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  Abstract 

 Rehabilitation robots have become an important tool in stroke rehabilitation. 
Compared to manual arm therapy, robot-supported arm therapy can be 
more intensive, of longer duration, and more repetitive. 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 exoskeleton 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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    9.1   State of the Art 

    9.1.1   Rationale for Application 
of Current Technology 

 Stroke remains the leading cause of permanent 
disability. 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 contralesional side of the body  [  4  ] . The 
degree of recovery depends on the location and 
the severity of the lesion  [  5  ] . However, only 18% 
of stroke survivors regain full motor function 
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after 6 months  [  6  ] . Restoration of arm and hand 
function is essential to resuming daily-living 
tasks and regaining independence in life. Several 
studies show that sensorimotor arm therapy has 
positive effects on the rehabilitation progress of 
stroke patients  [  7–  9  ] . 

 The goal is to induce long-term brain plasticity 
and improve functional outcomes. Relevant factors 
for successful therapy include training intensity 
 [  10–  12  ] , duration  [  13,   14  ] , and repetition  [  15  ] . 

 With respect to these criteria, one-to-one man-
ually 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 rep-
eatability and objective measures of patient per-
formance 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 measures 
and support the objective observation and evalua-
tion of the rehabilitation progress.  

    9.1.2   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.  9.1 ). In most applications, 
the patient looks at a graphical display – either 
a large, immersive 3D projection or standard 

computer screen. The robotic device is charac-
terized by its mechanical structure, the number 
and type of actuated joints, and the actuation 
principle. This section discusses these three key 
characteristics and their infl uence on the reha-
bilitation training.  

    9.1.2.1   Mechanical Structure: End-
Effector-Based Robots 
and Exoskeleton Robots 

 End-effector-based robots are connected to the 
patient’s hand or forearm at one point (Fig.  9.2 ). 
Depending on the number of links of the robot, 
the human arm can be positioned and/or oriented 
in space. The robot’s axes generally do not cor-
respond 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 

  Fig. 9.1    Typical setup for a robot-supported arm therapy 
system       
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they are easy to adjust to different arm lengths. 
A disadvantage is that, in general, the arm pos-
ture 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 shoulder girdle is a complex joint, this 
is challenging and requires advanced mechani-
cal 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 separately. The ability to separately 
control the interacting 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 spastic 
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 
comparable to an exoskeleton robot with a cuff 
affi xed to the lower arm and another cuff affi xed 
to the upper arm. Some examples of arm-reha-
bilitation exoskeletons include the Dampace 
 [  25  ] , the Armeo (former T-Wrex)  [  26  ] , the 
MGA-Exoskeleton  [  27  ] , the L-Exos  [  28  ] , the 
Caden-7  [  29  ] , the Intelligent Robotic Arm  [  30  ] , 
and 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.  

  Fig. 9.2    Schematic view of end-effector-based ( left ) and exoskeleton ( right ) robots       
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    9.1.2.2   Number and Type of Actuated 
Joints 

 The number and type of actuated joints is another 
point of differentiation 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 Armeo Spring, 
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 movement 
therapy. Intervention studies have shown that forc-
ing 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 cortical 
representation  [  40  ] . The recently suggested com-
petition between proximal and distal arm seg-
ments for plastic brain territory after stroke  [  41  ]  
would imply shifting treatment emphasis from the 
shoulder to the forearm, hand, and fi ngers. Other 
devices work more proximal on 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  ] . 

 The research question is whether robotic train-
ing should focus on whole-arm/hand functional 
movements, only distal, or distal and proximal.  

