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Abstract

Rehabilitation robots have become an impor-
tant tool to complement rehabilitation training
in patients with neurological disorders such as
stroke and spinal cord injury. Arm rehabilita-
tion robots can create a motivational,
activity-based environment supporting an
intensive rehabilitation training with frequent
and numerous repetitions. Therefore, robots
have the potential to improve the rehabilita-
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tion process in patients with lesions of the
central nervous system. In this chapter, the
three-dimensional, multi-degree-of-freedom
ARMin arm robot, and the related ChARMin
and Armeo Power robots, are presented. The
devices have 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
exoskeleton robots. It concludes with an
outlook on ongoing developments.

Keywords

Exoskeleton - Rehabilitation - Stroke + Upper
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27.1 State of the Art

27.1.1 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 a stroke is severe sensory and motor
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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 after 6 months [6]. Restora-
tion of arm and hand function is essential to
resuming daily living tasks and regaining inde-
pendence in life. Several studies show that sen-
sorimotor arm therapy has positive effects on the
rehabilitation progress of stroke patients [7-9].

The goal is to induce brain plasticity and
improve functional outcomes. Relevant factors
for successful therapy are training intensity [10—
12] including frequency, duration [13, 14], and
repetition [15]. With respect to these criteria,
one-to-one manually assisted training has several
limitations. It is labor-intensive, time-consuming,
and expensive. The disadvantageous conse-
quence 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 ther-
apists required per patient can potentially be
reduced. Thus, it is expected that personnel costs
can be reduced. Furthermore, robotic devices can
provide quantitative measures and they support
the objective observation and evaluation of the
rehabilitation progress.

27.1.2 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
discuss 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 [16-21].

Fig. 27.1 Typical setup for a robot-supported arm
therapy system

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. 27.1). 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 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 influence on rehabilita-
tion training.
27.1.2.1 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. 27.2). 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 correspond with the human-joint rotation axes.
That is why, from a mechanical point of view,
these robots are easier to build and use.
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Fig. 27.2 Schematic view of
end-effector-based (left) and
exoskeleton (right) robots

Many researchers have developed and evalu-
ated end-effector-based robots. The MIT Manus
[22], the Mirror Image Motion Enabler [23], the
Bi-Manu-Track [24], the GENTLE/s [25], and
the Arm Coordination Training Robot [26] 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 pos-
ture and/or the individual joint interaction tor-
ques 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 difficult
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 chal-
lenging and requires advanced mechanical solu-
tions for the robot’s shoulder actuation [27].
However, with an exoskeleton robot, the arm
posture is fully determined, and the applied tor-
ques to each joint of the human arm can be
controlled separately. The ability to separately
control the interacting torques in each joint is

»

i

essential, such as when the subject’s elbow
flexors 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 affixed to the lower arm and
another cuff affixed to the upper arm. Some
examples of arm rehabilitation exoskeletons
include the Dampace [28], the Armeo Spring
(former T-Wrex) [29], the MGA-Exoskeleton
[30], the L-Exos [31], the Caden-7 [32], the
Intelligent Robotic Arm [33], as well as the
ARMin I, II, and III devices [27, 34].

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 influences thera-
peutic outcomes.

27.1.2.2 Number and Type of Actuated
Joints

Apart from the mechanical structure, the number

and type of actuated joints are another point of
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differentiation among robotic devices. Some
groups focus on 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, 35]. This confirms previous
observations made with the constraint-induced
movement 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 [36-39].

Other groups have developed robots that
focus on the training of distal parts of the human
arm such as the hand [40], the wrist, and the
lower arm [41, 42]. One may speculate that the
distal approach results in a more powerful acti-
vation of the sensorimotor cortex, given their
larger cortical representation [43]. The suggested
competition between proximal and distal arm
segments for plastic brain territory after stroke
[44] would imply shifting treatment emphasis
from the shoulder to the forearm, hand, and fin-
gers. Other devices work proximal to the elbow
and shoulder [26, 45]. Namely, the Act3D robot
implements an impairment-based, 3D robotic
intervention that specifically targets abnormal
joint torque coupling between the elbow and
shoulder joint [45].

An interesting research question is whether
robotic training should focus on whole-arm/hand
functional movements, simply in a distal fashion
or by combining distal and proximal modes.
There is evidence from Krebs et al. [46] 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.

