 20 % as when it was used as 
FET device. Similar fi ndings have been published 
by Field-Fote and her team [ 39 ,  40 ]. 

 Thrasher et al. [ 35 ] hypothesized that direct 
muscle stimulation would have greater rehabilita-
tive potential than the stimulation of fl exor with-
drawal refl exes. They investigated the effect of a 
gait-patterned multichannel FES in fi ve  individuals 
with chronic, incomplete SCI. These subjects were 
trained for 12–18 weeks using Compex Motion 
multichannel neuroprosthesis for walking. All 
subjects demonstrated signifi cant improvements 

  Fig. 25.4    Parastep electrical stimulation system (Photo courtesy Sigmedics, Inc., Fairborn, OH, USA)       
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in walking function over the  training period. Four 
of the subjects achieved  signifi cantly increased 
walking speeds, which were due to increases in 
both stride length and step frequency. The fi fth 
subject experienced a signifi cant reduction in pre-
ferred assistive devices. The results suggest that 
the proposed FES-based gait training regimen was 
effective for improving voluntary walking func-
tion in a population for whom signifi cant func-
tional changes are not expected and that this 
application of FET is viable for restoration of vol-
untary gait in incomplete SCI. 

 Inspired by Thrasher et al. [ 35 ] results, Toronto 
team carried out phase I randomized control trial 
in which they compared the gait- patterned multi-
channel FET against equal dose of convectional 
exercise [ 41 – 43 ]. Patient population was incom-
plete chronic SCI individuals. The results of the 
study suggested that 40 h of exercise and 40 h of 
multichannel FET both generated clinically 
meaningful improvements in this patient popula-
tion. At the same time, the differences between 
the two groups were minimal, meaning that FET 
in this patient population did not generate supe-
rior outcomes compared to the control group. 
However, it should be noted that the Spinal Cord 
Independence Measure (SCIM) Mobility 
Subscore improved in FET group signifi cantly 
more than in the control group [ 43 ]. 

 In summary, there is mounting evidence that, in 
individuals with incomplete SCI, neuroprostheses 
for walking can be used as FET devices to improve 
voluntarily walking function. Most of the work 
has been done using drop-foot stimulators. 
However, more complex gait-patterned multichan-
nel FES systems have been recently tested as FET 
systems and have shown encouraging results with 
respect to improving voluntary walking function 
in more severely disable individuals with SCI.  

25.4.3     FET for Restoration of Upper 
Limb Function 
Following Stroke 

 Impaired reaching and grasping functions are 
common symptoms among stroke patients. 
Numerous neuroprostheses have been designed 

to compensate for lost grasping [ 44 – 55 ] and 
grasping and reaching [ 8 ,  34 ,  52 ,  56 ,  57 ] func-
tions in stroke patients. 

 Some notable grasping and/or reaching neuro-
prostheses are the Freehand system [ 7 ], the NESS 
H200 for Hand Paralysis by Bioness (  www.bio-
ness.com    ) [ 48 ] (Fig.  25.5 ), the Bionic Glove [ 49 , 
 52 ,  58 ], the ETHZ-ParaCare neuroprosthesis for 
grasping [ 34 ,  59 ,  92 ], the systems developed by 
Rebersek and Vodovnik [ 53 ], the Belgrade 
Grasping-Reaching System [ 60 ], Compex 
Motion neuroprosthesis for reaching and grasp-
ing [ 34 ], the percutaneous systems by Chae et al. 
[ 45 ,  46 ], and recently MyndMove® by MyndTec 
(  www.myndtec.com    ). The above  neuroprostheses 
for grasping were shown to restore the power 
grasp and the precision grip. The power grasp is 
used to hold larger and heavier objects between 
the palm of the hand and the four fi ngers. During 
a power grasp, the object is held in a clamp 
formed by partly fl exed fi ngers and the palm 
counter pressure being applied by the thumb 
lying more or less in the plane of the palm. 
Precision grip is used to hold smaller and thinner 
objects, such as keys and paper, between the 
thumb and forefi nger. The precision grip is gen-
erated by fl exing the fi ngers followed by opposi-
tion of the thumb. In addition to these two 
grasping styles, Compex Motion neuroprosthesis 
and MyndMove® system offer variety of addi-
tional grasping styles, such as pinch grasp, lum-
brical grasp, tripod grasp, and proper hand 
opening that involves activation of the intrinsic 
muscles of the hand. The Belgrade Grasping- 
Reaching System, Freehand system, Compex 
Motion system, and MyndMove® also offer 
reaching capabilities. Of these systems 
MyndMove® offers the largest diversity of grasp-
ing and/or reaching tasks that can be performed 
with a single FES system. The Freehand system 
is an implantable FES system designed for indi-
viduals with SCI, while the remaining devices 
are surface FES systems that can be used to 
deliver FET.

   The use of FES as means of improving hand 
function following stroke has been intensively 
studied for a long time. A meta-analysis in 1996 
already proved that FES is effective in recovery 

M.R. Popovic et al.

http://www.myndtec.com/
http://www.bioness.com/
http://www.bioness.com/


523

of muscle strength after stroke [ 61 ]. Recent stud-
ies that have specifi cally examined FET have 
suggested positive outcomes in acute [ 8 ,  49 ,  50 , 
 56 ] and chronic [ 48 ,  54 ,  55 ,  58 ] stroke patients. 
These were then followed by randomized control 
trials that confi rmed the positive outcomes of 
FET in acute [ 44 ,  57 ,  62 ] and chronic [ 45 ,  57 ] 
stroke patients. In most of discussed studies, sur-
face FES technology has been used to deliver 
FET, while a percutaneous FES system has been 
used in studies published by Chae et al. [ 45 ,  46 ]. 
In most studies the upper limb FET has been 
delivered in a clinical setting with the assistance 
of therapists. However, a self-administered FET 
intervention, i.e., those that were conducted at 
home, has been recently explored using the NESS 
system [ 6 ] and a new version of the Bionic Glove 
[ 49 ,  58 ,  63 ]. 

 It is important to mention that, to date, most 
of the clinical trials conducted using FET for 
grasping in the stroke population targeted indi-
viduals who had partially preserved reaching 
and/or grasping functions. Namely, the targeted 
patients typically had Chedoke McMaster Stages 
of Motor Recovery scores 4 and 5 or Upper 
Extremity Fugl-Meyer Assessment Score greater 
then 30, which means that they were able to 
place the hand voluntarily within at least 

20–30 % of the hand/arm workspace and were 
able to initiate some or many wrist, hand, and 
fi nger movements. However, recently in ran-
domized controlled trials, Popovic and col-
leagues [ 56 ,  57 ] investigated the use of FET for 
reaching and grasping in severe stroke patients, 
i.e., stroke patients who had Chedoke McMaster 
Stages of Motor Recovery scores 1 and 2 or 
Upper Extremity Fugl-Meyer Assessment Score 
≤15. These individuals were unable to initiate or 
execute voluntarily any component of reaching 
or grasping function. Popovic et al. have shown 
that the FET is able to improve both reaching 
and grasping functions in severe stroke patients 
[ 57 ]. The median improvement achieved in this 
study in the FET group was 24.5 points on the 
Upper Extremity Fugl-Meyer Assessment, while 
the median improvement in the control group 
was 0 [ 57 ]. 

 It is worth mentioning that a small study with 
chronic pediatric stroke patients has been carried 
out where FET was used to improve reaching and 
grasping function in this patient population [ 64 ]. 
Although only four individuals participated in 
this pilot study, the outcomes achieved were very 
encouraging, and they indicated that FET for 
upper limb could be effectively delivered in pedi-
atric patients. 

  Fig. 25.5    NESS H200 
for hand paralysis (Photo 
courtesy Bioness Inc., 
Valencia, CA, USA)       
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 In summary, there is mounting evidence that 
in individuals with moderate and severe upper 
limb defi cit, which results from stroke, FET can 
enable substantial improvement in their volun-
tary upper limb function. Also, these studies sug-
gested that the improvements achieved are long 
lasting.  

25.4.4     FET for Restoration of Upper 
Limb Function Following SCI 

 A SCI at a T1 level or above frequently results in a 
partial or complete loss of grasping and reaching 
functions. Various therapies, surgical interventions, 
and/or devices have been proposed to help improve 
those functions in individuals with SCI. Among 
these interventions, FES devices have shown the 
most promise [ 65 ]. The same neuroprostheses for 
grasping and reaching as discussed above have 
been used with the SCI population. However, 
almost all these devices, except for Bionic Glove, 
ETHZ-ParaCare neuroprosthesis, Compex Motion 
system, and MyndMove®, have been used with 
SCI subjects almost exclusively as orthotic sys-
tems and were all effi cacious as orthoses. 

 While the benefi t of FET has been intensively 
investigated with stroke patients, it has not been 
investigated as intensely with individuals who 
have SCI. From the above-listed FES systems 
that were used to deliver FET in individuals with 
SCI, ETHZ-ParaCare and Compex Motion sys-
tems were able to deliver both palmar and lateral 
grasps using the same electrode confi guration. 
The ETHZ-ParaCare grasping neuroprosthesis 
was primarily used as an orthotic system. 
However, Mangold et al. [ 66 ] provided some evi-
dence that a few of the SCI patients who used the 
device experienced a weak FET effect. A clinical 
trial using Bionic Grove showed that the Bionic 
Glove can considerably improve upper limb 
function in individuals with C5–C7 SCI. This 
study was conducted by Popovic et al. (not the 
author of this article) and presents the fi rst con-
crete evidence that FET for grasping could be 
effective in SCI population [ 64 ]. 

 In 2006, the fi rst randomized controlled trial 
was carried out carefully examining the impact of 

FET on grasping function in individuals with 
traumatic C4–C7 SCI [ 67 ]. In this study, the indi-
viduals received 40 1-h FET treatments (inter-
vention group) or 40 1-h conventional 
occupational therapy treatments (control group). 
The therapy was tested on individuals with com-
plete and incomplete subacute (<6 months) 
SCI. Although this particular study was under-
powered, it provided clear evidence that both 
individuals with complete and incomplete sub-
acute SCI greatly benefi ted from the FET for 
grasping. This study was then followed by 
another phase II randomized controlled trial; 
FET for grasping was evaluated in individuals 
with incomplete, traumatic subacute C3–C7 SCI 
[ 68 ]. What is relevant to mention is that this was 
a very conservative study with respect to FET. In 
this study, both control and intervention groups 
received 1 h of conventional occupational ther-
apy daily, as described in [ 67 ]. Then both groups 
were given at least a 2-h break followed by 
another dose of therapy where the control group 
got 1 h of conventional occupational therapy, and 
the intervention group received 1 h of FET for 
grasping. Both groups received therapy 5 days a 
week (working days) for 8 weeks (40 session 
days in total). At the end of the study, there were 
12 subjects in the intervention group and nine in 
the control group. The results obtained were sta-
tistically signifi cant and have revealed that FET 
dramatically improved hand function in this 
patient population. Also, the long-term follow-up 
in this study has shown that 6 months after the 
baseline assessment, both control and interven-
tion groups maintained or further improved their 
hand function as compared to the assessments 
performed at discharge from the study [ 69 ]. In 
other words, this study suggests that the changes 
in the hand function produced by FET are dra-
matic, and they persist over time. Recently, a 
phase I randomized control trial study was per-
formed using FET for grasping in chronic 
(>24 months) incomplete SCI individuals [ 70 ]. 
Forty 1-h sessions of FET (intervention group) 
were compared against 40 1-h sessions of con-
ventional occupational therapy (control group). 
The results of the study showed that the individu-
als who received FET improved considerably 
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better then the individuals who had the same dose 
of conventional occupational therapy. 

 In summary, there is mounting evidence that 
individuals with incomplete C3–C7 SCI, both 
chronic and subacute, can benefi t from the FET 
for grasping. The existing studies also suggest 
that early engagement in the FET would result in 
better outcomes compared to later engagement. 
Also, a recently published study suggested that 
simple increase in intensity of conventional ther-
apy is not able to match outcomes that were 
achieved with FET [ 71 ], further confi rming that 
FET for grasping should be considered the new 
best practice with respect to incomplete SCI pop-
ulation. As for the complete SCI individuals, 
there is weak evidence that FET is benefi cial for 
that population as well, if it is used early during 
subacute phase of rehabilitation.  

25.4.5     Hybrid FET with Orthoses or 
Robotic Devices 

 In the past, it has been shown that FES-assisted 
walking has several limitations such as muscle 
fatigue, reduced joint torques generated using 
FES alone as compared to volitionally activated 
torques in healthy subjects, modifi ed refl ex activ-
ities, and spasticity [ 72 ]. To overcome these limi-
tations, a combined use of FES and a mechanical 
brace or an orthosis has been suggested. These 
systems are better known as hybrid assistive sys-
tems (HAS) or hybrid orthotic systems (HOS) 
[ 27 ,  73 ,  74 ]. Such mechanical supports have been 
used mainly for safety and prevention of adverse 
events during standing and gait [ 72 ]. 

 In recent years the rehabilitation robotics fi eld 
has experienced rapid growth. Instead of being 
passive orthotic systems or braces, rehabilitation 
robots now have active joints and are used to help 
move upper and lower limbs in a physiologically 
correct manner, mimicking proper reaching and 
walking functions, respectively. Similarly, FET 
has been used to allow patients to execute various 
repetitive upper and lower limb tasks. Since both 
technologies have advantages and disadvantages, 
it was only natural to consider merging these 
technologies as means to overcome the disadvan-

tages and benefi t from the advantages that these 
two technologies offer. For example, FES sys-
tems are currently unable to generate very accu-
rate limb movements but are able to engage 
fl accid and spastic muscles in task execution and 
generate much more signifi cant proprioceptive 
and sensory feedback, which is critical for 
retraining the neuromuscular system. Specifi cally, 
Takeoka et al. [ 75 ] recently demonstrated that 
muscle spindle feedback is critical and probably 
essential for the functional recovery following 
SCI. On the other hand, robotic systems are very 
good in executing accurate limb movements, but, 
in general, these systems themselves do not gen-
erate muscle activations. However, in order for 
the muscles to produce proper afferent feedback, 
in particular proper muscle spindle feedback, 
they need to be contracted at a proper level of 
muscle tension, and the their tension needs to be 
regulated according to the join angle. The FES 
systems are able to achieve that, although not as 
good as the intact central nervous system does. 
The robotic systems, because of the nature of this 
technology, have neither capability to produce 
desired muscle tension nor are able to regulate 
muscle tension as a function of joint angle. In 
robotic systems, the more substantial afferent 
feedback can be produced if the consumer has 
tone. However, it is not clear if the afferent feed-
back produced under such circumstances matches 
the one that the intact central nervous system 
would naturally produce. Therefore, it has been 
suggested that the combination of FES with 
robotic devices will enhance the therapeutic 
effects of both interventions. A recent study by 
Freeman et al. [ 76 ] has proposed a robotic device 
for reaching movement with upper limbs that can 
be combined with FES. The study tested and con-
fi rmed the accuracy of the trajectory that the 
robotic system executed with 18 healthy subjects 
using FES applied to the triceps muscle. The 
results confi rmed the effi cacy of a combined 
robotic device and FES system and showed the 
feasibility of the proposed device. The same 
authors started to test the system with fi ve stroke 
patients in treatment sessions comprised of up to 
25 1-h visits. For walking, Stauffer et al. [ 77 ] 
developed a hybrid robotic and FES system 
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(WalkTrainer). The robotic device consisted of 
leg and pelvic orthoses, active bodyweight sup-
port, and a mobile frame that allowed the user to 
perform walking therapy during overground 
walking. The system also had a closed-loop con-
trolled FES system. This system was tested with 
six paraplegic patients, and its feasibility as a 
rehabilitation tool was confi rmed. 

 Very recently, a new hybrid robotics-FET sys-
tem has been proposed for the restoration of 
grasping and reaching after stroke [ 78 ]. The sys-
tem combines ALEX (an upper limb exoskele-
ton), which provides the reaching support [ 79 ], 
together with a FES system that uses electrode 
arrays to provide grasp control. Real reaching 
and grasping tasks can be achieved by using a 
satellite robot, which presents the objects to be 
grasped. Specifi c rehabilitation tasks can be 
implemented by taking advantage of the possibil-
ity to quantify the support needed by patients and 
to modulate both the mechanical and FES sup-
port over the reachable workspace. 

 Hybrid rehabilitation systems, consisting of a 
robotic device and an FES system, are not a new 
idea. However, this idea has become a more 
attractive and realistic solution in recent years. It 
is very likely that in the near future, we will see 
more devices that are combining FES and robotic 
technologies to develop advanced neurorehabili-
tation tools and interventions.   

25.5     Potential Mechanisms of FET 

 At the present time, the exact mechanisms 
responsible for the observed FET effect are not 
known. However, a few hypotheses have been 
proposed that may provide at least a partial expla-
nation of the FET effect. 

 Three possible “peripheral” mechanisms 
might be considered. At fi rst, FET may improve 
the muscle functions in the remaining motor units 
through muscle training and strengthening. 
However, this does not necessarily happen only 
during FET; other training mechanisms can be 
used to improve muscle strength and endurance. 
Second, FET may improve the fl exibility and 
range of motion of the affected limb/joints, and 

as a consequence, the voluntary function may be 
improved. However, stretching during physio-
therapy should be able to generate similar results. 
Third, FET reduces the amount of spasticity in 
the affected limb, and by doing so it may improve 
the motor function. Although it has been shown 
in the past that FET does improve the spasticity 
[ 80 ,  81 ], the FET effect has been observed even 
in the affected limbs that did not have spasticity. 
Thus, although all three above-listed mechanisms 
may be possible, they alone could not account for 
the observed FET effect. 

 It has been reported that cortical reorganiza-
tion can occur following stroke recovery [ 82 ]. As 
FES activates both motor and sensory nerve 
fi bers, high-frequency sensory stimulation may 
be capable of modifying cortical connectivity 
[ 83 ]. Thus, through forced repetitive movements, 
FET may promote the neuroplasticity in the cen-
tral nervous system through sensory nerve stimu-
lation [ 84 ]. 

 In addition to the cortical reorganization 
mechanism, Rushton [ 3 ] suggested a hypothesis 
that accounts for the neuroplasticity effect as 
uniquely due to FES. Electrical stimulation of a 
motor nerve fi ber generates both an orthodromic 
(centrifugal) and an antidromic (centripetal) 
impulse. When the voluntary, descending com-
mand comes down from the brain to the spinal 
motor neuron, it can meet the antidromic impulse 
at the motor neuron during FES. This coinci-
dence of two impulses at the spinal motor neuron 
can strengthen the synaptic connection via 
Hebb’s rule. This enhancement of the synaptic 
connection would increase the effi cacy of the 
voluntary, descending command to activate 
impaired muscle in individuals with stroke and 
SCI. Recent results that showed a facilitation of 
motor evoked potential using TMS after FES 
support this hypothesis [ 85 ,  86 ]. However, it 
should be noted that a facilitation of motor 
evoked potential using simultaneous TMS and 
FES (i.e., spinal paired associative stimulation) is 
not always guaranteed [ 87 ] and that the above 
Rushton’s hypothesis yet needs to be confi rmed. 

 Another hypothesis that could also explain the 
mechanisms behind FET is the one proposed by 
Popovic et al. [ 34 – 57 ,  67 – 69 ]. If a subject, who 
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attempts to execute a motor task, is assisted with 
the FET to carry out that task, she/he is effec-
tively voluntarily generating the motor command 
(desire to move the arm, leg, etc.; i.e., command 
input). In this situation, FET is providing afferent 
feedback (system’s output), indicating that the 
command was executed successfully. By provid-
ing both the command input and system’s output 
to the central nervous system repetitively for pro-
longed periods of time, this type of treatment 
facilitates functional reorganization and retrain-
ing of intact parts of the central nervous system 
and allows them to take over the function of the 
damaged part of the central nervous system. It is 
important to add that during the FET, the subjects 
perform motor tasks repetitively. The combina-
tion of performing diverse and meaningful tasks 
with high repetition and with a subject’s persis-
tent active engagement (i.e., the subject has to 
devote 100 % of her/his attention to the tasks 
 performed) may play a critical role in retraining 
voluntary motor function. This hypothesis and 
use of FET are fully in tune with recent fi ndings 
in the fi eld of neuroplasticity and suggest that 
FET is potentially another effective method that 
can be used to retrain the neuromuscular system. 

 Recently a study by Takeoka et al. [ 75 ] demon-
strated very elegantly that muscle spindle feed-
back is critical and probably essential for the 
functional recovery following SCI. They have 
shown that if muscle spindles are “removed out of 
the rehabilitation process” that the animal trained 
is unable to recover its function. Since FET fully 
engages muscle spindle feedback system during 
therapy, it is very likely that the high intensity 
muscle spindle feedback produced by the FET is 
contributing to the process of recovery of volun-
tary function. Please note that in the past, it has 
been frequently suggested that the FES/FET does 
not activate muscle fi bers in physiologically cor-
rect manner, i.e., that the fast-twitch muscle fi bers 
are recruited fi rst followed by the slow-twitch 
muscle fi bers [ 88 ]. This reverse order of muscle 
fi ber activation could impact the order in which 
muscle spindle feedback is presented to the cen-
tral nervous system following FET. However, 
recent experiments have shown that this notion of 
reverse muscle fi ber recruitment during FES/FET 

is incorrect [ 88 ], suggesting that the order in 
which muscle spindle feedback is delivered to the 
central nervous system should be reasonably 
close to the natural one. More comprehensive dis-
cussion about the sensory feedback systems that 
may be engaged during FET and how they may 
contribute to the improvement in the voluntary 
function following FET can be found in 
Prochazka’s recent article [ 89 ]. 

 The fi nal hypothesis that Popovic and his team 
in Toronto proposed previously suggests that it is 
possible that the phylogenetically older brain 
structures, which are equally able of control 
limbs, may be engaged during FET training. 
Specifi cally, he hypothesized that FET for reach-
ing and grasping, when it is applied to stroke 
patients, engages phylogenetically older brain 
structures and retrains them to perform reaching 
and grasping tasks, instead of retraining the corti-
cal structures. Recently, Kawai et al. [ 90 ] actually 
demonstrated in rodents that the motor cortex is 
required for learning new tasks, but that it is not 
required for execution of already mastered fore-
limb motor tasks. This fi nding suggests that 
Popovic’s hypothesis may be correct, but this 
hypothesis still needs to be properly verifi ed. 

 In any event, the carry-over effect is probably 
multifactorial and needs to be fully examined. 
However, what is certain is that the FET is an 
effective method for restoring voluntary upper 
and lower limb functions in individuals following 
stroke and SCI. It is our impression that the FET 
is a very promising intervention that is only now 
being seriously examined and has the potential to 
revolutionize the way we rehabilitate individuals 
with diverse neuromuscular disorders.  

25.6     Comparison of FET 
and Robotic Therapies 

 To the best of our knowledge, a proper compari-
son of the FET and robotic therapy was not con-
ducted to date. The only comparison that we are 
aware of is the one conducted by Hess at al. [ 91 ], 
where Bi-Many-Track system (Reha-Stim, 
Germany) (  www.reha-stim.de    ) was compared to 
electrical stimulation of the wrist extensor 

25 Functional Electrical Stimulation Therapy: Recovery of Function Following Spinal Cord Injury and Stroke

http://www.reha-stim.de/


528

 muscles. The study was performed in subacute 
stroke individuals (between 4 and 8 weeks fol-
lowing stroke) patients, which Upper Extremity 
Fugl- Meyer scores were less than 18. Bi-Many-
Track was used to deliver therapy to the wrist 
(fl exion/extension and pronation/supination), 
elbow (fl exion/extension), and indirectly to 
shoulder (fl exion/extension). The electrical stim-
ulation was delivered to wrist extensors only and 
was activated manually or using biofeedback 
approach. Although both therapies were deliv-
ered over 30 sessions that were 20 min long (10 h 
of therapy in total), Bi-Many-Track delivered 
between 12,000 and 24,000 movement repeti-
tions (spread over different joints) and electrical 
stimulation delivered between 1,800 and 2,400 
wrist fl exion/extension repetitions. Please note 
that the electrical stimulation intervention used in 
this study does not belong to the FET variety of 
therapies but rather to a muscle strengthening 
type of interventions. The study results suggest 
that at discharge, participants who received 
Bi-Many-Track had improvement in Upper 
Extremity Fugl- Meyer scores of 16.7 points, 
while the participants who received electrical 
stimulation had improvement in Upper Extremity 
Fugl-Meyer scores of 3.1 points. 

 We are hopeful that this study will inspire the 
research community to start comparing equal 
dose FET and robotic therapy, which are training 
the same joints and muscle groups, and are deliv-
ering equal dose/intensity of intervention.  

25.7     Limitations and Perspectives 

 This chapter summarizes the research fi ndings 
regarding the effects of FET in individuals with 
stroke and SCI. The fi ndings to date clearly show 
that FET for reaching and grasping is a therapeu-
tic modality that should be implemented in every 
rehabilitation institution that is treating patients 
with stroke and SCI. The results obtained in a 
number of randomized control trials to date 
clearly point out that FET for upper limb should 
not be ignored any longer. There is also consider-
able evidence to support the use of FET as a ther-
apeutic modality to treat drop-foot problem in 

both stroke and incomplete SCI populations. 
There are a couple of FES systems on the market 
that can be used to deliver FET for drop-foot and 
grasping, and physiotherapists and occupational 
therapists should take advantage of this technol-
ogy. Presently, few teams in the world are inves-
tigating use of more complex FES systems (6–16 
channels FES systems that stimulate muscles in 
one of both legs in a physiologically appropriate 
manner) for retraining voluntary walking func-
tion in stroke and incomplete SCI populations. 
Although comprehensive randomized control tri-
als have not been completed yet with either 
patient population, preliminary fi ndings are 
encouraging. 

 The results obtained to date suggest that FET 
can be used effectively with both chronic and 
subacute stroke and SCI patients. However, the 
results published to date suggest that FET pro-
duces better results if it is applied during early 
rehabilitation, i.e., during subacute phase follow-
ing injury. Further, the effect of FET has shown 
good results in individuals with chronic complete 
and incomplete SCI and stroke subjects. However, 
to date, statistically signifi cant results have only 
been obtained with chronic stroke and incom-
plete SCI patients. It should be noted that FET 
therapy does not require any voluntary move-
ment in the affected limb as an indication for the 
therapy. In other words, FET can be applied to 
individuals who are profoundly paralyzed (i.e., 
cannot move the limb at all), and one can expect 
to see at least partial recovery of the limb func-
tion at the end of the FET. 

 As the surface FES technology is continu-
ously improving and delivery methods for FET 
are evolving due to system’s miniaturization, bet-
ter stimulation electrodes, and better stimulation 
protocols, it is foreseeable that, in next 
10–15 years, FET will become one of the domi-
nant interventions for upper and lower limb reha-
bilitation. Many FET systems are already 
commercialized, and many more are in the pro-
cess of being developed and/or commercialized. 
Thus, we feel very confi dent that FET fi led is 
only beginning to evolve, and that, in the future, 
it may become one of the key therapeutic inter-
ventions not only for patients with stroke and SCI 
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but also for patients with other neuromuscular 
disorders.     
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    Abstract  

  About fi ve million people in North America alone have weak or paralyzed 
upper limbs (UL) due to stroke or spinal cord injury. Motor rehabilitation 
can improve hand and arm function in many of these people, but in the cur-
rent healthcare climate, the time and resources devoted to physical and 
occupational therapy after injury are inadequate. This represents an oppor-
tunity for technology to be introduced that can take over some of the super-
visory functions of therapists, provide entertaining exercise therapy, and 
allow remote supervision of exercise training performed in the home. Over 
the last 10 years, many research groups have been developing robotic 
devices for exercise therapy, as well as other methods such as electrical 
stimulation of muscles. Robotic devices tend to be expensive, and recent 
studies have raised some doubt as to whether assistance to movements is 
even necessary, as motor gains evidently depend largely on the efforts made 
by the participant. This chapter reviews the evidence for spontaneous recov-
ery, the means and mechanisms of conventional exercise therapy, the role of 
robotics, and the advent of affordable passive devices and voluntarily trig-
gered functional electrical stimulation. It is argued that exercise therapy on 
passive devices, in some cases remotely supervised over the Internet and 
augmented with functional electrical stimulation, is now an affordable and 
important modality of occupational and physical therapy. Quantitative UL 
function tests performed with these devices can provide crucial guidance on 
the selection of patients most likely to benefi t from training and exercise, 
maximizing the meaningful use of scarce healthcare resources.  

  Keywords  

  Stroke   •   Spinal cord injury   •   Multiple sclerosis   •   Upper extremity   • 
  Tele-rehabilitation  

        A.   Prochazka ,  BEng, MSc, PhD      (*) 
  Centre for Neuroscience ,  University of Alberta , 
  Edmonton ,  AB ,  Canada    

  Department of Physiology ,  University of Alberta , 
  Edmonton ,  AB ,  Canada   
 e-mail: arthur.prochazka@ualberta.ca  

  26

mailto:arthur.prochazka@ualberta.ca


534

26.1       Introduction 

 There are about 6.6 million stroke survivors in 
the USA (2.6 % of the population) [ 1 ]. Their 
motor defi cits range from one-sided weakness 
(hemiparesis) to paralysis (hemiplegia). Up to 
60 % of all stroke survivors fi nd it hard or 
impossible to perform activities of daily life 
(ADLs) because of poor upper limb (UL) func-
tion [ 2 ]. In addition, extrapolating from recent 
Canadian fi gures, up to 400,000 people in North 
America have bilateral UL paresis or paralysis 
due to spinal cord injury (SCI) of either trau-
matic or nontraumatic origin [ 3 ]. Thus, about 
fi ve million people in North America alone are 
in need of effective treatment for UL paresis or 
paralysis. 

 In recent years stroke survivors have been 
treated for only 3–4 weeks in acute care or reha-
bilitation hospitals. In the USA, inpatient reha-
bilitation stays decreased from 20 to 12 days 
between 1994 and 2001, with up to 61 % of out-
patients not receiving any follow-up therapy [ 4 ]. 
There is a general lack of reimbursement for 
therapy after patients have been sent home, so 
during the subacute period, therapists tend to 
focus on teaching compensatory strategies 
rather than improving UL function. When 
patients go home, they are provided with pas-
sive aids such as ankle and knee braces or 
splints, arm slings, and canes. Higher-
functioning patients are taught “range-of-
motion” (ROM) exercises of the arm and hand, 
passive stretching to reduce hypertonus, squeez-
ing a ball, and other simple exercises. Some 
patients continue exercising after discharge, but 
after a few weeks, this is largely restricted to 
passive stretching, as this can relieve 
hypertonus. 

 This unsatisfactory state of play has given 
rise to new methods of delivering UL rehabilita-
tion. These include constraint-induced move-
ment therapy (CIMT) [ 5 ], modifi ed CIMT 
(mCIMT) [ 6 ], the Graded Repetitive Arm 
Supplementary Program (GRASP: [ 7 ]), the 
Accelerated Skill Acquisition Program (ASAP) 
[ 8 ], exercise therapy (ET) with robotic devices 
[ 9 ], therapeutic and functional electrical stimu-

lation (TES and FES) [ 10 ,  11 ], and in-home 
teletherapy (IHT) supervised over the Internet 
[ 12 – 16 ].  

