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Rehabilitation robotics has produced exciting new ideas and
novel human assistive devices in the growing field of biomed-
ical robotics. The successful research and development of
such rehabilitation robotics requires a thorough understand-
ing of not only mechanical, electrical, and software compo-
nents, but also the related physiology, biology, neuroscience,
and brain science. The science and technology of reha-
bilitation robotics will progress through the collaboration
among robotic researchers, medical doctors, and patients.
This special issue focuses on the most recent advances in
modeling, design, analysis, implementation, and therapeutic
testing of the human assistive rehabilitation robotics.

The paper entitled “Lower-limb robotic rehabilitation:
literature review and challenges” of this special issue presents
a survey of existing robotic systems for lower-limb rehabil-
itation. This paper presents an overview of all lower-limb
robotic rehabilitation systems to date, including information
about their commercialization as well as their clinical use, but
only presenting a short description of each system. The paper
entitled “Gait rehabilitation device in central nervous system
disease: a review” presents outlines of spinal cord injury and
cerebrovascular disease as two of the major causes of gait
disturbance and introduces gait rehabilitation for central
nervous system disorders as well as the gait rehabilitation
orthoses currently being studied. These two papers will be
a very valuable source of information on lower-limb and gait
robotic rehabilitation systems. The paper entitled “Mina: a
sensorimotor robotic orthosis for mobility assistance” describes
the initial concept, design goals, and methods of a wearable
over-ground robotic mobility device called Paralyzed, which
uses compliant actuation to power the hip and knee joints.
An initiated sensory substitution feedback mechanism is

used to augment the user’s sensory perception of his or her
lower extremities.

The paper entitled “Mechanical performance of actuators
in an active orthosis for the upper extremities” presents a light-
weight, portable, active orthosis for the upper limbs. This
paper focuses on the actuators for the support of the elbow
function and the internal rotation, adduction, and antever-
sion of the shoulder and the inflatable shell structure. The
paper entitled “Stroke rehabilitation in frail elderly with the
robotic training device ACRE: a randomized controlled trial
and cost-effectiveness study” reports an active rehabilitation
robotic device called ACRE that was developed to enhance
therapeutic treatment of upper limbs after stroke. The aim of
this study was to assess the effects and costs of ACRE training
for frail elderly patients and to establish whether ACRE can
be a valuable addition to standard therapy in nursing home
rehabilitation. The paper entitled “Two-fingered haptic device
for robot hand teleoperation” presents a two-fingered haptic
device called ExoPhalanx for robot hand teleoperation. The
device provides reaction force on the distal phalange and
proximal phalange to the remote operator. The effectiveness
of the proposed system for teleoperation applications was
verified through preliminary experiments. The paper entitled
“Finger rehabilitation support system using a multifingered
haptic interface controlled by a surface electromyogram” pre-
sents a new type of finger rehabilitation system using a mul-
tifingered haptic interface that is controlled by the patient
though a surface electromyogram. The multi-fingered haptic
interface robot called HIRO III can give 3-directional forces
to 5 fingertips. The proposed system provides active hand
rehabilitation using the surface electromyogram.
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The paper entitled “Single-switch user interface for robot
arm to help disabled people using RT-middleware” presents the
construction of the user interface system using RT-Middle-
ware. To support disabled people, especially those with less
muscle strength such as muscular dystrophy patients, a single
switch and scanning menu panel are introduced as the input
device for the manual control of the robot arm. Patients
with muscular dystrophy tested and evaluated the user inter-
face. The paper entitled “Toward monitoring and increasing
exercise adherence in older adults by robotic intervention: a
proof of concept study” presents a proof of concept study
aimed at increasing adherence for elderly adults using a small
humanoid robot. The robot physically demonstrates exer-
cises for the user to follow and monitors the user’s progress
using a vision-processing unit that detects face and hand
movements. Socially assistive robots have the potential to
improve the quality of life of elderly adults by encouraging
and guiding their performance of rehabilitation exercises
while offering cognitive stimulation and companionship.

Haruhisa Kawasaki
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We are developing a manipulator system in order to support disabled people with less muscle strength such as muscular dystrophy
patients. Such a manipulator should have an easy user interface for the users to control it. But the supporting manipulator for
disabled people cannot make large industry, so we should offer inexpensive manufacturing way. These type products are called
“orphan products.” We report on the construction of the user interface system using RT-Middleware which is an open software
platform for robot systems. Therefore other user interface components or robot components which are adapted to other symptoms
can be replaced with the user interface without any change of the contents. A single switch and scanning menu panel are introduced
as the input device for the manual control of the robot arm. The scanning menu panel is designed to perform various actions
of the robot arm with the single switch. A manipulator simulation system was constructed to evaluate the input performance.
Two muscular dystrophy patients tried our user interface to control the robot simulator and made comments. According to
the comments by them, we made several improvements on the user interface. This improvements examples prepare inexpensive
manufacturing way for orphan products.

1. Introduction

The use of assistive technologies by persons with disabilities
to pursue self-care, educational, vocational, and recreation-
al activities continues to increase in both quantity and
quality [1]. The number of academic programs, clinical
centers, schools, hospitals, and research institutes applying
these assistive technologies has increased dramatically. The
assistive technology device is defined as an item, piece of
equipment, or product system that is used to increase,
maintain, or improve functional capabilities of individuals
with disabilities. As described in [1], the assistive technology
system is consisting of an assistive technology device, a
human operator who has a disability and an environment in
which the functional activity is to be carried out.

The human activity assistive technology (HAAT) model
is proposed as a framework for understanding the place of
assistive technology in the lives of persons with disabilities,

guiding both clinical applications and research investigations
[1]. The model has four components, the human, the
activity, the assistive technology, and the context in which
these three integrated factors exist. The assistive technol-
ogy includes human/technology interface, environmental
interface, and activity output component to contribute to
functional performance. One of the important activity out-
puts is manipulation.

To establish the manipulation as an activity output,
service robots which can support disabled people in their
daily life are expected to appear in the real market. The
robotic arms which can support disabled people with muscu-
lar dystrophy, spinal cord injuries, ALS, and cerebral paralysis
are under development [2–6]. The manipulator should be
portable for use on a bed or wheel chair and be easy for the
user to control. The symptoms of the patients are varied, and
the input methods to control the robot should be adapted to
them individually.
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Figure 1: A joystick to control a manipulator.

For example, the iARM (Assistive Robotic Manipulator)
[6] was developed to be attached to the side of wheel
chairs or bed in order to perform its user’s task. The iARM
includes several user interfaces: keypad, joystick, and single-
switch. The patients with muscular dystrophy can operate
the manipulator with these user interfaces according to their
conditions. However the information display device of the
iARM is only a 7 × 5 matrix type indicator which is placed
on the robot arm shoulder. Before using the manipulator,
the single switch user must know all the presented characters
shown on the indicator and also the state transitions for the
control mode of the manipulator.

Now we are developing a portable manipulator system
for patients with less muscle power such as muscular
dystrophy patients. The authors are developing some types of
user interface for the system. One of them is a single switch
with a scanning menu panel. The single switch with a scan-
ning menu panel is an important method for disabled people
[1, 7].

The single switch with autoscan panel is remarkably
important for the upper-limb disability people. In [1], the
indirect selection interfaces have importance for the disabled
people. There are some selection modes of the auto-scan
menu, and the row-column scanning is most general way. We
adopt this row-column scanning way.

These products for the minority users (e.g., upper-limb
disabled patients) are called the “orphan products [8].” The
orphan products are severely desirable for the specific users
with specific symptoms but it is difficult to make industry
products because the turnover is not expected. Because
the symptoms of the patients are varied, the variation of
the user interface should be large. The interface should be
configured and reconstructed independently to each user. We
will introduce our user interfaces and its improvements for
the support robot. To offer the support robot to the market,
we consider standard software components of the robotic
system, RT-Middleware.

In this paper, we report on the development of the
single-switch user interface with RT-Middleware [9]. The
conditions of patients, whose behavior is restricted, are

varied. Therefore the operational input for the robot should
have many types and grades. These multiple types of input
method can be adopted simply through RT-Middleware
because RT-Middleware is a common software platform for
robot systems. We developed some types of user interface,
such as a keypad, a joystick (Figure 1), and a single-switch
with autoscan panel (Figure 2).

Two patients tried the single-switch user interface and
made comments about it. Then we report the improvement
of the single-switch user interface according to the com-
ments. Our user interface is constructed with a single switch
and input button panel on the computer console. This
button panel is an autoscan type and adopts a row-column
scanning way [10]. The input panel was rigid, and the user
could not change its configuration as he/she likes. The first
improvement enables a user to customize the input panel
configuration. For the user’s convenience, we added a new
function to replace the buttons’ location in the panel by the
user him/herself only with the single switch. Furthermore, we
add alternative scanning way of the button panel. Through
a new scanning way, the user can put the scanned button
forward by a single click of the single switch. And the user
can select the button by double click of the single switch.

The precise evaluations of the robot system are reported
on [11]. In this paper, we discuss the basic evaluation of the
system and the improvements’ examples of the user interface
to offer our “orphan products” to the real users’ daily life.

In the following section, we discuss RT-Middleware and
the OpenRTM-aist implementation of it. In Section 3, we
introduce the user interface system constructed with RT-
Middleware. In Section 4, we describe the operation and
evaluation by the patients for the user interface. In Section 5,
we describe the improvement of the user interface according
to the evaluation by the patients for the user interface and
finally conclude this paper.

2. RT-Middleware

RT-Middleware is developed by AIST as an open robot
software platform. “RT” means “Robot Technology,” which
is applied not only to the industrial field but also to the
nonindustrial field such as human daily life support systems.
RT-Middleware is a software platform for RT systems. RT-
Middleware aims at establishing a common platform based
on distributed object technology that supports the construc-
tion of various networked robotic systems by the integration
of various network-enabled robotic elements called RT-
Components. If the communication protocol between RT-
Components is unified, any other RT-Components can be
replaced with them. Modularization of RT elements and
RT-Middleware has been studied and developed at AIST,
which promotes the application of RT in various fields. RT-
Middleware may raise the efficiency of robotic study and
development, expand the RT target field, and make a new
robot market [12].

2.1. RT-Component Architecture. An RT-Component is the
basic functional unit of RT-Middleware-based systems.
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Figure 2: An autoscan panel for a single-switch to control a manipulator.

Figure 3 shows the architecture block diagram of an RT-
Component.

For platform independencies, CORBA (common object
request broker architecture) is adopted as the distributed
object middleware and is used for modeling RT-Compo-
nents. An RT-Component consists of the following objects
and interfaces:

(i) component object,

(ii) activity,

(iii) inPort as input port object,

(iv) outPort as output port object,

(v) servicePort as service interface,

(vi) configuration interfaces.

The general distributed object model can be described
as some interfaces that contain operations with parameters

and a return value, for example, a torque command and an
encoder value. On the other hand, the RT-Component model
has a component object as the main body, activity as the
main process unit and input ports (InPort), and output ports
(OutPort) as data stream ports.