27.1.2.3 Actuation Principle:
Nonmotorized Robots
and Motorized Robots

Most motorized rehabilitation robots are powered
by electric motors. Depending on the underlying
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 gravitational for-
ces and making it easier for the patient to move
his or her arm. Also, motorized robots can sup-
port the patient in the 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
objectively measure voluntary force, range of
motion, and level of spasticity [47—49]. Another
important application is having the robot intro-
duce force fields onto the endpoint of the human.
The adaptation of human to different force fields
is expected to trigger plasticity changes in the
brain and enhance rehabilitation.

Some recent rehabilitation devices have been
developed to work without motors [28, 29]. The
commercially available Armeo Spring device is
based on the former T-Wrex device [49] and
works without any motors. In this exoskeleton
device, springs support the human arm against
gravity. The mechanical design allows the ther-
apist to adjust the spring length and select the
proper amount of support. Sensors measure the
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
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directed reaching movements, nor can it chal-
lenge the patient by resisting movement. Some
devices overcome this by adding brakes to the
robot that dissipate energy and challenge the
patient’s movements [28]. 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 [49].

27.2 Review of Experience

and Evidence

for the Application

of the Armin Robot System
27.2.1 Technical Evaluation
of the ARMin Robot
System

The first version of the arm therapy robot,
ARMin I, was designed and tested from 2003 to
2006 at the ETH Zurich in close collaboration
with therapists and physicians from the Univer-
sity Hospital Balgrist, Ziirich [34, 50, 51]. This
version is characterized by 4 degrees of freedom
(DOF) actuating the

shoulder in 3D and

flex/extend the elbow (Fig. 27.3). 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) allow-
ing also pronation/supination of the lower arm
and wrist flexion/extension (Fig. 27.1). 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
[52, 53]. This function is required to provide 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. 27.4) was further improved
with respect to mechanical robustness, com-
plexity, user operation, and reliability [27]. 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.

Fig. 27.3 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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Fig. 27.4 ARMin III setup

27.2.2 Maechanical Setup
of the ARMin Ill Robot

The ARMin III robot (Fig. 27.4) has an exoskele-
ton structure with six electric motors allowing it to
move the human arm in all possible directions.
Three motors actuate the shoulder joint for shoulder
flexion/extension, horizontal abduction/adduction,
and internal/external rotation. The elbow joint has
two motors that actuate elbow flexion/extension
and forearm pronation/supination. The last motor
actuates wrist flexion/extension [27]. 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
measurements. The motor and gears are carefully
selected so that the friction is small and the back-
drivability is good which is an important require-
ment for sensorless force-control [52] and
impedance-control strategies.

The patient’s arm is affixed 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
column, and the lengths of the upper and lower
arms are adjustable. Laser pointers indicating the
center of the glenohumeral joint help the thera-
pist position the patient in the ARMin III device.
The ARMin II robot can be configured to
accommodate either the left or the right-arm. The
transition between the two configurations 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 electric
motor and has the desired effect of balancing 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 shoul-
der actuation compensates for scapula motion
during the arm-elevation movement, resulting
in a comfortable and ergonomic shoulder
motion [27].
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27.2.3 Therapy Modes

The motorized ARMin robots work in three
training modes: mobilization, game training, and
ADL training. We found it was beneficial to start
a typical 1-h training session with a slow and
gentle mobilization exercise. Chronic stroke
patients in particular seemed to profit from the
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 [54, 55].

Passive and Active
Mobilization

In the mobilization-training mode, the robot
moves the patient’s arm on a predefined 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 predefined tra-
jectory. If the patient moves together with the
robot in the desired direction (active mobiliza-
tion), 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 move-
ment, the motor torque can be recorded and used
as a performance measure to monitor how
actively the patient contributes to the movement.
In this case, the audiovisual display is used as a
feedback modality to let the patient and therapist
know how actively the patient is contributing to
the movement [50]. 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 predefined trajec-
tories that fit the patient’s needs in terms of
velocity and range of motion. The therapist can
either input the data via a computer graphical
user interface (GUI) or—more conveniently—
use a teach-and-repeat procedure that enables the
robot to directly learn a desired trajectory from
the therapist. To do this, the therapist moves the

27.2.3.1

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.