    9.1.2.3   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 arm. Also, motorized robots can sup-
port the patient in movement toward a target, 
such as an object within an ADL training sce-
nario. 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 objec-
tively measure voluntary force, range of motion, 
and level of spasticity  [  44,   45  ] . Another impor-
tant 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 Armeo Spring 
device is based on the former T-Wrex device 
 [  46  ]  and works without any motors. In this exo-
skeleton device, springs support the human arm 
against gravity. The mechanical design allows 
the therapist to adjust the spring length and to 
select the proper amount of support. Sensors 
measure the position and orientation of the 
human arm, which is transmitted to the graphi-
cal display where the patient can see his 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 nonmotor-
ized 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  [  46  ] .    
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    9.2   Review of Experience 
and Evidence for the 
Application of the ARMin 
Robot System 

    9.2.1   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 ther-
apists and physicians from the University 
Hospital Balgrist, Zürich  [  31,   47  ] . This version 
is characterized by 4 degrees of freedom actuat-
ing the shoulder in 3D and fl ex/extend the elbow 
(Fig.  9.3 ). 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 
more degrees of freedom (six altogether) allow-
ing also pronation/supination of the lower arm 
and wrist fl exion/extension (Fig.  9.1 ). 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  [  48,   49  ] . This function is required to pro-
vide an anatomically 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.  9.4 ) 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.   

    9.2.2   Mechanical Setup of the ARMin 
III Robot 

 The ARMin III robot (Fig.  9.4 ) has an exoskeleton 
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/adduc-
tion, and internal/external rotation. The elbow 
joint has two motors that actuate elbow fl exion/
extension and forearm pronation/supination. The 
last motor actuates wrist fl exion/extension  [  24  ] . 
An optional module to support hand opening and 
closing can be attached to the ARMin III robot. 

  Fig. 9.3    ARMin I robot with a healthy test person ( left ). The person is looking at a computer monitor showing the 
movement task ( right )       
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All motors are equipped with two position sensors 
for redundant measurements. The motor and gears 
are carefully selected so that the friction is small 
and the backdrivability is good, an important 
requirement for sensorless force-control  [  49  ]  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 different sizes, the shoulder height can 
be adjusted via an electric lifting column, and the 
lengths of the upper and lower arms are adjust-
able. Laser pointers indicating the center of the 
glenohumeral joint help the therapist position the 
patient in the ARMin III device. The ARMin III 
robot can be confi gured to accommodate 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  ] .  

    9.2.3   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 
passive mobilization that reduced spasm and 
“loosened” the arm and hand. After 10–15 min of 
passive mobilization, active training followed, 
including games, reaching exercises, and ADL 
training scenarios  [  50,   51  ] . 

    9.2.3.1   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 measured and used as performance 

  Fig. 9.4    ARMin III setup        
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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  [  45  ] . 
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.  

    9.2.3.2   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.  9.5 ). 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 hand to the appropriate position. An 
assist-as-much-as-needed control paradigm has 
been implemented to support the patient in this 
task: If the patient can catch the ball by himself, 
the robot does not deliver any support. 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 appropriate 
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 the 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 need. For instance, the incline 
angle of the virtual table can be modifi ed, result-
ing in faster or slower rolling. The size of the han-
dle 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 some advanced patients, disturbing 
forces and force fi elds can be introduced by the 
robot to make the task harder and to challenge 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 need. 

 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 
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.  9.5 ). Here, 
the patient holds a virtual ping-pong racket and 
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 oppo-
nent – has been implemented and tested. This 
application allowed remote patients from differ-
ent hospitals to meet virtually for a virtual ping-
pong game. 

 Another therapeutic computer game is the 
labyrinth game, where the patient navigates his 
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 
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b

c

  Fig. 9.5    Virtual reality 
scenarios for arm training. 
Ball game ( a ), labyrinth ( b ), 
and ping-pong game ( c )       
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the labyrinth. Virtual walls block the red dot and 
robot motors produce resistance that prevents the 
hand from passing through the walls. Force-
feedback technology delivers a realistic impres-
sion of the virtual wall to the patient. 

 We found the labyrinth game particularly useful 
for patient therapy since the patient can use the 
walls for guidance. By following the walls, his 
movements remain free in three movement direc-
tions and are restricted only in the direction of the 
wall. This seemed to help patients move their hands 
on straight lines  [  51  ] . 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 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 sup-
ports the patient in lifting the arm. In case of 100% 
weight support, the patient’s arm somewhat fl oats, 
and it is very easy for the patient to lift his arm. In 
the second supporting scheme, the robot allows 
upward arm movements but resists downward 
movements. With this strategy, the patient must lift 
his arm by himself, but whenever he gets tired, he 
can rest, and the arm will stay at the current posi-
tion without any effort. Both strategies can also be 

combined  [  52  ] . 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.  