2.2. OpenRTM-aist. “OpenRTM-aist” is developed and dis-
tributed by AIST as an implementation of the RT-Middle-
ware interface specification and RT-Component object
model [13, 14]. “OpenRTM-aist” consists of an RT-Compo-
nent development frame work, manager, and a set of tools.

Because RT-Middleware aims to improve the reuse
of software, our single-switch interface component and
robotic simulator component can be replaced with the joy-
stick component and real manipulator control component,
respectively.

Furthermore, when many types of user interfaces are
developed to correspond to the patient’s symptoms, these
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Figure 3: Architecture of RT-Component. RT-Component has a component object, command interface, an activity, InPorts, OutPorts, and
service ports.
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Figure 4: Overview of user interface and robot components with a
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Figure 5: Connection of components.

new components can be connected to the original compo-
nents without any change in them and used, if the communi-
cation protocol of the components is the same.

3. User Interface System

3.1. An Example of Single-Switch Interface. Single-switch user
interfaces are used by disabled people to control computers
[8]. There are several commercial software packages [15, 16]
for the single-switch. For example, “Den-no-shin” is one
application. In den-no-shin, the computer shows a panel of
buttons on the console. The buttons’ color changes in order
(scanning), and the user can select the highlighted button
to push the single-switch. This software enables the disabled
people to input literals, to speak the input sentences, to start
Windows applications, to control the mouse cursor with the
cross-cursor on the console, and to click the mouse cursor.

However there are few single-switch user interface sys-
tems to control a robot. Control of a robotic wheelchair by
single-switch scanning has been reported in [16]. But the
user can only give commands to change the direction of
the wheelchair. We developed a single-switch scanning user
interface component to control a robot arm.

3.2. An Outline of the System. User interfaces for disabled
people have many variations because their symptoms are
varied and the input methods available to them are restricted.
Even if the user interfaces are varied, the communication
protocol of the user interface and the robot components
can be decided in advance. Under the protocol, many kinds
of user interfaces and robot components can be connected
uniformly as RT-Components [9].

The overview of the user interface and the robot simula-
tor on the computer console with the single-switch is shown
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Figure 8: Subpanel for save and restore functions.
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Forward Up DownBack
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Figure 9: Subpanel for move command buttons.

in Figure 4. The user interface consists of a single-switch
and scanning menu panel interface. A manipulator simulator
controlled by the user interface is shown on the left of the
panel interface.

The panel interface and the robot simulator are created
from the interface component and the simulator component,
respectively.

3.3. Robot Component. The communication protocol of
the user interface and robot components depends on the
input/output data of the robot component. The robot com-
ponent should have the following functions:

(1) manual control of robot motion,

(2) move to home position,

(3) move to ready position,

(4) hand open/close,

(5) servo on/off.

The robot arm has two control modes. One of them is
a coordinate control mode. In this mode, the coordinates of
the robot hand can be controlled. Another control mode is a
joint mode. Joints of the robot arm can be controlled.

The home position is the closing configuration of the
robot arm. The ready position is the initial position of the
robot arm to start to move.

The robot hand can open and close to grasp an object.

The robot arm can suspend and restart with the servo
on/off function.

In this paper, the robot arm has 5 or 6 degrees of freedom.
The coordinate commands are given as cylindrical polar and
Cartesian coordinates.

Rotate1+

Rotate2+

Rotate1−

Rotate2−
Right

Left

Up

DownBack

Forward

Figure 10: Directions of hand in the simulation.

+J1 +J2 +J3−J1 −J2 −J3

+J4 −J4 +J5 −J5 [Return]Ready

Figure 11: Subpanel for joint command buttons.

3.4. Communication Protocol. To realize the above men-
tioned functions in the robot component, we decide the
communication protocol between the robot component and
the user interface component as follows. The data of the
output ports of the user interface component are as follows:

(1) the reference velocity of the robot hand,

(2) the reference joint angles.

The robot component receives the above data and moves
along with them. The data of the input port of the user
interface component is as follows:

(1) the current joint angles of the robot arm.

The user interface component can record the configura-
tion of the robot with the data.

The service port is used for asynchronous commands.
The service port commands from the user interface compo-
nent to the robot component are as follows:

(1) servo on-off,

(2) set of the control mode,

(3) move to target joint angles,

(4) move to home position,

(5) move to ready position

(6) hand open-close.

A precise diagram of component connections is shown in
Figure 5.
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RT-Components are connected with “rtc-link.” The
rtc-link is a GUI tool that manages connections of
InPort/OutPort and Service Ports between RT-Components
and performs activation/deactivation of an RT-Component.
Rtc-link is a powerful tool which can be used when devel-
opment and debugging of RT-Components is performed.
Moreover, it can also be used in verification and experimen-
tation with a robot system, performing the low level integra-
tion of components. The rtc-link is shown in Figure 6.

Each component is described and executed in Linux,
and both components can be executed on Windows with
VMware.

3.5. Panel Interface. Our operational user interface includes
a button panel shown on the computer monitor. The buttons
on the panel change their color in order (scanning in order).
When the target button is highlighted, the user can select
it with single-switch pushing and control the robot arm
(Figure 7).

The panel includes three parts. They are a main panel, a
subpanel, and a message panel. The user can command the
robot by selecting the button on a main panel and on a sub-
panel. The message panel shows the executed actions result
and the errors.

The main panel has six buttons. The first button is to start
and suspend panel scanning. The second button is to save
and restore the robot hand’s current position. The third but-
ton is the move command using the robot hand coordinates.
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The fourth button is open-close of the finger of the robot
arm. The fifth button is move command of the robot’s joints’
angle. The sixth button corresponds to options.

(1) Scan/Suspend Button. When this button is selected,
scanning of the panel is suspended. If the single-switch is
pressed again, scanning restarts.

(2) Save/Restore Button. This button opens a subpanel to
save the current arm position and restore the position. The
subpanel is shown in Figure 8. The subpanel contains buttons
to move to ready position and home position.

(3) Coordinate Move Command Button. This button opens
a subpanel for the command button of the robot’s hand
coordinates (Figure 9). In the beginning of our project, the
target manipulator was taken to have 5 degrees of freedom.

There are 10 commands. The user can select a button among
these 10 buttons to indicate the direction of the robot hand’s
motion.

The selected buttons control the robot hand to move in
the directions in Figure 10. The directions and rotations of
the robot hand motions are the same in the appearance of
the simulation and the buttons’ characters in the panel.

These buttons are toggle buttons. When the single-switch
is pressed and the button is selected, the robot starts to move.
Then the single-switch is pressed again, and the robot stops.

(4) Hand Open/Close Button. When this button is selected,
the hand closes if the hand already is open. When this button
is selected again, the hand opens.

(5) Joint Command Button. This button opens a subpanel
of the joints’ angle command of the robot arm (Figure 11).
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The user can command 5 joints’ rotations in plus and minus
directions. In Figure 12, the rotations of all the joints of the
manipulator are shown.

These buttons are toggle buttons. When the single-switch
is pressed and the button is selected, the robot starts to move.
Then the single switch is pressed again, and the robot stops.

(6) Options Button. This button opens a subpanel for
options to change the panel settings (Figure 13). Buttons to
clear the literals in message panel, to set the on/off of the beep
sound of panel scanning, to set the scanning order when the
scanning restarts, and to change the scanning speed of the
buttons are shown in this panel.

All the button actions can be recorded in a log file with
their executed time.

Our panel user interface is written in Java. The C++ pro-
gram calls the panel user interface program through JNI as

shown in Figure 4. Our system is developed with OpenRTM-
aist-0.4.0.

3.6. Robot Arm Simulator. We constructed a robot simu-
lator to evaluate the single-switch scanning user interface
(Figure 14). The robot arm moves in the simulator window
according to the commands from the operation of the single-
switch scanning interface.

We developed a simple task in the simulator. The task
is to let the robot grasp the green box and place it on
the red circle. The initial position of the green box and
the red circle are alterable with a configuration file for the
simulator.

In our simulator, the contact between the robot hand
and the grasping object or the environment is not calculated.
When the hand closes near enough to the target object, the
simulator decides that the robot has grasped the object and
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Figure 18: Input panel at emergency stop.

draws the object between the fingers of the robot as the
grasping is completed.

The image of the simulator is drawn on a plane. There-
fore the user cannot understand the robot hand position
precisely in the depth direction. A red line like a laser pointer
is drawn from the center of the hand on the vertical line of
the hand to show the relative position of the hand in the task
environment.

The simulator is written in Java similar to the user
interface panel and the C++ program calls it through
JNI.

4. Operation and Evaluation by Users

We cooperated with the Shimoshizu national hospital, Japan.
The hospital has a special ward for muscular dystrophy
patients. Two patients made trials of our user interface and

simulator for 30 minutes. Before the trials, we investigated
about human ergonomic experiment and applied for the
ethics committee in the AIST. Both of them usually used
single-switch scanning user interface to control computers
so they are accustomed to the single-switch scanning user
interface. Their own single switches were connected to
the user interface computer through a USB connection
(Figure 15).

First, examiners simply explained about the user inter-
face and the simulator and demonstrated the task. Then each
subject separately performed the task of taking the box and
placing it on the target position in the simulator. During
the task execution and after the task, the examiners asked
subjects about general impressions, contents of buttons,
scanning speed of buttons, safety issues, and their desire to
control robot arms with this user interface. Their comments
are shown in Table 1.
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Table 1: Comments by subjects.

Subject A Subject B

Evaluations of easiness of operations
At first I was afraid that it may be
difficult to control the robot. I feel
easier to use it.

When the new robot will appear with this interface, I
want to use them very much.

This robot will be much better than to call a helper.

Configuration of the button on the panel
seems good, but the contents of the button
are difficult to understand.

I want to configure the scanning speed. The
scanning can be continued anytime.

Evaluations and desire about the panel
Scanning of the button should start

at the beginning of the list when the
scanning restarts.

The number of the buttons on the panel seems to be
necessary and sufficient.

If I can select one of the many types of the panels, it
seems preferable.

The scanning should be stopped unless the
user wants to use this interface.

Beep sound at scanning of button is preferable.

Request about safety
I want the emergency stopping
button to push the single switch for
a long time or in the panel

It is better for me if the single switch involves
emergency stopping function.

If the system can find the freezing of the computer
and let the robot stop, I can feel safer.

Both subjects stated that this user interface is mainly
good to use and they want to control a real robot with this
user interface by all means. They also commented on safety
functions for the user interface.

In this evaluation, only the move command of hand
subpanel is used by the examiner and subjects to simplify the
evaluation. Subpanels described in the previous section have
been refined using the patients’ comments [17].

This evaluation is basic to improve our user interface.
Precise human ergonomic evaluations with real manipulator
“RAPUDA” are reported in [11]. The examinees responses
are generally good. The evaluations by real users are the Peg-
board task in [11]. The test and evaluation in their daily life
should be performed for the next step.

5. Improvements of User Interface

5.1. Request from Patients of Muscle Dystrophy. As stated in
the above section, we let 2 patients of the muscle dystrophy
test our user interface. One of the patients gave us a following
comment as “If I can select one of the many types of the
panels, it seems preferable.” (Table 1).

The previous input panel is rigid as shown in Figure 7.
The panel configuration is described in the initial configura-
tion file.