27.2.3.2 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. 27.5). 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 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 pro-
duced 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 successfully catch 80% of the balls.
Several options enable the therapist to select the
therapy mode that best fits the patient’s needs.
For instance, the incline angle of the virtual table
can be modified, resulting in faster or slower
rolling. The size of the handle and the ball can be
changed, and the behavior of the ball (multiple
reflections with the wall and the handle) can be
changed to challenge the patient further. For
advanced patients, disturbing forces and force
fields 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 the range of motion of the involved
joints, can be adjusted to the patient’s needs.
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Fig. 27.5 Virtual reality scenarios for arm training. Ball
game (a), labyrinth (b), and ping-pong game (c)

A prerequisite for this assist-as-needed control
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
implemented for a ping-pong game (Fig. 27.5).
Here, the patient holds a virtual ping-pong racket
and plays a ping-pong match against a virtual

opponent. At the highest level of difficulty, 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
application—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
prevents 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
useful for patient therapy since the patient can
use the walls for guidance. By following the
walls, his or her movements remain free in three
movement directions and are restricted only in
the direction of the wall. This seemed to help
patients move their hands in straight lines [55]. 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
starting 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
compensates for the weight of the human arm,
thus supporting the patient in lifting the arm. In
the case of 100% weight support, the patient’s
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arm floats somewhat, and it is very easy for the
patient to lift his or her arm. In the second sup-
porting 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 [56]. To
increase patient motivation, scoring is used based
on the time, intensity, number, and time of col-
lisions with the wall as well as the number of
objects (positioned along the course of the
labyrinth) that are collected by the patient.

27.2.3.3 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
further 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

Fig. 27.6 Kitchen scenario

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. 27.6), a virtual
arm is presented on the computer screen. The arm
reflects 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 fixed elements of the
scenario. Cooking ingredients include several
potatoes, black pepper, salt, and oregano. Avail-
able cooking tools include a pan and a dipper.
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, and
wait until he or she hears the sound of roasting,
add pepper and salt, and stir the pan.
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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 currently
supported by the robotic device. This is techni-
cally challenging because the cooking scenario
involves several different movements [56, 57].
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 [58].

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 predefined path and
not deviate from it. The diameter of the tunnel
defines the amount of freedom the patient has.
Furthermore, the patient is also free to select the
timing and velocity of the movement. In addi-
tion, if required, the robot can also compensate
for part of the arm weight and make the move-
ment easier. Similar support strategies are
implemented for the other ADL tasks [56].

27.24 Measurement Functionality
of the ARMin Robot

The ability to objectively assess patient perfor-
mance is one of the key benefits 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) is measured for each joint individually.

When measuring, for example, the ROM of the
elbow joint, all other joints are locked in a pre-
defined position. 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 predefined position. The motors are
position-controlled with a fixed-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 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 tor-
que can be determined using a model of the
ARMin robot. The model describes the effects of
gravity, friction, and the current-torque relation-
ship 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 or her arm, this goes together with an
elbow flexion, forearm supination, and wrist and
finger flexion [59]. To quantify abnormal syn-
ergies, all joints are locked in a predefined
position. The patient abducts his or her arm as
much as possible, and during the abduction tor-
que, the joint torques produced by the patient in
the shoulder, elbow, lower arm, and wrist are
measured and recorded by the robotic device.

Moreover, a procedure to assess the resistance
to the passive movement was developed. This
measurement allows us to draw conclusions
about the spasticity present in the affected arm.
Here, the robot moves the human limb at dif-
ferent velocities and measures the required force.
This technique has been implemented and
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evaluated for the lower limb within the Lokomat
gait training robot [60].

The different ARMin assessments were eval-
uated in twenty-four healthy subjects and five
patients with a spinal cord injury. The assessment
was shown to be applicable and safe and that the
measurements are widely reliable and compara-
ble to clinical scales for arm motor function [61].

27.2.5 From ARMin for Adults
to ChARMin for Children

As mentioned above an intensive, task-oriented
rehabilitation training with active participation is
crucial for the recovery of arm motor functions in
adult stroke patients. These key features can be
addressed using robotic support during arm
training. 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 deficits, it is also known,
that an intensive training [62] with active par-
ticipation [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],
REAPIan [66] and ArmeoSpring Pediatric [67]).
The first results suggest that children profit 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 with children with neurological diagnoses
including congenital or acquired brain lesions
[68]. To the best of our knowledge, ChARMin is
the first active robotic platform able to support
single-joint and spatial movements and was built
specifically for the needs of the pediatric 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—18-years-old children
and adolescents. The anthropometric ranges that
need to be covered are too large to have it real-
ized 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
module that covers children aged 5-13 and 13-
18 years. With this modular design and adjus-
table 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 miniaturization would lead to robotic parts
very close to the patient’s head. The new
mechanical structure uses a parallel remote center

Fig. 27.7 Change in FMA
over 8 weeks of therapy and 34
during follow-up for ARMin sk 3.4 I 31
and control groups; error bars i
are SE . $|
= e 2.9
» 2.8 o
<2 #) 2.6
g —&— ARMin
[~ therapy follow-up control
0 4 8 16 34
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Fig. 27.8 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)

of rotation mechanism (Fig. 27.7, proximal
module) to actuate the horizontal shoulder rota-
tion and another parallel structure for the shoul-
der internal/external rotation. This combination
of serial and parallel kinematics provides the
safety distance needed between the robot and the
child. The two robotic concepts for ARMin and
ChARMin are shown in Fig. 27.8.