26.2     Mechanisms of Functional 
Recovery: The Signifi cance 
of Compensatory Strategies 

 In the weeks and months after a stroke or SCI, 
arm and hand function may improve, depending 
on the extent and level of the injury. Various 
means of early prediction of the extent of recov-
ery have been identifi ed [ 17 – 21 ] . For example, 
stroke survivors with some proximal shoulder 
and elbow control of the upper paretic limb on 
admission in a rehabilitation center have a fair 
chance of regaining some UL capacity in the long 
term after stroke, whereas patients without such 
proximal arm control have a much poorer prog-
nosis [ 22 ]. If there has been no emergence of arm 
synergies at 4 weeks poststroke, this is associated 
with a poor outcome at 6 months [ 17 ]. The 
affected arm then remains immobile and func-
tionally virtually useless. Spastic hyperrefl exia, 
shoulder subluxation, and pain may develop in 
the affected arm. On the other hand, after a minor 
stroke or incomplete SCI, manual dexterity 
recovers and reaches a plateau between 6 months 
and a year later [ 23 – 25 ]. Full recovery of UL 
function has been estimated to occur in only 
about 12 % of stroke survivors [ 17 ]. 

 Spontaneous recovery is of course vital for 
those affected, but it also poses a problem for the 
evaluation of therapies, as it represents a shifting 
baseline that must be taken into account when 
comparing the effi cacy of treatments in random-
ized controlled studies (RCTs). In RCTs of treat-
ments undertaken during the acute or subacute 
period after SCI, the sample size required for an 
adequate statistical power can be prohibitive [ 26 ]. 

 Some of the spontaneous recovery in motor 
function is evidently a result of the recovery of 
central nervous structures temporarily inactivated 
by the injury or the adaptation of uninjured ner-
vous networks to take over functions of neighbor-
ing injured networks, a process called plasticity 
[ 27 – 30 ].  
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26.3     Compensatory Strategies 

 In the more severe cases of stroke, the dominant 
component of recovery of functional movement 
is attributable to the acquisition of compensatory 
strategies such as the performance of tasks with 
the less affected UL that would normally be done 
with both limbs. Indeed it is suggested that in 
severely disabled stroke survivors, therapy should 
be restricted to minimizing contractures and pain 
[ 31 ] and teaching compensatory methods [ 32 ]. 
These methods include learning new ways to per-
form tasks, for example, tying shoelaces with one 
hand or using simple assistive devices, such as a 
universal cuff, to hold tools and utensils. The 
methods also include changing the person’s 
physical environment and the objects they manip-
ulate in daily life. 

 Compensatory strategies may, however, 
inhibit spontaneous functional recovery. For 
example, stroke survivors often tend to lean for-
ward from the hip to position the more affected 
hand to grasp or stabilize objects. It has been 
argued that such compensatory movements of the 
trunk inhibit the relearning of movements at the 
shoulder and elbow, and so the trunk should be 
restrained during therapy and hand function tests 
[ 33 ,  34 ]. It has also been argued that in the initial 
period after injury, the inability to use the para-
lyzed UL leads to “learned non-use,” a form of 
motor neglect, which is sustained once compen-
satory methods have become habitual [ 35 ]. The 
use of compensatory strategies that are effective 
in coping with ADLs, while useful and empower-
ing, can also greatly reduce the motivation of 
interested parties, whether they be patients, ther-
apists, or companies developing medical devices, 
to pursue new therapies, exercise regimes, or 
rehabilitative technologies.  

26.4     The Role of Exercise 
in Restoring Hand Function 

 It has long been accepted by the clinical rehabili-
tation community that manual exercises per-
formed after stroke or SCI can improve functional 
recovery and possibly reduce spastic hypertonus. 

Surprisingly, there are few published studies that 
examine this basic assumption. One systematic 
review [ 36 ] concluded that there was insuffi cient 
evidence to draw defi nitive conclusions about the 
effectiveness of exercise therapy (ET) on UL 
function in stroke patients, though differences 
between the studies included suggested that more 
ET may be benefi cial than less ET. Another 
review found “small to large effect sizes for task- 
oriented ET, in particular when applied inten-
sively and early after stroke onset. In almost all 
high-quality RCTs, effects were mainly restricted 
to tasks directly trained in the exercise program” 
[ 37 ]. A more recent review concluded there was a 
positive relationship between the time scheduled 
for ET and the outcome, large doses of ET lead-
ing to clinically meaningful improvements [ 38 ]. 
The authors pointed out that time scheduled did 
not necessarily equate to the amount of ET actu-
ally performed. They recommended that instead 
of reporting scheduled time, future studies should 
report active time in therapy or repetitions of an 
exercise. The notion that more is better was chal-
lenged in a small RCT of subacute stroke partici-
pants, which concluded that “higher doses of 
motor training cannot be assumed to be more 
benefi cial, particularly early after stroke” [ 39 ]. 

 The Evidence-Based Review of Stroke 
Rehabilitation (EBRSR:   www.ebrsr.com    , [ 40 ]) 
concludes that in patients with less severe initial 
impairment, defi ned by a Chedoke McMaster 
score of stage 4 or greater, an aggressive restor-
ative program geared toward regaining function 
in the affected UL was recommended. An associ-
ated meta-study concluded that sensorimotor 
training, motor learning training with the use of 
imagery, electrical stimulation, and the repetitive 
performance of novel tasks could all be effective 
in reducing motor impairment after stroke [ 41 ]. 

 Two treatment regimes based on neurophysi-
ological principles, the Bobath technique and 
proprioceptive neuromuscular facilitation, were 
widely adopted in the 1970s, with strong adher-
ents in each camp. An RCT that compared these 
two methods with conventional ET concluded 
that there were no signifi cant between-group dif-
ferences in improvement of the patients’ perfor-
mance of ADLs [ 42 ]. 
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 CIMT, a particular form of intensive ET intro-
duced over 20 years ago, was originally called 
forced-use training [ 43 ]. It was based on experi-
ments in monkeys in which sensory input in one 
arm was abolished by deafferentation. Binding 
of the other, normal arm, led to forced use of the 
deafferented arm, which was associated with 
improvements in its motor function [ 44 ,  45 ]. 
This was accompanied by and attributed to corti-
cal plasticity [ 46 ,  47 ]. In CIMT in stroke survi-
vors, movements of the less affected arm are 
constrained with a mitt, ideally for 6–7 h for 
2 weeks, while the more affected arm is inten-
sively trained in functionally meaningful tasks 
[ 5 ]. In reality, this goal is probably rarely if ever 
achieved: according to Wolf and colleagues, par-
ticipants start at about 1.5 h of training time per 
day and work up to 4.5 h by the last training ses-
sion [ 4 ]. Other features of CIMT are “shaping” 
(tasks increase in diffi culty in the course of the 
program) and a “transfer package,” consisting of 
a behavioral contract involving in-home 
exercises. 

 A CIMT course involves 6–7 h of therapist- 
supervised training/day for 2 weeks and currently 
costs over $6,000, plus $450 for an initial medi-
cal evaluation plus accommodation costs for 
2 weeks for out-of-town participants. These costs 
are not reimbursed in the United States. Pressure 
for reimbursement has risen with the publication 
of the EXCITE trial [ 48 ] and recommendations 
such as that of the EBRSR: “CIMT is a benefi cial 
treatment approach for those stroke patients with 
some active wrist and hand movement” [ 40 ]. 
However, in a recent survey of 92 therapists 
working in clinical neurorehabilitation settings in 
the USA, 75 % reported that it would be diffi cult 
or very diffi cult to administer CIMT in their clin-
ics [ 49 ]. Eighty three percent felt that most clin-
ics would not have the resources to implement 
CIMT. It was felt that managed care payers were 
either somewhat unlikely or very unlikely to 
reimburse for CIMT and that patients would 
experience great diffi culty with the duration of 
clinical sessions. Another issue is whether the 
functional improvements resulting from CIMT 
are maintained. A recent RCT indicated that 
although CIMT resulted in more favorable out-

comes than usual care in the short term, the dif-
ference was not maintained 6 months later [ 50 ]. 

 CIMT has stringent inclusion criteria: volun-
tary extension of at least 10° at metacarpophalan-
geal and interphalangeal joints and 20° at the 
wrist. This excludes 80–85 % of people with 
hemiplegic upper extremities. In his critique of 
the EXCITE trial, Dobkin pointed out that of the 
3,626 patients who were 3–9 months poststroke 
screened, only 222 (6 %) were recruited for ran-
domization. It is also worth noting that people 
who apply for inclusion in clinical studies tend to 
be more motivated and therefore do not represent 
the whole population of stroke patients seen by 
clinicians. 

 Less intensive protocols have been suggested, 
e.g., modifi ed CIMT (mCIMT) [ 6 ,  51 ,  52 ], com-
prising therapist-supervised CIMT for 30 min, 
three times a week and wearing a mitt on the less 
affected hand 5 h/day for 5 days/week [ 6 ]. Studies 
have indicated that both low-intensity and high- 
intensity CIMT in stroke survivors result in larger 
functional gains than conventional UL rehabilita-
tion [ 53 ]. Interestingly, the clinical portion of 
mCIMT was reimbursed prior to this trial, under 
“Current Procedural Terminology” codes [ 51 ]. 

 The recently developed Accelerated Skill 
Acquisition Program (ASAP) incorporates ele-
ments of CIMT and principles of motor learning 
and exercise physiology. Exercises are 
 customized for individual participants, depend-
ing on their level of impairment and their own 
goals [ 8 ]. The benefi ts of ASAP therapy were 
recently compared to those of two levels of con-
ventional UL rehabilitation, in a multicenter RCT 
involving 361 stroke survivors [ 54 ]. Results 
reported at the 2015 International Stroke 
Conference are summarized online (  http://my.
americanheart.org/idc/groups/ahamah-public/@
wcm/@sop/@scon/documents/downloadable/
ucm_471848.pdf    ). A full report is in 
preparation. 

 Over the last 10 years, the idea that for ET to 
be effective, the less affected extremity must be 
prevented from taking part, as in CIMT, has been 
strongly challenged [ 55 – 58 ]. In a recent RCT in 
chronic stroke patients, bilateral training was 
more effective than unilateral training in improv-
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ing the functional ability of the affected arm [ 59 ]. 
It was proposed that simultaneously moving both 
limbs during stroke rehabilitation training may 
activate balanced interhemispheric interactions 
[ 60 ]. An independent comparison of bilateral 
training and CIMT indicated that the former may 
uniquely improve proximal upper extremity 
 motor  impairment as assessed by the Fugl-Meyer 
test, whereas CIMT may produce greater  func-
tional  gains in subjects with mild to moderate 
chronic hemiparesis [ 61 ]. 

 Finally, task specifi city of training is an impor-
tant factor: it has been argued that “the best way 
to relearn a given task is to train specifi cally for 
that task. In animals, functional reorganization is 
greater for tasks that are meaningful to the ani-
mal. Repetition alone, without usefulness or 
meaning in terms of function, is not enough to 
produce increased motor cortical representa-
tions” [ 62 ].  

26.5     Robotic Exercise Devices 

 Conventional ET focuses on the repetitive manip-
ulation of simple objects such as blocks, stacking 
cones, therapy putty, skateboards, incline boards, 
climbing boards, ring trees, peg boards, and resis-
tive prehension benches. None of these devices 
has sensors to quantify performance. ET sessions 
tend to be boring, and in the absence of supervi-
sion, compliance falls off quickly, particularly at 
home. The supervision of ET by therapists is 
costly, and in most cases it is restricted to clinics, 
which in turn limits access mainly to subacute 
patients. The objects used vary from one clinic to 
the next, and systematic rating of performance is 
rarely undertaken. The opportunity to address 
these factors with robotic devices was recognized 
at least 20 years ago [ 9 ,  12 ]. Robotic devices are 
able to provide standardized exercises, take over 
some supervisory functions, provide quantitative 
outcome measures, and, in conjunction with vir-
tual reality software, add an element of entertain-
ment that greatly reduces the tedium of 
conventional ET. 

 Robotic devices incorporate actuators and 
complex control systems, which makes them 

costly. The simplest robotic rehabilitation devices 
are motors that impose cyclical motion on 
extremities. They are commonly used in orthope-
dics [ 63 ] and occasionally in stroke and SCI [ 64 ]. 
BTE’s PrimusRS (  btetech.com    ) and Biometrics’ 
E-Link (biometricsltd.com) have a modular 
design, allowing manipulanda to be attached to a 
rotary servo motor. The MIT-Manus (interactive- 
motion.com) is a robot that supports the arm and 
applies forces to assist or resist tracking [ 65 ,  66 ]. 
A commercial version of this device, with actua-
tors that provided weight support and enabled 
movements at the shoulder, wrist, and hand, was 
tested in an RCT involving 127 moderate-to- 
severe chronic stroke participants of whom 49 
received intensive robot-assisted therapy, 50 
received intensive comparison therapy, and 28 
received usual care [ 67 ]. It was concluded that 
robot-assisted therapy did not signifi cantly 
improve motor function at 12 weeks, as com-
pared with usual care or intensive therapy. 
However, over the 36-week study period, robot- 
assisted therapy resulted in signifi cant but modest 
improvements in motor capability and motor- 
task performance, as compared with usual care 
but not with intensive comparison therapy. An 
editorial concluded: “In the bigger picture, the 
potential for robotic therapy after stroke remains 
enormous” [ 68 ]. The KINARM, developed by 
Dr. Steven Scott at Queens University 
 (bkintechnologies.com), is another example of a 
robotic device that supports the arm. It is primar-
ily used to quantify functional defi cits [ 69 ,  70 ]. 
The Motorika ReoGo (motorika.com) is a tele-
scopic device similar to a fl oor-shift gear-stick, 
which applies forces to the hand in 3-D space. 
The ReoGo was introduced into 25 of 
HealthSouth’s chain of rehabilitation hospitals in 
the United States in 2007. The TheraDrive is a 
device incorporating commercial force-feedback 
steering wheels that provide the user with driving 
and tracking games [ 71 ,  72 ]. 

 The most advanced UL rehabilitation robot is 
the exoskeleton robot ARMin [ 73 ]. This device is 
a multidegree-of-freedom robot, commercialized 
by Hocoma, the makers of the Lokomat® gait- 
training robot [ 74 ]. It enables the training of 
movements in 3-D space, as well as grasp and 
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release of an instrumented gripper. It detects vol-
untary effort and assists when needed. It incorpo-
rates computer games to motivate the users. In a 
recent RCT involving chronic stroke participants 
with moderate-to-severe UL paresis, motor func-
tion in the more affected arm in 38 participants 
assigned to ARMin robotic therapy showed 
greater improvements over the course of the 
study than the 35 assigned to conventional ther-
apy. However, the absolute difference was small 
and of weak statistical signifi cance, which left 
the clinical relevance in question [ 75 ]. 

 It is important to note that the above robots do 
not have manipulanda that promote the training 
and exercise of dexterous movements. The 
Inmotion 3.0 wrist robot and the Inmotion 5.0 
hand robot were released recently to address this 
defi cit, but the repertoire of dexterous move-
ments they provide is still quite limited. Other 
experimental robots that address hand dexterity 
include a pneumatically activated glove [ 76 ], a 
manipulandum that applies forces about the wrist 
and elbow [ 77 ], a cantilevered device with attach-
ments [ 78 ], and an arm support with jointed 
splints that allow grasp-release movements [ 79 ]. 
Two recent systematic reviews list numerous 
other robotic devices developed and studied over 
the years [ 80 ,  81 ]. Some of the UL robots simu-
late real-life tasks by generating forces simulat-
ing contact with objects shown on screens 
(so-called “haptic” interfaces). A versatile haptic 
robot could potentially offer a wide range of sim-
ulated ADLs, but it remains to be seen whether 
this can be achieved at a reasonable cost. In a 
recent study, the ARMin robot was used in con-
junction with a spring-loaded fi nger extension 
device that enabled the manipulation of com-
monly found objects such as a pop can [ 82 ]. The 
latest version of this device, the ArmeoPower, 
has a hand component:   www.hocoma.com/en/
products/armeo/armeopower    . 

 The EBRSR concludes: “Sensorimotor train-
ing with robotic devices improves functional and 
motor outcomes of the shoulder and elbow; how-
ever, it does not improve functional and motor 
outcomes of the wrist and hand” [ 40 ]. The above 
devices cost between $60,000 and $150,000 and 
so are unaffordable for in-home ET and for all 

but the largest rehabilitation centers. Arguably 
the only affordable robotic device, at around 
$7,000, is the “Hand Mentor” (kineticmuscles.
com), a powered wrist splint developed by CIMT 
pioneer Steven Wolf [ 83 ,  84 ]. Ironically in light 
of the EBRSR’s conclusion, this device  only  
exercises wrist and fi nger fl exion-extension 
movements and ignores ROM of the whole arm.  

26.6     Virtual Reality and Passive 
Exercise Devices 

 A study entitled “Robot-assisted movement train-
ing for the stroke-impaired arm: “Does it matter 
what the robot does?” [ 85 ] compared robotically 
assisted reaching with unassisted reaching in 
chronic stroke subjects. The two groups showed 
similar improvements, suggesting that the crucial 
factor in motor rehabilitation is not the assistance 
provided by a robot, but rather the participant’s own 
voluntary efforts to move. It was recently found that 
individuals whose movements are assisted by 
robots progressively reduce their own effort [ 86 ]. 
The investigators called this “slacking.” 

 These factors have turned the attention of ther-
apists and researchers toward passive exercise 
devices and virtual reality, the most notable 
example being the rapid and widespread  adoption 
of the Nintendo Wii gaming system [ 87 – 91 ]. The 
Wii allows users to play computer games with a 
handheld motion sensor. It was not designed for 
rehabilitation and lacks dexterous tasks requiring 
grasp-release, pronation- supination, pinch-grip/
release, and picking up and transferring objects. 
The resistance to movement presented by real 
objects in ADLs is also lacking. The motion sig-
nals are not available for display or outcome 
evaluation, though some groups are working on 
ways to intercept these signals. In spite of all 
these shortcomings, the Wii was embraced by 
rehabilitation clinics around the world before any 
studies had tested its effi cacy, showing the need 
for affordable devices that make ET enjoyable. In 
2010 the fi rst such RCT appeared [ 92 ]. 
Participants within 6 months of a stroke were 
randomly allocated to two groups, one group 
playing virtual reality games with a Wii and the 
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control group receiving recreational therapy, 
namely, card games, Bingo, or “Jenga.” Both 
groups had eight sessions, each lasting 60 min, 
over a 2-week period. Being for the most part in 
the subacute phase of recovery, both groups 
showed improved outcomes, the Wii group 
improving more on the Wolf Motor Function Test 
and the control group more on the Box and Block 
test. The study was insuffi ciently powered to test 
the signifi cance of the differences. This and more 
recent RCTs (e.g., [ 93 ]) indicate that virtual real-
ity ET with the Wii system improves function by 
about the same amount as conventional UL reha-
bilitation [ 94 ]. 

 A commercially available and affordable pas-
sive exercise device, the Tailwind (  www.tail-
windtherapy.com    ), provides bilateral arm training 
with rhythmic auditory cueing [ 55 ]. A recent 
RCT compared the effi cacy of bilateral arm train-
ing with that of dose-matched therapeutic exer-
cises in 111 stroke survivors [ 58 ]. Both methods 
improved upper extremity motor function by 
similar amounts. Bilateral training was associ-
ated with larger changes in brain activation in 
functional magnetic resonance images. Imaging 
methods may help not only in predicting the out-
comes of rehabilitation [ 21 ] but also in matching 
individuals to the most suitable type of rehabilita-
tion [ 95 ]. The Tailwind device does not incorpo-
rate computer gaming, which, as discussed 
above, is an important motivator in maintaining 
regular ET over weeks and months. 

 The Hocoma ArmeoSpring is a spring-loaded, 
counterbalanced, multi-segmented arm support, 
developed from the Therapy Wilmington Robotic 
Exoskeleton (T-WREX) [ 96 ]. It is mainly used 

for range-of-motion exercises. An instrumented 
gripper attachment that detects grasp and release 
allows these movements to be incorporated into 
virtual reality games. An RCT involving chronic 
stroke survivors compared semiautonomous ET 
on the T-WREX, with semiautonomous conven-
tional ET in which a tabletop was used to provide 
gravity support [ 97 ]. The size of the improved 
benefi t with T-WREX was small, and the self- 
reported functional use of the upper extremity 
was not different between groups. The benefi ts of 
the T-WREX were therefore characterized as 
modest and functionally insignifi cant. However, 
it was noted that even a small benefi t provides 
something to build on. It was argued that reha-
bilitation technology that incorporates functional 
causality, quantitative feedback, and entertaining 
aspects is likely to motivate patients to ET. In a 
more recent study, 23 chronic hemiparetic 
patients showed improvements of 2–10 % in the 
Fugl-Meyer Arm test and the Wolf Motor 
Function test after 36 1-h sessions on the 
ArmeoSpring [ 98 ]. In another study, 12 tetraple-
gic people performed unilateral ET on the 
ArmeoSpring for 15 h in addition to conventional 
therapy [ 99 ,  100 ]. There were few functional dif-
ferences in improvement between the trained and 
untrained limbs across participants, but in a sub-
group with partial hand function at baseline, the 
trained limbs showed some additional functional 
improvement. The ArmeoSpring costs over $60K 
and is therefore only suitable for clinics. 

 A much simpler gravity support system, 
Hocoma’s Armeo®Boom, is also available com-
mercially (Fig.  26.1 ). A study with a precursor of 
this device, the “Freebal,” in ten patients with 

  Fig. 26.1    The Armeo®Boom       
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mild hemiparesis, found that gravity compensa-
tion facilitated active arm movement excursions 
without impairing motor control. It was con-
cluded that gravity compensation may be a valu-
able modality in conventional or robot-aided 
therapy to increase the intensity of training for 
mildly impaired patients [ 101 ]. In another study 
involving the Freebal device, seven chronic 
stroke participants performed 18 half-hour ses-
sions over 6 weeks of reach training with com-
puter games [ 102 ]. There was a median increase 
of three points in the FMA after training and a 
signifi cantly increased work area of the hemipa-
retic arm, as indicated by the normalized area of 
circles drawn by the participants. Finally, in a 
recent multicenter RCT, 70 subacute stroke par-
ticipants received 6 weeks of training with either 
the Armeo®Boom or dose-matched conventional 
training [ 103 ]. Arm function evaluated on the 
FMA and the Stroke Upper Limb Capacity Scale 
had improved signifi cantly in both groups post- 
training. The improvements and experienced pain 
did not differ between groups. The Armeo®Boom 
group reported higher interest/enjoyment during 
training than the conventional group.

   Several other passive exercise devices have 
been designed and tested, for example, the 
AutoCITE workstation [ 104 ,  105 ]; the APBT, a 
tabletop mechanism that couples the forces gen-
erated during contralateral wrist fl exion and 
extension to the affected hand [ 106 ]; and the 
SMART Arm, a linear low-friction slider that 
exercises movements about the shoulder and 
elbow [ 107 ]. In a single-blind, RCT involving 
stroke survivors with severe and chronic paresis, 
10 received training using the SMART Arm with 
EMG-triggered electrical stimulation, 13 
received training using the SMART Arm alone, 
and 10 received no intervention (control). Both 
SMART Arm groups demonstrated similar, sig-
nifi cant improvements in upper arm impairment 
and activity measures after training and at follow-
 up. There was no change in the control group. 
Improvements in ADLs were not tested. An 
interesting new device developed by 
Reinkensmeyer and colleagues is the MusicGlove. 
It allows participants to play engaging music- 
based virtual reality games with individuated 

movements of the fi ngers and thumb [ 108 ]. In an 
RCT involving 12 moderately affected stroke 
participants, those performing 18 h of MusicGlove 
training showed larger improvements in manipu-
lative tasks than those receiving conventional 
training, but interestingly, there was no signifi -
cant difference in broader assessments of UL 
function. Because overall UL performance 
depends on the control of movement at the wrist, 
elbow, and shoulder as well as the hand, it may be 
benefi cial to combine the MusicGlove with prox-
imal limb training, for example, with another 
interesting device developed by Reinkensmeyer’s 
group, the Resonating Arm Exerciser (RAE). 
This comprises a lever arm that attaches onto the 
push-rim of a wheelchair and an elastic band 
attached between the lever and the wheelchair 
frame. Rhythmic extension-fl exion movements 
about the shoulder and elbow at the mechanical 
resonant frequency cause the wheelchair to move 
back and forth, which acts as a motivator to the 
user. In a recent RCT, 16 chronic stroke survivors 
with severe UL impairment were randomized to 
3 weeks of exercise with the RAE or conven-
tional exercises [ 109 ]. Both groups showed sig-
nifi cant improvements in Fugl-Meyer scores 
posttreatment and although signifi cance was not 
maintained at the 1-month follow-up, the RAE 
group had better scores than the controls at this 
time. The RAE study was inspired by a prior 
RCT in which stroke participants were positioned 
on a rocking chair so that when they made volun-
tary movements of their more affected UL, the 
chair rocked [ 110 ]. Severely affected participants 
showed improved UL function, but moderately 
affected individuals did not, which was attributed 
to a lack of variation and functional meaningful-
ness in the task. This is interesting, because in the 
ReJoyce study described below, which involved 
manipulative tasks mimicking activities of daily 
life, moderately affected participants fared better 
than severely affected ones. 

 The author and his collaborators have devel-
oped a passive ET workstation called the 
Rehabilitation Joystick for Computerized 
Exercise (ReJoyce) (Fig.  26.2 ). It comprises a 
spring-loaded, segmented arm that presents the 
user with a variety of spring-loaded attachments 
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representing ADLs, such as a doorknob, key, 
gripper, jarlid, and peg. Sensors in the arm and 
the attachments provide signals that are used by 
the system’s software to control video games that 
exercise specifi c types of hand movement.

   The system incorporates an automated, quan-
titative UL function test which takes about 5 min 
to complete. It provides an overall numerical 
score that correlates well with the ARAT and 
Fugl-Meyer arm and hand function tests [ 111 ]. It 
also provides scores for specifi c tasks such as 
grasp strength, whole-arm range of motion, 
pronation- supination, pinch-grip, and manual 
dexterity. It can be performed in the clinic or 

remotely via the Internet (see below). Once a user 
has done the test, the system automatically sug-
gests games and diffi culty levels that match his or 
her abilities. This is achieved by an algorithm 
that takes into account the user’s score on each of 
the components of the test. If, for example, the 
user has good range of motion but poor pinch- 
grip, games that incorporate pinch-grip are 
excluded from the suggestion list, and games 
involving range of motion and grasp-release are 
included, with diffi culty levels corresponding to 
the relevant test scores. 

 The ReJoyce system also incorporates remote 
tele-coaching of exercises performed in users’ 

  Fig. 26.2    ( a ) Tele-coaching of an in-home exercise therapy session using the ReJoyce system; ( b ) participant using 
ReJoyce workstation to play computer games; ( c ) movements performed, ( d ) selected games       
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homes. An RCT was completed involving 13 
tetraplegic participants who had sustained a spi-
nal cord injury more than a year previously [ 16 ]. 
Participants were block-randomized into two 
groups, both performing ET at home with tele- 
coaching for 1 h/day, 5 days/week for 6 weeks. 
The control group performed conventional ET, 
computer games played with a trackball, and 
20 min/day TES. The treatment group played 
computer games on a ReJoyce workstation. 
Voluntary, hand grasp and release were aug-
mented with FES triggered with a wireless ear-
piece that detected small voluntary tooth-clicks. 
The study demonstrated the feasibility of deliv-
ering tele-coached FES-assisted ET over the 
Internet. The treatment group showed clinically 
important improvements in UL function that 
signifi cantly exceeded those of the control 
group. Participants commencing with interme-
diate functional scores improved the most [ 112 ]. 
In the most recent study, ReJoyce workstations 
were deployed in the homes of 11 chronic stroke 
survivors who performed 6 weeks of 1 h/day 
and 5 days/week tele-coached FES-ET [ 15 , 
 113 ]. The primary outcome measure was the 
Action Research Arm Test (ARAT). Secondary 
outcome measures included the ReJoyce quanti-
tative UL function test, grasp force measure-
ments, and transcranial magnetic stimulation 
(TMS). Improvements were seen in the func-
tional tests, but surprisingly, not in the TMS 
responses [ 15 ,  113 ]. Again, participants com-
mencing with intermediate functional scores 
improved the most. 

 Given the increasing weight of evidence that 
people with very severe motor defi cits are 
unlikely to regain useful UL function, regard-
less of the rehabilitative efforts made [ 22 ,  114 ], 
screening of patients with standardized, quanti-
tative tests such as those provided by the 
ReJoyce system will become increasingly 
important. This will help identify patients 
unlikely to benefi t in a meaningful way from 
intensive rehabilitation, reducing healthcare 
costs and directing resources to those patients 
who are more likely to benefi t. 

 The ReJoyce system was designed to be 
affordable for clinics and, through short-term 

rental, by individual users who could receive 
tele-supervised treatment in their homes. It is dis-
tributed in several countries by Saebo Inc. (USA).  

26.7     Therapeutic and Functional 
Electrical Stimulation (TES 
and FES) 

 TES refers to cyclical stimulation to increase 
muscle strength. FES refers to voluntarily trig-
gered stimulation to assist in functional tasks. 
Early studies showed that TES can signifi cantly 
reduce hypertonus and improve motor function 
[ 115 ,  116 ]. The success rate in mild cases of 
stroke was lower than in severe cases. (This is 
important because only the mildly disabled group 
meet the inclusion criteria for CIMT.) These con-
clusions were supported in a retrospective audit 
of patients at the Salisbury Stroke Unit in the 
United Kingdom [ 117 ]. 

 Surface FES stimulators for foot-drop have 
been commercially available in Europe since 
the late 1970s [ 118 ] but only recently in the 
United States and Canada [ 119 ,  120 ]. The fi rst 
commercial hand stimulator was the Automove, 
which detects weak voluntary electromyo-
grams (EMGs) of the fi nger extensors and then 
briefl y stimulates these same muscles to facili-
tate hand opening [ 121 ]. Therapeutic effects 
have been reported in controlled studies using 
EMG- triggered FES [ 122 – 126 ]. More recent 
studies have shown that FES-ET performed 
daily for several weeks can result in clinically 
signifi cant improvements in hand function in 
subacute and chronic stroke participants [ 127 –
 131 ]. However, the author’s studies in SCI and 
stroke participants indicate that even after an 
extended FES-ET program, most people still 
have better hand function while using their FES 
devices [ 15 ,  132 ]. 