    9.2.3.3   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. Like the 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.  9.6 ), a virtual 

arm is presented on the computer screen. The 

  Fig. 9.6    Kitchen scenario        
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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-
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 hand and put them into the pan, wait 
until he 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 own movement 
trajectory, and the patient always sees feedback 
on how much he is currently supported by the 
robotic device. This is technically challenging 
because the cooking scenario involves several 
different movements  [  53,   54  ] . One possible solu-
tion 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 tunnel 
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 compensate for 
part of the arm weight and make the movement 
easier. Similar support strategies are implemented 
for the other ADL tasks  [  53  ] .   

    9.2.4   Measurement Functionality 
of the ARMin Robot 

 The ability to objectively assess patient perfor-
mance is one of the key benefi ts of robot-sup-
ported 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 posi-
tion. The joint under investigation is controlled 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 posi-
tion. Each joint is tested individually. For example, 
if the muscle strength of the abduction movement 
is tested, the patient is asked to abduct his arm as 
much as possible. Since the robot is position-con-
trolled, 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 cur-
rent, 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 coor-
dination. This means that, if a patient tries to 
abduct his 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 arm as much as possible, 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. 
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 Currently under development is a procedure to 
assess the spasticity of the affected arm. Here, the 
robot moves the human limb at different velocities 
and measures the required force. This technique 
has been implemented and evaluated for the lower 
limb within the Lokomat gait training robot  [  57  ] .  

    9.2.5   Evaluation of the ARMin 
Technology 

 Three different versions of the ARMin device 
(I–III) were used to evaluate the ARMin technol-
ogy. Evaluation of the ARMin technology was 
carried out with different versions of the ARMin. 

    9.2.5.1   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  9.1  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 evaluation 
included:

   Testing the handling of the robotic device. • 
This includes positioning the test subject, 
adapting the robotic device for different body 
sizes, changing from left-arm use to right-arm 
use, and comfort evaluation.  
  Functionally testing the software. The ques-• 
tions were whether the test subject understood 
the instructions, whether he could success-
fully perform the exercises, and whether he 
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 important 

side effect of this technical testing was that the 
therapist learned how to manipulate and use the 
robotic device before being exposed to patients.  

    9.2.5.2   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  ] .  

    9.2.5.3   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 

   Table 9.1    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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arm training with the ARMin I improves motor 
function of the paretic upper extremity  [  51  ] . The 
study had an A–B design with 2 weeks of multi-
ple baseline measurements (A) and 8 weeks of 
training (B) with repetitive measurement and 
follow-up measurement 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 por-
tion of the Fugl-Meyer Assessment (FMA). It 
showed moderate, but signifi cant, improvements 
in all three subjects ( p  < 0.05). Most improve-
ments 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 supported by constant ARAT and 
Barthel Index scores. This could be explained by 
the fact that, due to limitations of the ARMin I 
device, primarily non-ADL-related proximal 
joint movements 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  [  50  ] . The study was 
conducted with four chronic stroke subjects (at 
least 12 months post-stroke). The subjects rec-
eived 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 the 
upper extremity portion of the FMA. The second-
ary 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. 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 
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.    

    9.3   Current Developments 
and Ongoing Testing 

    9.3.1   Randomized Clinical Trial 

 The limitations of the aforementioned studies 
indicate that a controlled, randomized clinical trial 
with a blinded assessment of functional outcome 
with a suffi cient number of patients is required to 
investigate the effectiveness of the ARMin robotic 
arm treatment in a defi ned population of chronic 
stroke patients. A key aspect would be to investi-
gate the effects of ADL training tasks based on 
reaching and grasping movements. ARMin III 
provides the required functions: large movement 
ranges, 3D movements, actuation of proximal and 
distal joints, patient-responsive control, audiovi-
sual ADL tasks, and more. 