Similar to the adult ARMin version, the
pediatric version has six DOF (three DOF for the
shoulder and a single DOF for elbow, pro-/
supination 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

Fig. 27.9 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)

Proximal module

be used for the right and left-arm sides and is
mobile for transportation and positioning
according to the patient. A passive gravity
compensation 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. 27.9).

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 diversified training
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Fig. 27.10 Visualization of a possible setup of ChARMin and the visual interface shown with a healthy subject

(Fig. 27.10). While some games are played with
single joints (joint-based) others allow to perform
multi-joint movements (end-effector based) in a
workspace that is previously defined by the
therapist (Fig. 27.11).

Different support strategies are used to support
the patient when needed. The support can be
changed continuously from free non-supported
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 [61], 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.

A first ChARMin feasibility study is planned
in the Rehabilitation Center for Children and
Adolescents, Affoltern a. A., Switzerland, after
receiving ethical approval. The study will
investigate the applicability of the robot to chil-
dren 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.
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Fig. 27.11 Various games are available for ChARMin
that can be played on a joint- or end-effector level.
a Airplane multi-joint, b diver multi-joint, ¢ whack-a-
mole single-joint and multi-joint, d tennis multi-joint,
e ball single-joint, f spaceship multi-joint

27.2.6 Armeo Power®—Commercial
Version of the ARMin
Robot

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 that are all driven from the same soft-
ware platform. Each product is optimized for a
specific phase of the rehabilitation process.
Shortly after the 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
exoskeleton Armeo Spring (former T-Wrex)
[29]. 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 [69].

Further distribution of the commercialized
products would allow selling companies such as
Hocoma AG to increase the body of clinical data
of specific rehabilitation robots since a large
number of rehabilitation facilities would use the
same device for clinical practice and for research
(Fig. 27.12).

27.2.7 Evaluation of the ARMin
Technology

Three different versions of the ARMin device (I-
IIT) were used to evaluate the ARMin technol-
ogy. Evaluation of the ARMin technology was
carried out with different versions of the ARMin.
27.2.7.1 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 verifies device
safety and tests all situations defined as critical in
the risk-management document. After testing, the
technical specifications of the robot were validated
by measurement. Table 27.1 shows the measured
technical data for the ARMin III robot [27].

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
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Fig. 27.12 The Armeo
Product line, with the
commercial ARMin device
Armeo®Power (a),
Armeo®Spring (b), and
Armeo®Boom (c). (Copyright
Hocoma AG, Switzerland,
www.hocoma.com; used with
version of the permission)

Table 27.1 Measured technical data for the ARMin III robot

Maximal endpoint load™” 4.6 kg

Weight (excl. controller, hardware, frame)” 18.755 kg

Repeatability (endpoint)® +0.5 mm

Stiffness (endpoint)™© 0.364 mm/M

Force (endpoints)™® Frax = (451 N, 804 N, 706 N)T with G = (-g,0,0)"
Bandwidth for small endpoint movements (£1.5 cm)? 1.28 Hz

% Worst-case exoskeleton position

° Measured without subject (exoskeleton only)

¢ Stiffness measured at the endpoint by applying 20 N, while the motors are position-controlled
4 Measured with healthy subject
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performed 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 eval-
uation included:

e 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.

e Functional testing of the software. The ques-
tions were whether the test subject understood
the instructions, whether he or she could
successfully perform the exercises, and whe-
ther 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
subjective 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.

27.2.7.2 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 five therapy sessions. The pur-
pose of these tests was not to measure possible
improvements in the patient’s health status but to
evaluate the technical ergonomic functionality of
the ARMin robot. Specific goals included:

e 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.

o Testing the level of difficulty of the tasks and
the level of assistance that the robot provides
to support the patients.

e Assessing patient motivation.

More than 20 stroke subjects participated in
these preliminary tests [34].