 The only FES device for hand function cur-
rently available is the Bioness H200 (Fig.  26.3a ) 
[ 133 ,  134 ]. It comprises a hinged splint contain-
ing pad electrodes and a stimulator triggered by 
push button. It currently costs around $6,500. In 
the 1990s the author developed the Bionic Glove, 
an FES garment triggered by wrist movements 
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b

  Fig. 26.3    ( a ) Bioness H200 functional electrical stimula-
tor for hand grasp and release; ( b ) Rehabtronics Hand 
Stimulator activated by voluntary head nods detected by a 

wireless earpiece; ( c ) the Saebofl ex spring-loaded hand- 
opening splint       
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[ 135 ] and the Impact Cuff, triggered by tapping 
or bumping the hand [ 135 ]. The Bionic Glove 
was shown to have both functional and therapeu-
tic benefi ts in people with tetraplegia [ 136 ]. An 
improved version has recently been developed 
for hemiparetic and tetraplegic users, comprising 
a neoprene wristlet containing a small stimulator 
that is controlled by a wireless tooth-click sensor 
similar to a Bluetooth earpiece [ 137 ,  138 ]. The 
earpiece in the latest version of this device, cur-
rently undergoing regulatory testing for com-
mercial release by Rehabtronics Inc. in late 2015 
at an anticipated cost of $2,000, detects small 
voluntary head nods instead of tooth-clicks 
(Fig.  26.3b ).

26.8        Mechanical Orthoses That 
Assist Grasp and Release 

 The Saebofl ex (Fig.  26.3c ) is a spring-loaded gar-
ment that holds the wrist and fi ngers in extension. 
The user grasps an object by voluntarily fl exing 
the fi ngers. The springs assist in reopening the 
hand to release the object. Another spring-loaded 
splint, the MossRehab “RELEAS” recently came 
onto the market at a cost of ~$200. Powered 
orthoses for hand grasp and release have also 
entered clinical trials [ 139 ].  

26.9     Tele-coaching 

 From all of the above, it is clear that the emerg-
ing technologies to deliver ET and FES have 
the potential greatly to improve UL function in 
daily life, but providing sufficient support 
after participants leave rehabilitation clinics is 
problematic. Although the users may benefit 
from the devices in the clinic and initially use 
them on a daily basis at home, in the absence 
of continuing supervision, usage tends to drop 
off. This transition is a well-known hurdle in 
rehabilitation [ 140 ]. We reasoned that if par-
ticipants could only perform regular super-
vised exercise after discharge, they would 
benefit much more. However, clinics are not 
ideal locations for outpatients to perform regu-

lar training sessions. Travel is often problem-
atic and stressful, limiting the frequency of 
attendance. This led us to add the capability of 
Internet-based, at-home tele-coaching to the 
ReJoyce system (Fig.  26.2a ). In the study men-
tioned above, Internet-connected ReJoyce 
workstations were deployed in the homes of 13 
tetraplegic participants, located over a wide 
geographic region in Western Canada. 
Participants were tele-coached daily by a small 
team of therapists and students. The logistic 
challenges that were overcome are detailed in 
a recent book chapter [ 141 ]. A similar study 
followed on chronic stroke patients in Canada 
and the UK [ 15 ]. Other studies have also 
shown that tele- coaching can be convenient 
and effective for both therapists and patients 
[ 15 ,  16 ,  52 ,  142 ]. 

 Unfortunately there are several impedi-
ments to the adoption of tele-rehabilitation by 
healthcare providers and reimbursement agen-
cies [ 143 ]. Occupational and physical thera-
pists have traditionally been trained to have 
hands-on interactions with their patients. 
Therapists usually have very busy schedules, 
with little time to deal with new, computer-
based technology. It is therefore absolutely 
vital to provide equipment that is simple to 
use, with highly intuitive computer interfaces 
that do not require procedural memorization 
from one session to the next. Currently there 
are few published clinical studies demonstrat-
ing the clinical effi cacy, convenience, and cost-
effectiveness of teletherapy. Reimbursement of 
equipment costs and therapist time can be 
problematic. Laws regulating tele-rehabilita-
tion, professional licensure portability, and pri-
vacy concerns are additional barriers. Private 
 physiotherapy clinics in Canada have recently 
started using the in-home tele-coaching capa-
bilities of the ReJoyce device, and their early 
reports have been positive. It is only when 
therapists and clinics embrace the technology 
and make it widely available to their patients 
that it can be considered a success. The case 
for reimbursing the participants for the cost of 
renting devices, and the therapists or personal 
trainers who provide the remote supervision, 
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must be supported through further RCTs and 
market analysis.  

26.10     Evaluation of Treatments: 
Defi ciencies in the Design 
of Clinical Trials 

 To be adopted clinically, any new rehabilitative 
approach or device must provide a clear advan-
tage over existing treatments. This must be scien-
tifi cally demonstrated in clinical trials. Ideally 
the new treatment should reduce healthcare costs 
and improve the societal productivity of the indi-
vidual. Most studies do not measure these effects, 
yet they are arguably the key determinants of 
adoption by healthcare providers. Quality of life, 
though fundamental to patients and clinicians, 
continues to play a minor role. 

 The Physiotherapy Evidence Database 
(PEDro: pedro.fhs.usyd.edu.au/scale_item.
html) rates the quality of clinical trials accord-
ing to ten attributes, including random, con-
cealed, and double-blinded allocation, matched 
baseline functionality, adequate follow-up, 
intention to treat analysis, and measures of treat-
ment effect and variability. Regarding controls 
and blinding, there are two fundamental diffi cul-
ties; (1) the placebo or expectation effect, the 
novel treatment can improve morale so that par-
ticipants become more active, exercise more, 
attempt more tasks, seek additional therapies, 
and pay more attention to improvements; and 
(2) inadequate blinding, because ethics commit-
tees require participants to be informed of the 
details of the interventions, those in the control 
group often realize that they are not receiving 
the test treatment, and so they do not develop a 
placebo effect. The alternative to an RCT is to 
use participants as their own controls. It is then 
hard to separate placebo and treatment effects. 
With the growing infl uence of the Cochrane 
Collaboration (  www.cochrane.org    ), study 
design has become a crucial factor [ 144 ]. 

 The diffi culties are exemplifi ed in a critique of 
the pivotal EXCITE trial of CIMT [ 48 ,  95 ]. It 
was pointed out that the increased attention, 
encouragement, family support, and motivation 

rendered the CIMT group quite different from the 
control group. It was proposed that in future such 
trials, the new treatment should be compared to 
an alternative treatment. In their response, the 
EXCITE authors pointed out that because of 
dwindling resources, “standard treatment” has in 
fact become “no treatment” [ 145 ]. They argued 
that policy makers and third-party payers are 
therefore in fact more interested in whether a new 
treatment provides a meaningful improvement 
over no treatment, rather than over an alternative 
that may or may not be available.  

26.11     Perspectives 
and Conclusions 

 There is general agreement in the fi eld that the 
time is ripe for physical and occupational UL 
therapy to take advantage of new technology. It is 
time to move from the boring equipment cur-
rently used in clinics worldwide to computerized 
devices that provide task-specifi c, entertaining 
games that can also be performed in the partici-
pant’s home environment, supervised remotely 
over the Internet. The advantages of this approach 
are many: increased compliance, task-specifi c 
training on a variety of customized activities, 
quantifi cation of performance, and perhaps most 
compelling, the ability to provide continuing in- 
home therapy after acute care in clinics, in a man-
ner that avoids the need for participants to travel, 
yet retains the important component of one-on- 
one supervision by enabling therapists to treat 
participants at times that suit them all. A crucial 
factor is cost. This chapter has made the case for 
affordable passive exercise devices that provide 
entertaining exercises involving full range of 
motion and manual dexterity, with optional tele- 
coaching and FES (summarized in Table  26.1 ). 
Exercise therapy for UL function on passive 
devices, with the option of FES assistance, is now 
an affordable and effective modality of occupa-
tional and physical therapy. Standardized, quanti-
tative UL function tests can provide guidance 
additional to clinical judgment on the selection of 
patients most likely to benefi t, maximizing the 
use of scarce healthcare resources.
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      Upper-Extremity Therapy 
with Spring Orthoses                     

     David     J.     Reinkensmeyer       and     Daniel     K.     Zondervan    

    Abstract  

  We describe the development of the spring-based orthosis approach (as 
exemplifi ed by T-WREX and ArmeoSpring) to enhance upper-extremity 
movement therapy after neurologic injury. This approach is based around 
the concept of using springs to assist a patient in moving his or her 
 weakened arm as he or she practices computerized movement tasks. This 
chapter fi rst traces the development of spring orthoses for arm therapy 
within the context of the development of robot-assisted therapy. Then, this 
chapter evaluates the spring orthosis approach in light of recent evidence 
concerning the role of mechanical assistance, functional exercise, and 
computer gaming in promoting upper-extremity movement recovery after 
stroke. This evidence suggests a path forward toward simplifi ed spring- 
based orthoses for home use. As an example, we discuss the design and 
initial testing of a simple lever-based spring orthosis, the Resonating Arm 
Exerciser.  
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   Abbreviations 
  LARA    Lever actuated resonance assistance   
  RAE    Resonating Arm Exerciser   
  T-WREX    Therapy-Wilmington robotic 

exoskeleton   
  WREX    Wilmington robotic exoskeleton   

27.1         Introduction: 
From the Appearance 
of Robot-Assisted Movement 
Therapy to the Development 
of the Spring Orthosis 
Approach 

 Beginning in the late 1980s, engineering and 
rehabilitation research groups identifi ed the 
potential to develop new technologies for upper- 
extremity rehabilitation in neurologic disorders. 
A key realization was that rehabilitation technol-
ogy had not yet taken full advantage of informa-
tion and robotic technology. Existing therapeutic 
equipment allowed people with arm weakness to 
practice arm movement, but it did so with limited 
fl exibility, feedback, and engagement. For exam-
ple, devices such as overhead slings, mobile arm 
supports, or simply a towel on a tabletop provided 
assistance in moving the arm against gravity, and 
devices such as elastic bands and hand exercise 
bicycles provided resistance for specifi c arm 
movements. Yet they had limited adjustability in 
the pattern of assistance that they could apply 
relative to that which was possible with a robotic 
device. Further, upper-extremity rehabilitation 
technology that was routinely used in clinics 
lacked sensors, with the notable exception of 
dynamometers. Adding sensors and then connect-
ing the sensors to a computer would allow mea-
surement and recording of arm movement ability, 
providing feedback to both the patient and thera-
pist about progress. Further, once the sensed 
information was in the computer, then it could be 
used to control computer games, which allowed 
for the possibility of improving patient engage-
ment in the exercises performed with the device. 

 Out of this rationale came several new robotic 
devices, including the MIT-Manus [ 1 ], the MIME 

[ 2 ], the ARM-Guide [ 3 ], and the Bi-Manu-Track 
[ 4 ]. Each device took the approach of assisting 
patients in making movements with the arm or 
forearm as they played simple computer games. 
Twenty years later, hundreds of patients have 
been involved in randomized controlled trials 
with these earlier devices, and two of these origi-
nal devices are commercially available (MIT- 
Manus as InMotion ARM Interactive Therapy 
System and Bi-Manu-Track). The studies indi-
cate that people with an acute or chronic stroke 
can recover additional movement ability if they 
exercise for tens of hours with these devices; the 
transfer to functional movement is typically 
small [ 5 – 10 ]. Exercise with a robotic device has 
also been found to be as effective or, in some 
cases, more effective than a matched amount of 
exercise performed with a therapist [ 8 – 10 ] or a 
matched amount of exercise performed with 
another rehabilitation technology, such as 
electromyogram- triggered functional electrical 
stimulation [ 11 ] or sensor-based approaches to 
range of motion exercise [ 12 ]. 

 Developers of next-generation technology for 
upper-extremity therapy asked the question 
“How can we improve upon these initial robotic 
designs?” Many possible pathways have emerged, 
but three stood out to our group in the early 
2000s. First, robotic devices were at the high end 
of complexity in the spectrum of therapeutic 
technology. While these devices were powerful 
tools for studying rehabilitation therapy, it was 
unclear whether their therapeutic benefi t justifi ed 
their cost. What had been demonstrated was the 
importance of repetitive practice of movement 
attempts, with or without robotic guidance pres-
ent [ 13 ]. Further, installing motors on an orthosis 
or manipulandum (making the device robotic) 
increased cost and complexity and decreased 
safety. Therefore, we asked whether it would be 
possible to gain the benefi ts of robotic assistance 
without the robot. 

 The second new pathway emerged out of the 
observation that initial robotic therapy devices did 
a relatively poor job of training functional move-
ments. Functional movements are characterized 
by three features. First, they are oriented at achiev-
ing activities of daily living: prevailing robot ther-
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apies focused on simple range of motion and 
tracking games rather than simulating activities of 
daily living. Second, they often involve the use of 
many or all joints of the arm simultaneously; 
existing robots typically offered one or two 
degrees of freedom, with the exception of the 
MIME device, but this device relied on an indus-
trial robot that did not match the workspace of the 
human arm. Third, functional movements typi-
cally require coordination of the hand with the 
arm to achieve a meaningful goal; existing robots 
typically worked on the arm or forearm in isola-
tion. At the same time, the importance of func-
tional training was also being promoted by the 
broader fi eld of rehabilitation science. This posi-
tion was infl uenced by both occupational therapy 
models in which functional practice is noted to 
hold greater meaning for a patient and by motor 
learning models in which transfer of learning is 
noted to be limited, and therefore, functional 
transfer would theoretically be maximized if 
patients spent therapy time practicing the activi-
ties they actually needed to relearn to do. 

 In addition, our thinking about the desirability 
for a functional focus was infl uenced by the 
development and pilot testing we had done with a 
very low-cost, web-based system for facilitating 
repetitive movement training called “Java 
Therapy” [ 14 ]. Java Therapy required users to 
log into a website and then play through a cus-
tomized program of movement training games 
using a mouse or joystick as the input device. In 
pilot testing, people with a chronic stroke 
responded enthusiastically to the objective feed-
back the system provided about their movement 
performance and accessed the system frequently 
from home. However, the use of a standard mouse 
or joystick as the input device meant that users 
could only practice mouselike or joystick-like 
movements, and while we measured improve-
ments in the ability to perform these movements, 
we found no functional improvements in move-
ment ability. 

 Third, initial robotic devices used only crude 
video games typically involving movement of a 
cursor to a target with a simplistic graphical 
reward given upon success. Given the sophistica-
tion and complexity of modern video games, 

there was clearly signifi cant potential to improve 
the challenge and engagement provided by the 
game interface. 

 My group moved along these three pathways 
with National Institute of Disability and 
Rehabilitation Research (NIDRR) support by 
developing a new device called T-WREX (or 
“Therapy-Wilmington Robotic Exoskeleton”), 
which was described in the doctoral dissertation 
research of Dr. Robert Sanchez [ 15 ]. First, we 
used a spring orthosis as the basic platform. That 
is, we designed T-WREX to be nonrobotic but to 
still allow severely weakened patients to move by 
providing gradable assistance against gravity 
with elastic bands. To achieve this, we collabo-
rated with Dr. Tariq Rahman of the A.I. duPont 
Institute for Children, who also with NIDRR sup-
port had developed the innovative arm support 
called WREX to assist children with weakened 
arms in moving their arms [ 16 ] (see Table  27.1  
for a summary comparison of the spring orthosis 
devices discussed in this paper, beginning with 
WREX and T-WREX). We scaled up the WREX 
design to be large enough and strong enough to 
support movements by adults with a stroke 
(Fig.  27.1 ). Second, we designed T-WREX to 
support functional movements. The use of 
WREX helped achieve this goal in part because 
WREX allowed a large range of motion and had 
been explicitly designed to allow feeding and 
other functional movements (Fig.  27.1b ). But we 
also developed and integrated a grip sensor that 
allowed detection of even trace amounts of hand 
grasp, thus allowing people with weakened, 
essentially “useless” hands to practice using their 
hands in a meaningful way in a virtual world, in 
coordination with their arms. Third, we devel-
oped a suite of computer games that were easy to 
learn yet engaging and which approximated the 
movements needed for activities of daily living. 
These games included activities such as cooking, 
shopping, bathing, and cleaning (Fig.  27.1c ).

27.1.1        Clinical Testing with T-WREX 

 We performed a pilot study with T-WREX at UC 
Irvine [ 15 ]. In this study, we fi rst quantifi ed the 
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effect of the gravity balance provided by 
T-WREX on voluntary arm movements by mea-
suring how well volunteers with moderate-to- 
severe stroke (mean Fugl–Meyer upper-extremity 
score 25,  n  = 9) could perform various arm move-
ments while they wore the orthosis with and 
without gravity balance. The users fi rst per-

formed a version of the Fugl–Meyer test that 
measured 14 tasks with a possible total score of 
28. The gravity balance improved the FM score 
by about one point on average, a small change. 
They then reached to two targets, one ipsilateral 
and one contralateral to their impaired arm. 
Gravity balance signifi cantly improved reaching 

Trial 1 GB off Trial 10 GB off Trial 20 GB off Trial 30 GB off
– 5 cm

Trial 1 GB On Trial 10 GB On Trial 20 GB On Trial 30 GB On
– 5 cm

a b c

  Fig. 27.1    ( a ) The T-WREX arm support exoskeleton was 
based on WREX and relieves the weight of the arm while 
allowing a wide range of motion of the arm. ( b ) This 
sequence of plots shows the hand trajectory when a person 
with severe paresis after chronic stroke tried to trace a circle 
in the frontal plane, without and with arm support from the 
T-WREX device. Without arm support ( top row ), the arm 
dropped, and the person was only able to hold it at the bot-
tom of the circle. With arm support ( bottom row ), the per-
son could begin to draw a circle, and the quality of the circle 
improved notably after 30 attempts, indicating that even a 

person who had not drawn a circle in years can quickly 
relearn how to, given an enabling dynamic environment. ( c ) 
Example of original T-WREX games, which all simulated 
activities of daily living. In the shopping game, the user 
reaches for items on the shelves, squeezes to grip the object, 
moves to the shopping cart, and releases to drop the object. 
The egg-cooking game is a similar pick-and-place task but 
requires control of the peak grip force as well as the mini-
mum grip force. Other games simulate driving, cooking, 
cleaning, self-care, and sports (Adapted from Sanchez et al. 
[ 15 ]; © 2006, IEEE; used with permission)       

   Table 27.1    Examples of spring orthoses for upper-extremity rehabilitation   

 Device  Advantages  Limitations 

 WREX [ 16 ]  Allows gradable assistance in three dimensions using elastic 
bands and four bar mechanisms. Can now be 3D printed and 
worn as an assistive device for children with weak arms 

 No grip force or joint motion 
sensing 

 T-WREX [ 15 , 
 17 ] 

 Based on WREX. Incorporated grip force and joint motion 
sensing allowing patients to perform rehabilitation exercise by 
playing task-oriented, therapeutic computer games 

 Time consuming to adjust link 
lengths and amount of support 

 ArmeoSpring 
[ 18 – 25 ] 

 Commercial product based on T-WREX. Quickly adjustable 
for different patient morphologies and assistance level needs 

 Expensive ($60,000) 

 FreeBal [ 26 ]  Supports the forearm with a simple spring mechanism acting 
through an overhead boom. Quick and easy to set up 

 Does not measure individual 
joint motions 

 ArmeoBoom 
[ 27 ] 

 Commercial product based on FreeBal  Does not measure individual 
joint motions. Still relatively 
expensive ($15,000) 

 Resonating Arm 
Exerciser (RAE, 
78, 79) 

 Attaches to a wheelchair and provides assistance to shoulder/
elbow movement using mechanical resonance 

 Only allows forward/back arm 
movement in the parasagittal 
plane 

 LARA [ 28 ]  Based on RAE. Allows individual with weakened arm to 
propel a wheelchair bimanually 

 Maneuverability limited 
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to the contralateral target but not to the ipsilateral 
target. The most dramatic results came when the 
volunteers attempted to trace the outline of a 
large plastic disk placed in the frontal plane about 
20 cm in front of their torso. The gravity balanc-
ing provided by T-WREX signifi cantly improved 
the accuracy of the drawn circles for those who 
were able to draw a circle (Fig.  27.1b ). Most 
strikingly, it also improved the ability of the vol-
unteers to draw circles for those subjects who 
could not draw them without assistance (i.e., for 
those volunteers who could not hold their arms at 
the top of the circle against gravity). Thus, provi-
sion of gravity compensation allowed people 
who had not made certain movements (i.e., 
frontal- plane circles) for years to quickly relearn 
how to make those movements (Fig.  27.1b ). 
Subsequent testing with T-WREX showed that 
the device improved quality of movements of 
people with stroke, as measured by smoothness 
and timing as well [ 29 ]. 

 We also performed a pilot therapeutic test of 
T-WREX at UC Irvine [ 15 ]. Volunteers with 
moderate-to-severe arm impairment after chronic 
stroke (mean starting FM score 22) practiced 
moving with T-WREX three times per week, 
45 min per session, over an 8-week period. They 
improved their movement ability as quantifi ed by 
an average change in Fugl–Meyer score of 20 % 
compared to baseline, hand grasp strength by 
50 %, as well as unsupported and supported 
reaching range of motion by 10 %. They achieved 

these improvements with approximately 6 min of 
direct contact with a rehabilitation therapist per 
45 min of training. This interaction was neces-
sary to help the volunteer to attach and detach his 
arm from the device. 

 Encouraged by these results and with the sup-
port of the NIDRR MARS (Machines Assisting 
Recovery in Stroke) RERC (Rehabilitation 
Engineering Research Center) led by Drs. Zev 
Rymer and Jim Patton, we refi ned T-WREX and 
performed a single-blind, randomized controlled 
trial of it at the Rehabilitation Institute of 
Chicago, under the supervision of the occupa-
tional therapist Sarah Housman [ 17 ]. We com-
pared movement training with T-WREX against 
the standard approach for semiautonomous exer-
cise at RIC, which was to train the weakened arm 
by using a tabletop to support the arm and a towel 
to remove the friction between the arm and the 
table (Fig.  27.2a ). Twenty-eight chronic stroke 
survivors were randomly assigned to the experi-
mental (T-WREX) or control (tabletop exercise) 
treatment. A blinded evaluator rated upper- 
extremity movement before and after 24 1-h 
treatment sessions and at 6-month follow-up. The 
volunteers were also asked to rate their prefer-
ence for T-WREX versus tabletop exercise after a 
single-session crossover treatment. The volun-
teers signifi cantly improved upper-extremity 
motor control (Fugl–Meyer [ 30 ]), active reaching 
range of motion (ROM), and self-reported qual-
ity and amount of arm use (Motor Activity Log 
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  Fig. 27.2    ( a ) In a single-blind randomized controlled 
trial of T-WREX, we compared training with T-WREX to 
training of the arm on a tabletop with a towel. ( b ) 
Improvements in upper-extremity (UE) movement ability 
as measured with the UE Fugl–Meyer (FM) scale follow-
ing chronic stroke with 2 months of T-WREX therapy 
( n  = 14) and conventional tabletop exercise ( n  = 14) were 
signifi cantly different at 6-month follow-up ( p  = 0.05). ( c ) 

Percentage of subjects preferring T-WREX therapy, com-
pared to conventional, self-directed tabletop exercise, 
measured in our study. Subjects in both groups were given 
a chance to try each therapy and then select which one 
they preferred in ten categories, of which four are sum-
marized here (From Housman et al. [ 17 ]; © 2009; 
reprinted by permission of SAGE Publications)       
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[ 31 ]). Improvements in the T-WREX group were 
better sustained at 6 months (improvement of 
3.6 ± 3.9 versus 1.5 ± 2.7 points, mean ± SD, 
 p  = 0.05, Fig.  27.2b ). The volunteers reported a 
strong preference for the T-WREX training com-
pared to the tabletop training (Fig.  27.2c ). The 
amount of supervision time required for both 
groups was about 3 min, following an initial 
training period of three sessions.

   These results were encouraging: training with 
T-WREX produced detectably better results than 
a matched duration of the tabletop exercise and 
was substantially preferred by patients but 
required minimal direct supervision time, in an 
amount comparable to the time required for a 
simple form of semiautonomous exercise (table-
top exercise with a towel). Also in support of the 
general approach, another group showed also that 
computer game-driven movement practice with 
the arm supported by a different spring-based 
arm support, the FreeBal system, could improve 
arm motor recovery after chronic stroke [ 26 ].  

27.1.2     Commercialization of T-WREX 
into ArmeoSpring and Further 
Testing 

 Hocoma AG licensed the intellectual property for 
T-WREX from the University of California at 
Irvine and then substantially improved the 
mechanical, electrical, and software designs of 
T-WREX for usability and manufacturability. 
The resulting ArmeoSpring device (Fig.  27.3 ) is 
as of 2015 being used in over 700 clinics around 
the world.

   Multiple research studies have been conducted 
with ArmeoSpring measuring its therapeutic 
effects and expanding its use by other patient 
populations. Training with ArmeoSpring 
improved impairment and activity measures in 
chronic stroke patients with more mild hemipare-
sis than had been tested in previous studies with 
T-WREX (average starting Fugl–Meyer Upper- 
Extremity Score 45.7/66) [ 18 ]. Training with 
ArmeoSpring by individuals in the acute phase 
after stroke, as opposed to the chronic stage, was 
found to be about as effective as conventional 

one-on-one training with a therapist [ 19 ,  20 ]. In 
one of these studies, the group that trained with 
ArmeoSpring signifi cantly improved shoulder 
range of motion and movement smoothness, 
while the control group did not [ 20 ]. The 
ArmeoSpring group also expressed higher satis-
faction with the therapy [ 20 ]. ArmeoSpring was 
also combined with an iterative electrical stimu-
lation system, improving clinical outcomes for 
individuals with chronic stroke [ 21 ]. 

 Another study used ArmeoSpring to investi-
gate if the weight support provided by the device 
was in and of itself therapeutically advantageous 
[ 22 ]. This study compared the therapeutic effects 
of a single computer game, played alone, or with 
haptic input from a haptic robot, or with arm sup-
port from ArmeoSpring. All three groups 
improved a comparable amount, although the 
haptic group improved more on the Box and 
Blocks score. The mechanical constraints inher-
ent to ArmeoSpring appeared to prevent learning 
of some compensatory movements. 

 ArmeoSpring has also now been tested with 
other patient populations besides individuals 
with stroke. ArmeoSpring was found to increase 
amount of training while reducing amount of 
active therapist time required and to have a small 
therapeutic benefi t for individuals with subacute 
cervical spinal cord injury, but only for individu-
als with partial hand function at baseline [ 23 ]. 

  Fig. 27.3    ArmeoSpring, developed by Hocoma AG 
based on T-WREX, is designed to be more quickly adjust-
able than T-WREX for easier clinical use (Courtesy 
Hocoma AG)       
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Training with ArmeoSpring benefi ted individuals 
with multiple sclerosis in a pilot study with ten 
individuals with a high level of disability [ 24 ], as 
well as individuals with proximal humeral frac-
tures [ 25 ]. 

 In terms of assessment, ArmeoSpring was 
shown to provide reliable measurement of active 
arm workspace for people with cervical spinal 
cord injury [ 32 ]. A variety of kinematic measure-
ments obtained from ArmeoSpring during thera-
peutic game play accurately predicted clinical 
scores of upper-extremity movement ability after 
SCI [ 33 ]. Normative values for accuracy, speed, 
and smoothness for a single exercise using 
ArmeoSpring were recently established [ 34 ].   

27.2     Reevaluating the Conceptual 
Framework for Spring-Based 
Orthoses: Status 
of Functional, Assistive, 
Computer Gaming in Upper- 
Extremity Motor Recovery 

 The spring orthosis approach exemplifi ed by 
T-WREX resulted in a successful, clinically veri-
fi ed product, ArmeoSpring. However, even with-
out robotic actuators, this device is relatively 
expensive and impractical for widespread home 
use. There is therefore an apparent need to 
develop simpler spring orthoses for home use. 
One approach is the FreeBal device [ 35 – 37 ], 
which uses an overhead sling and cable/spring 
system to assist in three-dimensional movement 
and incorporates computer games. This device is 
now commercialized as ArmeoBoom. In a recent 
multisite study with 70 subacute stroke patients, 
training with ArmeoBoom produced comparable 
results to conventional training, although the 
patients rated the therapy as having higher inter-
est and enjoyment than the conventional training 
[ 27 ]. This suggests simpler spring orthoses may 
indeed retain comparable therapeutic benefi t as 
more complex devices. 

 With this in mind, in this section, we reexam-
ine the rationale for the spring orthosis approach, 
with the goal of extracting information to aid in 
the design of even simpler spring orthoses. As 

reviewed above, the rationale driving develop-
ment of T-WREX was that physical assistance 
(without recourse to robotics), functionally ori-
ented activities, and computer gaming best pro-
mote movement recovery of the upper extremity. 
We review recent research fi ndings that both sup-
port and challenge the three components of this 
rationale and, then in the next section, based on 
this reasoning, describe development of a very 
simple spring orthosis device, the Resonating 
Arm Exerciser. 

27.2.1     Is Physical Assistance 
Benefi cial for Promoting 
Motor Recovery? 

 Spring-based orthoses provide physical assis-
tance to help the patient move his or her arm. The 
role of different forms of physical assistance in 
promoting motor recovery after stroke remains 
unclear, but new insights are being gained, as we 
review in this section. 

 How does the motor system modulate muscle 
activity in response to physical assistance? For 
unimpaired adult volunteers, we found that the 
motor system adapts to robot-applied force fi elds 
by minimizing a cost function that includes error 
and effort terms (in a greedy or steepest descent 
fashion) [ 38 ]. The motor system achieves this 
minimization by an error-based adaptation algo-
rithm that contains a forgetting term. Essentially, 
the motor system applies slightly less force than it 
predicts is necessary for a given force fi eld envi-
ronment. The effect of this forgetting is that the 
motor system “slacks,” reducing its force output 
when kinematic errors are small. In other words, 
the human motor system seems to be fundamen-
tally organized to minimize its motor output when 
given a chance by a robotically assisting device. 
We have confi rmed that individuals with a stroke 
exhibit this same slacking behavior during reach-
ing movements assisted by a robotic orthosis [ 39 ]. 

 But does slacking affect motor learning and 
recovery? The answer is still unclear, but there is 
evidence from motor learning, strength training, 
and rehabilitation studies that suggest that slack-
ing does have an impact on these activities. 
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 Motor learning studies in healthy adults have 
found that learning is typically reduced or 
entirely absent if the trainee is passive during 
training, demonstrating the importance of volun-
tary drive for brain plasticity [ 40 – 42 ]. As an 
example, Lotze and colleagues [ 41 ] compared 
motor performance gains after a training period 
of either subject-driven (i.e., active) or robot-
driven (i.e., passive) wrist movements. Motor 
performance, measured as the number of move-
ments that hit a target window duration, was sig-
nifi cantly better after active training than after 
passive training. Passive training did not lead to 
signifi cant behavioral gains. In addition, the 
magnitude of cortical reorganization and the size 
of the engaged brain areas were each larger with 
active than with passively elicited movements. 
Likewise, active training of repetitive thumb 
movements resulted in persistent changes in the 
primary motor cortex, accompanied by charac-
teristic changes in corticomotor excitability, 
whereas passive training did not [ 42 ]. Guiding 
unimpaired subjects along the path needed to 
compensate for a visuomotor rotation reduced 
the rate of learning of the perturbation, com-
pared to experiencing errors, with the least learn-
ing when the subject was passive during guidance 
[ 43 ]. All of these studies suggest that slacking 
will diminish motor learning. 