The programmer of the system can rewrite it and
reconfigure the panel configuration. But the user of the
user interface is not supposed to reconfigure the panel by
him/herself alone.

Reconfigurable function of the input panel can be more
convenient than other types of the input panel for the user.

Another patient told us “If scanning of buttons does
not continue automatically and is commanded by myself, it
seems preferable.” (Table 1).

Both of the patients expressed the necessity of the
emergency stop function. Besides, patients’ comments are

as follows, “Scanning of the button should start at the
beginning of the list when the scanning restarts” and “The
scanning should be stopped unless the user wants to use this
user interface.” (Table 1).

5.2. Button Replacement Function. Therefore we made new
function so the user can replace the location of the buttons
in the input panel freely and made the replace button in the
option panel (Figure 16).

When the user selects the button, the user interface
will enter to the button replace mode. The next selected
button with the single switch click and the following selected
button are replaced in the panel (Figure 17). This panel is
utilized for the manipulator with the 6 degrees of freedom
motion.

To escape from the replace mode, the long click of the
single switch is utilized.

The result of the replacement of the buttons by this
function can be stored in the initial configuration file of the
input panel.

This function allows the user to change freely the location
of the button which he/she use usually.

5.3. Alternative Mode for Scanning and Selection of Buttons.
We made alternative scanning mode for the user to control
the button scanning according to his/her will. The user
can command one button scanning with single click and
can select the button with double click. The alternative
scanning mode button is prepared in the option panel
(Figure 16).

The user can let the buttons scan by him/herself with
this function. The options which the user can select become
rich.

5.4. Emergency Stop with Long Click. The emergency stop
function is prepared with a long click of the single switch.
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Figure 19: Scanning button replacement according to the previous input.

The long click makes the color of all the panel red and sends
a stop command to the robot component (Figure 18).

The long click is used to escape from the replace mode
too. During the replace mode, the robot does not move
anyway. Therefore the user will not be confused [15].

The long click time can be changed. In this system, 1
second is indicated. The time should be decided according
to the robot speed and autoscan speed.

5.5. Changing Position of Scanning Restart. The restart
position of the scanning can be set at the first in the button
list or the current button. The toggle button of this option is
set in the options panel (Figure 16).

5.6. Suspend Button of Scanning. The suspend panel scan
button is set on the top of the main panel. This button was
added because of the patients’ request (Figure 7).

5.7. Scanning Button Replacement according to the Previous
Input. The order of the panel buttons are exchanged auto-
matically according to the user’s previous operation. The
order is exchanged in 2 steps. At first the parallel motion low
and rotation motion low are exchanged. In the low, previous
command set (+ and −) are located on the top of the low.
Figure 19 shows the replaced low and position of button sets
in the scanning panel (Figure 19).

With this improvement, the user can easily repeat a
desirable command’s + and −. 2 trained operators have
performed pick and place task with this user interface. The
average total time of the task is decreased 6%.

6. Conclusion

The supporting robot for disabled people cannot make large
industry, so we should offer inexpensive manufacturing way.

These type products are called as “orphan products.” In
order to support disabled people especially with less muscle
strength such as muscular dystrophy patients, we developed
a single-switch scanning user interface to control a manipu-
lator system. The input menu panel is designed to perform
various actions of the robot arm with the single switch and
to be easy for users to understand. All the components of
the user interface and the robot simulator are constructed
with RT-Middleware. Therefore other new user interface
components can be reconnected to our system without any
change in them and utilized if the communication protocol
of the components is the same.

Patients with muscular dystrophy tested the user inter-
face and made evaluations. Both patients stated that this user
interface is mainly good to use, and they want to control a
real robot with this user interface by all means.

According to the testers’ comments, we improved a
single-switch scanning user interface to control a manipula-
tor system. The first improvement enables a user to custom-
ize the input panel configuration. We added the function
to replace the buttons’ location in the panel by the user
him/herself only with the single switch.

Furthermore, we have added an alternative way of
scanning the button panel. Through the new scanning, the
user can put the scanned button forward by a single click
of the single switch. And the user can select the button by
double clicking of the single switch.

Besides, we added an emergency stop function, an option
for changing position at scanning restart and a scanning
suspend function.

Finally, we made an optional improvement that the order
of the panel buttons are exchanged automatically according
to the user’s previous operation.

These new input functions which involve user configura-
tion can make our user interface system more user friendly.
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In this project, we will synthesize the user interface and
the real manipulator for the result. Moreover, this simulator
can be a training kit to control a service robot for use in daily
life.
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Central nervous system diseases cause the gait disorder. Early rehabilitation of a patient with central nervous system disease is
shown to be benefit. However, early gait training is difficult because of muscular weakness and those elderly patients who lose
of leg muscular power. In the patient’s walking training, therapists assist the movement of patient’s lower limbs and control
the movement of patient’s lower limbs. However the assistance for the movement of the lower limbs is a serious hard labor
for therapists. Therefore, research into and development of various gait rehabilitation devices is currently underway to identify
methods to alleviate the physical burden on therapists. In this paper, we introduced the about gait rehabilitation devices in central
nervous system disease.

1. Introduction

Walking is one of the most basic forms of locomotion. Fac-
tors obstructing the ability to walk include aging, orthopedic
disease (e.g., fracture), and central nervous system (CNS)
disease (e.g., cerebrovascular disease (CVD) and spinal cord
injury (SCI)). Decreased power of the lower limb muscles,
decreased range of motion, and pain can all contribute to gait
disorder due to aging and orthopedic disease. Causes of gait
disorder with CNS disease likewise include decreased power
of the lower limb muscles and decreased range of motion,
along with effects on the locomotion center. Rehabilitation
is achieved as shown in Figure 1. The method of learning
gait involves passive gait exercise by two therapists. To
teach a patient how to walk again, therapists must guide
the leg movements of the patient, and this task usually
requires one therapist for each leg [1–4]. Hospital-based
rehabilitation is generally carried out 4-5 times a week for
about 10–20 min per session and is very physically taxing,
so prolonged sessions often prove to be difficult. Research
into and development of various gait rehabilitation orthoses
is currently underway to identify methods to alleviate the
physical burden on therapists. This paper outlines SCI and

CVD as two of the major causes of gait disturbance and
introduces gait rehabilitation for CNS disorders as well as the
gait rehabilitation orthoses currently being studied. Muscle
strengthening is not addressed in this study, as that issue
encompasses areas other than CNS disorders. Moreover,
functional electrical stimulation (FES) can be used as a
method of learning gait. However, the purpose of FES is to
achieve motion assistance and to facilitate learning gait. As
distinguishing these two functions is difficult, this method
was excluded from the present paper.

2. Spinal Cord Injuries

Spinal cord injuries (SCIs) occur when the spinal cord
is damaged by trauma to the vertebral column. Similar
disabilities can also occur due to internal factors such as
spinal cord tumors and herniation. Unlike peripheral nerves,
the CNS including the spinal cord is largely unable to
repair or regenerate itself after injury. Major causes of CNS
injury include motor vehicle and sporting accidents. SCIs are
classified as “complete” and “incomplete,” with the former
referring to transection of the spinal cord resulting in total
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Figure 1: Purpose and target of gait rehabilitation.

interruption of neurotransmission function, and the latter
implying partial injury or compression of the spinal cord
with only partial loss of function. In complete SCI, control
of the area below the injury by the upper CNS is lost along
with motor function as signals from the brain fail to reach
the injured region. Sensory perception is also lost due to the
interruption of sensory pathways carrying information back
to the upper CNS. The human vertebral column is divisible
into the cervical vertebrae (C1-7), thoracic vertebrae (Th1-
12), lumbar vertebrae (L1-5), sacral vertebrae (S1-5), and
coccygeal vertebrae (coccyx). The higher an injury is located
on the spinal column, the greater the associated area of
paralysis. Complete lower thoracic spinal injuries cause
paraplegia, while complete upper thoracic spinal injuries
cause quadriplegia and respiratory paralysis. A damaged
spinal cord does not recover, so the paralyzed area does
not change over time. Rehabilitation therefore targets the
area above the injury instead of the paralyzed area below.
However, prolonged recumbency causes muscle weakness, so
it is preferable to commence the rehabilitation program as
soon as possible after sustaining the injury. Although lower
thoracic spinal injuries cause paraplegia, central pattern
generators (CPGs) present in the spinal cord below the
injured area are capable of moving the legs even when motor
outputs from the brain do not reach the legs. Accordingly,
some gait rehabilitation programs seek to reteach motor
activities to CPGs in conjunction with trunk- and arm-
muscle strengthening and wheelchair training. Patients
with upper thoracic spinal injuries involving paralysis of
the legs and trunk, but not affecting movement of the
arms, often undergo rehabilitation focusing on arm-muscle
strengthening and wheelchair training. Gait rehabilitation is
performed to prevent orthostatic hypotension and increase
physical strength. Some movements of vertebrate animals
are thought to be controlled by the neural networks in the
spine known as CPGs. These include periodic motions such
as walking or swimming. Graham Brown [5] conducted
research on CPGs in which decerebrate cats exhibited natural
gait when placed in a harness suspended over a moving
treadmill and even ambulated when electric stimulus was
applied to the area of the brain known as the mesencephalic

locomotor region (MLR), leading to the hypothesis that
CPGs are present as gait pattern-forming areas in the spine
and that walking is the result of interactions between the
mesencephalon and the spinal cord. A study verifying the
presence of CPGs in swimming was carried out on lamprey
eels as primitive vertebrates [6, 7], followed by an experiment
eliciting treadmill locomotion in monkeys [8]. Research
on CPGs in humans [9–12] is also being undertaken in
an attempt to achieve ambulation in patients with upper
SCIs. Elicitation of ambulatory patterns has been identified
as likely to occur with slow gait speed and small load or
normal gait speed and large load [13, 14]. Afferent stimuli
from proprioceptive sensory organs such as muscle and
neurotendinous spindles in the leg muscle groups induce
ambulatory patterns via CPGs. Electrical output from CPGs
is enhanced by repetitive gait rehabilitation and reduced by
the lack of such training [15, 16].

3. Cerebrovascular Disease

CVD occurs when an anomaly in the intracranial blood
vessels nourishing the brain triggers a hemorrhage that
eventually damages the brain tissue due to inflammation/
displacement or ischemia. CVD is generally classified into
cerebral infarction, cerebral hemorrhage, or subarachnoid
hemorrhage according to the form of injury. Cerebral
infarction occurs when the supply of blood to the brain is
interrupted due to stenosis or occlusion of cerebral arteries
as a result of events such as thrombosis. Cerebral hemorrhage
refers to the formation of a mass known as an intracerebral
hematoma caused by the rupture and subsequent hemor-
rhaging of brain capillaries. Subarachnoid hemorrhage is a
condition in which an aneurysm formed in the subarachnoid
space ruptures and the subsequent bleeding places pressure
on the brain. Symptoms vary according to the site of the
damage, with injuries to the left hemisphere of the brain
generally associated with language disorders and injuries
in the right hemisphere causing unilateral spatial neglect
(USN). However, a common symptom is motor/sensory
paralysis on the side contralateral to the injury. Like SCI,
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functions in areas that are damaged by CVD do not recover,
but are instead taken over by peripheral and other areas of
the body and resumed by reconfiguration of neural networks
[17–19]. Beginning rehabilitation as soon as possible after
sustaining the injury is recommended to prevent the onset of
disuse syndrome. CVD rehabilitation focuses on strengthen-
ing the muscles on the unaffected side as well as performing
repetitive motor training on the paralyzed side to reteach
motor activities to the brain. Rehabilitation programs are
designed according to the symptoms of the patient, such
as higher brain dysfunction. CVD patients with USN, for
example, may undergo symmetrical gait rehabilitation using
a mirror.