27.2.7.3 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 func-
tion of the paretic upper extremity [55]. The study
had an A-B design with 2 weeks of multiple
baseline measurements (A) and 8 weeks of train-
ing (B) with repetitive measurement and follow-
up measurements 8 weeks after training. The
training included shoulder and elbow movements
induced by ARMin I. Two subjects had three 1-h
sessions per week, and one subject received five 1-
h sessions per week. The main outcome mea-
surement was the upper limb motor portion of the
Fugl-Meyer Assessment (FMA). It showed mod-
erate, but significant 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, respectively. 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 finding 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 the 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 [54]. 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
secondary outcome measures were the Wolf
Motor Function Test (WMFT), maximum
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voluntary joint torques, and additional scores to
assess transfer effects. Three out of four patients
showed significant improvements (p < 0.05) in
the primary 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 six month follow-up 29, 5, 8, and
3 points, respectively. Improvements in FMA
scores aligned with the torque measurements.
Most improvements were maintained, and
some even further increased, between discharge
and a 6-month follow-up. The data clearly indicate
that intensive arm therapy with the robot ARMin I1
can significantly 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 justified the start of a subsequent controlled,
randomized, multicenter clinical trial.

27.2.7.4 Clinical Trials with Stroke
Patients
In order to investigate the effectiveness of arm
treatment with ARMin, a clinical study with
subjects in the chronic phase post-stroke was
performed [70]. It was the first large-scale clini-
cal 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 MI provides the required functions:
audiovisual ADL tasks, large movement ranges
in the three-dimensional space, actuation of
proximal and distal joints including hand open-
ing and closing, and a patient-responsive control.
Four hospitals participated in the trial.
Seventy-seven patients in the chronic phase (i.e.,
more than six 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 three therapy
modes (mobilization, games, and ADL training)

had to be performed for at least ten minutes.
Conventional therapy resembled the regular
therapy given in outpatient clinics. Both groups
were trained for eight weeks, three times per
week, with one hour for each training session
(total of 24 sessions). Outcome measures were
obtained at five time points: prior to, during (after
four weeks), directly after and two and six
months after the training phase. The primary
outcome measure was the FMA, a well-
established clinical test that measures impair-
ment of the arm. Further outcome measures 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
flexion and extension) was measured.

Results confirmed the hypothesis: after eight
weeks of training, ARMin therapy was not only
as successful as conventional therapy but the
improvements in motor function significantly
exceeded those of conventional therapy (FMA,
mean difference: 0.78 points, 95% CI 0.03-1.53)
(Fig. 27.7). Especially the most severely affected
profited from robotic therapy (mean difference
1.91 points, 95% CI 1.00-2-82). Of note, the
robotic group gained significantly less strength
than the conventional group. We speculate that
the variables for the path assistance chosen dur-
ing ARMin therapy might have been too sup-
portive, tempting patients to diminish their own
effort and therefore restricting strength training.
A future focus for chronic patients would be to
integrate specific strength training tasks in the
robot. The other tests showed no significant dif-
ference 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.

Palermo and colleagues [71] tested the trans-
lational effects of robotic therapy in subacute
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stroke patients using the Armeo Power robot in
addition to conventional rehabilitation therapy.
In the study, ten subacute stroke survivors
underwent a robotic training program of 20 ses-
sions, each lasting 50 min, five sessions per week
in addition to usual conventional rehabilitation
therapies. Besides clinical scales, a sophisticated
kinematic assessment of the upper limb, both
pre-and post-treatment, was performed. The
authors report remarkable differences in most
parameters and significant correlations between
the kinematic parameters and clinical scales. The
data, although from a rather small sample, sug-
gests that 3D robot-mediated rehabilitation, in
addition to conventional therapy, could represent
an effective method for the recovery of upper
limb disability and that kinematic assessment
may represent a valid tool for objectively eval-
uating treatment efficacy.