 In a neurologic rehabilitation context, a recent 
study showed that robotically assisting wrist 
movement while the patient remained passive 
reduced spasticity at the wrist but also signifi -
cantly reduced the movement gains achieved 
compared to a patient active approach [ 44 ]. In 
this study, 27 hemiparetic volunteers with chronic 
stroke were randomly assigned to receive 20 ses-
sions of wrist training with an electromyogram 
(EMG)-driven robot or a passive motion device 
(passive group,  n  = 12). The EMG-driven group 
exhibited signifi cantly greater improvements in 
Fugl–Meyer scores. Both groups exhibited 
reduced spasticity of the wrist muscles. This 
study indicates that slacking to the point of pas-
sivity is undesirable, except possibly that such 
training might still help reduce spasticity. 

 For the Lokomat gait training robot, motor 
output was about 50 % of that compared to when 

a human therapist assisted spinal-cord-injured 
patients with the desired gait motion, measured 
by energy expenditure gauged by oxygen uptake 
[ 45 ]. This decreased motor output may help 
explain why motor gains with robotic gait train-
ing that did not reinforce patient effort with any 
feedback were about 50 % less than with 
therapist- assisted gait training, for patients who 
were ambulatory at study start after chronic 
stroke [ 46 ,  47 ]. 

 Notably, intensity of motor output matters for 
strength training, an important consideration for 
stroke given that studies that have compared a 
range of impairment measures with upper- 
extremity functional activity after stroke fi nd that 
weakness produces the strongest correlations 
[ 48 – 51 ]. Weakness following stroke primarily 
has a neurologic rather than muscular origin, as, 
for example, electrical stimulation can produce 
near normal muscle forces after stroke [ 52 ]. But 
strength in health also has a large neurologic 
component, as, for example, initial increases in 
force production cannot be explained by muscle 
hypertrophy which requires time-delayed protein 
synthesis, and imagined contractions alone can 
improve maximum force output [ 53 ]. In health 
and after stroke, the strength training literature 
indicates that larger intensity motor output more 
rapidly increases strength through both neuro-
logic and muscular pathways [ 54 ,  55 ]. It is thus 
rational to expect stroke patients to exercise at 
relatively high output levels to better stimulate 
mechanisms responsible for strength increases, 
i.e., motor output matters. 

 Besides encouraging slacking, physical guid-
ance also has the effect of reducing the experi-
ence of error, which may diminish learning. 
Reduced variability has been hypothesized to 
explain the reduced effectiveness of rigid robotic 
gait training in rodents and humans [ 56 – 58 ]. In 
the motor learning literature, the guidance 
hypothesis suggests that providing guidance too 
frequently, whether physical assistance or 
detailed knowledge of results, can create an envi-
ronment in which problem-solving skills are not 
learned [ 59 ]. Thus, when the guidance is 
removed, learning is reduced, although for some 
tasks, this may not be true [ 60 – 63 ]. 
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 If assistance has unexpected drawbacks in that 
it can cause slacking, increase passivity, and 
reduce errors or variability needed for learning, 
are there benefi ts to assistance? In a study of a 
hand training device, HWARD [ 64 ], the act of 
physically fi nishing the movement for the patient 
appeared to have a benefi t, as the group that 
received assistance for all training sessions 
recovered signifi cantly more, suggesting that 
afferent input caused by moving the hand pro-
voked plasticity in sensory motor brain areas. 
This HWARD study was also unique because the 
hand contacted physical objects as it closed dur-
ing training, providing increased tactile input. 
The idea that helping a patient fi nish a movement 
will promote recovery is consistent with a 
Hebbian concept of sensory motor rehabilitation 
in which sensory information that is enhanced by 
the robot and coordinated with motor output 
drives plasticity. This concept requires future 
testing. 

 Assistance also likely serves two practical 
functions that enhance practice. Assistance can 
make movements that are impossible for a patient 
to practice independently, now possible to prac-
tice. This function of assistance is clearly impor-
tant for gait training, as safely practicing gait 
requires a greater level of baseline ability than 
safely practicing simple arm and hand move-
ments. But assistance can also make practice 
more motivating. In the words of a volunteer in a 
T-WREX study, “If I can’t do something once, 
why would I do it a hundred times?” Assistance 
appears to increase “self-effi cacy,” and this may 
increase desire to practice [ 65 – 67 ]. 

 How does this information relate to the spring 
orthosis approach? As noted above, spring ortho-
ses take the approach of providing physical assis-
tance to help the patient move his or her arm yet 
provide a tangibly different form of assistance 
compared to the standard approaches developed 
for robotic therapy devices [ 68 ]; that is, they typi-
cally provide static gravity balancing alone rather 
than active guidance. Thus, unlike most robotic 
therapy devices, spring orthoses will not move 
unless the patient initiates movement, and this 
feature likely mitigates against slacking. Further, 
spring orthoses have very low impedance—just 

their inertia—and thus, they do not constrain the 
user to any particular movement, allowing vari-
ability in movement trajectories and thus, pre-
sumably, the experience of error. Thus, spring 
orthoses preclude high levels of slacking by 
requiring the patient to generate movement, allow 
the experience of error and variability, and 
enhance active range of motion and thus motiva-
tion and self-effi cacy. Development of simpler 
spring orthosis should likely seek to incorporate 
these same properties as well.  

27.2.2     Is “Functional” Training 
Better Than “Nonfunctional” 
Exercise? 

 One characteristic of functional movement train-
ing is that it often involves the coordinated use of 
many joints in the upper extremity. Remarkably, 
some of the best clinical results gained with 
robot-assisted therapy have come from two stud-
ies that used devices that only assisted in few 
degrees of freedom of motion. The fi rst study was 
performed with the Bi-Manu-Track, a device that 
assists unilateral and bilateral forearm supina-
tion/pronation or wrist fl exion/extension move-
ments [ 11 ]. Robotic training of the forearm and 
wrist using the Bi-Manu-Track device produced 
greater improvements than EMG-triggered FES 
of the wrist in subacute stroke patients ( n  = 44). 
The FM score was 15 points higher at study end 
and 13 points higher at 3-month follow-up than 
the FES group, a larger difference noted than in 
any other study of robot-assisted therapy. In this 
study, the activities performed might be charac-
terized as “nonfunctional,” involving rotation of 
the wrist or forearm in order to track computer 
targets, perhaps making any transfer to functional 
movement ability surprising. 

 The second study was done with the HWARD 
device, which allows hand opening and closing 
by assisting in fi nger extension and fl exion 
around the metacarpophalangeal (MCP) joint, 
along with wrist fl exion/extension and simple 
thumb movement [ 64 ]. Chronic stroke patients 
who received robot assistance using the HWARD 
device for all of their training movements ( n  = 7) 
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recovered signifi cantly more hand function than 
patients who received robot assistance for only 
half of their training movements (i.e., for only the 
last 7.5 sessions of a 15-session protocol,  n  = 6). 
The increase in FM score was 9.1 versus 5.8 
points, for the two groups, which again were 
large changes. In this study, it should be noted 
that the training activities were designed to simu-
late hand functional activities. However, the 
device ignored use of the arm, and functional use 
of the upper extremity typically requires coordi-
nated arm and hand use. 

 One might use these two studies to suggest an 
approach to robotic therapy for the upper extrem-
ity that focuses on the hand only, with a reduced 
number of degrees of freedom and possibly a lim-
ited use of functional games. But the picture is still 
far from conclusive. For example, another study 
compared functional and impairment- based 
robotic training with MIT-Manus in volunteers 
with severe-to-moderate chronic stroke [ 69 ] and 
found that addition of hand therapy to arm therapy 
reduced recovery; that is, arm training alone was 
best. A total of 47 people were randomized into 
three groups: one that trained just the arm; one that 
trained the hand with the arm using the hand to 
transport objects to targets; and one that trained the 
hand with the arm, using the hand to grasp and 
release a simulated object. All three groups 
improved, but the group that focused on arm 
movement alone had signifi cantly better outcomes 
in the Fugl–Meyer score. Thus, focusing on distal 
function may not always bring more benefi t. 

 Two other recent studies with the BONES arm 
movement training robot further illustrate the 
current ambiguity around the role of functional 
training in rehabilitation. BONES is a six 
degrees-of-freedom, backdrivable arm exoskele-
ton specifi cally designed to assist in functional 
training [ 70 ]. In a study with unimpaired partici-
pants, BONES was used to guide the arm through 
a complex movement, similar to a tennis back-
hand stroke [ 71 ]. One group practiced only the 
target backhand movement, receiving guidance 
from BONES, and then periodically trying to 
replicate the movement without guidance. Three 
other groups practiced the backhand movement, 
but also subcomponents of the backhand move-

ment, broken down into the shoulder component 
alone and elbow component alone (anatomical 
decomposition), or four individual joint move-
ments in Euler components (Euler decomposi-
tion), or the motion of the elbow tip and hand 
with respect to the elbow (visual decomposition). 
Importantly, all groups practiced exactly the 
same number of movements; thus, the group that 
practiced only the target movement practiced this 
target movement in its entirety eight times more, 
since they did not “waste” time practicing the 
“nonfunctional” component movements. Yet, 
despite less experience with the target movement, 
the individuals who experienced part training 
learned better, but only when the motion was 
decomposed into anatomical coordinates. This 
suggests that breaking down a movement into 
specifi c components may aid in motor learning 
and challenges the idea that one should always 
practice the target functional movement. 

 The second study used a crossover design to 
evaluate the effi cacy of functionally oriented 
training with BONES, compared to individual 
joint training with BONES, for individuals with a 
chronic stroke [ 72 ]. In this study, 20 participants 
with a stroke exercised three times per week with 
one technique for 4 weeks, rested a week, and 
then crossed over to the other technique for four 
more weeks. Surprisingly, individual joint train-
ing was about as effective as functional, multi- 
joint training, across a broad range of clinical and 
robotic outcome measures. 

 These studies suggest that practicing a target 
functional task is not necessarily the most effi -
cient movement training strategy and seem to call 
into question the notion of limited transfer in 
motor training, since training with the part trans-
ferred well to learning the whole in both studies. 
A further key recent study that also challenges 
the idea of limited transfer is one in which 11 par-
ticipants with a stroke practiced for 5 days a feed-
ing task with their affected side [ 73 ]. The 
investigators tested whether the improvements in 
ability to perform this task transferred more to a 
similar, untrained task than a dissimilar, untrained 
task. Surprisingly, performance on all three tasks 
improved, and was not dependent on the degree 
of similarity to the trained task. 
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 How does this information relate to the spring 
orthosis approach? It suggests that it may not be 
necessary to have complex multi-DOF exoskele-
tons to achieve therapeutic benefi ts. That is, 
while the use of high DOF, functionally oriented 
exoskeletons is not detrimental and allows fl exi-
bility in selecting movements to train, it may be 
possible to design simpler devices with fewer 
DOF that focus on a reduced set of key compo-
nent movements required for functional move-
ments. Devices that help train the “part” may 
contribute to learning the “whole.”  

27.2.3     Can Computer Games 
and Quantitative Feedback 
Improve Recovery? 

 A third premise of the spring orthosis approach 
as exemplifi ed by T-WREX, as well as much 
other robotic and nonrobotic upper-extremity 
therapeutic technology, is that engaging patients 
in computer games will improve recovery. This 
premise was recently directly tested by measur-
ing changes in gait biomechanics when people 
with hemiparesis due to a stroke exercised with a 
robotic ankle device, either performing the ankle 
exercises in the context of a computer game or to 
a metronome [ 74 ]. The computer game required 
the volunteers to use the foot movements to navi-
gate a plane or boat through a virtual environ-
ment that contained a series of targets. Participants 
in the gaming group demonstrated signifi cantly 
better gains in ankle power generation at push-off 
and in ankle and knee range of motion. This is a 
compelling result because the investigators con-
trolled for the number of movements performed 
by each group by using the metronome in the 
nongaming environment. 

 Providing objective feedback, measured with 
a sensor, to patients about their movement ability 
also appears to improve recovery. In a recent 
multisite trial, 179 people with stroke were ran-
domized to two groups [ 75 ]. One group of par-
ticipants was informed of their self-selected 
walking speed immediately after a single, daily 
10-m walk, while the other group performed the 
walk, but was not informed of their speed. The 

group that received objective feedback improved 
walking speeds signifi cantly more by about 25 %. 
This result supports the use of objective feedback 
of motor performance to motivate and enhance 
training. 

 How does this information relate to the spring 
orthosis approach? At a minimum it suggests that 
making a task engaging and making feedback 
available about performance of the task are ben-
efi cial for any proposed simpler spring orthosis.   

27.3     Toward Simpler Spring 
Orthoses: The Resonating 
Arm Exerciser 

27.3.1     Design Rationale 

 While T-WREX, and subsequently ArmeoSpring, 
as well as FreeBal and ArmeoBoom, demon-
strated that it is possible to achieve some of the 
benefi ts of robotic assistance without the robot, 
these devices remain complex on the spectrum of 
therapeutic technology. Indeed, even though 
ArmeoSpring and ArmeoBoom are currently 
being used in hundreds of rehabilitation clinics, 
therapeutic access to such devices is still limited 
to a small percentage of the target population. 
This fact was highlighted by a visit to our labora-
tory by Dr. Don Schoendorfer, the founder of 
Free Wheelchair Mission, a nonprofi t organiza-
tion that seeks to provide low-cost wheelchairs to 
the more than 100 million individuals in develop-
ing nations who cannot afford a wheelchair [ 76 ]. 
While Dr. Schoendorfer was enthusiastic about 
rehabilitation robotic technologies, he challenged 
us to develop simpler devices that could provide 
some of the benefi ts of robotic therapy to indi-
viduals who have motor impairment and limited 
fi nancial resources. 

 In response to this challenge, we developed a 
device that focused fi rst on achieving the primary 
rationale for the spring orthosis approach—physi-
cal assistance—but in a much simpler way. We 
developed the mechanical design from two core 
concepts. The fi rst was to base the new device on 
an existing low-cost technology, the $70 manual 
wheelchairs developed by Free Wheelchair 
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Mission. The second was to implement a success-
ful arm therapy developed by Dr. Hilde Feys, in 
which individuals with stroke repetitively rock 
themselves back and forth in a rocking chair by 
pushing and pulling with their impaired arm [ 77 ]. 
In a large-scale randomized controlled trial, Feys 
found that individuals who performed this exercise 
during the subacute phase of stroke had a signifi -
cantly greater increase in FM score of 17 points at 
a 5-year follow-up [ 78 ], a notable gain on the order 
of the largest benefi t obtained with a robotic device. 

 The result of this design approach was RAE 
(the Resonating Arm Exerciser; see Fig.  27.4 ) 
[ 79 ]. RAE is simply a lever with a hinged fore-
arm support that can be rigidly attached to the 
push rim of a manual wheelchair. Elastic bands 
stretch between the lever and the wheelchair 
frame, supporting the weight of the arm against 
gravity, like T-WREX. However, the device also 
provides another form of assistance because it 
can be approximated as a linear, second-order 
system with a resonant mode [ 79 ]. If the user 
moves the lever back and forth at the resonant 
frequency of the system, the elastic bands assist 

the user, increasing his or her forward and back-
ward range of motion for a given input force. 
Thus, while RAE provides arm support against 
gravity like prior spring orthoses, it also provides 
active assistance during movement using reso-
nance in a direction roughly orthogonal to grav-
ity. Since RAE is a passive device, the user will 
not receive this resonance assistance without 
active involvement in the exercise, achieving the 
goal of minimizing slacking while providing 
physical assistance during therapy.

   A possible limitation of RAE’s simple design 
is that it only allows repetitive practice of a sin-
gle, stereotypical back and forth arm movement 
involving coordinated shoulder and elbow fl ex-
ion and extension. These movements are argu-
ably nonfunctional in nature. However, they do 
represent a key subcomponent of a functional 
reach-and-retrieval task. As reviewed in the pre-
vious section, recent studies suggest that practic-
ing appropriate movement components may lead 
to increased benefi t over practice of complete 
movements alone [ 71 – 73 ,  80 ,  81 ]. That is, prac-
ticing the “part” with RAE may ultimately bene-
fi t the “whole” functional arm movements the 
user wishes to make. 

 Finally, as discussed above, several studies 
involving computer games and feedback in reha-
bilitation suggest that the rehabilitation task 
should be engaging and should provide feedback 
about performance of the task. While the fi rst 
version of RAE did not incorporate computer 
games, exercise with RAE is engaging and goal 
oriented, since a user must move his or her arm 
with a specifi c timing to achieve the desired reso-
nance assistance. In addition, when the timing is 
correct, the user receives feedback because his or 
her arm moves through a wider range of motion, 
and he or she experiences a soothing rocking 
motion like the one provided by a rocking chair.  

27.3.2     Therapeutic Testing 
of the Resonating Arm 
Exerciser 

 After developing RAE, we performed several 
studies to understand the therapeutic effi cacy of 

  Fig. 27.4    A person using RAE with a “fl at-palm” grip in 
a standard wheelchair. The participant uses RAE by push-
ing and pulling rhythmically on the lever, moving their 
shoulder, elbow, and wrist in a coordinated pattern that is 
a key subcomponent of a reach-and-retrieval task. The 
elastic bands attached between the RAE lever and the 
wheelchair frame support the arm against gravity while 
creating a resonant system that provides active assistance 
during rhythmic exercise (Adapted from Zondervan et al. 
[ 79 ]; used with permission)       
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exercise with the device after stroke. As a fi rst 
step, we invited six individuals in the chronic 
phase of stroke to use RAE in a single laboratory 
session [ 79 ]. We instructed the participants to 
exercise with RAE at whatever frequency felt 
most natural. We compared their self-selected 
movement frequency during exercise to the esti-
mated resonant frequency of the system, deter-
mined by measuring the step response of the 
lever with the participant’s arm in the device. We 
also asked participants to push and pull on the 
lever with a single, sustained effort, and we mea-
sured the maximum range of motion they 
achieved. We compared this value to the maxi-
mum range of motion they achieved during 
rhythmic exercise. Here, we found that individu-
als successfully entrained to the resonant fre-
quency of the system during rhythmic exercise 
without explicit instruction and that this reso-
nance signifi cantly increased their maximum 
range of motion with RAE by a factor of 1.7 
( p  = 0.04). This study verifi ed that even individu-
als with severe impairment can easily entrain to a 
resonant system and that a lever-based system 
using resonance can not only provide weight sup-
port but can also provide assistance for move-
ments orthogonal to gravity via the resonance. 

 Next, we performed a pilot study with eight 
volunteers in the chronic phase of stroke at the 
Instituto Nacional de Neurología y Neurocirugía 
in Mexico City, to determine if exercise with 
RAE could improve their arm movement ability 
[ 79 ]. Three participants exercised with RAE for 
eight 45-min sessions spread out over 3 weeks 
and then rested for 3 weeks. The other fi ve par-
ticipants rested for 3 weeks and then completed 
the same 6 h of therapy. We measured each par-
ticipant’s active range of motion in RAE, their 
Fugl–Meyer score, and their subjective pain lev-
els before and after both the exercise period and 
the rest period. Individuals in the chronic phase 
of stroke have reached a well-documented 
 “plateau” in arm recovery; thus, we used the par-
ticipant’s initial assessment as a baseline. The 
group that rested fi rst ( n  = 5) had no signifi cant 
change in any of the outcome measures after the 
3 week rest period, confi rming this plateau effect. 
After the 3-week exercise period, the partici-

pants’ ( n  = 8) range of motion in RAE signifi -
cantly increased by 66 % ± 20 % ( p  = 0.003), and 
their FM score signifi cantly increased by 8.5 ± 4 
points ( p  = 0.009). The participants did not report 
any increase in pain, and the observed gains in 
arm movement ability were sustained 3 months 
after treatment. 

 Encouraged by these initial results, we per-
formed a randomized, controlled study of at- 
home exercise with RAE [ 80 ]. Sixteen 
participants with a mean initial FM score of 
21/66 (i.e., severe levels of arm impairment) in 
the chronic phase of stroke were randomized to 
perform either 3 weeks of home-based exercise 
with RAE for 3 h per week or 3 weeks of conven-
tional home-based exercises for 3 h per week, in 
the form of a booklet of arm exercises they were 
instructed to complete. The group that performed 
conventional exercises also crossed over to per-
form an additional 3 weeks of exercise with 
RAE. Both groups had signifi cant increases in 
FM score immediately after exercise, but these 
improvements were not sustained at 1 month 
posttreatment. Notably, exercise with RAE led to 
a signifi cantly greater increase in distal FM score 
than conventional exercises at 1 month posttreat-
ment (Fig.  27.5 ). These results again support the 
idea of “component-specifi c therapy” since the 
stereotypical exercises performed with RAE led 
to a reduction in impairment important for a wide 
range of tasks that were not explicitly trained.

   While this study successfully demonstrated 
the therapeutic potential of simpler spring 
orthoses, participants often remarked that exer-
cise with RAE was boring, and did not hold 
their attention. Following the model that proved 
successful for T-WREX, we developed video 
games for RAE to increase motivation. A key 
challenge in this effort is the fact that RAE has 
limited degrees of freedom and requires a user 
to move at a specifi c frequency, minimizing the 
number of inputs that can be extracted during 
exercise in order to control a video game [ 28 ]. 
We solved this problem by developing a novel 
algorithm that allows users to control a game by 
modulating their movement amplitude during 
rhythmic rocking. We then linked this input sys-
tem to games that only required a single input to 
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play, a paradigm that has become increasingly 
popular in mobile games (e.g., Flappy Bird, 
Temple Run, Jetman, etc.). In a pilot study, we 
found that individuals with stroke could suc-
cessfully use this system to play videogames 
and that this increased their motivation to exer-
cise with the device. 

 While video games are well suited to increase 
motivation and provide quantitative feedback, 
they are not the only solution to this problem. 
After observing that RAE gave individuals with 
even very severe motor impairment after stroke 
the ability to successfully move themselves back 

and forth in a wheelchair, we realized that a sim-
ple ratchet-like gear would enable them to self- 
ambulate with the device [ 28 ]. We developed a 
prototype version of this lever-actuated reso-
nance assisted (LARA) wheelchair and demon-
strated that individuals with severely impaired 
upper extremities could use this LARA wheel-
chair to move themselves over 50 ft in a straight 
line (Fig.  27.6 ). In this confi guration, the users 
received quantitative feedback in the form of 
visually observing their overground speed and 
driving accuracy and were highly motivated to 
use the device since it enabled them to obtain 

  Fig. 27.5    Changes in Fugl–Meyer score after 3 weeks of 
home-based exercise with RAE and home-based conven-
tional exercises ( n  = 16). While both groups had signifi -
cant improvements immediately after therapy, they were 
not retained 1 month later. After the conventional group 
crossed over to receive RAE therapy ( open squares ), they 
had signifi cantly improvements in FM score compared to 
baseline both immediately after therapy and at long-term 

follow-up. Notably, participants who exercised with RAE 
initially had signifi cantly greater improvements in distal 
function compared to the conventional group at 1 month 
posttherapy ( bottom right plot ,  p  = 0.02, shown with a 
‘+’).  * denotes signifi cant changes compared to baseline at 
 p  < 0.05.  Error bars  denote ±1 standard deviation (From 
Zondervan et al. [ 80 ]. © 2014; reprinted by permission of 
SAGE Publications)       
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independent mobility while using their impaired 
arm in a very meaningful way, often for the fi rst 
time in years. We are excited by these results, 
since we believe use of a LARA wheelchair after 
stroke can become a standard of practice in stroke 
rehabilitation, substantially increasing the num-
ber of repetitions of meaningful arm exercises 
that individuals achieve during inpatient rehabili-
tation while improving motivation, self-effi cacy, 
and independence.

27.4         Conclusion 

 In this chapter, we traced the development of 
spring-based orthoses for upper-extremity arm 
therapy, as exemplifi ed by T-WREX, 
ArmeoSpring, and the Resonating Arm Exerciser. 
Although spring-based orthoses are therapeuti-
cally effi cacious and now one of the most widely 
used upper-extremity therapy technologies, ran-
domized controlled trials are still needed to com-

  Fig. 27.6    Overhead view of wheelchair paths during 
self-propulsion by 12 subjects with severe hemiparesis 
after stroke (mean baseline FM score 17 ± 4 out of 66). 
The subjects used LARA to bimanually propel themselves 
in a wheelchair a maximum of 3 m in a straight line, ten 
times each; the fi rst and tenth trials are shown. Each line 
represents a different subject as they moved from left to 
right. The starting y-position for each subject is offset 
according to their FM scores, with the lowest scores at the 
bottom and the highest scores at the top. None of the sub-
jects could normally propel a manual wheelchair with 

their impaired arm, but after 15 min of practice with 
LARA, 10/12 succeeded in moving 3 m. Paths are fl ipped 
for the left-hemiparetic subjects so that the side of the 
wheelchair controlled by the impaired arm is always 
shown on the bottom side of the fi gure.  Dots  indicate 2-s 
intervals during the trial. The average speed across all 
subjects increased signifi cantly from the fi rst to the tenth 
trial, reaching 0.2 ± 0.2 m/s on the tenth trial (paired  t -test, 
 p  = 0.014). The subjects found the experience highly sig-
nifi cant because they were able to use their “useless” arm 
in a functional way       
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pare the spring orthosis approach to alternate 
technologies for therapy, including robotic 
devices and motion capture-based devices. The 
spring-based orthosis approach perhaps can be 
viewed as a motion capture device that conveys 
some of the positive benefi ts of robotic assistance 
for motivation and self-effi cacy, while preventing 
slacking. Thus, future comparisons of spring 
orthosis, robotics, and motion capture approaches 
should likely include measures of their effects on 
motivation, as well as of their effects on move-
ment ability. Pilot studies now demonstrate that 
simple spring-based orthoses, such as RAE, are 
feasible for home use. The extent to which the 
reduced fl exibility of such simpler spring ortho-
ses matters for therapeutic effi cacy is a key ques-
tion. Finally, we predict an increasing trend 
toward using spring orthoses as assistive devices 
throughout the day to improve functional activity 
and, by so doing, to provide therapy. The LARA- 
based wheelchair, which allows severely impaired 
hemiparetic individuals to propel themselves 
bimanually, is an example of this approach. 
Springs are typically lighter than robotic actua-
tors, and thus spring orthoses will likely become 
increasingly useful as wearable devices for 
improving functional activity.     
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      Virtual Reality for Sensorimotor 
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Principles and Evidence                     
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    Abstract  

  In the recent years, the use of virtual reality (VR) to enhance motor skills 
of persons with activity and participation restriction due to disease or 
injury has been become an important area of research. In this chapter, we 
describe the design of such VR systems and their underlying principles, 
such as experience-dependent neuroplasticity and motor learning. Further, 
psychological constructs related to motivation including salience, goal set-
ting, and rewards are commonly utilized in VR to optimize motivation 
during rehabilitation activities. Hence, virtually simulated activities are 
considered to be ideal for (1) the delivery of specifi c feedback, (2) the 
 ability to perform large volumes of training, and (3) the presentation of 
precisely calibrated diffi culty levels, which maintain a high level of chal-
lenge throughout long training sessions. These underlying principles are 
contrasted with a growing body of research comparing the effi cacy of VR 
with traditionally presented rehabilitation activities in persons with stroke 
that demonstrate comparable or better outcomes for VR. In addition, a 
small body of literature has utilized direct assays of neuroplasticity to 
evaluate the effects of virtual rehabilitation interventions in persons with 
stroke. Promising developments and fi ndings also arise from the use of 
off-the- shelf video game systems for virtual rehabilitation purposes and 
the integration of VR with robots and brain-computer interfaces. Several 
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challenges limiting the translation of virtual rehabilitation into routine 
rehabilitation practice need to be addressed but the fi eld continues to hold 
promise to answer key issues faced by modern healthcare.  

  Keywords  

  Virtual reality   •   Stroke   •   Motor rehabilitation   •   Neuroplasticity   •   Motor 
learning   •   Motivation   •   Serious games   •   Brain-computer interfaces   • 
  Haptics  

28.1        Principles of Virtual Reality 
in Stroke Sensorimotor 
Neurorehabilitation 

 Virtual reality (VR) is an approach to user- 
computer interface that involves real-time simu-
lation of an environment, scenario, or activity 
that allows for user interaction via multiple sen-
sory channels [ 1 ]. VR and virtual environments 
(VEs) are created by using hardware and soft-
ware that allow users to interact with objects and 
events that appear and sound, and in some cases 
feel, like those in the real world [ 2 ]. VEs are used 
in a rehabilitation context as an approach to 
improve the motor and cognitive ability of per-
sons with activity and participation limitations 
through the use of interactions with VEs [ 3 ]. 

 VR aims to substitute the real-world sensa-
tions by computer-generated sensory information 
and to facilitate natural interaction with the vir-
tual world. These characteristics modulate 
immersion, which is related to the multimodal 
nature of the perceptual senses. In this chapter we 
address the term of immersion in the context of 
visual presentation, and we describe how VEs 
leverage immersion and presence to describe the 
quality of the VE and the user’s experience of 
feeling like they are in the real world [ 4 ]. Further, 
experience-dependent neuroplasticity and motor 
learning serve as the basis for modern approaches 
to the rehabilitation of persons with neurologic 
dysfunction and inform the design of many vir-
tual rehabilitation systems. Brief orientations to 
these concepts and examples of virtual rehabilita-
tion applications incorporating them will begin 
this chapter (Sects.  28.1.1  and  28.1.2 ). Motivation 
drives several key attributes of behavior consis-

tent with motor learning, including salience, 
attention, and repetition. The psychology of 
motivation as it relates to participation in simu-
lated activities will follow in Sect.  28.1.3 , and its 
importance related to the future of virtual reha-
bilitation will be underscored in the conclusion 
section. Section  28.2  reviews the literature 
describing the role of interfaces and sensory pre-
sentations in virtual rehabilitation and their 
impact on the user experience. Sections  28.1  and 
 28.2  can be used by the reader to inform the 
design or refi nement of newer technology-based 
rehabilitation systems, virtually simulated, or 
otherwise. A review of studies examining the 
effi cacy of a wide variety of virtual rehabilitation 
systems applied to sensorimotor rehabilitation of 
persons with stroke will complete the chapter. A 
majority of these studies compare the relative 
effi cacy of virtual rehabilitation to traditional 
rehabilitation. This type of evidence can be used 
to evaluate current approaches to virtual rehabili-
tation and justify further study. The conclusion 
section that follows will identify several possible 
next steps for the effi cacy literature, proposing a 
shift in its focus as well as a discussion of the 
impact of new technologies. 

28.1.1      Presence and Embodiment 
in Virtual Reality 

 Even though there is no standardized defi nition 
for presence, it can be understood as the psycho-
logical state in which an individual is unable to 
acknowledge that an experience is computer gen-
erated [ 5 ,  6 ]. There is a consensus to characterize 
presence as a multicomponent construct [ 7 ]. It 
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has been commonly thought that presence is the 
key mechanism that makes VR work. Presence 
may be especially relevant in a neurologic popu-
lation, since the subjective perception when 
interacting with VEs elicited in persons with 
CNS dysfunction has been shown to be different 
to that of healthy subjects [ 8 ]. Characteristics of 
both the user and what and how sensory informa-
tion are presented by the VE determine the level 
of presence in VR. With regard to the user, the 
demographic (age, sex, educational level, etc.), 
psychocultural (social habits, interaction, etc.), 
and also clinical characteristics (motor, cogni-
tive, and psychological condition) modulate the 
perception of the virtual world and the interaction 
with it [ 9 ]. Likewise, a previous experience with 
VR systems may infl uence presence [ 9 ]. 