4. Gait Rehabilitation in CNS Disease

Gait rehabilitation is implemented in a variety of ways,
according to the condition of the patient. Some examples
include the use of walking sticks, lower limb orthoses,
parallel bars, walking frames, and treadmills. Aims of
rehabilitation include teaching gait action, strengthening
muscles, and building endurance. When teaching gait action,
the therapist usually holds on to the legs and waist of the
patient and provides guidance. This approach may involve
the use of a treadmill and suspension device known as a
bodyweight support (BWS) system to prevent the patient
from falling and to enable the therapist to hold the patient
more easily. BWS systems may employ springs, weights, or
winches and can be used to preclude the onset of disuse
syndrome by enabling gait rehabilitation in patients who
cannot assume a standing posture while preventing them
from falling [20–24]. Gait retraining targets reticulospinal
tract CPGs [25] in SCI patients, and healthy areas of the
cerebrum in CVD patients. Input stimuli for the purpose
of retraining consist of changes in muscle length detected
by muscle spindles and changes in muscle strength detected
by neurotendinous spindle. Moving the legs during gait
rehabilitation while applying a load is believed to produce
input to the CNS regarding changes in muscle length and
muscle strength, whereas moving the legs without applica-
tion of a load only generates inputs for changes in muscle
length. Research is therefore being undertaken into ways of
automatically controlling load and leg joint movements in
order to send stimuli to the CNS during gait rehabilitation in
a safe and suitable manner. Gait rehabilitation immediately
after injury places a considerable burden on the therapist,
making extended sessions difficult. Furthermore, therapist
instruction is lacking in terms of reproducibility and is
therefore considered unsuitable for certain gait patterns.
Accordingly, the following gait rehabilitation devices are
being researched and developed to mitigate the physical
burden on therapists, enable extended rehabilitation ses-
sions, and provide appropriate stimuli to the CNS. These
devices can be broadly classified into four types: those with
functions of supporting the body and guiding the legs (lifting
device with lower limb orthosis); those with a function
of supporting the body only (lifting device); those with a
function of guiding the legs only (lower limb orthosis);

Walker [27]

(a)

Lifting device [77]

(b)

Lower limb orthosis [61]

(c)

Lifting device with

limb orthosis [95]lower

(d)

Figure 2: Type of gait rehabilitation.

those resembling wheeled walkers or rollators (Walker) as
shown in Tables 1 and 2 and Figure 2. The rehabilitation
orthoses discussed in this paper are tabulated according
to the target user, description of conducted experiments,
and system configuration. Rollator-style devices [26–29]
are used by individuals with muscle weakness as well as
CNS disorder patients and are utilized in daily living as
well as in rehabilitation. This broad range of users and
applications makes comparison difficult, so these devices
have been excluded from the scope of this paper. And FES
(Functional Electrical Stimulation) is researched as a gait
ability acquisition method [30–33]. In FES, there are two
purposes of assistance and rehabilitation of gait. Because
these distinctions are difficult, we exclude it in this paper.

5. Gait Rehabilitation Device

In a study by Hesse et al. [34] on the feasibility of restoring
gait function in CNS disorder patients through repetitive
training, comparison of walking cycle and electromyo-
graphic (EMG) signals in hemiparetic patients who under-
went gait rehabilitation using a BWS system and treadmill or
bed-based gait rehabilitation revealed that cyclical walking
patterns were induced in patients using the BWS system
and treadmill rehabilitation. Hesse et al. also conducted a
study in which cerebral palsy patients underwent regular
ambulatory rehabilitation using a BWS system and treadmill
for 3 months, revealing that gross motor function measure
(GMFM) and functional ambulatory category (FAC) scores
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Table 1: Reference about gait rehabilitation device number 1.

Type Device name Target Rehabilitation method Subject Evaluation item Reference

Lower limb
orthosis

HAL Other Active gait — [61]

GBO CVD Active gait
— [62]

Healthy
CVD

Knee and hip angle
Knee and hip torque
EMG of lower limbs
Foot trajectory

[63]

Healthy
CVD

Knee and hip angle [64]

ALEX SCI, CVD Passive gait
Healthy Foot trajectory [65]

CVD
Knee and hip angle
foot trajectory

[66]

LOPES SCI, CVD
Passive gait
Active gait

Healthy Step height [49]

Healthy
Knee and hip angle
Step height

[50]

Healthy
Knee and hip angle
EMG of lower limbs

[51]

Healthy
Knee and hip angle
EMG of lower limbs

[52]

Nango’s research Passive gait
— [67]

— [68]

— [69]

Lifting device

WARD CVD Active gait Healthy Gait velocity, stride [70]

RGR Trainer CVD Active gait Healthy Pelvic obliquity [57]

STRING-MAN CVD Active gait Healthy ZMP position [71]

Lokolift CVD Active gait Healthy GRF [72]

Flora CVD Active gait Healthy Knee and hip angle [73]

Ikeuchi’s research CVD
Active gait Healthy GRF [74]

Active gait Healthy Unloading force [75]

BWS system CVD Active gait Healthy GRF [76]

KineAssist CVD Active gait — [77]

Where CVD Active gait

— [63]

Healthy Unloading force [78]

Healthy Unloading force [79]

Healthy Unloading force [80]

Mouri’s research Other Active gait — GRF [81]

Franz’s research Other Active gait
Healthy GRF Unloading force [82]

Healthy GRF unloading force [83]

LiteGait Other Active gait — [84]

AID-1-M CVD Active gait — [85]

improved and that this method of rehabilitation was effective
in reteaching walking patterns to the CNS [35]. In collab-
oration with Uhlenbrock, Hesse developed a gait Trainer
(Figure 3) with an added mechanism to control leg position,
thus reducing the physical effort needed to guide both of
the legs and to ensure reproducibility of instructions during
rehabilitation. With this machine, the feet of the patient are
fixed onto footplates, one of which is fixed to the center
of a planet gear on a planetary gear system allowing the
footplate to move back and forth. The ratio of stance phase
to swing phase is set at 6 : 4 [36]. In order to verify whether

this gait Trainer enables similar ambulatory rehabilitation to
conventional methods, Hesse et al. compared EMG signals
from the legs of a healthy subject and subjects with CVD-
induced hemiparesis when walking with the gait Trainer and
when walking with therapist assistance, but did not observe
any significant difference in either group [37]. In a study by
Werner et al. [38] comparing the effects of walking with a gait
Trainer and walking with therapist assistance over 6 weeks of
rehabilitation on CVD patients, no significant difference was
observed between the two methods based on respective FAC
scores.
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Table 2: Reference about gait rehabilitation device number 2.

Type Device name Target
Rehabilitation
method

Subject Evaluation item Reference

Lifting device
with lower
limb orthosis

Lokomat SCI,CVD
Passive gait
Active gait

Healthy EMG of lower limbs [86]

Healthy EMG of lower limbs [87]

Healthy Knee and hip angle [39]

Healthy
EMG of lower limbs
Knee and hip angle

[88]

Healthy
SCI

Knee and hip angle [40]

Healthy
SCI

Knee and hip angle [41]

Healthy
SCI

Knee and hip torque
MAS scale

[89]

Healthy Hip torque [42]

Healthy MAS scale [90]

Healthy
SCI

Knee and hip torque
Knee and hip angle
EMG of lower limbs

[43]

PAM with POGO SCI,CVD Passive gait

Healthy Pelvic position [44]

Healthy Pelvic position [46]

— [47]

Healthy
CVD

Pelvic position
EMG of lower limbs

[48]

Healthy Pelvic position [91]

Gait Trainer SCI,CVD Passive gait

CVD EMG of lower limbs [34]

Healthy EMG of lower limbs [36]

CP Gait velocity, stride [35]

— [92]

Healthy FAC [38]

ARTHuR SCI,CVD Passive gait
Healthy Foot trajectory [45]

SCI
EMG of lower limbs
Foot trajectory

[93]

GNU Gait Trainer SCI,CVD Passive gait

— [55]

Healthy Foot trajectory [53]

Healthy Foot trajectory [54]

Healthy Foot trajectory [56]

Healthy Knee and hip angle [94]

HapticWalker SCI,CVD Passive gait
Healthy Foot trajectory [58]

— [59]

Autoambulator SCI,CVD Passive gait — [95]

Airgait SCI,CVD Passive gait Healthy Knee and hip angle [96]

Walker

i-walker Other Active gait Elder Movement trajectory [26]

RT-walker Other Active gait — [27]

Wang’s research Other Active gait — [28]

Ishida’s research Other Active gait Elder Muscle power [29]

Colombo et al. [39] developed a “driven gait orthosis”
(DGO) that guides the hip and knee joints using a two-
link robot arm to achieve more normal locomotion of these
joints during gait rehabilitation. The DGO comprises a
BWS system attached to a treadmill, and motorized devices

attached from the hip to the foot. The patient is suspended
over the treadmill by a harness attached to the BWS system
and is assisted in extending and flexing the knee/hip joints by
the attached motors. The angle of each joint is measured by
joint potentiometers. The length of the upper and lower leg
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Figure 3: Gait Trainer.