Calabro et al. [72] conducted a very interesting
study with 35 patients with a first-ever ischemic
supratentorial stroke at least two months before
enrollment and unilateral hemiplegia. The study
was designed to identify potential neurophysio-
logic markers to predict the responsiveness of
stroke patients to upper limb robotic treatment. All
patients underwent 40 Armeo Power training
sessions that lasted one hour each (five times a
week, for eight weeks). Spasticity and motor
function of the upper limbs were assessed by
means of the Modified Ashworth scale and the
Fugl-Meyer assessment, respectively. The cortical
excitability of the bilateral primary motor areas
was assessed in response to the repetitive paired
associative stimulation paradigm using transcra-
nial magnetic stimulation. The results showed that
patients with significant repetitive paired asso-
ciative stimulation after-effects at baseline exhib-
ited an evident increase in cortical plasticity in the
affected hemisphere, and a decrease in inter-
hemispheric inhibition. These findings were par-
alleled by clinical improvements (Fugl-Meyer
assessment) and Armeo Power kinematic
improvement, suggesting that the use of Armeo
power may improve upper limb motor function
recovery as predicted by baseline cortical
excitability. The same team [73] conducted a pilot
randomized controlled trial to investigate whether

robotic rehabilitation combined with muscle
vibration improves upper limb spasticity and
function. Twenty patients suffering from unilat-
eral post-stroke upper limb spasticity were inclu-
ded and they received 40 daily sessions of Armeo
Power training (1-h/session, 5 sessions/week, for
8 weeks) with or without muscle vibration. The
group with muscle vibration showed a greater
reduction of spasticity measured with the modi-
fied Ashworth Scale and greater functional out-
come measured with the Fugl-Meyer Assessment
of the Upper Extremity. The authors write that this
combined rehabilitative approach could be a
promising option for improving upper limb spas-
ticity and motor function.

The updated Cochrane Review on upper limb
rehabilitation robotics [74] includes 45 trials
involving 1619 participants and 24 different
devices. The quality of the evidence was rated as
high and the authors conclude that “robot-
assisted arm training improved activities of
daily living in people after stroke, and function
and muscle strength of the affected arm. As
adverse events, such as injuries and pain, were
seldom described, these devices can be applied as
a rehabilitation tool, but we still do not know
when or how often they should be used”. Studies
with the following devices account for the largest
numbers of patients for the review: 25% MIT
Manus/InMotion2 [75], 14% Bi-manu-track [76],
7% Hand Master [77], 7% MIME [78], 6% T-
Wrex/ArmeoSpring [49], 6% ARMin/Armeo
Power, 5% ReoGo [79] and 4% Amadeus [80].

27.2.7.5 Clinical Trials with Spinal Cord
Injured Patients

A pilot randomized controlled trial to evaluate
the clinical efficacy of upper limb robotic therapy
in people with tetraplegia with the Armeo power
was conducted in an inpatient hospital in Seoul,
Korea [61]. Participants were randomly allocated
to a robotic therapy or an occupational therapy
group, both groups receiving usual care plus
30 min additional therapy per day for four
weeks. Primary outcomes were the Medical
Research Council scale of each key muscle and
Upper Extremity Motor Score (UEMS) for the
trained arm. A total of 34 individuals with
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tetraplegia were included (17 in each group). At
four weeks, the median change in the UEMS in
the robotic group was 1/25 (0-3) points com-
pared with 0/24 (=1 to 1) points in the occupa-
tional therapy group. The differences were not
statistically significant, and the authors conclude
that further studies are required for a better
understanding of the effects of robotic therapy on
people with tetraplegia.

In a concept study [81], 24 healthy subjects
and five patients after spinal cord injury under-
went robot-based assessments using the ARMin
robot. Five different tasks were performed with
aid of a visual display. Ten kinematic, kinetic,
and timing assessment parameters were extracted
on both joint- and end-effector levels including
active and passive range of motion, cubic
reaching volume, movement time, distance-path
ratio, precision, smoothness, reaction time, joint
toques, and joint stiffness. A subsequent com-
parison with clinical scores revealed good cor-
relations between robot-based joint torques and
the Manual Muscle Test. Reaction time and
distance-path ratio showed a good correlation
with the “Graded and redefined assessment of
Strength, Sensibility and Prehension” (GRASP)
and the Van Lieshout Test (VLT) for movements
towards a predefined target in the center of the
frontal plane. The authors conclude that these
preliminary results suggest that the measure-
ments are widely reliable and comparable to
clinical scales for arm motor function.

27.2.7.6 Perspectives for Future
Clinical Testing

We believe that objective device-based mea-
surements are a relevant part of standardized
clinical outcomes and should be integrated into
clinical evaluation studies. Future studies on
patients should be performed in the first 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 control of the whole arm from the shoulder
to the hand. It is, thus, capable of guiding the arm
in an almost physiological manner during task
training. Different learning strategies that have

been proven to be successful can be implemented
in the software. Through the measurement
functionality of ARMin, the VR tasks can be
adapted continuously to the subjects’ abilities to
achieve a patient-tailored, intensified therapy.