 Like presence, embodiment is a multicompo-
nent psychological construct. It has been defi ned 
as the sense of one’s own body [ 10 ], as the bodily 
self-consciousness [ 11 ], or as corporeal aware-
ness [ 12 ]. All the existing evidence seems to indi-
cate that presence and embodiment are innately 
linked. This relationship is evidenced by studies 
showing that the sense of presence can be modu-
lated with avatars that accurately represent the 
users’ actual selves (rather than avatars repre-
senting their ideal selves), which can facilitate 
their embodiment [ 13 ]. Recent research has 
focused on unifying aspects of the embodied 
cognition theories and on identifying its subcom-
ponents, such as body ownership and agency 
[ 14 ]. Agency refers to the sense that one can 
move and control one’s body [ 15 ]. Body owner-
ship can be defi ned as the sense that the body that 
one inhabits is one’s own [ 15 ]. Consequently, 
body ownership is continuous and omnipresent 
and is not only elicited during the movement but 
also during passive mobilization and at rest. 
Body ownership and agency are key mechanisms 
to facilitate embodiment in VR, which has tradi-
tionally been mediated by avatars that represent 
the user’s actions. 

 Research has shown that specifi c multisensory 
stimulation can promote not only illusory owner-
ship of parts of the body, such as rubber hands 
[ 16 ], but of the whole body. Multiple studies 
report that it is possible to perceive another per-

son’s body as one’s own [ 17 ], but also to induce 
full-body ownership of a mannequin [ 18 ] or a 
complete virtual body [ 19 ]. Embodiment in ava-
tars not only determines the body ownership and 
agency of the virtual representation but also the 
user’s perception of the world and their behavior. 
For instance, the illusory ownership of a smaller 
virtual body (a virtual child) has shown to cause 
overestimation of object sizes [ 20 ], while the 
ownership of taller avatars has shown to promote 
confi dence [ 21 ]. However, the relationship 
between presence and its infl uencing factors is 
not one-to-one. For example, high immersion, 
that is, the extent to which VR is capable of deliv-
ering an illusion of reality to the senses of a 
human participant [ 22 ], does not guarantee high 
level of presence [ 23 ]. In contrast, presence can 
be elicited by adding emotional valence to the 
media content, regardless of the media form [ 7 ]. 
In healthy adults the salience of the VE, the hard-
ware used to deliver the VE, and the personal 
qualities of the participants have been shown to 
interact in creating a sense of presence and 
immersion [ 23 ]. Complete immersion, however, 
is not a requirement for presence, as participants 
post stroke were shown to be present even in 
semi-immersive environments [ 24 ]. Thus, some 
characteristics of VR systems such as synchro-
nism of stimuli [ 19 ], alignment and continuity of 
the real and virtual bodies [ 25 ], and perspective 
[ 18 ], are determinants for inducing a sense of 
presence and embodiment and consequently are 
contributing factors in the effectiveness of 
VR-mediated therapies.  

28.1.2      Motor Learning Principles 

 Motor learning principles are defi ned as the set of 
processes associated with practice or experience 
that lead to relatively permanent changes in the 
ability to perform actions [ 26 ]. Different princi-
ples have been postulated to modulate motor 
learning after stroke. Salient, goal-directed, task- 
specifi c movement and practice of suffi cient 
intensity are important determinants in motor 
learning in human skill motor learning [ 27 ]. Even 
though these principles have rarely been  analyzed 
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in isolation after VR interventions, the role of 
motor learning principles has been discussed by 
authors who described their systems [ 28 ], in 
review papers [ 3 ,  29 – 33 ], as well as book chap-
ters [ 34 ]. One can fi nd motor learning principles 
embedded in VEs for motor rehabilitation [ 29 , 
 34 ]. In the following section, we will discuss a 
number of principles that have become integral to 
VEs for promoting skill acquisition in the real 
world such as enriched environments, augmented 
feedback, practice dosing, adaptation, motiva-
tion, and task-oriented experiences. 

28.1.2.1     Enriched Environments 
 Preclinical research on enriched environments 
serves as the basis for hypothesizing that enriched 
VR experiences could serve as rehabilitation 
tools to promote motor learning [ 35 ]. Initial fi nd-
ings with animal models have shown that 
enriched environments promote sensorimotor 
functions and learning after stroke [ 36 ]. The ben-
efi ts of enriched environments have been also 
postulated for human subjects. When persons 
post stroke were exposed to enriched environ-
ments that motivated exploration, physical train-
ing, and social interaction, they increased activity 
and decreased their alone time [ 37 ]. In this con-
text, VR is a promising tool to create synthetic 
computer-generated environments that provide 
augmented stimulation to stroke survivors.  

28.1.2.2     Intrinsic and Extrinsic 
Feedback 

 Movement performance is informed by both 
intrinsic and extrinsic feedback. Intrinsic feed-
back relates to the sensory-perceptual informa-
tion that is naturally generated during or after a 
movement. Augmented feedback—also known 
as extrinsic feedback—is an add-on to the intrin-
sic feedback with the goal of providing further 
information, in the form of knowledge of perfor-
mance (KP) and/or knowledge of results (KR), 
that can facilitate skill learning [ 38 ]. Augmented 
feedback is provided by an external source and 
not by the movement itself [ 39 ]. VEs can provide 
augmented feedback through different sensory 
modalities such as visual and auditory informa-
tion with audiovisual devices and proprioceptive 

information through specifi c interfaces such as a 
haptic apparatus, further described in Sect.  28.2 . 
Consequently, VR systems capitalize on both 
intrinsic feedback and augmented feedback [ 38 ]. 

 There is preliminary evidence supporting that 
augmented auditory feedback improves the 
speed and accuracy of virtually simulated activ-
ity performance in healthy participants as well as 
participants with brain injury [ 40 ]. Further, 
because VEs can track motion of body targets or 
segments, movement monitoring allows the 
feedback about movement performance and out-
come to be very specifi c. This fact could be key 
in the benefi cial effect in the recovery of motor 
function after stroke present in VR approaches 
[see [ 41 ] for review]. In studies comparing real-
world performance with comparable VE train-
ing, several authors have speculated that the 
cognitive processing required to process the KP 
in the VR enhances transfer of training to the 
real world [ 42 ,  43 ]. It is important to note that 
feedback from VEs, and in particular from 
games, can be nonspecifi c and focus on provid-
ing positive feedback to encourage participation. 
This is especially true with commercial video 
games that have been applied to rehabilitation 
[ 30 ]. To date, little is known about the impact of 
augmented feedback on the transfer of motor 
ability improvements from virtual activity to 
real-world activity [ 44 ].  

28.1.2.3     Task Specifi city 
 Task specifi city has long been a fundamental 
requirement for designing recovery of function 
programs. However, the evidence in virtual reha-
bilitation is controversial. The principle of speci-
fi city suggests that motor learning is more 
effective when practice includes environmental 
and movement conditions similar to those 
required for the execution of the movement [ 45 ]. 
This suggests that the benefi t of the practice spec-
ifi city occurs because motor learning is specifi c 
to the information available during the learning 
process. Therefore, removing a source of infor-
mation that was present during practice (or add-
ing another that was not present) impacts task 
performance. The specifi city of practice hypoth-
esis posits that motor skill learning can be 
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enhanced by practice conditions, especially sen-
sorimotor and perceptual information available, 
performance context characteristics, and cogni-
tive processes involved [ 46 ]. Consistent with this 
hypothesis, VEs can build on the most appropri-
ate available interfaces and feedback modalities 
to reproduce the relevant context of tasks, such 
as, haptic feedback to recreate the physics of 
object manipulation [ 47 ], video projections to 
augment tasks with contextual visual information 
[ 48 ,  49 ], or combining walking on a treadmill 
while performing a shopping task [ 50 ]. 

 VEs have been also used to recreate meaning-
ful tasks to be performed with the upper limbs. 
Virtual tasks emulating tasks for independent liv-
ing have been used for assessing the upper limb 
motor function after stroke [ 51 ], showing corre-
lations with clinical scales. Many different VEs 
have been successfully used for upper-limb reha-
bilitation with levels of ecological validity that 
varied widely [ 52 ,  53 ]. Given the multisensory 
training in VE, there may be essential task 
requirements, but perfect congruence with the 
real-world task may not be required. 

 Training walking is characteristically done 
using simulations in which participants walk on a 
treadmill as they navigate in parks, cityscapes, or 
corridors [ 54 – 56 ] (Fig.  28.1 ) or walk over obsta-
cles [ 58 ]. However, several investigators have 
used pre-gait or gait-related activities to train 
walking [ 42 ,  57 ]. The extent that the task prac-
ticed sensorimotor and perceptual feedback is 
congruent between the VE and real-world situa-
tion varies greatly based on the VR system. While 
both Fung and You [ 55 ,  57 ] sought to improve 
walking post stroke, each approached it with a dif-
ferent degree of task specifi city. For example, in a 
proof of concept study, Fung had participants post 
stroke walking in a virtual scene on an actuated 
treadmill, which allowed changes in path speed as 
well as orientation, producing a high degree of 
vestibular and proprioceptive fi delity with the VE. 
In contrast You had participants performing step-
ping and pre-gait activities on the ground with a 
level surface, in which a TheraBand™ was placed 
on the participants’ limbs to augment the proprio-
ceptive input. Fung measured and demonstrated 
participants’ ability to adapt their walking based 

on the environmental demands, while You mea-
sured walking performance and demonstrated 
improvements after training. Their fi ndings sug-
gest that task specifi city may be benefi cial but not 
essential in VE constructions in order to demon-
strate transfer of training.

28.1.2.4        Dosing 
 The dose of the training has been reported as a 
central factor in motor learning [ 59 ]. Dosing 
depends on three key parameters: training dura-
tion and frequency with which the individual per-

  Fig. 28.1    An interactive VR-coupled locomotor system 
[ 55 ] incorporating a self-paced treadmill and dynamic 
haptics [ 57 ] mounted on a 6-degree-of-freedom motion 
platform. Computer-controlled, synchronized animations 
are rear projected onto a large screen that can be viewed in 
3D with polarized glasses. Such a system can be used to 
train locomotor adaptation needed to meet demands 
related to the changing environment (obstruction and sur-
face angle, etc.), tasks (speed requirements, avoiding 
moving obstacles, dual tasking etc.), and cognitive 
requirements (attention, planning, etc.) (Reproduced with 
permission of Joyce Fung)       
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forms training and the number of repetitions 
performed during training. It is known that a suf-
fi cient dose of practice needs to be performed in 
order to produce skilled behavior [ 60 ] and neuro-
plastic changes [ 61 ]. VEs are designed to pro-
mote repetitive task practice that can be tracked 
and progressed. The number of lower extremity 
repetitions in VE training has been reported to be 
comparable to repetitions in animal studies that 
successfully induced plasticity [ 28 ]. Further, 
work comparing the number of purposeful move-
ments executed with the upper limb of persons 
post stroke during standard of care was fi ve times 
lower and slower than when playing Kinect™ 
[ 62 ]. Dose alone, however, is not suffi cient for 
motor learning and neural plasticity (see 
Sect.  28.3 ).  

28.1.2.5     Adaptability 
 The repetition of a task is critical for its learning 
and its refi nement. However, the mere repetition 
of a task has not been shown to induce plastic 
changes in motor maps. Studies in animals have 
shown that exposure to a task that requires little 
or no learning does not produce changes in motor 
maps or neural morphology [ 63 ]. Based on this 
principle, rehabilitation interventions should 
involve motor skills with growing diffi culty to 
always pose a motor challenge for poststroke 
subjects [ 64 ]. The benefi ts of VEs are, on one 
hand, that they can accurately assess the patients’ 
motor condition and, on the other hand, that they 
can adapt the motor tasks to match this changing 
condition. Adaptability of the motor tasks has 
been integrated in several VEs, from the upper 
limb [ 52 ] to balance [ 65 ]. VR systems with built-
 in calibration capabilities or personalization 
algorithms to autonomously adjust the intensity 
of training sessions to each patient have been 
shown to be more effective as compared to con-
ventional therapy [ 66 – 68 ].  

28.1.2.6     Motivation 
 Motivation can be defi ned as the set of forces that 
move an individual to act, which may be extrinsic 
(prompted by an external reward) or intrinsic 
(propitiated because the task is inherently plea-
surable: curiosity, play, etc.). Research has shown 

that motivation promotes learning [ 69 ]. As shown 
in the following section, motivation plays a major 
role in VE because it persuades patients to 
accomplish a task and facilitates presence in the 
virtual world.   

28.1.3      Motivating Through Gaming 
Elements in Virtual 
Environments 

 There are multiple models of motivation, some of 
which explore intrinsic motivational factors in 
which the motivation is derived from the act of 
participation itself or extrinsic factors in which 
the person is motivated by the purpose of the 
activity [ 70 ]. In the context of sensorimotor reha-
bilitation, the goal is to facilitate clients to be 
self-directed and motivated, both because the 
activity is interesting in itself and because achiev-
ing the outcome is important. There is agreement 
that gaming elements can improve motivation 
and that, if paired with other activities, they can 
be harnessed to engage users and achieve desired 
outcomes [ 71 ]. However, there is no consensus 
regarding the required essential characteristics of 
these gaming elements. Many elements have 
been suggested to be important for the design of 
a successful game, such as fun, fl ow, goals, feed-
back, game balance, pacing, interesting choices, 
and narrative structure among others [ 72 ]. In the 
following sections, we will discuss some of the 
intrinsic characteristics of games that can affect 
motivation and learning [ 73 ], and how those are 
used in the context of motor rehabilitation. While 
these intrinsic characteristics are discussed as 
gaming elements in VE, it is important to note 
that many of them, for example, goal setting, bal-
ancing challenge, and reward, overlap with prin-
ciples of motor learning. 

28.1.3.1     Goal Setting 
 Games generally set multiple goals at different 
time scales. An appropriate balance of short, 
medium, and long-term goals has been shown to 
have a motivating effect in extending game play 
[ 72 ]. Further, goals should be achievable but they 
should also be attained through a chain of 
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 interesting decisions. That is, when players are 
presented with choices, no one decision should 
be obviously correct. Most VEs exclusively 
designed for motor rehabilitation only consider 
immediate goals (to perform a specifi c motor 
task such as reaching or walking) and long-term 
goals (to collect a suffi ciently high amount of 
rewards). Instead, VEs integrating both cognitive 
and motor domains seem to be better suited to 
pose goals at multiple time scales through non-
trivial decisions [ 50 ,  74 ,  75 ].  

28.1.3.2     Rewards 
 Recent fi ndings suggest that providing appropri-
ate feedback to exercises can stimulate the learn-
ing process in rehabilitation therapy [ 41 ]. VEs 
are extremely well suited to provide immediate 
and specifi c feedback to users, this feature being 
essential for sustained attention, learning, moti-
vation, and fun [ 72 ]. Actions can be rewarded 
with positive visual and auditory feedback, 
scores, and specifi c KP and KR [ 76 ,  77 ]. Many 
VR-based rehabilitation activities utilize auditory 
feedback related to successful task completion 
via general “celebratory” sounds or appropriate 
sounds when acquiring a target (i.e., explosions 
during a shooting task). Comparable negative 
feedback can be provided for unsuccessful per-
formance (collision with an obstacle) [ 78 ]. This 
approach to feedback provides the participant 
KR, a modality of feedback associated with 
rapid, effective motor learning [ 79 ]. However, 
rewards can also have negative effects in high- 
interest tasks when rewards are predictable and 
not associated to performance [ 80 ]. Consequently, 
rewards need to be properly manipulated in their 
number, timing, and quality in order to sustain 
attention over extended periods of time.  

28.1.3.3     Challenge 
 VEs for motor rehabilitation should be adjusted in 
terms of movement demands and dynamics, 
avoiding situations in which patients lose the abil-
ity to directly control the task. It has been sug-
gested that players desire a level of challenge that 
is neither too easy nor too diffi cult to perform 
[ 81 ], which is consistent with the early fi ndings of 
Yerkes and Dodson, when the relation between 

induced stress and task-learning performance was 
studied in mice [ 82 ] and later replicated in humans 
in multiple domains [ 83 ,  84 ]. Csikszentmihalyi in 
his fl ow theory describes that user experience dur-
ing play (anxiety, boredom, and fl ow) is modu-
lated through the challenge posed and the level of 
skills required [ 85 ]. Flow, defi ned as the moment 
of maximum player engagement, is placed at the 
right balance between user skills and level of 
challenge. For this reason, it is necessary that the 
tasks given as well as the time available to com-
plete them are calibrated to introduce a controlled 
challenge [ 86 ]. Therefore, recent developments in 
VEs for motor training already incorporate trans-
parent and automated modules for the personal-
ization of training, by adjusting task diffi culty 
depending on patient’s success rate or by modify-
ing time available to accomplish a goal [ 52 ,  87 , 
 88 ]. In the cases when VEs are designed to teach 
complex skills, complex and demanding tasks 
should be broken down into simpler and more 
achievable tasks [ 72 ]. While simple tasks can be 
trained by increasing their diffi culty in more 
demanding task settings, complex tasks need to 
be trained by bringing together previously learned 
simpler ones, providing a balance of challenge 
and engagement [ 89 ].  

28.1.3.4     Narrative Structure 
 Flat and static training tasks can be monotonous 
and eventually limit the patient’s engagement. 
Malone and Lepper [ 81 ] identifi ed curiosity as 
one of the principal drivers of user engagement in 
serious games, being it either interest evoked by 
novel sensations or the desire for knowledge. 
Narrative elements can be exploited to build an 
interesting dramatic arc around the training task 
to increase the engagement of patients, to facili-
tate the comprehension of the training objectives, 
and, most importantly, to deliver a clear sense of 
progress. Multiple elements can be used to shape 
a narrative curve, such as, story events, task dif-
fi culty, novel environments, new challenges, or 
skills. VEs designed to realistically simulate 
activities, such as navigating a virtual city or 
shopping in a virtual supermarket, generally pro-
vide richer narratives than tasks with simpler 
cognitive demands [ 50 ,  90 ,  91 ].   
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28.1.4     Summary 

 Motor learning and motivation theories have 
informed the development of virtual environ-
ments and serious games (Table  28.1 ). 
Recommendations for the use of augmented 
feedback or rewards, specifi cally knowledge of 
results, are consistently found in the VR litera-
ture; yet there are few studies to empirically sup-
port its use. Rather the assumption has been made 
that augmented feedback principles apply in real- 
world practice and should therefore inform VR 
design. In contrast, there is modest evidence that 
VEs promote a high degree of repetition, and 
video games deliver doses that are higher than 
standard exercises. Motor learning principles 
dominated the VR landscape, and, more recently, 

the motivation literature has contributed design 
principles to guide the appropriate challenge as 
well as increase the narrative of the game. The 
assumption that motor learning and motivation 
are essential for the effi cacy of virtual rehabilita-
tion is still an open question.

28.2            The Role of Multisensory 
Stimuli and Interfaces 

 VR can be used to present rich complex multisen-
sory information and can elicit a substantial feel-
ing of user presence in the VE as well as a 
perceived ability to interact with the VE directly 
[ 3 ]. Hence, the way sensory stimulation is pro-
vided and how interaction is facilitated through 

   Table 28.1    Table summarizing some of the key features and their evidence for the design of effective VR systems for 
motor rehabilitation   

 Evidence  References 

 Motor 
learning 

 Enriched 
environments 

 Promote activity levels  [ 37 ] 

 Intrinsic and 
extrinsic 
feedback 

 Knowledge of performance and knowledge of results facilitate 
skill learning 

 [ 38 ,  41 ] 

 Knowledge of results has been associated with rapid, effective 
motor learning 

 [ 79 ] 

 Task 
specifi city 

 Virtual tasks emulating ADLs can be used to assess upper limb 
motor function 

 [ 51 ] 

 May be benefi cial but not necessary in VR  [ 45 ,  55 ,  57 ] 

 Dosing  The number of repetitions in VR is comparable to animal studies 
that induced plasticity 

 [ 28 ] 

 Purposeful movements in VR are performed faster and with 
higher frequency 

 [ 62 ] 

 Adaptability  VR systems with calibration and/or personalization capabilities 
are more effective than conventional therapy 

 [ 66 – 68 ] 

 Motivation  Goal setting  An appropriate balance of short, medium, and long-term goals has 
a motivating effect 

 [ 72 ] 

 VEs integrating cognitive and motor domains are better suited to 
pose goals at multiple time scales 

 [ 50 ,  74 ,  75 ] 

 Rewards  Actions should be rewarded with positive visual and auditory 
feedback, scores, and specifi c knowledge of performance and 
knowledge of results 

 [ 76 ,  77 ] 

 Challenge  Task diffi culty and time available to complete them should 
calibrated to control challenge 

 [ 86 ] 

 Complex and demanding tasks should be broken down into 
simpler and more achievable tasks 

 [ 72 ] 

 Narrative  Curiosity is one of the principal drivers of user engagement in 
serious games 

 [ 81 ] 

 VEs designed to realistically simulate activities generally provide 
richer narratives than motor-only tasks 

 [ 50 ,  90 ,  91 ] 
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interfaces determine the level of immersion. 
Visual, auditory, and haptic stimuli all contribute 
important elements to promote user interactivity, 
while interfaces are required to deliver and aug-
ment sensory information. Presence is conse-
quently infl uenced not only by the stimulation and 
the interaction mechanisms (and their verisimili-
tude) but also by the characteristics of the VE. 

28.2.1     Visual Presentation 

 VR systems are frequently classifi ed by the 
visual presentations they provide to a user and 
the  presence or absence of somatosensory feed-
back. Visual stimuli are generally grouped by 
their degree of immersion. Two-dimensional 
presentations  delivered on fl at screens are 
 generally considered non-immersive. Three-
dimensional presentations utilizing stereoscopic 
projections or fl icker glasses with fi xed visual 
perspectives are considered semi-immersive. 
Fully immersive systems provide three-dimen-
sional visual information, and perspective is 
updated with head movements. Full immersion 
is provided via head- mounted devices or within 
cave-type environments. 

 A steadily growing literature has examined the 
impact of visual presentation on movement kine-
matics of persons performing reaching move-
ments. Measurable differences in end point and 
angular measures of upper extremity movement 
have been noted when comparing two- dimensional 
simulated movements and comparable real-world 
activities [ 93 ,  94 ]. Similar differences have been 
identifi ed in the upper limb when comparing 
three-dimensional simulated and real-world activ-
ities [ 95 – 97 ] as well as  differences between two-
dimensional and three- dimensional simulated 
reaching activities [ 98 ]. While there are measur-
able differences in the movements elicited by 
comparable activities presented in virtual and 
veridical worlds, multiple authors describing the 
training of upper extremity reaching and func-
tional activities by persons with stroke in VEs 
have shown that comparable real-world improve-
ments in motor abilities can be elicited through 
repetitive practice in a variety of VEs. Most 

importantly, upper limb studies show that these 
improvements are comparable to or better than 
those elicited by real-world training [ 31 ,  33 ,  99 ].  

28.2.2     Point of View 

 Most immersive and semi-immersive systems, 
and even some non-immersive systems, present 
fi rst-person points of view of the workspace dur-
ing virtual rehabilitation activities. These presen-
tations typically include virtual representations of 
the participant’s limbs or a landscape in which the 
person might be navigating or acting. However, 
VR also offers the opportunity to provide users a 
perspective on movement they may not ordinarily 
have. For example, video capture- type VR sys-
tems present mirror images of the patient as they 
interact with a VE. These types of augmented 
reality systems designed for rehabilitation fre-
quently incorporate the ability for the subject to 
view an image of their own limbs interacting with 
a VE. One of the reported strengths of this point 
of view is the high-fi delity feedback regarding 
patient’s posture [ 100 ]. This approach presents 
higher-quality information related to limb move-
ment and reduces the need for the brain to rectify 
differences in somatosensory and visual informa-
tion associated with the other approaches to 
VR. One study describes a superior motor perfor-
mance on a task using an augmented reality sys-
tem providing a fi rst-person view of the task with 
the participants’ own arms interacting with the 
VE when compared to a two- dimensional system 
requiring incongruent motor actions—horizontal 
forward reaching to elicit vertical movement—in 
the VE [ 101 ]. Walking simulations have used 
both the fi rst- [ 54 ] and third-person perspectives 
[ 42 ,  58 ]. Little research regarding comparing the 
impact of point of view on treatment outcomes 
has been published to date.  

28.2.3     Auditory Stimuli 

 Auditory information is a key sensory compo-
nent of most VEs and has broad impact on the 
participant’s experience. It is used to enhance 
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immersion in the VE by providing sounds con-
sistent with an activity (i.e., automobile-related 
sounds for a driving game or the sound of liq-
uid hitting a surface during a pouring activity) 
[ 78 ]. Spatial sound rendering can also be used 
to increase the realism of a VE and aid user 
navigation within a VE (i.e., volume increasing 
as the virtual representation of the participant 
approaches the source of a sound in the VE) 
[ 78 ]. The addition of music and specifi c attri-
butes such as rhythm and cadence has been 
shown to have a direct impact on the motor 
performance of healthy and disabled partici-
pants [ 102 ], particularly when continuous 
tasks such as gait are simulated [ 103 ]. Friedman 
et al. also found that the addition of music 
enhanced hand motor performance as well as 
motivation in the training of hand functional 
movements [ 104 ].  

28.2.4     Haptic, Tactile Stimuli 
and Their Interfaces 

 Simple or robotic haptic interfaces have allowed 
for the addition of tactile information and inter-
action forces into what was previously an essen-
tially visual and auditory experience. Devices of 
varying complexity are interfaced with more tra-
ditional VE presentations to provide haptic feed-
back that enriches the sensory experience, add 
physical task parameters, and provide forces that 
produce biomechanical and neuromuscular inter-
actions with the VE that approximate real-world 
movement more accurately than visual-only VEs. 
Simple haptic feedback has been utilized to add 
the perception of contact to skills like kicking a 
soccer ball or striking a piano key [ 105 ,  106 ] 
(Fig.  28.2 ). Collisions with virtual world obsta-
cles can be used to teach normal movement tra-
jectories such as to place an object on a shelf or 
the action required to step over a curb [ 58 ,  67 , 
 107 ] (Fig.  28.3 ). Haptic forces can also be syn-
chronized with visual feedback to improve a 
users’ sense of agency in the virtual world. In two 
small studies involving healthy subjects, this 
feedback combination was found to be more 
effective for skill learning than visual-only 

  Fig. 28.2    The NJIT-TrackGlove system utilizes a 6-degree-
of-freedom magnetic tracker, the TrakStar (Ascension 
Technology Corporation, USA) and a 22-DOF Cyberglove 
(Cyberglove Systems, USA). The simulation pictured also 
utilizes the Cybergrasp, a cable-actuated robotic exoskele-
ton. In the pictured simulation, the Virtual Piano Trainer, the 
magnetic tracker allows the participant to position their hand 
over the virtual keyboard and the Cyberglove allows them to 
strike keys with a specifi c fi nger. The Cybergrasp can be 
programmed to provide haptically rendered collisions when 
keys are pressed or assistance in maintaining extension of 
non-cued fi ngers for more impaired subjects [ 106 ]       

  Fig. 28.3    The NJIT-RAVR system utilizes a 3-degree- 
of-freedom robotic (DOF) interface, the Haptic Master 
(Moog, The Netherlands), three additional passive DOF 
via a ring gimbal and a 22-DOF Cyberglove (Cyberglove 
Systems, USA). The Haptic Master is used to provide 
haptic rendering of virtual workspaces and adds global 
forces such as gravity to the virtual environments. The 
ring gimbal allows for normal positioning of the hand dur-
ing simulated tasks, and the Cyberglove collects data 
related to fi nger position. These interfaces are integrated 
with a suite of complex, virtually simulated tasks to allow 
for task-based sensorimotor training for persons with 
upper extremity hemiparesis [ 67 ]       

 

 

S. Bermúdez i Badia et al.



583

 feedback in healthy subjects [ 108 ,  109 ]. 
Simulations that aim to shape the behavior of the 
upper limb have successfully combined haptic 
feedback with KP to improve upper limb trajec-
tories as poststroke individuals placed virtual 
cups on a cupboard [ 92 ]. Participants placed their 
limbs in the haptic master, which augmented the 
intrinsic feedback with proprioceptive cues, and 
the simulation provided information on the tra-
jectory. The coupling of the feedback smoothed 
out the movement trajectories. Further, haptics 
has been also used to simulate the interaction 
forces produced by tools in VEs [ 3 ], which 
increase the sense of immersion and activate neu-
ral networks involved with tool manipulation 
[ 110 ]. In a lower extremity application, the addi-
tion of haptics improved the accuracy of the limb 
movement in the VE [ 28 ].

28.2.5          Brain-Computer Interfaces 

 The combination of brain-computer interfaces 
(BCIs) and VR for stroke rehabilitation is increas-
ing in popularity and acceptance [ 111 ,  112 ] 
(Fig.  28.4 ). BCIs are systems that detect changes 
in brain signals and translate them into control 

commands [ 114 ]. Such systems exploit the rela-
tionships between users’ mental state and corre-
sponding electrophysiological signals. In 
noninvasive BCIs, electroencephalography is 
commonly used for measuring brain activity. BCI 
technology has been used to support mental prac-
tice of motor actions [ 113 ]. Motor imagery (MI), 
the mental practice of motor actions, has been the 
basis of most BCI approaches to stroke rehabili-
tation, with a focus on hand and arm training and 
always relying—at least—on visual feedback 
[see [ 111 ] for review]. Recent fi ndings of an RCT 
corroborate that the benefi ts of MI-based post-
stroke rehabilitation are boosted when trained in 
the context of a BCI paradigm that provides 
online visual feedback by means of a VR presen-
tation of the patient’s hands [ 49 ].

28.2.6        Summary 

 Research into the impact of visual, auditory, 
and tactile information on virtual rehabilitation 
activity has started to establish a tentative set of 
best practices for virtual rehabilitation in terms 
of the user experience to varying degrees 
(Table  28.2 ). The impact of auditory feedback 

a b

  Fig. 28.4    The RehabNet system interfaces a large num-
ber of BCI technologies (g.mobiLab, Enobio, OpenBCI, 
EPOC, NeuroSky) and tracking devices (Kinect v1 and 
v2, Leap Motion, Wii controllers, android phones) with 
VEs to deliver immersive VR experiences. The RehabNet 
system is fl exible and can work in multiple confi gura-
tions: ( a ) MI-BCI neurofeedback training using standard 

Graz visualization feedback with an eight-channel Enobio 
acquisition system (Neuroelectrics, Spain); ( b ) MI-BCI 
VR training with the virtual representation of the upper 
limbs in a goal-oriented task presented through a head- 
mounted display and an eight-channel g.mobiLab acquisi-
tion system (g.tec, Austria) [ 113 ]       
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on virtual rehabilitation is at an early stage of 
development but preliminary work supports the 
additive effects of rhythm and auditory render-
ing to the overall effectiveness of virtual activ-
ity. There is a larger body of evidence supporting 
that the visual stimulus has a direct, predictable 
impact on the motor output elicited during sim-
ulated activities. However, there is no evidence 
supporting the notion that higher-fi delity visual 
presentations during virtual rehabilitation 
translate into larger improvements in the ability 
of persons with disability to function in the real 
world. This mismatch between user experience 
and effectiveness needs to be considered, 
because higher- fi delity, fully immersive visual 
presentations currently require more expensive 
equipment and more challenging programming 
to produce. A similar dichotomy exists between 
VR simulations interfaced with robots to pro-
vide tactile feedback and add global forces. 
Research supports that motor skill learning 
within the VE is more effi cient with these addi-
tions. However this benefi t comes at the cost of 
greater complexity and expense for these inte-
grated systems. These two factors are fre-
quently cited as reasons for the slow adoption 
of integrated VR-robotic systems into routine 
clinical practice.