Figure 4: Lokomat.

segments of the orthosis can be adjusted to suit the length
of the patient’s thigh and lower leg. Joint angle position of
the DGO and speed of the treadmill can be controlled in
accordance with the gait pattern objectives designated by
the therapist. Jezernik et al. [40] subsequently developed
the Lokomat (Figure 4) as the successor to the DGO and
created an adaptive control algorithm using an impedance
controller, adopting the hip and joint angles of healthy
subjects as default reference values as a way of controlling
the leg motors. However, leg joint angles differ for each
individual, so using hip and knee joint angles of another
person as reference values forces the human user to compete
with the machine and inhibits spontaneous movement of the
user. The reference values provided by Lokomat can therefore
be adjusted to reduce the estimated interactive torque of
the robotic arms and patient’s legs. Locomotion experiments
were conducted using healthy subjects, with reference values
compared against actual measured values, position control

PAM

POGO

Figure 5: PAM, POGO.

precision was confirmed, and good results were obtained
[41]. Interactive torque when using the Lokomat to walk
was estimated based on the motor torque produced by
automatic movement at each joint using the Lokomat and
the torque at each joint produced without using the orthosis.
As a result, interactive torque was estimated to increase
during the swing phase [42]. Comparison with control
based on visual feedback and impedance control indicated
the latter method is more effective. A force sensor was
attached to the Lokomat and leg maximal muscle strength
and leg spasticity evaluation systems were proposed and
assessed in patients with neurological disease, and were
consequently found to be effective. Four training modes were
then integrated with biofeedback and evaluation systems
[43]. Ichinose et al. [44] pointed out that the Lokomat
and gait Trainer are capable of guiding the legs without
restriction, but inhibit the important gait movements of
rotating, inclining, and horizontally moving the pelvis and
developed the pelvic assist manipulator (PAM) (Figure 5)
to address these shortcomings. The PAM comprises a BWS
system, a treadmill, and six pneumatic cylinders fixed to
a support column positioned behind the patient’s pelvis.
Force sensors are attached at either end of the pneumatic
cylinders, while the ends of the left and right cylinders are
attached to the left and right sides of the patient’s pelvis. The
pneumatic cylinders are used to actuate the pelvis, providing
more degrees of freedom (DOF) of pelvic movement and
being relatively cheaper per DOF than other actuators. This
system can control five DOF, comprising pelvic rotation and
obliquity as well as up-down, forward-back, and left-right
movements. The PAM controls patient gait by recording
the pelvic trajectory of a healthy subject during walking
based on the length of the left and right cylinders and
then reproducing the trajectory sequence on the patient.
Based on an experiment carried out on healthy subjects
both with and without the use of the PAM, the precision
of pelvic position control with the PAM was found to be
good. However, the PAM is unable to guide patient pelvic
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Figure 6: LOPES.

movements, so Ichinose et al. developed a new gait training
robot known as the Ambulation-assisting Robotic Tool for
Human Rehabilitation (ARTHuR) [45], which is capable of
guiding pelvic and leg movements. The team also performed
pneumatic cylinder modeling and constructed a system that
monitors the force generated by the pneumatic cylinders
during position control in real time to prevent excessive
force from being applied to the patient’s body [46]. However,
the feed-forward control system that measures and applies
the pelvic position of a healthy individual to a patient as
reference values sometimes causes considerable force to be
applied to the body of the patient, due to differences in
individual gait patterns. Such force can result in inhibition of
pelvic movement. The researchers therefore came up with a
position control method using impedance control to address
the need for real-time monitoring of changes in inputs to the
patient [47]. Comparing the use and non-use of impedance
control in SCI patients revealed that impedance control
did not yield a considerable range of pelvic movement.
The team also developed the Pneumatically Operated Gait
Orthosis (POGO), which guides leg movements using two
pneumatic cylinders on each leg, and built a system to
integrate this device with the PAM. The first of POGO’s
pneumatic cylinders is positioned between the pelvis and
ankle joint, and the second is set up between the first cylinder
and the knee joint [48].

Ekkelenkamp et al. [49] developed the Lower-extremity
powered exoSkeleton (LOPES) (Figure 6) to meet the need
for ambulatory rehabilitation in various environments so as
to acquire practical gait patterns, rather than only in certain
external environments such as on a treadmill. LOPES is a gait
rehabilitation orthosis with a two-link robot arm applied to
the hip and knee joints, with the robot arm attached to a
treadmill. A virtual external environment is set up on the
treadmill and reaction force applied to the leg is measured
based on the angle of leg joints, with the acquired data then
used to control the robot arm torque. The LOPES research
team validated the responsiveness of torque control and

Figure 7: GNU Trainer.

confirmed that the reaction force can be communicated to
the subject. There is a risk of considerable force being applied
to the patient in simple position control mode, so the team
developed an impedance controller using the leg joint angles
of a healthy subject during gait as reference values. However,
comparison of gait patterns of a healthy subject in terms
of leg EMG signals and leg joint angles with and without
the use of LOPES did not reveal any significant differences
[50]. Comparison of leg joint angles in healthy subjects in
multiple virtual external environments revealed that angles
varied according to the environment [51]. Gait patterns of
healthy subjects were compared in terms of leg EMG signals
and joint angles using a treadmill and the LOPES device with
the aim of reducing impedance parameters and confirming
the impact of the device. As a result, use of the LOPES
device was found to increase pelvic inclination and alter
leg muscular activity, and these outcomes were attributed
to the inertia of the device itself [52]. The GNU Trainer
(Figure 7) is a gait rehabilitation orthosis utilizing a BWS
system without a treadmill [53, 54]. Gait rehabilitation can
be effective when conducted in various environments, so we
have developed a gait rehabilitation system for use in virtual
external environments. The BWS mechanism comprises
wires attached to both shoulders and suspended by a winch
via springs. A motorized single-axis pendulum is mounted
on the shoulders of the patient to assist with swinging
motions of the arms. Footplates control the foot angle and
position, while a bilateral base portion is moved backwards
and forward by a single motor via a belt. The footplates
attached to the base are controlled by two cylinders and one
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Figure 8: RGR Trainer.

linear slider, with the cylinders mounted to the heel and toe
portions to control heel and toe heights, and the linear slider
is attached to the plantar portion to control forward and
backward movements of the footplates. A device for fixing
pelvic position of the patient is secured to the BWS unit and
prohibits pelvic movement during gait rehabilitation.

A liquid crystal display (LCD) is set up in front of the
patient’s line of sight and displays images of virtual external
environments during rehabilitation. A basic gait pattern is
designated based on the gait data of a healthy subject and
the walking speed; step size and maximum plantar angle are
set while the arm link cycle; base cycle and cylinder orbit
are determined before commencing rehabilitation. A target
value is then designated for the virtual external environment
and the patient is induced to walk. Following testing on
healthy subjects to confirm the setting precision of the walk-
ing route according to the virtual external environment, the
ability of the orthosis to induce walking was demonstrated.
We proposed a footplate mechanism with four DOF based
on the notion that a more realistic feedback system could
be constructed by controlling not only ankle joint angle
and foot position, but also inward and outward ankle joint
rotations and metatarsophalangeal (MTP) articulations [55].
Conventional methods have controlled the base portion
symmetrically using a single motor, but the gait of CVD
patients is asymmetrical, so we proposed a mechanism with
independent left and right bases and conducted a locomotion
experiment to validate this method [56]. Pietrusinski et
al. [57] developed the Robotic Gait Rehabilitation (RGR)
Trainer (Figure 8) to guide the pelvic movements of CVD
patients during gait rehabilitation. Although pelvic motions
of CVD patients are already restricted during walking, the
Lokomat orthosis further limits movement of the pelvis. The
PAM enables passive mechanical movement of the pelvis,
but spontaneous pelvic movement by the patient has proven
to be difficult. The RGR Trainer was therefore developed to
provide assistance to the patient without inhibiting spon-
taneous pelvic movements. The system comprises left and
right support portions attached to a treadmill. The support

Figure 9: HapticWalker.

portions comprise a load cell, encoder, and cylinder. Pelvic
positions of a healthy subject during a gait cycle are used as
reference values and force is controlled relative to position
error in the vertical direction by feedback of load cell
values. Maciej et al. confirmed the frequency response of this
system and the fact that the RGR Trainer does not inhibit
pelvic movements. After measuring the gait patterns of a
healthy subject with and without use of the RGR Trainer, the
inventors also established that no significant differences exist
in respective pelvic position data.

Schmidt et al. [58, 59] developed the HapticWalker
(Figure 9) with the aim of providing tactile feedback to
patients during gait rehabilitation. Providing feedback on the
force exerted on the foot is crucial in gait rehabilitation of
CVD patients. Conducting rehabilitation in various environ-
ments is also important to acquire a practical gait pattern.
Schmidt et al. therefore developed a gait rehabilitation
system for use in simulated external environments. The
HapticWalker comprises three DOF footplates attached to
a BWS system. The footplates control ankle joint flexion
and extension, as well as sagittal and vertical foot positions.
The patient walks in the simulated external environment
wearing a head-mounted display and force exerted on the
foot is controlled based on feedback from six DOF force
sensors attached to the footplates. Agrawal and Fattah [60]
proposed a passive gait rehabilitation system without the use
of motive energy, based on the assumption that mechanical
gait rehabilitation systems that use motive energy to auto-
matically move the legs may actually inhibit spontaneous
movements by the patient. The proposed system targets
patients with CVD, Guillain-Barre syndrome, multiple scle-
rosis, and severe muscle weakness. It comprises a device
attached to the pelvic and knee joints and a brace for
securing this device. The device is a two-link arm employing
a parallelogram linkage mechanism at the knee joint portion,
while springs from the upper lumbar and lower thigh regions
assist hip joint flexion and extension, in addition to knee
joint flexion. Agrawal et al. demonstrated the efficacy of the
system after conducting kinematic analysis and estimating
assisted hip/knee joint torque. To demonstrate the efficacy
of the prototype, the inventors measured the gait patterns
of a healthy subject in terms of EMG signals and knee
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Figure 10: GBO.

joint angles both with and without use of the device, and
subsequently found that hip/knee joint movements were
similar, but that muscle activity was reduced when using the
prototype. Furthermore, measurement of knee and hip joint
angles during gait of stroke patients with and without the
prototype device revealed that using the device did not yield
considerable ranges of knee/hip joint movement.

Based on those research findings, Agrawal et al. devel-
oped a gravity-balancing orthosis (GBO) (Figure 10). Banala
et al. measured the changes in hip/knee joint angle torque
during gait after altering the rate of leg motion assistance
provided by the orthosis using a two-link model [62].
Choon-Young and Ju-Jang [63] developed a mobile gait
rehabilitation orthosis with a BWS unit. The orthosis is
capable of self-propulsion using two motorized drive wheels
at the base portion. The motorized BWS unit is secured to the
base. Lee et al. developed an orthosis movement algorithm
and designated a reference trajectory, then performed a
simulation. Constructing a BWS algorithm and modeling
the human body as a spring-mass-damper system, the team
also designated a reference BWS force and performed a
BWS simulation [78]. Coming up with an optimal controller
setting to control the BWS mechanism has proven difficulty
in the past, as each subject is different. To overcome this
issue, Lee et al. created a learning controller utilizing neural
networks. The team successfully performed a BWS experi-
ment on a subject while measuring the BWS force [79]. The
BWS mechanism operates at a constant force using a simple
control system, allowing the team to develop a mechanism
linking a pneumatic cylinder in parallel with a motor. After
designating reference BWS values and performing a BWS
simulation, the team obtained good results [80]. Banala
et al. [65] developed the Active Leg EXoskeleton (ALEX)
(Figure 11) using a treadmill and motorized leg orthosis. The
body of the patient is supported by a thigh device while
linear actuators and load cells are attached to the hip and
knee joints. The patient walks while looking at the reference
foot trajectory appearing on the display placed in front
of them. The display also shows the actual foot trajectory
of the patient in real time. The orthosis is controlled by

Figure 11: ALEX.

linear actuator force commands to the hip and knee joints,
with commands generated by calculating the deviation in
actual foot joint position and reference position based on
feedback of hip and knee joint angles and gait speed. A
healthy subject walked on the ALEX orthosis for 1 h to
confirm the learning effects on patients. As a result, Banala
et al. confirmed the efficacy of the system based on the
error between the reference trajectory before and after the
experiment. The efficacy of the ALEX was also confirmed on
a stroke patient who underwent 15-day gait rehabilitation on
the orthosis based on increases in gait speed and declines in
reference trajectory error observed after the experiment [66].
Yoshiyuki et al. [96] developed the “airgait” gait rehabilita-
tion orthosis using the motive power of McKibben pneu-
matic artificial muscles (PAMs). The actuators are PAMs,
and so have the benefits of being lightweight and capable of
generating substantial power. The airgate itself comprises a
motorized orthosis, counterweight BWS unit, and treadmill.
The motorized orthosis is secured to the treadmill by a
parallel linkage with gas spring. The PAMs are arranged as
antagonistic biarticular and monoarticular muscles modeled
on the human musculoskeletal system. After setting the
reference knee and hip joint angles and reference pressure
levels for PAMs, pressure commands are issued to each of
the PAMs based on feedback on the current values of knee
and hip joint angles and respective pressure levels of PAMs.
Shibata et al. tested the accuracy of the airgait’s positional
control by conducting a gait session on a healthy subject
and comparing reference and actual measured values. The
AutoAmbulator [95] is a gait rehabilitation orthosis with
a BWS system developed by HealthSouth. This orthosis
comprises a BWS system, treadmill, and hip and knee joint
devices that are secured to the treadmill. The attached devices
guide the legs of the patient according to the reference
gait trajectory and speed set by the therapist. Tokioka and
Watanabe [73] developed a weight-bearing BWS orthosis
named Flora that lifts the user with a crane attached to a
steel ceiling with a permanent magnet. The BWS portion
employs a constant force spring and motor. The gait mode in
Flora is activated by a therapist using the switch controller.