 Consequently, a prospective, controlled, 
randomized study was started in 2009. Its goal 
is to investigate whether task-oriented robot-
aided therapy is more effective than conven-
tional therapy in promoting functional recovery 
of the paralyzed arm. Robotic therapy is being 
performed with four ARMin III systems at four 
different hospitals. Within 2 years, 80 chronic 
stroke patients (more than 6 months post-
stroke) will be randomly assigned to either an 
experimental or control group. The experimen-
tal group will perform task-related intensive 
therapy with ARMin III. Patients in the control 
group will receive standard motor-relearning 
therapy. Both groups will be trained for 
8 weeks, three times per week, with 1 h for 
each training session. Outcome measures will 
be obtained prior to, during, and after the train-
ing phase by a blinded therapist. The primary 
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outcome measure will be the FMA. Further 
outcome measures will be used to evaluate 
task-oriented function and its use in the real 
word. Using the measurement functionality of 
ARMin, further information will be obtained, 
including data on abnormal joint synergies, 
active range of motion, muscle strength, and 
precision of hand positioning.  

    9.3.2   Technical Development 
and Ongoing Testing 

 Current work includes the development and eval-
uation of new assessment tools for spasticity 
measurement  [  57  ]  and for quantifi cation of 
abnormal joint synergies  [  56  ] . This work is 
important because the objective and sensitive 
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 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?    
 The answers to these questions also depend on 

the patient population. Particularly in stroke 
patients with hemispheric neglect, the perception 
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 con-
trol strategies  [  54,   58,   59  ] . Assisting a stroke 
patient in naturalistic ADL tasks (drinking, cook-
ing, eating, dressing, and others) is quite a complex 

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 by 
Hocoma AG (Volketswil, Switzerland). The com-
mercial version of the ARMin robot will be 
named Armeo Power, and it will be further opti-
mized with respect to reliability, mechatronic 
robustness, user friendliness, ergonomic func-
tion, and design, as well as optimized manufac-
turing processes and costs. The Armeo therapy 
concept suggested by Hocoma consists of three 
Armeo products (Fig.  9.7 ) 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 motor func-
tion improves and some active movements are 
possible, the patient continues arm training with 
the nonmotorized, weight-supported exoskeleton 
Armeo Spring (former T-Wrex)  [  26  ] . After fur-
ther improvements, the patient might continue 
training with the Armeo Boom, which consists of 
an overhead sling suspension system. This train-
ing seems suitable for patients who can actively 
move the arm but suffer from reduced workspace 
and poor motor control  [  60  ] .  

 A successful commercialization would be 
benefi cial for obtaining more clinical data of spe-
cifi c rehabilitation robots since a large number of 
rehabilitation facilities would use the same device 
for clinical practice and for research.   

    9.4   Perspectives and Conclusions 

 Upper-limb rehabilitation is one of the fastest 
growing areas in modern neurorehabilitation. 
Quality of life can be signifi cantly improved 
when applying effi cient arm therapy. The results 
of the pilot studies that have been presented 
within this chapter suggest that the new technol-
ogy can be an important means to improve arm 
therapy. Thus, for the future, one might envision 
a combined training paradigm including both 
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a b

c

  Fig. 9.7    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    )       

 

http://www.hocoma.com
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manual and additional robot-supported therapy. 
The technology for upper-limb rehabilitation 
with three-dimensional multi-degree-of-freedom 
arm robots is quite mature and will be commer-
cially available very soon. However, the clinical 
data of the therapeutic effect currently are incom-
plete, and future work should focus on the evalu-
ation of the clinical benefi ts. Further randomized 
clinical trials similar to the aforementioned 
ARMin study should be undertaken. Studies with 
focus on both the overall benefi t of the combined 
technology (VR, robot, assist-as-needed control 
strategies, etc.) or studies comparing the infl u-
ence 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 reliable, easy to use, and sup-
ported and maintained by a professional organi-
zation. Therefore, it is expected that the numbers 
of clinical data and clinical studies will increase 
once the technology becomes commercially 
available.  
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