28.3          Neuroscience of Virtual 
Reality 

 Knowledge of the neural processes occurring 
after the central nervous system damage as well 
as the nervous system’s response to activity is 
necessary to understand the impact of virtual 
rehabilitation on neural recovery. True recovery 
is based on behavioral change associated with 
brain plasticity or neuroplastic changes. After 
stroke, it is known that perilesional and contrale-
sional brain networks become more excitable, 
facilitating their reorganization [ 64 ,  115 ]. 
Research has shown that the recruitment of con-
tralateral or ipsilateral networks largely depends 
on the integrity of the remaining cortical, subcor-
tical, and corticospinal tracts [ 116 ]. As recovery 
progresses, brain activation patterns of stroke 
patients become more similar with those of 
healthy individuals [ 117 ,  118 ], showing that res-
toration to normal activity patterns correlates 
with restoration of motor function. 

28.3.1     Brain Plasticity 

 VR is a particularly interesting research fi eld as it 
allows creating computer-generated  environments 

   Table 28.2    Table summarizing key evidence on the role of multisensory information for poststroke rehabilitation   

 Evidence  References 

 Visual 
information 

 2D and 3D 
simulations 

 Exist differences in end point and angular measures with 
real-world activities 

 2D: [ 93 ,  94 ] 
3D: [ 95 – 97 ] 

 Improvements are comparable to real-world training  [ 31 ,  33 ,  99 ] 

 Video capture  Provides high-fi delity feedback on patient’s posture  [ 100 ] 

 First-person view  Superior task performance  [ 101 ] 

 Boosts the effects of motor imagery training supported with 
online BCI feedback 

 [ 49 ] 

 Auditory 
information 

 Spatial sound  Increases realism and aids navigation  [ 78 ] 

 Music  Rhythm has a direct impact in performance of motor tasks  [ 102 – 104 ] 

 Haptic and 
tactile 
information 

 Collisions  Can be used to teach normal movement trajectories  [ 58 ,  67 ,  107 ] 

 Haptic guidance  Is more effective for skill learning than visual information 
only 

 [ 108 ,  109 ] 

 Augments intrinsic feedback with knowledge of 
performance 

 [ 92 ] 

 Improves accuracy of movements  [ 28 ] 

 Interaction forces 
with tools 

 Increase immersion and brain activation  [ 110 ] 
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that provide customized experiences involving 
different sensory channels. The motivation of 
using VR in sensorimotor rehabilitation after a 
brain lesion is the administration of specifi c 
experiences that drive cortical reorganization to 
support the reacquisition of motor skills. 
Consequently, neural plasticity is commonly 
used as an effi cacy measure of VR training. 
Neurophysiological adaptations to training in vir-
tual and real-world environments by people with 
stroke have been shown to rely on similar neural 
reorganization processes [ 3 ]. To date four studies 
have used functional magnetic resonance imag-
ing (fMRI) to describe neuroplastic responses to 
virtually simulated rehabilitation programs in 
persons with stroke. Two early studies were done 
by You and Jang et al. on locomotor and upper 
extremity interventions, respectively [ 57 ,  119 ]. 
Subjects in both studies demonstrated decreased 
activation of the non-lesioned primary motor 
 cortex and increased activation of the lesioned 
cortex following intervention. Newer studies by 
Saleh et al. and Orihuela et al. described more 
complex and less consistent responses. Both 
described changes in connectivity between 
lesioned and non-lesioned hemispheres with 
some subjects demonstrating decreases in 
lesioned hemispheric activation and other dem-
onstrating increases [ 120 ,  121 ]. Despite inconsis-
tent fi ndings, subjects in all four of these studies 
demonstrated changes in neural activation subse-
quent to training and positive improvements in 
motor function.  

28.3.2     Visuomotor Representations 

 It is known that cortical areas involved in the 
preparation and execution of motor actions 
undergo plastic changes [ 122 ] either due to 
repeated sessions of proprioceptive stimulation 
through passive physical training [ 123 ] or as a 
result of task-oriented physical training [ 124 ]. 
Motor defi cits do not only arise from the directly 
damaged tracts by stroke but the networks they 
disrupt. Hence, its recovery also depends on the 
intra- and interhemispheric interactions among 
motor regions [ 125 ]. For instance, bilateral 

recruitment of motor networks can result from 
unilateral motor movements in hemiparetic 
stroke patients [ 125 ,  126 ]. Motor training through 
VE interaction may involve different elements 
such as object-oriented action planning, action 
observation, and feedback of the performed 
action. Unfortunately, there are no standardized 
protocols for VR motor rehabilitation after 
stroke, and different interventions have produced 
distinct effects in both neural reorganization and 
motor recovery [see [ 33 ] for review]. To deliver 
an optimal rehabilitation process, it becomes 
essential to identify and understand the neural 
systems and cerebral processes engaged during 
motor training mediated by VR. 

 One of these candidate systems is the human 
mirror neuron system (MNS), which is primar-
ily composed of neurons located in the inferior 
parietal lobe, the ventral premotor cortex, and 
the caudal part of the inferior frontal gyrus 
[ 127 ]. These are candidate areas for sensory 
control of action, movement imagery, and imita-
tion [ 127 ,  128 ]. The MNS is of great relevance 
because it has been shown to be active during 
performance of goal-directed actions, their pas-
sive observation and their mental simulation 
[ 129 ]. The MNS has been hypothesized to be 
involved in action understanding and imitation 
[ 130 ], and, as such, it may represent an impor-
tant neurophysiological substrate for regaining 
impaired motor function after stroke [ 131 ,  132 ]. 
Recently, it was suggested that the mere obser-
vation of goal-oriented motor actions can be 
used as a driver [ 133 ], and fi ndings corroborate 
that the use of passive observation of goal-ori-
ented actions can have a positive effect in motor 
recovery after stroke [ 134 ,  135 ]. 

 From these fi ndings, it is clear that the manip-
ulation of the visual feedback for motor rehabili-
tation purposes can be an effective ingredient of 
VR systems. Maeda et al. [ 136 ] showed that 
movement observation can directly enhance and 
facilitate the motor outcome of the muscles 
involved in the observed action. In addition, the 
MNS has been shown to respond to biological as 
well as robotic effectors [ 137 ] and to the manipu-
lation of tools in the real world [ 138 ] and VR 
[ 139 ]. Consequently, there is strong evidence 
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supporting that VE interaction can be effective in 
engaging primary and secondary motor areas for 
upper extremities [ 140 ], locomotion [ 57 ], as well 
as the mirror mechanisms [ 139 ,  141 ]. 

 Consistent with the above fi ndings, the activa-
tion of the human MNS has been also documented 
during the imagination of motor actions [ 132 , 
 141 ]. As discussed in Sect.  28.2.5 , MI-based BCIs 
rely on the detection of sensorimotor rhythms, an 
oscillatory rhythm of synchronized neural brain 
activity in the alpha and lower beta frequency 
bands that is measured in sensorimotor brain 
areas. It has been shown that sensorimotor 
rhythms can be enhanced by means of BCI train-
ing and that they correlate with motor recovery 
[ 49 ]. Restorative BCIs relying on MI aim at mobi-
lizing neuroplastic changes of the brain in order to 
achieve reorganization of motor networks and 
enhance motor recovery [ 142 ,  143 ]. In addition, 
imaging studies have shown that the combination 
of fi rst-person observation VR and motor imagery 
is more effective at recruiting more task-related 
networks than other conditions for both lower 
limb [ 144 ] and upper limb [ 145 ] movements. 

 The ability to distort visual feedback is an area 
of inquiry that has been investigated as a possible 
method to optimize motor adaptations to 
VR-based rehabilitation activities as well. 
Preliminary investigations into the visual “aug-
mentation” of small errors during virtual reha-
bilitation activities performed by persons with 
stroke have suggested that this approach might 
enhance motor training outcomes in this popula-
tion [ 146 ]. One possible mechanism for this 
effect might be an increased level of cortical 
activity necessary for the brain to rectify virtual 
movement amplitude that is not scaled to partici-
pant movement [ 147 ]. One distortion of visual 
feedback that has been associated with poor 
responses has been temporal lags between par-
ticipant movement and corresponding movement 
within the VE. This may interfere with feed- 
forward/feedback control of movement making 
delayed visual feedback confusing [ 148 ]. Recent 
fi ndings of an RCT also suggest that the visual 
amplifi cation of upper limb movements can be 
used to counteract the acquired nonuse of the 
hemiparetic limb in stroke patients [ 149 ].  

28.3.3     Summary 

 After stroke, relearning of motor function is 
mediated by neuroplasticity. Evidence shows that 
VR can be a valid tool to drive motor networks, 
brain plasticity, and functional recovery 
(Table  28.3 ). Research has shown that after 
stroke, a window opens when networks become 
more excitable, and VR has revealed as an effec-
tive tool to engage visuomotor processes such as 
the ones related to action execution, observation, 
understanding, and mental simulation. In fact, the 
manipulation of visual representations has been 
shown to engage motor networks during passive 
observation and mental simulation and facilitate 
the movement of muscles. Thus, the manipula-
tion of these processes through VR not only can 
enhance neural activation but improve motor out-
comes as well.

28.4         Evidence Base: Impact of VR 

28.4.1     Upper Extremities 

28.4.1.1     Custom Systems 
 A large majority of the research examining the 
effectiveness of simulated rehabilitation activi-
ties done prior to 2010 utilized custom developed 
systems of sensors and software designed specifi -
cally for rehabilitation and were not commer-
cially available. These systems frequently utilized 
powerful computers that provided substantial 
fl exibility. This fl exibility allowed researchers to 
engineer and reengineer VEs to answer research 
questions and test hypotheses based on observa-
tion of subjects interacting with the systems and 
emerging knowledge from the fi elds of neurosci-
ence and motor control. Studies examining 
custom- designed VR-based interventions target-
ing the upper extremity of persons with stroke 
make up the largest and most mature evidence 
base related to virtual rehabilitation. Several 
reviews of early pilots and controlled trials 
describe the ability of VR-based interventions to 
elicit measurable activity level improvements, 
comparable to those of traditionally presented 
training, mostly in persons with chronic upper 
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extremity hemiparesis due to stroke [ 3 ,  31 ,  150 , 
 151 ]. More recently, a Cochrane review by Laver 
et al. considered the impact of a set of twelve pro-
tocols of simulated rehabilitation activities used 
in RCT on upper extremity function and activity 
[ 33 ]. The studies all had control groups employ-
ing a traditionally presented rehabilitation inter-
vention. The sample size across these twelve 
studies was 397 persons with stroke. A small sig-
nifi cant effect favoring VR-based intervention 
over traditionally presented interventions for the 
improvement of upper extremity function and 
activity performance ability was identifi ed. When 
pooled, studies with VR interventions totaling 
more than 15 h of training and studies with sub-
jects in the acute and subacute stages of recovery 
demonstrated signifi cant improvements in upper 
extremity function. Studies with less than 15 h of 
intervention and studies with subjects in the 
chronic stage did not. The balance of this discus-
sion will focus on evidence examining the impact 
of the effectors trained, interfaces utilized, and 
the severity of the impairment of participants. In 

addition some key studies that were not included 
in these meta-analyses for methodological rea-
sons and papers published following the Cochrane 
review by Laver will be discussed. 

 A large majority of the evidence examining 
simulated interventions for the upper extremity 
of persons with stroke focuses on gross move-
ments of the upper extremity. Evidence support-
ing the effi cacy of VR-based interventions 
targeting the fi ngers and hand has developed 
more slowly, but a similar pattern of activity level 
improvement that is comparable to real-world 
training is emerging [ 152 – 154 ]. VR-based inte-
grated training of the hand and arm is a newer 
area of study with a smaller body of evidence that 
tentatively supports a similar level of effi cacy 
[ 155 ,  156 ]. 

 A wide variety of interfaces have been utilized 
to translate participant movement from the verid-
ical environment into the VE. A majority of the 
most recent studies of custom systems have uti-
lized camera-based interfaces [ 52 ,  157 – 159 ] or 
systems with robotic interfaces [ 152 ,  153 ]. The 

   Table 28.3    Table summarizing evidence supporting the use of VR to drive neural processes involved in motor 
recovery   

 Evidence  References 

 Brain plasticity  After stroke perilesional and contralesional networks become more excitable  [ 64 ,  115 ] 

 Restoration of motor function parallels restoration of normal brain activity 
patterns 

 [ 117 ,  118 ] 

 Training adaptations to VR and real-world training rely on similar 
reorganization processes 

 [ 3 ] 

 fMRI studies demonstrate changes in neural activation and improved motor 
function in response to VR training 

 [ 57 ,  119 – 121 ] 

 Visuomotor 
representations 

 Bilateral recruitment of motor networks can result from unimanual motor 
actions 

 [ 125 ,  126 ] 

 MNS is active during motor action execution, motor observation, and mental 
simulation of motor actions 

 [ 129 ,  132 , 
 141 ] 

 MNS could be involved in action understanding and imitation  [ 130 ] 

 MNS responds to biological VR, tools, and robotic effectors  [ 137 – 139 ] 

 Movement observation facilitates movement of the muscles involved in the 
observed action 

 [ 136 ] 

 Passive observation of motor actions has a positive effect in motor recovery 
after stroke 

 [ 134 ,  135 ] 

 Motor imagery BCI training enhances motor recovery  [ 49 ,  142 ,  143 ] 

 First-person VR combined with motor imagery is more effective at recruiting 
task-related networks 

 [ 144 ,  145 ] 

 Visual amplifi cation of movements and/or errors in VR might enhance motor 
training outcomes 

 [ 146 ,  149 ] 
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only study comparing the relative effectiveness 
of these two approaches did not identify a sub-
stantial difference in outcomes [ 160 ]. As the 
options for utilizing robotic interfaces grow in 
number, it will be important to revisit this com-
parison because of the cost impact related to 
robotic technology. 

 The initial study of simulated rehabilitation of 
the upper extremity focused on persons in the 
chronic stage of impairment. The completion of 
the most intense period of spontaneous neural 
recovery in the subjects of these studies allowed 
for more clear determinations of the relative con-
tribution of simulated rehabilitation activities to 
functional motor recovery. A trend toward the 
examination of intervention during the acute 
stage of rehabilitation began with a study by 
Cameirão et al. who described earlier recovery of 
the upper extremity of motor function in persons 
performing additional simulated training targeted 
at the upper extremity than persons performing 
traditionally presented training or nonspecifi c 
simulations. Subjects began this study in the fi rst 
few weeks following their strokes [ 66 ]. VR and 
control group subjects demonstrated comparable 
levels of upper extremity motor performance at 
long-term follow-up. In contrast, a more recent 
and larger study by Turolla et al. detected 
improvements in upper extremity Fugl-Meyer 
Assessment (FMA) test scores as well as 
Functional Independence Measure scores that 
persisted at long-term follow-up [ 158 ]. The size 
of the study by Turolla et al. allowed for the 
examination of subjects’ adaptation to VR-based 
and real-world training and controlled for sever-
ity of impairment. Interestingly, moderately and 
severely impaired subjects made larger magni-
tude improvements from the same intervention 
than mildly impaired subjects. Intervention stud-
ies of more impaired subjects should be an area 
of focus for ongoing studies of VR-based inter-
vention utilizing custom systems. 

 So far, the combination of BCIs and VEs has 
gained popularity and has been proven useful to 
train functional upper extremity movements, 
with a focus on the hand, upper limb, and limited 
work in ankle MI training [see [ 111 ] for review]. 
Unfortunately, the use of this approach in clinical 

environment is limited and hardly used outside 
laboratory environments. Most of the BCI studies 
involved a limited number of patients (<10) with 
few notable exceptions [ 161 ,  162 ], and only few 
RCT trials exist. Ang et al. and Varkuti et al. per-
formed RCTs combining an EEG-based BCI-MI 
task with visual feedback and a robotic device 
[ 163 – 165 ]. Group sizes of these trials were small 
and dissimilar (from 2 to 14 patients) and results 
were inconclusive. Most studies found clinical 
improvements as assessed by the FMA after 
BCI-MI training, but no differences with the con-
trol condition. A recent RCT involving 28 stroke 
survivors compared the effect of BCI VR feed-
back on hand MI training as compared to MI 
alone. The BCI group showed changes in EEG 
modulation during MI, which correlated with sig-
nifi cant clinical improvements in FMA [ 49 ]. 
These fi ndings are consistent with research indi-
cating that BCI-triggered changes in functional 
connectivity in stroke population correlate with 
clinical improvements [ 165 ]. Despite the lack of 
large RCTs and the discrepancy between inter-
faces used, the specifi cs of BCI-MI paradigms, 
and setups, fi ndings are encouraging and suggest 
that the combination of VR with a BCI-MI para-
digm can be effective in producing changes in 
brain activation patterns that correlate with gains 
in motor function.  

28.4.1.2     Off-the-Shelf Systems 
 As with many other fi elds, consumer communi-
cations and entertainment technology have 
spurred disruptive development in the fi eld of vir-
tual rehabilitation. The Sony® EyeToy®, a 
camera- based motion capture systems designed 
to be compatible with the PlayStation™ two- 
entertainment system, was initially released in 
2003. A majority of the initial studies examining 
rehabilitation applications of this system involved 
balance activities or gross reaching movements 
[ 166 ]. In an RCT by Yavuzer et al., subjects per-
forming an EyeToy®-based intervention made 
better improvements in upper extremity function 
than a group of subjects performing a conven-
tional training program [ 167 ]. Two subsequent 
systems have been released more broadly and 
have had more substantial impact on the fi eld of 
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rehabilitation, the Wii™ manufactured by 
Nintendo® and the Kinect™ manufactured by 
Microsoft®. 

 The Nintendo® Wii™, which features two 
accelerometer-based controllers in addition to 
infrared motion capture capabilities, initially 
became available in 2006. In 2012, the Wii™ fi t 
game became available. This game was bundled 
with the Wii™ Balance Board, a force sensor that 
interfaces with the Wii™ console. These systems 
have been widely adopted in rehabilitation facili-
ties and nursing homes without modifi cation as a 
recreation and rehabilitation modality [ 168 ]. 
Several studies of upper extremity rehabilitation 
have utilized the Wii™ system in patients with 
stroke. Subjects in several pilot studies of persons 
with stroke using the Wii™ have demonstrated 
statistically signifi cant improvements in motor 
function and activity level clinical tests [ 169 –
 171 ]. In spite of the fact that the Wii™ interface 
does not collect individual fi nger movement or 
grip force data, subjects in another pilot study 
demonstrated fi ne motor improvements in per-
sons with stroke following a Wii™-based inter-
vention [ 172 ]. Two controlled studies comparing 
Wii™-based upper extremity interventions and a 
dose matched traditionally presented upper 
extremity intervention demonstrated statistically 
signifi cant improvements at the function and 
activity levels. Improvements demonstrated by 
the two groups in both studies did not differ [ 168 , 
 173 ]. The Wii™ training group in a third con-
trolled trial made larger improvements on the 
upper extremity FMA and Box and Blocks test 
than a dose-matched traditional training group 
[ 174 ]. The Cochrane review by Laver et al. in 
2015 identifi ed only 1 RCT utilizing an off-the- 
shelf gaming system [ 173 ] compared to six RCTs 
with upper extremity simulated interventions 
using custom VR systems in persons with stroke 
that were methodologically suitable for compari-
son. Both groups of studies demonstrated signifi -
cant effects but further research is needed to 
determine impact differences between the two 
approaches [ 33 ]. 

 The Microsoft® Kinect™, a peripheral for the 
Xbox series that detects user’s movements 
through a depth-sensing camera, was released to 

interface with the Xbox 360 in 2010. A substan-
tial body of research related to the validity of 
measurements of human movement with the 
Kinect™ has been developed [see [ 175 ] for a 
detailed review]. However, few studies of the 
clinical effectiveness of Kinect™-based rehabili-
tation programs for persons with upper extremity 
impairments have been published to date. A case/
feasibility study with a severely impaired subject 
demonstrated increased upper extremity active 
range of motion, but no improvements in upper 
extremity FMA score after a 10-session training 
program [ 176 ]. This subject was severely 
impaired which may underestimate the potential 
of this intervention for less impaired subjects. A 
case series of fi ve subjects with moderate impair-
ments demonstrated improvements in upper 
extremity FMA and Wolf Motor Function Test 
(WMFT) scores that corresponded to increases in 
cortical activation of the lesioned hemisphere 
[ 177 ]. The changes in clinical test scores and cor-
tical activation demonstrated by subjects in this 
case series were comparable to those demon-
strated by subjects in studies of custom VR sys-
tems [ 120 ]. Two studies have examined the 
addition of Kinect™-based upper extremity reha-
bilitation activities to a program of traditionally 
presented therapy [ 53 ,  178 ]. Control groups for 
both of these studies performed the same volume 
of traditionally presented therapy as the experi-
mental group. As would be expected, the subjects 
performing the additional Kinect™-based ther-
apy demonstrated larger changes in active range 
of motion, ADL ability, and larger improvements 
in upper extremity FMA, WMFT, and Motor 
Activity Log (MAL) tests. More rigorous testing 
of Kinect™-based rehabilitation activities will be 
necessary to evaluate their value relative to cus-
tom VR or traditionally presented therapy.   

28.4.2     Balance and Gait 

28.4.2.1     Custom Systems 
 Historically, the development and application of 
VR systems for neurorehabilitation focused on 
the upper limbs. This may have been motivated 
by two main factors. First, relative to upper limb 
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use, balance and walking skills are more com-
monly and extensively recovered after a stroke. 
Second, building balance and walking VR-based 
systems require greater technical and space 
requirements to meet the special physical and 
safety challenges. In contrast to most upper 
limb systems, which allow patients to be seated 
while performing movements with the upper 
extremities, balance and walking skills, for the 
most part, require patients to be upright or to 
walk. There exists a modest body of work on the 
development and use of customized VEs for 
walking recovery and balance, which is reported 
in several topic specifi c reviews [ 179 – 181 ] as 
well as in overview reviews [ 31 ,  33 ]. In contrast 
to the 397 participants who participated in the 
upper extremity studies included in Laver’s 
Cochrane Review of Stroke Rehabilitation, 
there were only 58 persons involved in balance 
and mobility training, with only 30 participants 
in the three studies where gait speed was mea-
sured [ 33 ]. In the three studies represented in 
the Cochrane review, participants either stepped 
over virtual objects and landscapes (displayed 
on an HMD or a screen) while walking on a 
treadmill [ 54 ,  58 ] or used their affected lower 
extremities to navigate a plane in a skyscape 
[ 42 ]. Balance was not a primary outcome mea-
sure assessed in the Cochrane review, but has 
been an area of study in VE. 

 Visual feedback is a common element in 
evidence- based interventions for balance training 
post stroke [ 182 ]. It is used to provide partici-
pants information about the verticality of their 
posture, which may be impaired due to sensory 
and perceptual defi cits, as well as their weight 
distribution. Both of these attributes are incorpo-
rated into VEs for balance rehabilitation. The 
GestureTek® IREX® video capture system based 
on chroma key technology was fi rst used in stud-
ies involving individuals who had sustained a 
TBI, where slight improvements were detected in 
balance [ 183 ,  184 ], confi dence [ 185 ], and reac-
tion time [ 184 ], compared to conventional train-
ing protocols. The system has also been used 
with persons post stroke, providing benefi ts to 
the sensory organization, motor function, and 
balance. In general, training with the system pro-

vided benefi ts that were detected in scales related 
to balance but not to gait. 

 Force platforms have been used to estimate 
and visualize participants’ center of pressure pro-
viding visual feedback during displacements 
toward the targets [ 182 ]. The use of force plat-
forms in combination with customized virtual 
exercises has also been explored. The training of 
the ankle and hip strategies during weight- 
shifting exercises adapted to the particular limits 
of stability of each subject provided benefi ts to 
conventional physical therapy interventions in 
the general balance condition and in the maxi-
mum reachable distance [ 186 ] (Fig.  28.5 ). 
Interestingly, these effects were retained at fol-
low- up after the intervention [ 187 ]. Similar to 
balance platforms, standing frames equipped 
with gyroscopes can detect postural tilts, enabling 
interaction with the VE through weight transfer-
ences. These systems have been used in home- 
based interventions with individuals post stroke, 
reporting improvements in balance and gait [ 188 , 
 189 ]. However, the use of VR did not provide 
signifi cant benefi ts to the training with the stand-
ing frame alone.

   Walking on a treadmill interfaced with VE 
has been used to promote recovery of walking 
for persons post stroke. The inclusion of visual 
and vibrotactile augmentation while stepping 
over virtual objects during walking on a tread-
mill improved walking better than stepping 
over real- world objects [ 58 ]. Several studies 
have reported the combined use of treadmills 
and VR and its effects on the gait of stroke sur-
vivors. Users commonly walk in the treadmill 
while the VE is displayed by projectors [ 54 , 
 190 ,  191 ] or TV screens [ 192 ,  193 ], showing 
real-world video recording [ 190 ] or virtual sce-
narios [ 191 – 193 ], where subjects are required 
to avoid obstacles while walking. The use of 
feedback provided by VR not only favored gait 
[ 54 ,  190 ] but also static balance, sit-to-stand 
movements, and the use of the paretic limb 
[ 190 ,  192 ]. 

 In addition to treadmill walking simula-
tions, several investigators have used stepping, 
pre-gait activities and even training of the 
lower extremity in sitting to improve walking 

S. Bermúdez i Badia et al.



591

for persons in the chronic phase post stroke 
[ 42 ,  57 ,  194 ]. Llorens et al. reported that the 
training through virtual stepping exercises pro-
moted improvement in balance when compared 
to conventional interventions [ 194 ] (Fig.  28.6 ). 
Individuals were required to step on items that 
appeared around a circle with the closest foot 
while maintaining the other foot inside the cir-
cle. This intervention also promoted improve-
ments in gait speed, which could be derived 

from the training of movements similar to 
those used in the stance phase of the gait cycle. 
The system was also used in a home-based 
intervention with similar results to those 
obtained in in-clinic interventions [ 65 ]. 
Mirelman et al. coupled VR with a robot-based 
training of the lower extremity, where partici-
pants were required to perform movements 
with the ankle while sitting to navigate a plane 
or a boat through a VE. When compared to the 

  Fig. 28.5    In the system by Llorens et al., after registering 
their maximum excursion in the mediolateral and anterior- 
posterior plane, exercises are adapted to each client’s 
 particular motor limitations [ 186 ]. Exercises require 

 participants to perform postural adjustments involving the 
ankle and hip strategies to displace their center of pressure 
toward different targets       
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robot alone, the VR-robot combination was 
superior in improving walking velocity and 
distance in laboratory, clinical, and commu-
nity-based tests [ 42 ]. You and colleagues used 
the IREX® system to promote functional ambu-
lation and waking through the training of step-
ping movements, side-to-side weight shifting, 
and sideways navigation. Interestingly, the 
locomotor recovery was associated with corti-
cal reorganization from aberrant ipsilateral to 
more normal contralateral activation of the 
sensorimotor cortex [ 57 ].

28.4.2.2        Off-the-Shelf Systems 
 The number of studies that employed off-the- 
shelf systems for balance and mobility training of 
people post stroke is slowly increasing. Early on 
there were several case reports of people in the 
chronic phase post stroke, which reported posi-
tive outcomes for balance and mobility interven-

tions [ 195 ,  196 ]. More recently, eight pilot 
clinical trials using video games to improve bal-
ance and mobility have been reported. They have 
predominantly been conducted with subjects in 
the chronic phase post stroke [ 197 – 201 ], but 
there is now some support for application to per-
sons in the subacute [ 202 ] and acute phases of 
recovery [ 203 ,  204 ]. 

 The quality of the research is improving as 
more of the trials have active control groups and 
follow-up measurements [ 200 – 204 ]. However, 
comparing among studies is complicated based on 
substantial differences in dose and acuity. Several 
studies had unequal doses and did not use active 
controls [ 198 ,  199 ]. Studies conducted in the acute 
and subacute care setting using active controls 
showed a positive effect for balance and functional 
ambulation tests favoring the games [ 202 ,  204 ]. In 
contrast, studies with active controls and balanced 
doses of persons with chronic strokes favored 

  Fig. 28.6    In the system by Llorens et al., the virtual envi-
ronment consisted of a checkered fl oor, whose center was 
indicated by a  darkened circle , and jelly items that rose 
from the ground around the circle [ 194 ]. The goal of the 
exercise was to reach the items with the nearest feet while 

maintaining the supporting foot within the circle. After 
reaching the item, the extended extremity had to be 
recruited to the body within the boundaries of the circle. 
Otherwise the exercise did not allow new items to be 
reached       
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standard of care [ 201 ] or showed no difference for 
balance and mobility measures, but favored the 
VR group for enjoyment measures [ 200 ]. As with 
the upper limb studies, a better understanding 
about how acuity modifi es the benefi ts of VE 
training will guide the future clinical application. 

 Off-the-shelf systems have used similar tech-
nologies as the customized VR systems. 
PlayStation® two EyeToy: Play™ is similar to 
the IREX® system [ 205 ] and was tested at home 
in a case study with an individual 2 years post 
stroke [ 195 ]. The training of postural adapta-
tions during bilateral stance in subjects post 
stroke has been mainly facilitated by the 
Nintendo® Wii™ Balance Board, a force plat-
form peripheral device for the Nintendo® Wii™, 
which allows interaction through displacements 
of the center of pressure, it is, through weight 
shifting [ 198 – 200 ,  202 ,  204 ]. Interestingly, 
some studies have analyzed the combination of 
static exercises using the Wii™ Balance Board 
with more dynamic exercises. Deutsch et al. 
compared  standard of care with the Nintendo® 
Wii™ games and reported no between group 
differences, but a greater number of within 
group improvements for balance and mobility 
measures for the standard of care group [ 201 ]. 
Fritz et al. added EyeToy: Play™ games report-
ing small positive effects of this training in com-
parison with traditional therapy [ 197 ]. The 
combined training of weight transferences using 
the Wii™ Balance Board with dynamic balance 
exercises with the Microsoft® Kinect™ pro-
moted improvement in the maximum reachable 
distance in acute subjects post stroke [ 203 ], but 
were equally effective as conventional physical 
therapy in maintaining physical function out-
comes and ADLs in chronic population [ 206 ].   