10 Journal of Robotics

In an experiment using the Flora orthosis on a healthy
subject, Tokioka et al. confirmed that raising the BWS lift
force of the device increased gait cycle and reduced step
size. Frey et al. [72] developed a BWS system called Lokolift
using a spring and a motor. Lokolift comprises a lifting wire
connected to a harness worn by the patient, a motor that
controls the length of the wire, and a motor that controls
the wire tension via a spring. Frey et al. tested the precision
of the lifting force control from Lokolift by lifting a healthy
subject during gait and obtained good results. Gazzani et
al. [70] developed the walking assistance and rehabilitation
device (WARD) BWS system using a pneumatic cylinder.
After conducting a gait experiment on healthy subjects while
varying the lifting force in order to demonstrate the effects
of lifting force on gait action, Gazzani et al. found that
increasing the lifting force reduced gait speed and that lifting
the subject at a force equivalent to 70–80% of body weight
makes walking difficult. Surdilovic et al. [71] developed a
BWS system called STRING-MAN, which attaches multiple
wires to the anterior and posterior trunk and controls
the zero moment point (ZMP) of the patient. The aim
of using this device is to reteach balance during gait by
controlling the ZMP. Surdilovic et al. developed an algorithm
to control the ZMP via a parallel wire mechanism and
performed ZMP control simulation using a kinesiological
model, then investigated the number of wires needed and
built a prototype. Peshkin et al. [77] developed the KineAssist
robotic device for gait and balance training. KineAssist
comprises a mechanism to support the pelvis of the patient
and a base to secure the mechanism and perform actuation.
This device is intended for gait and balance rehabilitation
in patients with CVD and cerebellar ataxia and is designed
to facilitate therapist guidance of the patient’s legs without
the use of a leg-guiding robotic arm mechanism, based on
the notion that orthoses such as the Lokomat that automate
leg guidance fail to incorporate the techniques developed
by therapists into rehabilitation. KineAssist allows left-
right, forward-backwards, and inclined pelvic movements,
as well as transverse rotations and movements. Watanabe
et al. [76] developed a BWS system to alleviate leg burden
during gait rehabilitation. The system comprises a pelvic
support device attached to a treadmill. The device features
a load cell to measure weight-bearing load, an encoder to
measure transverse pelvic rotation angle, and a motorized
mechanism that moves up and down. The system allows left-
right, forward-backwards, and inclined movements as well
as transverse rotation of the pelvis. The controller operates
as follows. Values from the encoder are used to estimate
heel-contact and toe-off and reference lift force values are
designated accordingly. Device motor speed commands are
then generated based on the error between load cell values
and the reference lifting force. Fujie et al. tested the precision
of lifting force control for the BWS system by lifting a
healthy subject during gait. Lee and Sankai [61] developed
a powered exoskeleton known as the Hybrid Assistive Limb
(HAL) that drives motors positioned at each of the user’s
joints based on surface EMG signals. HAL is a wearable
exoskeleton with motors attached to the hip and knee joints
of the user. Electrodes are attached to the anterior and

posterior lower and upper thighs to measure EMG signals.
The measured signals are converted into absolute values, hip
and knee joint torques are estimated, and the estimates are
then used to generate torque commands. HAL is researched
as a study device of gait pattern for CNS patients. Ikeuchi et
al. [74] developed a gait support device that lifts the subject
using a crane moving back and forth along an elliptical rail.
They researched how to maintain constant leg burden by
adjusting the weight-bearing load based on measurements
from a floor reaction force gauge built into the walking
surface. In an experiment on healthy subjects, a lift control
simulation was performed after determining the transfer
function from the BWS system to the floor reaction force
gauge. While unrelated to gait rehabilitation, we introduce
the MIT-MANUS as the motion teaching system for CVD
patients. The MIT-MANUS is a therapeutic robotic arm
developed by the Massachusetts Institute of Technology
(MIT) to provide motion training to CVD patients. MIT-
MANUS is a task-oriented device operated using a horizontal
robotic training arm. The user manipulates this arm to move
a cursor towards a target displayed on a screen. The device
is equipped with a visual feedback unit and also features
motorized passive actuation capability to allow users who
lack sufficient autonomic movement to reach the target.
Rehabilitation using the MIT-MANUS enhances proximal
arm muscle strength with sustained, long-term effects [97,
98].

6. Summary

Gait rehabilitation devices designed for patients with CNS
disorders use actuators and a treadmill to passively move
patients with the aim of reteaching gait patterns to the
CNS. While research has been conducted on passive actuator
mechanisms targeting the pelvis, hip joints and knee joints,
no proposals have been made for mechanisms that incor-
porate the ankle joints. Furthermore, a number of actuator
control methods have been suggested. The first is position
and impedance control of reference values obtained from
the limb movements of a healthy subject. The second is
adaptive control whereby the limb movements of a healthy
subject are set as default reference values and subsequently
adjusted to reduce competing forces between the patient
and actuator. The third is model-based control estimating
the necessary force using inverse kinematic modeling based
on the patient’s joints. These control methods should be
determined according to the condition of the patient and the
intended type of input stimuli and are targeted at patients
with CNS disorders. However, no studies on control methods
have yet been aimed at subjects with orthopedic disorders
such as bone fracture. Given the state of research at present,
there is currently a need for mechanical devices that passively
actuate the pelvis and hip, knee and ankle joints. There is
also a need for actuator control methods that target specific
disorders.
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This paper presents a new type of finger rehabilitation system using a multifingered haptic interface that is controlled by the patient
though a surface electromyogram. We have developed the multifingered haptic interface robot: HIRO III that can give 3-directional
forces to 5 fingertips. This robot can also be used as a rehabilitation device that can provide various fingertip exercises and measure
various types of information. The sEMG works together with the HIRO III to consider the patient’s intent. The proposed system
is intended for patients having paralysis in the hand and fingers, and the motions will be provided as biofeedback to the fingertips
with the device. In contrast to completely passive rehabilitation, the proposed system can provide active rehabilitation using sEMG.
The experiment involved finger opening and closing with this system by ten able-bodied subjects. The results show that almost all
subjects felt appropriate motion support from the device.

1. Introduction

Hand finger function is very important for daily life, and
finger injury can be a very serious problem. These patients
need timely and persistent rehabilitation to recover their
lost abilities and to resume their normal daily lives. Long
rehabilitation training sessions with therapists, who are in
relative shortage, are not always available to patients. One
solution to this problem could be a robotic rehabilitation
system for hand fingers used by individual patients.

Recently, many robotic systems for rehabilitation have
been studied. Many aspects of robotic arm rehabilitation
therapy [1–3], including clinical tests [4, 5], have been
reported. Arm rehabilitation therapy with the aid of a
robot [6], which involves bimanual, mirror-image, patient-
controlled therapeutic exercises, is one type of self-controlled
rehabilitation. Kong and Jeon [7] have developed a tendon-
driven exoskeletal power assistive device that uses an sEMG
signal and fuzzy control. Saint-Bauzel et al. [8] have
presented a reactive robotized interface for lower limb
rehabilitation with clinical results.

Hand rehabilitation, however, is particularly difficult,
because the hand possesses many degrees of freedom of
motion, and the device must be relatively small in size.
Connelly et al. [9] have developed a VR hand rehabilitation
system with a pneumatic glove, and Oblak et al. [10]
have developed a universal haptic device for arm and wrist
rehabilitation. In the former, it is slightly difficult for a
patient with hand paralysis to wear the glove, and the latter
can provide exercise at the shoulder, arm, and wrist only, not
the hand or fingers. Compact devices with a cable system
to be used after a stroke [11, 12], and exoskeleton-type
robotic devices [13, 14] have been presented. The former is a
compact device but provides only limited exercises because
of the cable actuate. The latter can assist not only with
flexion/extension, but also with abduction/adduction and
thumb opposition motions but can assist only with joint
motion, not 3-directional fingertip motions.

The surface electromyogram (sEMG) records the electri-
cal activity of muscles underlying the skin and is useful for
rehabilitation robotic devices. Rehabilitation control strate-
gies for a gait robot [15], upper limb rehabilitation [16], and
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a trial of the recovery process for wrist rehabilitation [17]
have been reported. However, the application of sEMG to
finger rehabilitation has not been widely researched.

In Japan, there are many patients with finger paralysis; for
example, carpal tunnel syndrome may lead to finger paraly-
sis, as can long-term dialysis, and the population currently
needing dialysis in Japan is approximately 280 thousand.
Because hand and finger function is very important for daily
life, this paper proposes a new type of finger rehabilitation
system for providing more effective rehabilitation. In these
cases, the robotic device should be able to provide various
exercises including flexion or extension and should be with
compact size. A solution to this problem would be a rehabili-
tation system that could provide 3-directional motions to the
fingertips. Usually, it is easier for people to imagine “moving
the fingertips” than “moving each finger joint.” The proposed
system therefore provides a haptic interface for hand finger
rehabilitation. A multifingered haptic interface robot [18]
has previously been developed, and this device can provide
fingertip motion to the operator. In order to achieve more
effective rehabilitation for patients, this system utilizes sEMG
control. A finger joint angle estimation system from sEMG
has been developed [19], and this system will be helpful for
complex exercises. In the opinion of one practitioner, this
research could result in a challenging clinical trial, and it is of
great significance to integrate the sEMG into a rehabilitation
robotics system for hand finger. The above system will be
effective for patients with peripheral nerve injury of the arm.

As a pretest for the clinical trial, we present herein
the experimental results from this system using able-bodied
subjects. The purpose of this pretest was to confirm that the
fingertips were moved based on a user’s intentions in the case
of a healthy body.