27.3 Current Developments
and Ongoing Testing

27.3.1 Technical Developments

for Improving

the Human-Robot

Interaction

A common problem in actuated arm exoskele-
tons, namely in the ARMin robot and the Armeo
Power robot, is that the serial kinematic structure
results in a system that suffers from high inertia
and friction altering the effective haptic rendering
properties of the virtual training environment
[82]. This can result in increased patient fatigue,
limiting the potential use of active training para-
digms. Indeed, a transparent robot is needed to
support patients to perform motor tasks. One
possibility to solve this problem is presented by
Ozen and colleagues [83]. They propose to equip
the exoskeleton with force sensors measuring the
interaction force between the robot and the
human arm (Fig. 27.13). The authors demonstrate
that high control loop rates and advanced motion
control techniques in combination with distur-
bance observers allowed to achieve high trans-
parency even for fast movements. Because of the
force sensors, this could be achieved without the
need for precise modeling of the robot.

In a perfectly transparent robot, the patient
would have to carry the weight of his own arm.
This is not possible for extended training dura-
tion and arm weight compensation needs to be
implemented. In a recent study, Just et al. [84]
introduce new methods for human arm weight
compensation. Arm weight compensation is an
important requirement for stroke rehabilitation
because it allows to increase the active range of
motion and to reduce the effects of pathological
muscle synergies. As the authors emphasize, it is,
however, hard to effectively assess and compare



642

T. Nef et al.

Fig. 27.13 Improved haptic
rendering performance thanks
to additional force sensors
measuring the interaction
force between the user’s am
and the robotic device. The
picture shows an inverted
pendulum task using the
ARMin exoskeleton as a
visuo-haptic interface
(Copyright IEEE, with
permission).

human arm weight relief because of the differ-
ences in structure, performance, and control
algorithms among the existing robotic platforms.
They introduce criteria for ideal am weight
compensation, and they propose and analyze
three distinct arm weight compensation methods.
They could show that all methods reduce EMG
activity by at least 49%.

Both the optimized transparency methods and
the improved weight compensation are important
elements to further improve the human-robot
interaction and the therapeutic modes of motor-
ized arm exoskeletons. The disadvantage of these
approaches is that they require rather expensive
six degree of freedom force sensors and it is
unclear if the industry is willing to upgrade the
motorized exoskeletons with this feature.

In a validation study with 40 healthy partici-
pants [85] it was shown that the improved haptic
rendering significantly increased participant’s
movement variability during the training and the
ability to synchronize with the task. Furthermore,
the weight support enhanced the participant’s
movement variability during the training and
reduces the participant’s physical effort. The
haptic rendering enhanced motor learning and
skill transfer. On the other side, the authors
found, contrary to the expectations, that the
weight support hampers motor learning com-
pared to training without weight support.

A possible explanation could be that the weight
support disrupts motor learning because partici-
pants rely on the assistance during the training
and fail to learn the motor commands required to
perform the desired task. It becomes evident that
further work is needed to better understand the
interactions between robotic assistance, haptic
rendering and the effects on motor learning,
especially in brain-injured patients.

27.3.2 When Music Meets
Robotics—An Innovative
Approach to Increase
Training Motivation

In a study with sixteen healthy subjects, Baur
et al. [86] developed an audio-haptic task where
participants could generate sounds by moving
their arms. As music is known to improve
motivation in neurorehabilitation training, the
authors aimed at integrating music creation into
robotic assisted motor therapy. The task was
designed so that it could be performed either with
or without a graphical display as an audio-haptic
environment only. The game environment was
developed to target horizontal movements at
table height as this type of arm motion is required
for activities of daily living, such as cleaning a
table or moving objects on a table. The arm of
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the participants was supported by means of a
virtual table-top allowing participants to move
the arm within a horizontal plane. The horizontal
left-right movement served as game input
allowing participants to move into different
sound zones consisting of fourteen different pairs
of sound samples and two pairs of sound effects.
The sound samples consisted of synthetic piano,
mallets, marimba, vibraphone, pads, hi-hats, and
claps. After the training, participants were invited
to collect and keep the produced sound files for
future listening. While the study did not show
statistically significant motivational differences
between the tested conditions, the authors con-
clude that the combination of music and activi-
ties promoting creativity in motor training
promotes enjoyment, and thus, intrinsic motiva-
tion of subjects performing robot-assisted train-
ing. They found that the audio-haptic
environment is sufficient to create a meaningful
gameplay and that music tasks can be performed
without a visual display. The study demonstrated
the feasibility of playing an audio-haptic music
game and the authors suggest a follow-up study
on stroke survivors.