28.4.3     Activity Promotion 

 Movement-based VR systems have focused on 
sensorimotor rehabilitation, but there is an 
emerging application to fi tness promotion in per-
sons post stroke. Given the importance of physi-
cal activity [ 207 ] and the barriers to exercise 
encountered by people post stroke [ 208 ], VR is 

proposed as a facilitator of activity. A group has 
developed a VR-augmented cycling system that 
uses heart rate as an input to the VE [ 209 ] 
(Fig.  28.7 ). In a pilot study, participants post 
stroke who trained on the system had signifi cant 
improvements in VO 2  sub-max bicycle test and 
mobility outcomes [ 210 ].

   In addition to their use as movement reedu-
cation tools, the off-the-shelf games that are 
designed to promote activity, also called exer-
games or active video games (AVGs), have 
been explored for people post stroke. The abil-
ity of persons post stroke to increase their exer-
cise intensity using AVGs has been reported by 
two groups [ 211 ,  212 ]. Hurkmans et al. charac-
terized two predominantly upper limb 
Nintendo® Wii™ games and reported that they 
produced moderate (three to fi ve metabolic 
equivalents) exercise intensity [ 212 ]. Kafri and 
colleagues in a case- control series compared 
the energy expenditure and exercise intensity 
between individuals post stroke with moderate 
mobility limitations to semi-active healthy 
matched controls while playing both Kinect™ 
and Wii™ games in sitting and standing [ 211 ]. 
The games were categorized as a standing bal-
ance task to upper limb predominant (boxing) 
and lower limb predominant (running). 
Generally individuals post stroke had lower 
energy expenditure (at the low end of moder-
ate) compared to the healthy controls (moderate 
to low end of vigorous), at similar exercise 
intensity. This range of intensity may be used 
for wellness rather than fi tness. Games may be 
a valid tool for activity promotion, given their 
potential to increase motivation for exercise 
and to promote adherence. Future studies that 
use video games as a tool to improve wellness 
and fi tness will better address these potential 
applications for stroke survivors.  

28.4.4     Summary 

 A steady proliferation of studies comparing vir-
tual rehabilitation interventions to traditionally 
presented rehabilitation in persons with stroke 
has developed over the past 15–20 years. A small 
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group of studies have utilized off-the-shelf 
 commercial gaming systems for the virtual reha-
bilitation intervention. As a group, comparable 
outcomes for off-the-shelf virtual interventions 
and traditionally presented interventions are 
reported. Similarly, comparable outcomes have 
been reported when comparing virtual and real- 
world upper extremity training in subjects with 
more acute strokes. The best developed area of 
this literature examines upper extremity interven-
tions in subjects with chronic strokes using cus-
tomized lab-based systems. These comparisons 
describe slightly better outcomes for virtual reha-
bilitation interventions. This advantage is more 
pronounced in mildly impaired subjects. More, 
larger, and better controlled studies are required 
to draw defi nitive conclusions along these two 
lines of inquiry. 

 A substantially smaller literature has exam-
ined the relative effi cacy of a VR-based rehabili-
tation on walking ability (as measured by gait 
speed) in persons with stroke. A nonsignifi cant 
trend toward better outcomes for virtual 
 reality- based training as compared to real-world 
gait training has been identifi ed. The balance of 
studies comparing the impact of these two train-
ing approaches considers the kinetics and kine-
matics of gait. Neither approach to training has 
been associated with signifi cant advantages 
across multiple studies. Similarly, balance inter-
ventions presented in virtual environments have 
been associated with comparable, but not signifi -
cantly better outcomes than traditionally pre-
sented balance training across a wide range of 
balance measures. An expansion of the size and 
number of studies and a focus on a smaller set of 
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  Fig. 28.7    VRACK system complete overview: ( a ) han-
dlebar module; ( b ) smart pedal; ( c ) power supply, pream-
plifi er, and the data acquisition board; ( d ) heart rate 

monitor, ( e ) practitioner interface; ( f ) virtual reality envi-
ronment [ 209 ] (Reproduced with permission of the Rivers 
Lab)       
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outcome measures will be necessary to identify 
an additive effect for virtual environments on gait 
and balance training if one exists.   

    Conclusions 

 A review of this chapter should leave the 
reader with the impression that (1) there is a 
science underpinning virtual rehabilitation 
and (2) the evidence base related to the effi -
cacy of virtual rehabilitation has confi rmed 
that it can be a viable and, for the upper limb, 
a superior alternative to traditionally presented 
activities. While these impressions are validat-
ing on one hand, they also identify a need for 
continued improvement. This said, trends also 
emerge, indicating opportunities for optimiz-
ing virtual rehabilitation and expanding the 
populations and areas in which it is practiced. 

 While there is consensus that neuroplasti-
city is central to the motor recovery process, 
there is a relatively small literature examining 
the impact of VR interventions on positive, 
neuroplastic adaptations in persons with neu-
rologic injuries. Some pioneering investiga-
tions utilizing neuroimaging have been 
conducted. An expansion of this area of 
inquiry could optimize and accelerate both the 
design and implementation of VR-based reha-
bilitation interventions. However, the cost and 
need for large transdisciplinary teams to per-
form studies of this type have kept progress in 
this area slow. 

 There is also consensus that motor learning 
is central to the process of neuroplasticity, and 
VR-based rehabilitation interventions are typ-
ically constructed with attention paid to 
accepted principles of motor learning. 
Examinations of the motor learning accom-
plished by virtual interventions have predomi-
nantly focused on transfer of motor skills 
learned in VEs to veridical world motor skills 
and performance improvements achieved dur-
ing virtual interventions to a lesser extent, 
both with favorable results. A broader imple-
mentation of formal motor learning paradigms 
to the study of virtual rehabilitation might 
offer a more effi cient and cost-effective 
approach to the optimization of virtual reha-

bilitation. By their nature, interfaces designed 
for VE-based activities are well suited to col-
lect the necessary data. In addition, simulated 
activities are easily presented in the system-
atic, reproducible fashion necessary for the 
study of within and between session learning. 

 Science related to motivation may, fi rst, 
enhance the volume of motor practice per-
formed independently by patients in their 
homes. Home practice is critical in areas with 
limited access to therapist due to availability 
or reimbursement issues, and compliance 
with home practice schedules is typically 
poor. Second, motivation science may 
enhance the frequency and duration of the 
performance of fi tness-oriented activities in 
persons with disabilities. Motivation and 
access are primary obstacles to the regular 
performance of fi tness activities with a wide 
variety of disabilities, both of which can be 
overcome with well-designed, simulated 
exercise programs. 

 Two important trends will be critical for 
shaping the future development of virtual real-
ity. One key to the transition of virtual reha-
bilitation to the home environment has been 
the development of lower cost, but effective 
interfaces. The ability to customize the appli-
cation of Kinect™ sensors should prove to 
accelerate this transition, allowing for the use 
of off-the-shelf equipment to access simula-
tions designed specifi cally for rehabilitation. 
Affordable sensing technology will also have 
an important impact on broadening the reha-
bilitation opportunities available to a wide set 
of populations with divergent rehabilitation 
goal interests. Patients with rehabilitation 
goals on the opposite end of the movement 
ability spectrum could utilize arrays of wear-
able sensors to interface with complex, chal-
lenging environments (e.g., fi refi ghting or city 
street crossing) that would not be possible in a 
veridical presentation due to safety or logisti-
cal reasons. Another future trend is the devel-
opment of brain- computer interfaces, which 
rely on the recruitment of brain networks to 
transform an intention to move to virtual 
world movement for a person with profound 
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motor impairments that would not be able to 
move in another fashion. 

 Clearly, virtual rehabilitation is an expanding 
area in the fi eld of technology-based rehabilita-
tion and has an evidence base that is growing in 
terms of size and quality. Several challenges 
described above need to be addressed but the 
fi eld continues to hold promise to answer key 
issues faced by modern healthcare.     
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    Abstract  

  Advances in microprocessors, fabrication techniques, communication 
protocols, and machine learning algorithms have resulted in the develop-
ment of wearable wireless sensors and allowed investigators to begin 
addressing an unmet need in clinical rehabilitation: remote monitoring of 
skills practice. Wearable sensor systems provide the opportunity to not 
only evaluate the behavior of disabled persons as it occurs in the course of 
daily life activities but also to provide timely, meaningful feedback to 
patients and their therapists that can guide and motivate progressive skills 
practice aimed at maximizing the recovery of motor function. While the 
technology of wearable sensors continues to improve, additional clinical 
trials are needed to generate the evidence base demonstrating the utility 
and effi cacy of remote monitoring for clinical care and research in reha-
bilitation. Promising approaches to the challenges of monitoring gait and 
reaching movements in disabled persons are highlighted. Practical issues 
affecting compliance with the sensor use, the data collection, and the anal-
ysis of sensor data are discussed. The research infrastructure, sensor 
 components, and feedback protocols necessary to support telerehabilita-
tion will be reviewed.  
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29.1       Introduction 

 Wearable sensor systems, a branch of mobile/
wireless health, are the latest iteration in the 
attempt to monitor the behavior of disabled per-
sons. Current systems leverage advances in micro-
processors to collect laboratory-quality data about 
physical activity and physiology from unobtrusive 
sensors, while modern communication protocols 
transmit data via the Internet using platforms 
including smartphones, tablets, and the sensors 
themselves. What separates the wireless systems 
of today from the electromechanical foot switches 
and pedometers of decades past is their ability not 
only to record movements as they occur, but, more 
importantly, to provide meaningful feedback 
directly to the user. In neurorehabilitation, where 
the majority of functional recovery results from 
practice performed away from direct clinical 
supervision, wireless sensing affords clinicians the 
opportunity to monitor and assist patients in modi-
fying their behavior to maximize both functional 
recovery and participation in daily life.  

29.2     The Potential Role 
for Wearable Sensors 
in Neurorehabilitation 

 The most obvious role for sensing technologies is 
to serve as a virtual “fl y on the wall” that provides 
an objective assessment of the amount of skills 
practice in which patients participate, whether 
that be in the acute hospital, rehabilitation unit, or 
home environment. Audits of patient activity 
could measure compliance with prescribed thera-
pies and be used to derive dose- response curves 
associating the amount of practice with the degree 
of functional recovery. In clinical trial settings, 
sensors could be used to control for the amount of 
activity and skills practice that occurs outside of 
the formal treatment period, thereby improving 
the validity of an intervention’s effectiveness. 

 Modern sensor systems are sensitive to 
changes in the quality with which movements are 
performed; such information could previously be 
obtained only in formal motion laboratories. 
Quantity and quality metrics derived from sensor 
data may serve as ecologically valid outcome 
measures of motor performance in real-life situa-

tions, complementing the information available 
from laboratory- or clinically based outcome 
measures and patient self-report. The combina-
tion of sensor with other clinical data may pro-
vide a more comprehensive natural history of 
disease progression and recovery, the results of 
which could be used to tailor rehabilitative thera-
pies to the unique needs of a given patient or to 
identify the patient population most likely to 
respond to a novel clinical trial intervention. 

 The potential greatest impact of wearable sen-
sor systems is the feedback that can be provided to 
therapists and patients. Compared to standard clin-
ical practice, in which patients receive feedback on 
a scale of days to weeks, sensor systems enable 
real-time or just-in-time assessments and interven-
tions. Using sensors, maladaptive or insuffi cient 
amounts of skills practice could be identifi ed and 
corrected before these patterns of behavior become 
set. Theories of behavior change that employ dif-
ferent delivery methods and frequencies of feed-
back can be tested to discover what works best for 
a given patient population and treatment setting. 

 It should be noted that, despite the undeniable 
potential of wireless wearable sensing to impact the 
practice of medicine in general and rehabilitation in 
particular, the evidence of its effi cacy at improving 
outcomes remains scant [ 1 ,  2 ]. Most sensor systems 
undergo basic feasibility testing in healthy volunteers 
or in small groups of patients. Few such systems 
mature beyond the pilot or proof-of-concept stage of 
development. Only recently have clinical trials dem-
onstrated the feasibility of deploying wireless sensors 
into clinical care environments to monitor activity 
and provide feedback to patients and therapists to 
modify behavior [ 3 ,  4 ]. Studies currently underway 
are deploying sensors into the homes of disabled per-
sons to demonstrate their utility for facilitating long-
term changes in behavior and health outcomes.  

29.3     State of the Art in Wearable 
Sensing 

 An ever-expanding number of sensor systems 
designed to monitor movement, each of which 
enables assessment at a different level of granularity, 
are commercially available to the interested clini-
cian. As an example, Table  29.1  presents but a partial 
list of sensors that can be deployed to evaluate gait. 
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Rather than engage in an exhaustive comparison 
between individual devices, common approaches 
that hold promise in addressing the challenges of 
assessing goal- directed movements (e.g., gait, reach-
ing) made by patients with disease states commonly 
encountered during clinical care and research in neu-
rorehabilitation will be presented.

29.3.1       Gait 

 Most commercially available sensor systems as 
well as many of those developed in research set-
tings provide an estimate of the time people spend 
walking. The simplest estimates are derived from 
step or activity counts recorded by a sensor worn 
at the wrist, hip, or ankle that contains at minimum 
a uni- or biaxial accelerometer. Though they can 
be prone to error when used by more disabled per-
sons (see below), these devices have utility in cer-
tain clinical contexts. For example, these devices 
are able to summarize the overall physical activity 
and sedentary time of patients after stroke [ 5 ,  6 ] or 
in those with multiple sclerosis [ 7 ], as long as 
walking speed is greater than 0.5 m/s. Depending 
upon the patient population under study, similar 
information can be obtained from a smartphone 
kept in the pocket or worn on the hip [ 8 ]. 

 Of greater utility to neurorehabilitation are 
more complex sensor systems employing triaxial 
accelerometers and gyroscopes worn on each 
ankle. With these more sensitive modules and the 
classifi cation algorithms that process their data, it 
is possible to identify steps as well as delimit the 
alternating phases of the gait cycle (Fig.  29.1 ). 
Not only can these systems quantify differences 

between the walking of disabled and healthy per-
sons (e.g., slower gait speed, decreased magni-
tude of acceleration during leg swing), the 
spatiotemporal gait parameters they calculate can 
be used to evaluate differences in gait quality [ 9 ]. 
Clinically important gait patterns that occur inter-
mittently, such as freezing of gait in patients with 
Parkinson’s disease, can also be identifi ed and 
characterized using these more advanced sensor 
systems [ 10 ]. Promisingly, data from sensors con-
taining gyroscopes have been used to reconstruct 
limb trajectories for motion quality analysis [ 11 ].

   Independent of their ability to classify gait, 
sensor systems can also evaluate transitions 
between activities (e.g., sit-to-stand) and provide 
a quantitative assessment of balance function. 
One such widely utilized test is the iTUG, an 
instrumented form of the timed-up-and-go test in 
which wearable sensors evaluate transitions from 
sitting to standing as well as spatiotemporal gait 
parameters during a brief walk [ 12 ]. Variations in 
postural sway can be identifi ed easily from iner-
tial sensor data and are being explored as objec-
tive outcome measures for patients with multiple 
sclerosis and Parkinson’s disease [ 13 ,  14 ].  

29.3.2     Upper Extremity Movements 

 Due to the greater degrees of freedom, potential 
for variations in sensor placement, and number of 
behaviors to classify, sensor systems for upper 
extremity motion are less well developed than 
those used to assess gait. Indeed, many early sen-
sor systems were designed to recreate existing 
outcome measures such as the NIH Stroke Scale 
[ 15 ], Action Research Arm Test [ 16 ], Fugl- 
Meyer [ 17 ], and Wolf Motor Function Test [ 18 ]. 
While restricting the number of tasks to be recog-
nized simplifi es the problem of classifi cation, 
this approach in turn falls prey to the problems of 
the original outcome measures, namely, that ordi-
nal scales are incomplete summaries of behavior 
[ 19 ]. The utility of recreating an outcome scale is 
even less certain when the scale under consider-
ation is relatively subjective, such as the case 
with the modifi ed Ashworth scale [ 20 ]. More 
recent validation testing comparing human and 
sensor-based evaluations of function has demon-
strated the greater sensitivity of sensors to 

   Table 29.1    Examples of commercially available wear-
able sensor systems for gait assessment   

  Step counters  

 FitBit (FitBit Inc.) 

 SenseWear (BodyMedia Inc.) 

  Activity monitors  

 ActiGraph (ActiGraph LLC) 

 StepWatch (Modus Health LLC) 

  Laboratory-quality gait assessment  

 APDM (APDM Inc.) 

 BioSensics (BioSensics LLC) 

 IDEEA (Minisun) 

 Xsens (Xsens Technologies) 
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  Fig. 29.1    Gait analysis using ankle-worn wireless sen-
sors containing a gyroscope and triaxial accelerometer. 
( a ) The gait cycle consists of stance and swing phases 
delimited by heel strike and toe off, respectively. Events 
for the left foot are marked. ( b ) Sample of gyroscope ( top  
traces) and accelerometer ( bottom  traces) data from a 
healthy person during casual gait.  Black  traces = superior/

inferior axis,  thin gray  traces = anterior/posterior axis, 
 thick gray  traces = medial/lateral axis; ( c ) corresponding 
data tracings from a person with hemiparetic stroke; ( d ) 
accelerometer trace (superior/inferior axis) and gyroscope 
trace (medial/lateral axis) of person with stroke. Numbers 
and  dashed lines  correspond to heel strike and toe-off 
events as in ( a )       
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changes in motor function [ 21 ], lending support 
to the argument that sensors should be used to 
develop new outcome measures. 

 Current rehabilitation engineering approaches 
to the problem of activity classifi cation in the 
upper extremity typically follow two approaches. 
The fi rst is to have patients perform movements 
in a physically constrained environment in which 
video [ 22 ] or radio-tagged objects [ 23 ] can be 
used to quantify movement. Similar to the out-
come measures described above, certain aspects 
of a movement can be well described; however, 
these systems are not close to measuring how 
people’s disabilities modulate interactions with 
their environments. The alternate approach is to 
forgo classifi cation in favor of evaluating the 
quality with which natural movements are made. 
Metrics derived from prior video-based kine-
matic evaluations of limb motion including dura-
tion, trajectory, length, and smoothness of 
movement can be measured [ 24 ,  25 ]. Alternate 
methods of evaluating reach-to-grasp motions, 
including spectral analysis [ 26 ], require further 
testing and clinical validation. 

 As compared to movements made with the 
entire arm, those involving the wrist and fi ngers 
present separate challenges for wearable sen-
sors, in particular the relationship between sen-
sor size and the joint displacements under study. 
One investigational approach has been to design 
wearable gloves containing goniometers or 
piezoelectric fabric that can detect subtle move-
ments [ 27 ], while another leverage variations in 
magnetic fi eld strength between a wrist-worn 
sensor and a magnetic ring worn on the fi nger 
during wrist and fi nger movements [ 28 ]. In con-
trast, the identifi cation and characterization of a 
single aspect of movement, upper extremity 
tremor, are more advanced [ 29 ,  30 ], and several 
sensor systems that monitor tremor are commer-
cially available.   

29.4     Choosing a Wearable Sensor 
System 

 The ideal sensor system for use in clinical care 
and research in neurorehabilitation should be low 

cost, unobtrusive, comfortable, user friendly, and 
stream to an appropriate healthcare database for 
review by a patient or clinician. In truth, there is 
no one-size-fi ts-all wearable sensor system. A 
system should be selected based upon its fi t to the 
patients (e.g., active, disabled) and setting (e.g., 
hospital, clinic, home) in which it is to be used. 
Its level of sophistication should be proportional 
to the minimum amount of information required 
to fully characterize and intervene upon a behav-
ior of interest. For example, a multisensor system 
that recreates limb trajectories is unnecessary 
when step counts derived from a single sensor 
would be suffi cient. 

29.4.1     End-User Considerations 

 The factors unique to people participating in 
rehabilitation should be considered when select-
ing a wearable sensor system. First, their limb 
movements are often slower and less symmetric 
when compared to age-matched healthy per-
sons. Sensors designed for fi tness tracking and 
health promotion in the general population have 
differing levels of sensitivity [ 31 – 34 ], meaning 
that they may not be able to accurately charac-
terize movements made at the slow speeds typi-
cal of disabled persons [ 35 ,  36 ]. Similar to 
choosing an outcome measure for a clinical 
trial, it is essential to select a sensor system that 
has undergone validation testing in persons with 
similar functional disabilities to those who are 
being studied [ 37 ,  38 ]. 

 Concomitant defi cits in sensation, vision, lan-
guage, and cognition should be taken into account 
when selecting a sensor system, as they can inter-
fere with sensor use as well as the comprehension 
of instructions and feedback. For example, a sen-
sor that can be attached without the assistance of 
another person would be most appropriate for a 
person with limb paresis. Similarly, small buttons 
may be diffi cult to push for persons suffering 
from a loss of dexterity or impaired vision. 

 Finally, both system aesthetics and the familiarity 
of potential sensor users with mobile technologies 
should be considered. Potential users may not be 
familiar with smartphones, text messaging, or the 
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Internet [ 39 ,  40 ], in which case a plug-and-play sys-
tem requiring little user intervention would be most 
appropriate. Incorporating user preferences into the 
choice of sensor prior to deployment will help ensure 
compliance with sensor use over time [ 41 ].  

29.4.2     Hardware Considerations 

 A variety of sensing modules (Table  29.2 ) [ 28 , 
 42 – 51 ] can be built into an existing assistive 
device (e.g., cane, walker) or worn individually 
or in combination on the body. The acceleration 
and force data collected by accelerometers and 
pressure sensors can quantify limb trajectory, 
movement, and balance. Physiologic data 
including heart rate, oxygen saturation, and cor-
tical activity can be collected from passively 
worn sensors. Sampling of sweat, saliva, or 
blood by biochemical sensors can track changes 
in body chemistry before, during, and after 
activity. The choice of sensor components, 
number of sensors, body location where sensors 
are to be worn, data storage capability, and bat-
tery life during regular daily use must all be 
optimized for a given patient population to 
ensure ease of use.

   Wireless systems typically utilize a smart-
phone or tablet to communicate with sensors, 
route data to a central database for storage and 
analysis, and serve as a user interface for provid-

ing instructions and feedback. Current communi-
cation protocols including ANT/ANT+ (ANT 
Wireless, Dynastream Innovations Inc., 
Cochrane, Alberta, Canada) and Bluetooth 
(Bluetooth SIG, Kirkland, WA) enable rapid 
upload of data from sensors, while 4G data net-
works and pervasive Wi-Fi facilitate transmission 
to a central server. When deploying sensor sys-
tems into the homes and communities of patients, 
especially those who live in remote areas, it is 
important to consider how data will be collected 
and feedback provided (e.g., the availability of 
4G data coverage in the region). Alternate meth-
ods of transmitting data, such as Wi-Fi, use of a 
mobile hot spot, or even shipping of sensors in 
the mail, may need to be identifi ed.  

29.4.3     Software Considerations 

 Accurate classifi cation algorithms ensure the 
validity of the behavioral assessments derived 
from sensor data. Numerous methodologies 
developed for the classifi cation of goal-directed 
movements in healthy persons [ 52 – 56 ] have been 
applied to the characterization of movements 
made by persons with hemiparesis, ataxia, poor 
reach/grasp, and abnormal gait [ 42 ,  57 – 61 ]. At 
minimum, a wireless system should be able to fi l-
ter out artifacts when transforming sensor signals 
into recognizable movement patterns. 

   Table 29.2    Examples of sensor modules and the variables they can measure for mobile health and rehabilitation 
applications   

 Sensor Module  Variables Measured 

 Accelerometer  Accelerations/decelerations, velocity, displacement of body segment 

 Gyroscope  Angular accelerations/decelerations, angular velocity, angular rotation [ 42 ] 

 Magnetometer  Directional vectors of spatial orientation [ 28 ] 

 Electrogoniometer  Joint angle range of motion [ 43 ] 

 Electromyography (EMG)  Timing and amount of muscle activation measured from the surface of the skin [ 44 ] 

 Mechanomyogram (MMG)  Timing and amount of muscle contraction in deeper muscle tissue measured 
from the surface of the skin [ 45 ] 

 Electroencephalography (EEG)  Neuronal activity measured from the scalp [ 46 ] 

 Electrocardiography (ECG)  Heart rate, heart rate variability [ 47 ] 

 Electrochemistry  Measure chemistry of sweat, tears, other body fl uids [ 48 ] 

 Global positioning system 
(GPS), Wi-Fi 

 Location [ 49 ,  50 ] 

 Camera  Ambient sound, light, motion-activated video [ 51 ] 
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 Despite the inclusion of common sensing 
modules, the outputs of sensor systems vary in 
that some provide full access to the collected raw 
data while those running more proprietary soft-
ware may only output general summaries of 
activity. Additionally, depending upon the sys-
tem used, different types and amounts of meta-
data (e.g., sensor type, placement of sensors on 
the body, duration of data recording) are included 
with outputs from the sensing modules. 
Regardless of the system selected, the collection 
of personal data requires plans to secure that data 
at each stage of collection, transmission, and 
storage to ensure patient privacy and compliance 
with healthcare security regulations [ 62 ].   

29.5     The Future of Wearable 
Sensing in Rehabilitation 

29.5.1     Telerehabilitation 

 In the future, patients recovering from neurologic 
disease will be monitored starting in acute inpatient 
rehabilitation and then followed after discharge to 
the home. Wearable sensors and instrumented 
assistive devices will record purposeful movements 
and episodes of skills practice, summaries of which 
will be used by a remote supervising therapist to 
formulate an individualized rehabilitative treat-
ment plan. Telerehabilitation will enable the provi-
sion of services to persons living in remote areas, 
those with poor access to formal therapy services, 
and people requiring additional therapies beyond 
those covered by insurance. 

 Achieving a clinically meaningful telereha-
bilitation program will require not only the infra-
structure and sensor components to enable remote 
monitoring but also optimized forms of feedback. 
In its current form, telerehabilitation consists of 
intermittent one-on-one video and/or telephone 
communication between the therapist and patient. 
Though midsized clinical trials with stroke 
patients have proved effi cacious at increasing 
physical activity [ 63 ], factors including poor 
compliance with remotely monitored therapies 
[ 64 ], variations in the amount of supervision and 
feedback [ 65 ], and behavioral effects due to 

fi nancial compensation [ 66 ] have confounded 
results with little systematic evidence for a clini-
cal benefi t from telerehabilitation being identi-
fi ed by meta-analysis [ 67 ,  68 ]. Studies utilizing 
more simplistic step counters have reported bet-
ter success at establishing changes in and mainte-
nance of physical activity through the use of 
personalized goal setting as part of a formal 
behavior change process [ 69 ,  70 ].  

29.5.2     Sensor Systems of the Future 

 The rate of change in wireless health technolo-
gies far outpaces that seen in the delivery of clini-
cal care, resulting in a lag between the 
development of a technology and the demonstra-
tion of its clinical utility in randomized trials 
[ 71 ]. Already, wearable sensors consisting of 
individual sensing modules attached to a fl exible 
substrate can be worn on the skin as a temporary 
patch to monitor movement [ 72 ] or sample corti-
cal activity [ 73 ]. Refi nements in fl exible sensors 
will enable the remote assessment of swallow 
performance, opening up new avenues of dyspha-
gia treatment [ 74 ,  75 ]. The instrumentation of 
therapy equipment (e.g., exercise cycle [ 76 ]), 
orthotics, and prostheses will have the potential 
to provide additional insights into aspects of 
skilled motor practice. 

 The infrastructure supporting the use of wear-
able sensing in daily care and clinical trials for 
rehabilitation will evolve due to formal collabo-
rations between research groups that establish 
interoperable sensor platforms and standard for-
mats for the storage and annotation of sensor 
data. In the United States, initial efforts to con-
solidate research resources under the aegis of the 
National Center for Medical Rehabilitation 
Research of the NIH are underway. Future 
advances in algorithms to classify and character-
ize aspects of goal-directed behavior will be 
based upon the fusion of data from different 
modules in sensors and orthotics. The initial 
efforts in this direction have included the use of 
an accelerometer and heart rate sensor to quan-
tify the intensity of walking performance by 
stroke patients [ 77 ] and the fusion of inertial sen-
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sor data with ambient environmental data col-
lected by a smartphone [ 78 ].   

29.6     Conclusions 

 Wearable sensor systems offer the promise of 
remote monitoring with a degree of precision 
previously obtainable only in formalized motion 
analysis laboratories. The development of novel 
outcome measures that refl ect behavior as it is 
performed in the homes and communities of dis-
abled persons during daily life has the potential 
to change evaluation of the recovery process as 
well as the delivery of care for patients recover-
ing from neurologic disease. To become a viable 
intervention, telerehabilitation will require the 
selection of appropriate sensor systems, optimi-
zation of feedback methodologies, and expansion 
of the evidence base, demonstrating the effi cacy 
of remote interventions based upon sensor data.     
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    Abstract  

  Despite best available physiotherapy, the stroke survivor population remains 
affected by signifi cant motor impairment in both upper and lower extremi-
ties. Many emerging rehabilitative approaches have ultimately proven to be 
no better than standard physiotherapy. Hence, there is still a great need for 
novel methods that can help improve motor outcomes beyond conventional 
physiotherapy. Brain-computer interfaces (BCIs) may be one such approach. 
BCIs translate brain signals into control commands for external devices using 
decoding algorithms. They can be applied to allow those with irreversible 
paralysis, due to stroke, to directly control prosthetic devices with their brain. 
Alternatively, they can be applied as novel rehabilitative tools to help improve 
motor recovery after stroke. However, utilizing BCIs for stroke rehabilitation 
is a nascent fi eld. While many preliminary clinical studies suggest that BCIs 
are promising as either neuroprostheses or as rehabilitative tools, there have 
not been any defi nitive clinical trials to demonstrate their effectiveness in 
improving functional or neurological outcomes. Hence, no current practice 
recommendations can be made regarding BCIs for stroke rehabilitation.  

  Keywords  

  Neuroprostheses   •   Stroke motor rehabilitation   •   Brain-computer interface   
•   Stroke rehabilitation   •   Irreversible paralysis  

30.1       Introduction 

 There are >7 million stroke survivors in the USA 
alone, with approximately 795,000 new cases 
annually [ 1 ]. Despite spontaneous recovery and 
intensive physiotherapy [ 2 ], ∼54 % of stroke sur-
vivors remain affected by signifi cant motor 
impairment [ 3 ], such as upper (21 % [ 4 ]) and 
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lower (50–60 % [ 5 ]) extremity defi cits. Poststroke 
motor impairment is directly associated with 
decreased independence and lost productivity. 
Gait impairment, in particular, is associated with 
signifi cant disability and reduced physical activ-
ity and is one of the few impairments that is 
directly linked to poor social reintegration [ 6 ,  7 ]. 
These problems lead to an increased risk of medi-
cal complications and raise a major public health 
concern in the form of increased healthcare, care-
giving, and lost productivity costs. These costs 
are anticipated to increase as the aging popula-
tion grows and as acute stroke survival rates 
improve. 

 For decades clinicians have utilized assistive 
devices such as orthoses and functional electrical 
stimulation (FES) systems to mitigate poststroke 
motor impairments. However, these devices are 
cumbersome and may cause discomfort, and their 
benefi ts disappear upon removal. Signifi cant 
effort has been invested to develop new technolo-
gies and methodologies to enhance stroke reha-

bilitation outcomes. However, some of these 
emerging rehabilitation approaches, such as 
robotic-assisted therapy, or body weight- 
supported treadmill training have proven to be no 
better than conventional physiotherapies [ 2 ,  8 ]. 
Alternatives, such as brain-computer interface 
(BCI) technology, may provide functional 
improvements beyond conventional therapies. 