2. System

Figure 1 shows the outline of the proposed system.
This system uses a haptic device for the fingertips and

sEMG information from the patient’s forearm or hand. Since
this haptic device is so small, it can be used on a desk
while the patient is seated. First, this system decides the
appreciate fingertips exercises from the sEMG; after that, the
device provides exercises at the fingertips. For example, if the
sEMG from muscles for finger extension (extensor digitorum
muscle) activates and crosses over a certain threshold value,
the haptic device exerts 3-axis forces at each fingertip in order
to open the fingers. The following sections provide the details
of the system.

2.1. Multifingered Haptic Interface HIRO III. Figure 2 shows
the multifingered haptic interface robot, the HIRO III, that
we have developed [18] (the specifications for the hand part
are in Table 1).

This robot consists of a hand part and an arm part. The
hand part has 5 haptic fingers, and each haptic finger has 3
joints and 3 degrees of freedom (DOF). The arm part has 6
joints and 6 DOF. Therefore, in total, the HIRO III has 21
DOF. This robot has the following features.

The sEMG measurement

Connect with
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haptic device
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Figure 1: Outline of the system. The patient connects his/her
fingertips to the multifingered haptic interface. Because this device
is so small, it can be put on table and the patient can be seated
during rehabilitation.

Table 1: Specifications of the HIRO III hand.

Component Quantity

Hand
Number of fingers 5

Degrees of freedom 15 DOF

Weight [kg] 0.78

Finger

Degrees of freedom 3 DOF

Weight [kg] 0.12

Maximum output force [N] 3.6

Maximum pulling force
between the magnet and

the metal ball [N]
4.3

Volume of workspace [cm3]
705 (thumb)
587 (other)

(i) The haptic finger has three DC motors in the
frames and three active joints (Figures 2(e) and 2(f)).
The first joint is for abduction-adduction of the
middle phalanx (MP) joint of the haptic finger, and
the second and third are for flexion extension of
the MP and proximal interphalangeal (PIP) joint,
respectively. Additionally, a haptic finger has a 3-axis
force sensor at the tip (Figure 2(d)), and each motor
has an encoder.

(ii) HIRO III has five haptic fingers and can simul-
taneously provide 3-directional forces on multiple
fingertips.

(iii) Also, the haptic finger has a permanent magnet at
the tip (Figure 2(d)). The operator puts up the finger
folders at the fingertips, and this folder has a metal
ball (Figure 2(c)). The folder and the metal ball
together form a passive spherical joint (Figure 2(d))
that can change the posture of a user’s finger against
the haptic finger.
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(a) The haptic interface: HIRO III overview with arm (b) Connect to hand part of HIRO III

Metal ball

(c) Installation of finger folder at fingertip
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(d) Passive spherical joint at the top of haptic finger
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(f) Work space and joint axis of a haptic finger

Figure 2: The system of the multifingered haptic interface robot: HIRO III. This robot has five haptic fingers, and the fingers have 3 degree
of freedom and a 3-axis force sensor. In (f) the blue volume shows the movable work space of the haptic fingertip.

(iv) The HIRO III system with the arm can realize the
large work space. Meanwhile, the hand part can be
use as a compact haptic device.

In the case that this device is used as a rehabilitation
device, there are some advantages. Ordinary robotics devices
for finger rehabilitation are generally an exoskeleton type
[13, 14], or a tendon-driven type at the fingertip [11, 12].
The HIRO III has the following advantages over these device
types.

(i) Three-directional motion at each fingertip: while a
tendon-driven type device can only provide motion

directed along the wire to the user’s finger, the HIRO
III allows for 3-directional motion. That is, various
types of finger exercises are possible with the HIRO
III. Because this robot has a 3-axis force sensor per
finger, the system can limit applying force to user.
It can realize safety control strategy. The value of
maximum output force of one finger (3.6 N) can be
considered as sufficient value from medical aspect
for the case of biofeedback interface (described later
sections). By comparison, an exoskeleton type [13]
is designed in such a way as to apply about 0.3 Nm
torque at finger joint.
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(ii) Connecting to the device: an exoskeleton-type device
must firmly connect the device’s link to the user’s
finger link. In contrast, the user connects to the HIRO
III with a finger folder and passive spherical magnet
joints, allowing them to connect quickly and easily.

(iii) Compact size: a robot system that supports the
motion of finger extension with a tendon-driven
or exoskeleton type is generally quite large. While
gear transfer mechanism has backlash, this system
adopts the force depending control method not
position control. In this aspect, this demerit of gear
mechanism is not large problem. The HIRO III
without the arm is comparatively compact in size and
can support desktop rehabilitation.

(iv) Daily rehabilitation: thanks to the ease of connection
and rehabilitation on the table, the HIRO III system
provides rehabilitation that is easy to keep doing
every day. Daily rehabilitation is very important to
prevent joint contracture and provide early recovery.

2.2. The Electromyogram for Finger Rehabilitation. The
sEMG measures bioelectrical signals from muscles in
response to voluntary contractions. These signals provide
various type of information about a person’s intent. It is
therefore hoped that the sEMG will function as a new type of
human-machine interface, and it has been studied by many
researchers [19, 20].

In the rehabilitation area, sEMG is used as a biofeedback
tool. For instance, rehabilitation with sEMG is very efficient
in the case of “nerve injury,” because it is easy for the patient
to identify the muscle that should be focused upon when
using sEMG as biofeedback. In rehabilitation applications,
the forms of sEMG as biofeedback to the patient are
primarily waveforms on display or sound.

As another way of using the sEMG, this signal shows
muscle activity and is therefore a barometer of recovery
level. In the case of “peripheral” or “central nerve injury,”
the degree of recovery can be determined by measuring the
sEMG over long period.

The control methods for ordinary rehabilitation robotics
systems can be divided into the following types: the simple
teaching playback type [11], the symmetry master-slave type
[12], and the telerehabilitation system [14]. The teaching
playback type systems and telerehabilitation systems cannot
reflect the patient’s intent or thinking. It is a strictly passive
rehabilitation, while effective rehabilitation should actually
involve patient activity. Systems adopting the symmetry
master-slave structure can provide exercises along to user’s
intent. But this type can be used only in limited injury cases,
for example, hemiplegia or one-side paralysis of the brain in
which case the patient can move the healthy side of the body.
Furthermore, in these systems, patients tend to concentrate
on moving only their healthy side, not the paralysis side.

In the present study, the haptic device was controlled by
the sEMG. First, the motion intent of the user was extracted
from the sEMG, and the fingertip exercises along with the
intent were then provided to the user by the HIRO III. This
biofeedback is very easy to image for the patient compared

with waveforms or sounds. And as opposed to completely
passive exercise, the proposed system can give the patient a
rehabilitative experience that reflects the patient’s intent.

2.3. Medical Aspects of the Proposed System. This section
includes the feedback of 2 medical orthopedic doctors.
Feedback from practitioners is clearly very important when
carrying out research in the medical or rehabilitation area.

The opinions of doctors A and B are as follows.
Doctor B indicated that from a medical perspective, this

research will lead to a challenging clinical trial. It is of great
significance to integrate the sEMG into the rehabilitation
robotics system for hands and fingers. This proposed system
will be able to be applied to general cases of hand finger
paralysis.

The above system will be effective for patients with
“peripheral nerve injury” of the arm (note that this case
is also one type of hand finger paralysis). In the forearm,
muscles with similar function run parallel to each other. It
will be important in this research to analyze the relationship
between the sEMG and the muscle and finger function.
According to the degree of paralysis or recovery of the
patients, the fixation of the upper limb or elbow might be
needed.

As pointed out above, the proposed system can be applied
to the case of hand finger paralysis. While this condition
has many different causes, two cases related to peripheral
nervous are described below.

(i) Peripheral nerve injury: the peripheral nervous sys-
tem resides or extends outside the central nervous
system, which consists of the brain and spinal cord.
The following three peripheral nerves are related to
the fingers and hand: median nerve, ulnar nerve, and
radial nerve. Injury of these nerves can be caused by
external wounds such as those inflicted with a sharp
knife.

(ii) Carpal tunnel syndrome: this case is caused by
compressing the peripheral nerve running in the
carpal tunnel for some reason. In particular, carpal
tunnel syndrome may be caused by dialysis over a
long term, and in 2010, the number of patients who
need dialysis in Japan is approximately 280 thousand.

In this paper, a case of peripheral nerve injury is considered,
as suggested by a medical doctor. In such cases, the patient
have undergone surgery. After the operation, recovered neu-
raxons will reach end organs, again. This is the reinnervation.
However, in this process, the neuraxons might reach different
organs than those to which they were originally connected.
If the neuraxons do reach different organs, the patients will
not be able to move their muscles in the same way that
they did previously. To solve this problem, rehabilitation
for muscle reeducation is needed. During this reeducation
period, the patients cannot do the desired motion. As such, a
patient’s motivation to continue with the rehabilitation will
be reduced, and contracture of the joints will begin to occur
due to the reduced movement of the muscle.



Journal of Robotics 5

Abductor digiti minimi muscle

Extensor
digitorum

muscle

Flexor digitorum
superfcialis muscle

and f exl or digitorum
profundus muscle

Opponens
pollicis
muscle

(a) Flexor side (b) Extensor side

Figure 3: The muscles related to finger motion. The muscle functions are as follows: the flexor digitorum superficialis muscle is for PIP joint
flexion of the 2–5th fingers and is innervated by the median nerve. The flexor digitorum profundus muscle is for DIP joint flexion of the
2-5th fingers and is innervated by median nerve. The extensor digitorum muscle is for MP, PIP, and DIP extension of the 2–5th fingers and
is innervated by the radial nerve. The above 3 muscles are located at the forearm. The abductor digiti minimi muscle is for abduction of the
pinkie and is innervated by the ulnar nerve. The opponens pollicis muscle is for thumb opposition motion and is innervated by the median
nerve. These two muscles are in the hand.

Rehabilitation exercises will differ according to the
injured nerves or the degree of recovery, so the therapist
should determine the appropriate exercise for each case.
Examples of the rehabilitation fingertip exercise are shown
below, and Figure 3 shows the relationship of the muscle and
the work in the forearm and hand.

(i) Median nerve injury: thumb opposability, lunge
motion (MP flexion and PIP, DIP extension) of the
index or middle finger, and independent flexion of
the thumb, index, and middle fingers.

(ii) Ulnar nerve injury: ring finger and pinkie flexion.

(iii) Radial nerve injury: finger extension, curl up (MP
extension and PIP, DIP flexion) motion of fingers.

In the case of nerve injury, these exercises are important for
muscle reeducation for reinnervation.

2.4. Advantage of the Proposed System. As mentioned above,
the proposed system can provide “daily” and “active”
rehabilitation.

The former is realized due to the compactness of the
HIRO III device, the ease of connecting the device to
various sensors (for fingertip forces, fingertip positions,
and sEMG signals at certain muscles). Daily rehabilitation
is very important to prevent joint contracture and early
recovery. Furthermore, recording the above information at
every rehabilitation time is efficient for evaluating the degree
of recovery over the long term.

Active rehabilitation is then achieved by using the sEMG
to make fingertip motions. Because the sEMG is closely

related to voluntary motion, it helps to reflect the intent of
the patient, allowing the patient to do active rehabilitation
without assistance. This system requires a positive intent of
the patient for successful rehabilitation and recovery.