27.3.3 Multiplayer Games—How
to Increase Training
Motivation

Multiplayer environments increase training
intensity in robot-assisted therapy after stroke
[87]. Compared to single-player modes they
improve the game experience and game perfor-
mance. Baur et al. [88] tested two multiplayer
games with the ARMin robot. The Air Hockey
game is a competitive game in which the different
abilities of the players were compensated by
individual haptic guidance or damping forces.
Forty patients in the subacute phase post-stroke
played the game in single-player and multiplayer
modes. Sixteen of them preferred the multiplayer
mode. The competitive form was more motivat-
ing and increased exercise intensity more than the
cooperative mode. In the Haptic Kitchen game, a
healthy person (e.g. therapist or spouse) could
assist the patient's movements in the ARMin with

a virtual force field applied by moving an HTC
Vive hand controller©. Both the force field and
the location of the application were visualized. In
a single caste study with two patients post-stroke
and their spouses, patients showed a tendency to
be more motivated in the multiplayer mode as
compared to the single-player mode.

27.3.4 A Novel Neuro-Animation
Experience to Facilitate
High-Dosage and High-
Intensity Training

Krakauer and colleagues [89] implemented a
custom-designed immersive animation-based
audiovisual scenario named “I am Dolphin”
(KATA John Hopkins University). In this set-
ting, the patient’s paretic arm was unweighted
using the Armeo Power exoskeleton device. This
allowed the practice of multi-joint 3D arm
movements despite weakness without requiring a
therapist to activity lift the paretic arm. The 3D
movements of the paretic arm controlled the
movement of a virtual dolphin, swimming
through different ocean scenes with various task
goals including chasing and eating fish, eluding
attacks, and performing jumps. The tasks were
designed to promote movement in all planes
throughout the active ranges of motion, and
titrated based on successful completion of pro-
gressive levels of difficulties. A total of 24
patients (within 6 weeks post-stroke) were ran-
domized to the experimental group (Dolphin
scenario) and to conventional occupational ther-
apy and underwent 30 sessions of 60 min in
addition to standard care. Both groups were also
matched to a historical cohort, which received
only 30 min of upper limb therapy per day.
There were no significant between-group differ-
ences in Fugl-Meyer Upper Extremity motor
score (primary outcome), Action Research Arm
Test (ARAT) or other secondary outcomes at any
timepoint. Both high-dose groups showed greater
recovery on the ARAT, but not on the Fugl-
Meyer score when compared with the historical
cohort. The authors conclude that
animation may offer an enjoyable and scalable

neuro-
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way to deliver high-dose and intensive upper
limb therapy.

27.4 Conclusions

Current studies, including the updated Cochrane
Review on upper limb rehabilitation robotics
[74], indicate that stroke and spinal cord injury
patients benefit from robot-assisted upper limb
training. The functional gains of robotic training
are in the same range as those of manual therapy.
This contrasts with the training of the lower
extremities, where robotic therapy is more effi-
cient than conventional training (Cochrane).
Several points could contribute to this finding:
(a) Post-stroke recovery of ambulatory function
is generally better than the recovery of arm/hand
function [73]. (b) Conventional upper limb
training might better reflect daily activities with
all its facets (bimanual, manipulations of real
objects) than robotic training with VR simulated
activities. In other words, robot-supported gait
training more closely matches real-life activity
than robot-supported arm/hand therapy. (c) The
technological level of clinically available upper
limb rehabilitation robots does not fully explore
the technological potential (e.g. training strategies;
hand actuation; (bimanual) object manipulation) of
upper limb robotics. (d) Clinical findings pertain-
ing to the upper extremity include a larger number
of different devices which complicates a coherent
analysis of findings across these studies.

Based on current findings, we can neither
advocate nor condemn the clinical use of upper
limb rehabilitation robots. There are, however,
some indications that severely affected patients
might indeed benefit most from robot-supported
upper limb training [70]. An interesting possi-
bility is to establish so called “robot studios”
where a therapist supervises several patients
working with different devices as an add-on to
existing conventional therapy [90].

Current and future research to better under-
stand the mechanisms of action, as well as which
patients benefit most from robotic therapy, is
extremely important to clarify future clinical use.
Clinical research must go hand in hand with

research into technological aspects. This includes
the question about the patient-specific optimal
audiovisual input, optimal training and support
strategies, and improved control strategies.
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