 BCIs enable direct brain control of assistive 
devices and prostheses [ 9 ]. They employ decod-
ing algorithms to translate electrophysiological 
signals acquired from the brain (e.g., electroen-
cephalogram [EEG]) into control commands for 
assistive devices [ 9 ]. When integrated with func-
tional electrical stimulators (FES) or robotic 
orthoses, BCIs enable the direct brain control of 
these assistive devices (see Fig.  30.1 ). Such inte-
grated systems can be applied as neuroprostheses 
or as novel physiotherapies to restore or improve 
motor function after stroke. These neuropros-
thetic BCI systems are designed to replace motor 
functions that have been completely lost due to 

Brain signals
Decoding Algorithm

EEG

ECOG

Microelectrode Array

Feedback

Commands

Assistive Device

Wheelchair

Robotic prosthesis

  Fig. 30.1    Diagram describing the operation of a typical 
BCI system. Brain signals are fi rst acquired via EEG, 
ECoG, or intracortical microelectrodes (local fi eld and 
action potentials). These signals are analyzed in real time 

using decoding algorithms. The outputs of these algorithms 
are commands for external assistive devices. Their response 
to the brain-derived commands provides feedback to the 
user so that adjustments can be made as necessary       
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stroke. When applied in physiotherapy, BCIs are 
hypothesized to stimulate a Hebbian plasticity 
process (where “neurons that fi re together, wire 
together”). This approach could be used syner-
gistically with other rehabilitative options and 
may ultimately facilitate functional recovery 
beyond that of conventional physiotherapies. 
This chapter will explore the emerging use of 
BCI technology in clinical stroke rehabilitation.

30.2        How BCIs Work 

 BCIs exploit predictable changes in neural sig-
nals to enable brain control of external devices. 
Brain signals such as EEG, electrocorticogram 

(ECoG), as well as local fi eld and action poten-
tials exhibit predictable changes with various 
motor behaviors. Typically, BCIs use motor 
imagery (MI) or even attempted motor execution 
(ME) to elicit these changes (see Fig.  30.2 ). For 
example, the sensorimotor rhythms (SMRs), 
defi ned as the 8–30 Hz brain waves from sensory 
and motor areas [ 10 ], are known to be attenuated 
when an individual initiates movement. This phe-
nomenon is known as event-related desynchroni-
zation (ERD). The attenuation of these signals 
stops with movement cessation, in a process 
known as event-related synchronization (ERS). 
In addition to these low frequency modulations, 
brain waves in the high-gamma band (>70 Hz), 
which can be acquired from subdural ECoG elec-

EEG During Ankle Relaxation and Movement

Spectrogram for Ankle Relaxation and movement
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  Fig. 30.2    Diagram showing movement-related EEG 
modulation from the relevant electrode (Cz from the 
International 10–20 system). When the stroke survivor 
relaxes the ankle, high-amplitude oscillations (5–35 Hz) 

are seen in the time series data ( top ) and the time- 
frequency spectrogram ( bottom ). When the individual 
moves his paretic ankle, these waves become 
desynchronized       
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trodes, also exhibit ERS during movement [ 11 , 
 12 ]. Lastly, local populations of neurons have 
been shown to exhibit increased spiking activity 
for specifi c movement directions [ 13 – 15 ].

   Decoding algorithms can utilize a variety of 
statistical analysis techniques to distinguish an 
individual’s intentions based on changes in the 
neural signals. Typically, this is performed by 
classifying neural signals into discrete states, 
such as a movement class (where the individual 
intends movement via MI or ME) and an idling 
class (where no movement is intended). This type 
of discrete classifi cation can be robustly achieved 
with EEG signals. To predict limb movement tra-
jectories, higher resolution signals, such as ECoG 
or neuronal action potentials, are required. Upon 
decoding the movement intention (into either dis-
crete states or continuous trajectories), a com-
puter command is sent to an output device. 
Common output devices include functional elec-
trical stimulation (FES) systems, robotic limbs or 
exoskeletons, wheelchairs, and virtual keyboard/
mouse. The operation of the device also provides 
feedback, usually visual, to the user so that 
adjustments can be made.  

30.3     Neuroprosthetic BCI Systems 

 Historically, BCI systems were developed to tar-
get severe forms of motor diseases such as amyo-
trophic lateral sclerosis (ALS), where they could 
provide a means of communication with the out-
side world. Similar BCI systems have since been 
applied to other neurological diseases, such as 
high cervical spinal cord injury (SCI), where they 
are intended to provide the user with volitional 
and natural upper extremity control. In general, 
neuroprosthetic BCI systems can be used to 
acquire movement intention signals from intact 
brain cortex and subsequently translate them into 
control commands for devices such as a robotic 
exoskeletons and FES systems, thereby provid-
ing a means to restore brain-controlled manipula-
tion of the environment. Even though the original 
BCI systems were designed for ALS and SCI, 
this technology can also be utilized in stroke 
rehabilitation. More specifi cally, the ideal post-
stroke candidates for such BCI systems would be 

those with complete or near-complete paralysis 
due to subcortical strokes (e.g., lesions in the 
internal capsule) who are unlikely to regain fur-
ther motor function. 

 To date, a number of BCI systems have suc-
cessfully demonstrated that brain signals acquired 
either noninvasively (typically EEG) or inva-
sively (typically ECoG or intracortical micro-
electrode arrays) can be exploited to enable brain 
control of both upper and lower extremity pros-
theses. For example, Pfurtscheller et al. [ 16 ] uti-
lized an EEG-based BCI to enable FES-mediated 
hand grasping in an individual with C6 SCI. Do 
et al. [ 17 ] also implemented an EEG-based BCI 
system which enabled an individual with paraple-
gia to walk using a robotic exoskeleton system. 
Similarly, King et al. extended this concept to 
restoration of overground walking in a person 
with paraplegia due to SCI [ 18 ]. Invasive BCIs 
are able to achieve control of more degrees of 
freedom (DOF) than existing noninvasive BCI 
systems and non-BCI technologies (e.g., a mouth 
joystick). For example, in the BrainGate clinical 
trials, intracortical microelectrode arrays 
implanted in tetraplegic individuals enabled con-
trol of a 6-DOF robotic arm [ 19 ,  20 ]. Collinger 
et al. [ 21 ] utilized two microelectrode arrays 
implanted into the motor cortex of a patient with 
severe tetraparesis due to spinocerebellar degen-
eration to successfully control a 7-DOF robotic 
arm. More recently, Afl alo et al. [ 22 ] utilized a 
microelectrode array to record movement trajec-
tory intention in the posterior parietal cortex and 
enable a person with tetraplegia to control a 
robotic arm. Although not as robust in function as 
the microelectrode-based BCIs above, Wang 
et al. [ 23 ] demonstrated that ECoG signals could 
be used by an individual with tetraplegia to con-
trol a robotic arm. Since BCI systems do not 
monopolize residual motor functions, such as 
mouth movements, they allow the user to main-
tain BCI control while talking, drinking, etc. 

 It is envisioned that the function of the afore-
mentioned systems can be extended to those with 
hemiplegia due to stroke. For example, distal 
upper extremity weakness is a common clinical 
outcome of stroke, and systems such as those by 
Pfurtscheller et al. [ 16 ] may help restore hand 
movement in stroke survivors. In addition, since 

C.M. McCrimmon et al.



621

as many as 15 % of stroke survivors lose their 
ability to ambulate, BCI-controlled lower extrem-
ity prostheses could help restore walking. At the 
time of publication, there are no BCI-controlled 
neuroprostheses that have undergone defi nitive 
clinical trials for safety and effi cacy. In addition, 
none have been FDA approved for marketing, 
and hence no clinical recommendations can be 
made regarding the application of neuropros-
thetic BCIs for stroke. 

 Before these devices reach the point where 
they can be widely used and adopted, several out-
standing problems must be addressed. First, these 
systems are not yet suffi ciently accurate to 
robustly restore movement to paralyzed limbs. 
For example, the best BCIs, which simply differ-
entiate between movement and idling states, can 
only reach <95 % accuracy, and this may trans-
late into operation errors that are frustrating or 
dangerous to the user. Second, they typically 
require full-sized computers and bulky amplifi er 
arrays, which limit their portability. Signifi cant 
engineering effort will need to be invested in 
order to miniaturize the requisite electronic com-
ponents such that they are wearable, aesthetically 
acceptable, as well as constantly available and 
easy to use. Lastly, noninvasive systems require 
EEG caps which are tedious and time consuming 
to don and doff. In order to address these chal-
lenges, it may be necessary to develop implant-
able BCI systems, including electrodes, 
amplifi ers, and special purpose microcomputers. 
Ultimately, clinical trials will need to be con-
ducted to determine whether these systems are 
safe (e.g., do not cause seizures or nervous tissue 
injuries) and effective (reduce disability).  

30.4     BCI Systems 
for Physiotherapy 

30.4.1     Review of Existing BCI 
Systems for Stroke 
Rehabilitation and Underlying 
Mechanisms 

 The general consensus in stroke motor rehabilita-
tion is that the most effective practices employ 
repetitive, high-intensity, goal-oriented move-

ment of the impaired limb (such as constraint- 
induced movement therapy) to overcome learned 
disuse [ 24 ]. Additionally, it is recommended that 
patients execute these movements as naturally as 
possible [ 25 ,  26 ]. However, severely disabled 
individuals may be unable to participate in active 
movement therapies, and hence BCIs may be 
applied as novel therapies to facilitate compli-
ance to these rehabilitative guidelines. It can be 
hypothesized that BCI therapy, when used in 
conjunction with conventional physiotherapies, 
may also improve motor function in those with 
moderate or mild impairment due to stroke. 
Stroke survivors are still able to modulate EEG 
without performing any physical movement [ 25 , 
 27 – 32 ], and this can be exploited by BCIs for 
stroke rehabilitation. Moreover, MI- and 
ME-based BCI therapies can be carried out in a 
repetitive [ 30 ] and goal-oriented [ 24 ] manner that 
ensures intense focus on the motor function task 
[ 25 ,  28 ,  33 ,  34 ]. These BCIs may facilitate neuro-
plastic cortical changes similar to repetitive 
movement practice [ 26 ], possibly through oper-
ant conditioning. For example, the BCI output 
could provide feedback to the user about his/her 
cortical state, and the user could then attempt to 
modulate his/her SMRs to achieve maximum 
control of the BCI. This learning process may 
lead to subsequent benefi cial neural changes [ 27 , 
 31 – 33 ,  35 – 38 ] and, in turn, to improved motor 
function (see Fig.  30.3 ). For example, MI and 
ME have been shown to strengthen visuospatial 
[ 39 ], primary/associated motor [ 26 ,  30 ,  38 – 40 ], 
and primary somatosensory [ 25 ] networks.

   Many previous studies have demonstrated that 
MI and ME generate robust changes in EEG sig-
nals that are suitable for BCIs, even in the post-
stroke cortex, making BCI-based stroke 
rehabilitation a possibility. Mohapp et al. [ 41 ] 
used MI and ME on ten stroke patients with an 
average BCI classifi cation accuracy between 
61.5 % and 79.0 % (depending on which limb and 
hemisphere were used). Bai et al. [ 42 ] investi-
gated both MI and ME tasks with a BCI that uti-
lized beta-rhythm SMR and found that, without 
extensive training, the classifi cation accuracy in 
stroke subjects was comparable to healthy sub-
jects (≥80 %). Buch et al. [ 43 ] reported success-
ful control of a MEG-based BCI by eight stroke 
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patients who utilized mu-rhythm ERD during 
both ME and MI tasks to control an orthosis 
attached to the plegic hand. Six out of the eight 
patients achieved a signifi cant increase in BCI 
classifi cation accuracy by the 20th session, with a 
median accuracy of 72.48 % across subjects at 
the fi nal session. Prasad et al. [ 44 ] evaluated fi ve 
chronic stroke patients undergoing combined 
physical practice and MI-based BCI and found 
that BCI classifi cation accuracy was ∼70 % on 
average. McCrimmon et al. [ 45 ] investigated an 
ME-based FES therapy in nine chronic stroke 
patients and found that the average classifi cation 
accuracy for these subjects was ∼80 %. From 
these studies, it is clear that stroke survivors can 
successfully control MI- and ME-based BCIs. 

 Adding a proprioceptive feedback mechanism 
to MI- and ME-based BCIs may further enhance 
functional recovery in stroke survivors (see 
Fig.  30.3 ). More specifi cally, proprioceptive 
BCIs pair motor intention (motor and visuomotor 
activation) with movement of the paretic limb 

(e.g., through robotic assistance). This may facil-
itate Hebbian-like learning and neural reorgani-
zation [ 26 ,  30 ,  31 ,  46 ] and ultimately improve 
motor recovery [ 32 ,  33 ,  47 ]. It is likely that these 
plastic changes occur at the level of the cortex 
and primarily affect motor planning and initia-
tion, since synaptic changes directly between 
upper motor neurons and sensory fi bers are 
unlikely to occur. Additionally, any improvement 
in motor function results in a subsequent increase 
in proprioceptive feedback, creating a positive 
feedback loop of further CNS changes [ 26 ]. 

 This proprioceptive BCI concept has been 
successfully realized in several studies. For 
example, Broetz et al. [ 36 ] and Caria et al. [ 46 ] 
trained a hemiplegic patient with no active fi nger 
extension with a BCI that drove an orthosis 
attached to his paralyzed arm. The patient used 
mu-rhythm modulation to control the orthosis 
and underwent goal-directed physiotherapy train-
ing over the course of 1 year. Gomez-Rodriguez 
et al. [ 47 ] evaluated BCI-robotic arm-assisted 
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  Fig. 30.3    Hypothesized mechanisms of poststroke motor 
recovery using BCI systems. Here the lower motor neuron 
(LMN) output and subsequently the muscle output are 
severely impaired. ( a ) MI- and ME-based BCIs may elicit 
cortical changes ( yellow square ) between the primary 
motor cortex (M1) and the supplementary motor area 
(SMA), premotor cortex (PM), and even the prefrontal 
and posterior parietal areas (not shown). ( b ) MI- and 

ME-based BCIs that provide robotic assistance may addi-
tionally stimulate dorsal sensory pathways and subse-
quently facilitate neuroplastic changes between the 
primary somatosensory cortex (S1) and the non-primary 
motor areas. ( c ) BCIs that deliver MI- or ME-controlled 
FES may also promote changes in the anterior horn of the 
spinal cord at the level of the antidromically activated 
LMN       
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physiotherapy in three chronic stroke patients. 
Patients attempted either elbow fl exion or exten-
sion or MI, while the BCI would detect their 
intention to move and then initiated active robotic 
assistance. Ang et al. [ 48 ] studied the effect of 
MI-based BCI with haptic feedback in 21 chronic 
stroke patients in a controlled trial. Subjects par-
ticipated in 18 therapy sessions in which grasping 
and knob manipulation tasks were carried out 
using MI-BCI with robotic assistance. Note that 
all of the above studies were conducted using 
noninvasive EEG-based BCIs. 

 In addition to delivering proprioceptive feed-
back, BCI can also control functional electrical 
stimulation (FES) systems as another potential 
means to drive neuronal plasticity processes (see 
Fig.  30.3 ). Using FES with MI- and ME-based 
BCIs not only activates afferent sensory path-
ways but also lower motor neurons. Compared to 
proprioceptive feedback alone, this mechanism 
may further enhance neural plastic changes, 
especially in sensorimotor areas [ 38 ,  40 ,  49 ,  50 ]. 
Additionally, the coincident activation of upper 
and lower motor neurons may induce Hebbian 
learning via long-term potentiation at their syn-
apse in the spinal cord [ 50 ,  51 ]. Initial evidence 
from Hara et al. [ 52 ] supports the use of therapies 
that coactivate upper and lower motor neurons. 
Here, it is suggested that an EMG-controlled FES 
therapy, in which motor intention is coupled with 
FES, may be more benefi cial than either 
attempted movement or FES alone. 

 Several preliminary studies have demon-
strated the feasibility of BCI-FES systems for 
physiotherapy. Daly et al. [ 25 ] combined BCI 
and FES for motor learning in a single chronic 
stroke patient who was unable to perform iso-
lated fi nger movements. Visual cues were pro-
vided to the subject to relax or move her paretic 
fi ngers, and ME- or MI-based motor intention 
(via the BCI) triggered FES-induced index fi nger 
extension. After a small number of training ses-
sions, volitional motor control over the index fi n-
ger was obtained. McCrimmon et al. [ 45 ] utilized 
a similar paradigm for lower extremity rehabilita-
tion. Nine chronic stroke subjects with foot drop 
each participated in 12 sessions, in which they 
followed visual cues and attempted either ankle 

dorsifl exion or relaxation, while FES was either 
supplied or withheld, respectively. Gait function 
improved in several subjects (details discussed 
further below).  

30.4.2     BCI-Based Stroke 
Physiotherapy in Clinical 
Applications 

 The BCI systems presented above have led to an 
increasing number of clinical studies that exam-
ined the feasibility and outcomes of BCI-based 
therapies for stroke rehabilitation. However, 
among these studies, formal clinical trials are 
sparse, and the rest are proof of principle, small 
case series, or other uncontrolled studies. At the 
time of this review, there was one Phase I clinical 
trial [ 45 ] and two Phase II clinical trials [ 33 ,  48 ] 
on BCI-based physiotherapies. Given the absence 
of any defi nitive Phase III clinical trials regarding 
the effi cacy of BCI-based physiotherapy, it is cur-
rently not possible to determine whether these 
approaches are benefi cial. In addition, there is 
also little existing research that elucidates the 
underlying mechanism of any improvements 
seen in stroke patients who underwent BCI-based 
physiotherapies. 

 As discussed above, stroke patients are gener-
ally able to operate EEG-based BCIs that are 
designed for rehabilitation purposes. The exist-
ing case reports and series that employed a 
before-and-after comparison in a small number 
of stroke subjects suggest that motor outcomes 
improved after BCI-based physiotherapy. These 
outcomes include upper and lower extremity 
motor function and other physiological measures. 
However, outside of demonstrating that BCI- 
based physiotherapy is technically feasible, no 
safety or effi cacy conclusions can be drawn from 
these studies. 

 McCrimmon et al. [ 45 ] have conducted a 
Phase I trial examining the safety of a BCI-FES 
dorsifl exion therapy in chronic stroke patients 
with gait impairment due to foot drop. It was 
found that none of the participants ( n  = 9) experi-
enced any deterioration, hence indicating prelim-
inary safety of this approach. Post hoc analysis 
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also revealed that 66.6 % of subjects experienced 
a signifi cant increase in either their gait velocity 
or 6-min walk distance at 1 month after the com-
pletion of the intervention. Five out of these six 
subjects with gait velocity or 6-min walk distance 
improvement also experienced changes in the 
magnitude of alpha and beta band ERD and ERS 
at the end of the study. This was not observed in 
any of the subjects with no gait velocity improve-
ment. These observations provide preliminary 
evidence that BCI-FES dorsifl exion therapy is 
safe and are promising to explore in a Phase II 
clinical trial. 

 Ramos-Murguialday et al. [ 33 ] described a 
randomized Phase II trial which examined the 
potential effi cacy of BCI-controlled robotic 
orthosis therapy for the upper extremity in 
chronic stroke survivors. In this study, subjects 
were randomized to either BCI-controlled robotic 
orthosis therapy or sham therapy. All subjects 
also received concurrent physiotherapy. The 
treatment group had a 3.416 ± 0.563-point differ-
ence in the Fugl-Meyer upper extremity motor 
score compared to the control group ( p  < 0.018). 

 Ang et al. [ 48 ] reported a randomized Phase II 
trial on BCI-controlled haptic feedback therapy 
in chronic stroke survivors. Study subjects were 
randomly assigned to one of three treatment 
groups: (1) BCI-controlled haptics knob paired 
with conventional physiotherapy, (2) haptics 
knob therapy paired with conventional physio-
therapy, and (3) conventional physiotherapy. All 
three treatment groups received the same dose of 
therapy. A total of 22 subjects were recruited 
(after excluding 921 patients). All groups had 
signifi cant improvement in the upper extremity 
FM motor score, but there were no signifi cant 
intergroup differences. 

 Based on the current clinical trial literature, 
there is some evidence to suggest that BCI-based 
physiotherapies may be safe and promising 
enough to warrant further clinical investigations. 
However, no clinical practice recommendations 
can be made regarding BCI-based physiothera-
pies. Given the paucity of data, researchers in the 
fi eld of BCI-based physiotherapies must ulti-
mately pursue formal evaluation pathways that 
culminate in large defi nitive Phase III clinical tri-
als to determine whether these approaches are 

safe and effi cacious. There are many outstanding 
clinical questions that must be answered along 
this pathway. First, it is notable that there is very 
little interest in the safety of BCI-based physio-
therapies among the research community, yet 
there is no clear evidence that indicates whether 
these approaches can cause adverse events, e.g., 
worsening of function due to maladaptive behav-
iors or other negative forms of neural plasticity. 
In addition, the complexity of BCI systems also 
raise many comparison questions that affect how 
BCI-based physiotherapies may be adopted or 
applied clinically even if they prove to be safe 
and effi cacious. For example, it is unknown how 
the effects of BCI-based therapies compare to 
those of other physiotherapies (i.e., do they sur-
pass standard physical and occupational therapy, 
or are they simply equivalent?). Are there partic-
ular characteristics of stroke patients who will 
respond best to BCI-based physiotherapy? Will 
the approaches be relevant to the stroke popula-
tion at large, or can they only be applied to a 
small proportion of patients (e.g., [ 48 ])? The 
answers to these questions have implications for 
the future justifi cation of BCI-based therapies, 
particularly if existing dose-matched therapies 
turn out to be cheaper and just as effi cacious. 
Finally, given the confl icting results of Ang et al., 
Ramos- Murguialday et al., and McCrimmon 
et al., it remains unclear which BCI-based phys-
iotherapy mechanisms are most effective for 
poststroke therapy. 

 In addition to the above scientifi c questions, 
many practical issues related to the implementa-
tion of BCI-based physiotherapies need to be 
addressed. Since these therapies currently 
require extensive setup, it is unclear how they 
will be effi ciently and effectively delivered in 
clinical practice. Are there ways to drastically 
reduce the setup time of such BCI systems? 
Additionally, will BCI-based therapies be pro-
vided by the physical and occupational thera-
pists in the community? Will they be time and 
resource effi cient? Will the associated equip-
ment and training costs be acceptable to practic-
ing clinicians? Will patients be interested in such 
therapies? Since this research fi eld is still in 
early development, the medical device industry 
has yet to streamline these systems. As the fi eld 
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matures, it can be expected that BCI-based phys-
iotherapy studies will transition toward large 
clinical trials. At that time, signifi cant research 
and development must be performed to under-
stand and address these market issues that may 
ultimately affect the success of BCI-based 
physiotherapies.   

30.5     Conclusion and Future 
Directions 

 In recent years, BCI-based physiotherapies have 
garnered increasing interest as a means of substi-
tuting for lost motor functions or for improving 
poststroke motor outcomes. Neuroprosthetic 
BCIs have been designed primarily for SCI, but 
can be extended to poststroke paralysis. 
Signifi cant engineering challenges must still be 
overcome before these systems can be used in the 
clinic in a robust and practical manner. BCI sys-
tems for physiotherapy may be applied as a novel 
means of facilitating Hebbian learning mecha-
nisms, which can be elicited by two major strate-
gies. One involves providing BCI-controlled 
proprioceptive sensory feedback to upregulate 
the connection between sensory and motor corti-
ces and subsequently cause increased motor out-
put to the lower motor neurons. The second 
strategy employs BCI-controlled electrical stim-
ulation to simultaneously activate the poststroke 
motor areas and the lower motor neurons, thereby 
increasing their connectivity over time. Both of 
these strategies can potentially promote motor 
recovery. In fact, these strategies have already 
been realized in BCI-controlled robotic and FES 
therapies. Existing case reports and series and 
clinical trials suggest that these strategies are 
promising. However, many questions still remain 
regarding the safety and effi cacy of BCI-based 
physiotherapies and whether they can be practi-
cally applied in the clinical setting.     
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                        Epilogue: What Lies Ahead? 

  In the relatively short period that has elapsed 
since the publication of our previous volume 
( Neurorehabilitation Technologies  , 1st Edition ), 
there have been rapid shifts in technology applied 
to rehabilitation, and a number of novel technical 
approaches have emerged that show promise for 
transforming the ways in which neurologic reha-
bilitation will be provided in the future.  

    Shifts in Advanced Technology 

 There has been a continuing growth in the use 
rehabilitation robots for therapy, although the 
growth appears to have slowed to some degree. 
This is potentially because of the continuing 
high cost of most robotic systems, coupled 
with the rather demanding level of technical 
sophistication required to manage these sys-
tems. As a result, they have had limited impact 
on clinical rehabilitation practice of neurologic 
disorders. 

 While cost and complexity appear to be 
important, as listed above, there remain signifi -
cant technical limitations in robotic technology 
that are equally important. In particular, there is 
increasing emphasis on high-intensity gait train-
ing after stroke or spinal cord injury, once the 
acute period of injury has passed. Most of the 
robotic systems cannot yet allow, let alone 
actively support, the capacity of a recovering 
patient to generate large forces that move the 
robot, or allow the person to impose rapid motion. 
Until these robotic designs are able to match 
ongoing therapeutic needs, it is less likely that 

there will be much new penetration into regular 
clinical practice. 

 There is also an increasing need for a rational 
analysis of interaction between robots and humans. 
Currently, most robotic systems are used to impose 
presumptively useful patterns of motion, espe-
cially in the lower extremity, or to facilitate game 
playing in the upper extremity, which is believed 
to improve visually guided hand use. There is as 
yet no global theory based on identifi ed mecha-
nisms of motor learning and activity-dependent 
neuroplasticity that motivates or drives the use of 
many robotic systems for rehabilitation.  

    Rise of the Exoskeletons 

 As described in the new Chap.   24    , there are cur-
rently under development or in active use some-
where around ten different commercial lower 
extremity exoskeletal systems. Most of these are 
used to support locomotion in patients with com-
plete spinal cord injury. One of the earlier sys-
tems, ReWalk™ from Argo, has been able to 
demonstrate the ability to support effective loco-
motion in certain patients with complete spinal 
injury, allowing them to walk in a community 
setting or at home for long periods of time. 
Although it is worth noting that successful use of 
these devices requires considerable upper 
 extremity strength combined with a degree of 
athleticism, limiting widespread application of 
the devices. It is also worth noting that there are 
many fewer commercial exoskeletons available 
for upper extremity retraining, again perhaps of 
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the uncertainty about therapeutic objectives for 
these devices. 

 Because of constraints imposed by the Food 
and Drug Administration in the USA and by other 
agencies in Europe, the role of these robots has 
been blurred by the perceived need to also show 
therapeutic benefi t during rehabilitation. This task 
has proved much more diffi cult to accomplish 
than anticipated, mainly because the robots are 
not well suited to achieve this objective. 

 If a person can walk, they would probably be 
best suited to be walking in a safety harness on a 
treadmill or over ground, not necessarily sup-
ported by an exoskeleton. If they cannot walk 
independently at all, then the question arises as to 
whether there is long-term benefi t from the use of 
the exoskeletons as therapy devices, or alterna-
tively whether one of the established robotic gait 
systems would serve the patient’s needs better. 
This question of optimal application of exoskel-
etons is a pressing one. 

 A different but equally important issue is the 
question of safety. Given that many patients with 
spinal cord injury have lost sensation as well as 
voluntary strength, it would seem that falls are 
inevitable, and these falls may be dangerous 
because of their potential to produce fracture of 
long bones. Long bones in spinal cord injured 
patients are known to lose bone mass quite quickly 
and can therefore become quite fragile. Most 
importantly, it is well known that femoral or tibial 
fracture in persons with spinal cord injury can con-
stitute a risk to life. Currently, none of the major 
commercial vendors of exoskeletons have devel-
oped a coherent approach towards minimizing the 
risk of falls. Most rely on education and on the use 
of family or other support staff to minimize the risk 
of falls, but if these systems are to achieve wide-
spread use in the community, then a more rigorous 
approach to safety will need to be developed.  

    Cost Benefi t of Robotic 
Technologies 

 On a different theme, the most advanced exo-
skeleton technologies have achieved limited 
penetration in clinical practice. Partly this is 

because the technology is still relatively new and 
there are relatively few published examples 
where it has made a material difference to out-
comes. One other equally compelling reason, 
shared with other established rehabilitation 
robots, is their cost. Many of the machines 
remain extremely expensive, and that has an 
adverse impact in this era of constrained 
resources. In this regard, the expectation in our 
fi eld that we will be able to achieve economies of 
scale once robots became more prevalent and 
popular has not been sustained. This is because 
(in part) the numbers of systems being con-
structed and sold remains relatively small (the 
most successful companies have sold in the hun-
dreds of devices), but also because there is con-
tinuing evolution and improvement of the 
systems, which has meant that many companies 
maintain cost at a relatively constant level, but 
advance the quality and sophistication of the 
embedded technology. Whatever the primary 
reason, the machines remain very expensive and 
most lie well beyond the typical budget of a 
physical or occupational therapy clinic. Non-
robotic technologies, as described in the new 
section “Other Promising Technologies,” which 
implement the same features as robotic technol-
ogies, but with lower cost and greater simplicity, 
may become increasingly important.  

    Wearable Sensors 

 The fi nal novel feature that has burgeoned in the 
last few years is the emerging use of wearable 
sensors, as described in the new Chap.   29    . These 
range from accelerometers to force sensors to 
inertial measurement devices. There are often 
associated GPS systems that allow tracking the 
location of the user. There is also widespread use 
of smart phones in which many of them have 
embedded sensors that can be used as an alterna-
tive way of tracking patient performance when 
other kinds of sensors are impractical or too 
costly. 

 The major constraints in this fi eld are linked to 
the question of how to deal with the staggering 
amounts of data that are generated by the sensors. 
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Most clinicians do not have the time or the 
sophistication to evaluate and absorb large data 
sets that describe subjects’ use of technologies, 
and/or their performance at home or in the work-
place. In short, what is needed is a way to col-
lapse down the critical piece of information 
derived from the use of these sensors into a com-
pact form that most clinicians can understand and 
use readily.  

    Conclusion 

 There are clearly challenges emerging in the 
application of advanced technologies in reha-
bilitation, and predictably, the cost and com-

plexity of many of the devices, as well as their 
limited therapeutic benefi t, continue to impose 
constraints on their widespread use. What 
may ultimately be the most pressing chal-
lenge, however, is to fi nd ways for clinicians 
to apply these devices more broadly, and to 
fi nd ways to reach out to neurologically 
injured persons who may have had limited or 
no access to even simple forms of rehabilita-
tion therapy. 

 If this is to happen, then machines will 
have to be far simpler, far cheaper, and much 
easier to use by all concerned, including clini-
cians and patients.       

Epilogue: What Lies Ahead?
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