2.5. The Control Strategy Outline. The general control strat-
egy for the proposed system will be described in this section,
while the details of the experiment will be presented in a later
section.

First, the sEMG is helpful for understanding the patient’s
intent. But raw sEMG data also provide undesired infor-
mation (e.g., typical biological noise or personal difference,
etc.), so signal processing will be needed. As for signal
processing of the sEMG, the system adopts an extracting
feature value method, determining the mean absolute value
(MAV) or root means square (RMS) with segmentation and
normalizing [21]. For these processes, it will be useful to use
feature values rather than raw sEMG data.

Second, a patient’s motion intent should be extracted
from the sEMG information. While the relationship between
the sEMG and finger motion is quite complex, by focusing
on certain finger functions, many methods are available. For
example, if MAV from the sEMG around common digital
extensor muscle is over a certain threshold, then the intent
of the user is “to open the fingers.” Of course, this rule must
be determined depending on the case of injury or the patient.
For almost all cases, this rule or extracting method should be
simple. However, if it is necessary or effective to utilize a more
complex finger exercise, a system to estimate the finger joint
angles [21] will be helpful.
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After obtaining the desired fingertip exercise by the above
method, the system must transform from the exercise into a
continuous fingertip trajectory. The haptic device HIRO III
provides fingertip forces depending on the desired fingertip
trajectory. For rehabilitation, force control is appropriate
rather than position control in that the force can be adjusted.
As a simple example, one switches the target positions by the
intent. It is necessary to measure these positions beforehand.
When the joints of a patient do not have contraction, the
target positions can be measured with the help of a therapist
or by the patient. When the joints have contraction, the
length of the patient’s finger link and range of motion are
measured, and solving the kinematics with these parameters
will identify the target positions. The simplest method to
generate the desired fingertip forces is to use the virtual
spring model (Figure 4).

This method requires only the target position and the
current position. The desired force vector Fd of one finger
is calculated with

Fd = k(xd − xc), (1)

where k is the spring coefficient diagonal matrix, xc is the
current fingertip position of a certain finger, and xd shows
the target or the desired fingertip position. These motors
inside the haptic device have an encoder, and all kinematical
parameters are available so the current fingertip positions
can be calculated by forward kinematics. Furthermore, in
order to adjust the forces to the fingertip, the desired forces
should be applied with a low-pass filter (LPF), limiting to the
appropriate range.

Finally, the haptic finger of HIRO III will be controlled
by the PI control law for fingertip forces [18]. First, the error
of torque vector τe is defined as follows:

τe = JT(Fd − F) ∈ R3, (2)

where J is the kinematical Jacobian matrix of a haptic finger,
Fd is the desired fingertip force vector calculated by the
virtual spring method, as explained in the previous section,
and F is the measured fingertip force vector from a 3-axis
force sensor located at the top of the haptic finger. The HIRO
III system adopts the following PI control law:

τ = KPτe + KI

∫
τedt, (3)

where τ is the applied torque vector onto a haptic finger and
KP and KI are the proposed and integral component gain
matrix, respectively. The equation shows the PI control law.
The gains or parameters are calibrated in advance. Figure 5
shows the entire block diagram of this system.

3. Experiment

As a pretest for the clinical trial, the proposed system was
tested with ten able-bodied persons (ten adult males, ages
22–24). In this pretest, the target exercises were to “open the
hand” and “pinch with all fingers”. These are simple but basic
hand functions and important exercises for rehabilitation for

Finger of subject

Switching depend
on sEMG

Current fingertip
position xc

Target/desired fingertip
position A xt,A

Generated fingertip force Fd

Target/desired fingertip position B xt,B

Spring
coefficient k

Figure 4: Virtual spring model. This method needs current and
target fingertip positions. The current position can be obtained
from the haptic device. It is necessary to measure the target
positions beforehand or to calculate them with solving kinematics.

peripheral nerve injury (the former is for the radial nerve
and the latter for the median and radial nerves). To measure
how the sEMG relates to these motions, two terminals will be
placed around the common digital extensor muscle and the
flexor digitorum profundus muscle, respectively. The subject
applies five finger folders to each fingertip and connects
with the device. In this experiment, five fingers will be used
(Figure 6).

The purpose of this pretest was to confirm that fingertips
in response to the user’s intention extracted from the sEMG
by a simple strategy in the case of a healthy body. Note that
in the doctor’s opinion, the sEMG can be measured from
the patient with peripheral nerve injury. To make it easier to
concentrate, two sEMG terminal are used and the strategy
adopt simple switching method for deciding the exercise
mode from the sEMG.

3.1. Acquisition and Signal Processing for the sEMG. Sampling
was carried out with a gain of 1000, 1 ms, and 12 bits. In this
experiment, the system used 2 sEMG electro nodes, one for
the common digital extensor muscle and the other for the
flexor digitorum profundus muscle. The raw sEMG data were
first filtered with a band pass filter (10–350 Hz) and then
segmented (length of segment is 256, and the length of the
shift is 32). Finally, MAV of the sEMG was extracted from
the segmented sEMG. In the following sections, the “MAV1”
refers to the value of MAV extracted from the common
digital extensor muscle, and the “MAV2” to that from
the flexor digitorum profundus muscle. Similarly, “Thre1”
refers to the threshold value for MAV1 and “Thre2” to the
threshold value for MAV2. When the MAV value crosses
over the corresponding threshold, it can be assumed that the
muscle is activated.

3.2. Extracting the Motion Intent. In this pretest, the system
selects the following mode as the subject’s intention with
the if-then rule. This rule will decide the following fingertip
exercise mode: the Mode 0 means that the haptic device does
not provide any force, and the patient’s hand will maintain
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Figure 5: The control block diagram. This system can be divided into three parts: user, robot system including controller, and desired force
generator from sEMG and fingertip positions. The details of the robot control method are given in Section 2.5.

ArmrestMultifingered
haptic interface:

HIRO III
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(Common digital extensor muscle)

(Flexor digitorum profundus muscle)

Figure 6: Experimental appearance. The subject can use the
armrest for rejecting the effect on the sEMG from certain muscles
that relate to wrist movement. Since the proposed system is focused
on fingertip movement, in order not to move the wrist, the subject
puts the palm on the armrest.

if ((MAV1 < Thre1) and (MAV2 < Thre2)) then

Mode 0; (applying zero forces)

else if (MAV1 >= Thre1) then

Mode 1; (opening the fingertips)

else then
Mode 2; (closing the fingertips)

Algorithm 1

a relaxed state. In the case of Mode 1, the desired fingertip
exercise is opening the hand. Finally, with Mode 2, the
desired exercise is pinching or closing all the fingers. The
detail of the if-then rule is shown in Algorithm 1.

Note that when MAV1 > Thre1 and MAV2 > Thre2, then
the mode is 2. This rule is determined through a trial-and-
error process.

3.3. Generating the Fingertip Motion Corresponding to the
Intention. As a simple method to determine the fingertip
motion, in this pretest, the fingertip position data measured
beforehand is selected according to the mode every 32
milliseconds. It is necessary to determine these data (the
fingertip positions at the state of “open the hand” and “pinch
with all fingers”) in advance.

3.4. Generating the Desired Forces Sent to the Haptic Device.
The virtual spring model generates the desired forces from
the selected target fingertip positions (Figure 4). The spring
coefficient k is 150 N/m, the maximum force limit at one axis
is 3 N, and the cutoff frequency of the low-pass (first order)
filter is 0.2 Hz (Figure 5). These parameters are determined
so that the generated forces may not cause rapid change. The
cutoff frequency presents system response character, because
this experiment targets able-bodied subject, the value is
determined as above by try and error. When this system is
applied to people has failure at hand, the value should be
started from small value. Similarly, spring coefficient and
maximum force limit are also must be determined in a
careful way. In the case with user who has spasticity of the
fingers, the value of spring coefficient and maximum force
limit are should be small.

3.5. Experimental Procedure. The experimental procedure
included the following steps.

First, the system and the experiment were explained to
the subject. After the subject understood the method and
purpose, the experiment was carried out.

Secondary, two sEMG terminals were attached to the
subject’s forearm (common digital extensor muscle and
flexor digitorum profundus muscle), and the five fingertips
were connected to the HIRO III with a finger folder.

Next, the fingertip positions of the opened and closed
hand were measured.
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Figure 7: The system coordinate and origin.

After that, it was necessary to calibrate the two MAV
thresholds. These were adjusted so that the subject could
switch the exercise mode as subject’s thought.

Finally, the experiment and data acquisition were carried
out (Figure 6). Subject used the armrest for resting the
forearm and wrist and connected each fingertip into the
haptic device on the opposite side.

After the experiment, the subject responded to the
questionnaire described below.

3.6. Subjective Evaluation. After the experiment, the subject
responded to the following questionnaire. The scores cor-
responding to each question items ranged from 1 to 5. In
this questionnaire, 5 corresponds to good/desirable and 1 to
bad/undesirable.

(i): “Was the considered movement supported by the
device?” Point: 1 (Not at all.)–5 (I think so.)

(ii): “Was the support natural?” Point: 1 (I think it’s not
natural.)–5 (I think very natural.)

(iii): “Was there anxiety?” Point: 1 (I felt fear.)–5 (I
relaxed.)

4. Results and Discussion

Table 2 shows the responses of the subjects to the question-
naire.

Almost all items have high point totals, indicating that
the proposed system may be useful as a rehabilitation device.
In particular, items (i) and (iii) have very high points. This
point is very important for a rehabilitation device controlled
by sEMG, and this fact points out that the proposed system
may be effective.

Figure 7 shows the system coordinates and the origin,
and example graphs of experimental results corresponding
to the x axis of thumb and the y axis of the middle finger

Table 2: Questionnaire scores from subjects.

Subject
Average

Standard
deviationItem A B C D E F G H I J

(i) 5 4 3 4 4 5 4 4 4 4 4.1 0.57

(ii) 4 3 4 4 4 4 3 3 3 4 3.6 0.52

(iii) 4 3 5 5 5 4 4 5 4 5 4.4 0.70

are shown in Figure 8. In this graph case, Thre1 is 0.024 and
Thre2 is 0.003.

The table and the graph show that the fingertip motions
corresponding to the intention of the subject are generated
to some extent. However, in the graph that shows mode
switching, the switching may have an error at the transition
of the mode, for example at approximately 2 or 7 seconds.
This type of error sometimes exists at the other subject, and
almost all cases are caused at the mode transition from the
other mode to mode 0. The reason for this error is thought to
be that the sEMG can increase corresponding to the subject’s
intentions but that it is difficult for the person to quickly
decrease the sEMG. Generally, a small amount of time is
necessary to decrease the sEMG through oscillations. It is
therefore necessary to modify the system so that the operator
can switch the mode corresponding to the operator’s intent.
For example, to improve this error, one solution is to use
a hysteresis threshold method, that is, using two threshold
values (one is for exceeding and the other for falling below).
While this should be considered, this experiment shows that
an able-bodied subject can control the exercise mode by
sEMG and switch from a relaxed to a motion state.

5. Conclusion and Future Works

This paper proposes a new type of finger rehabilitation
system with a multifingered haptic interface controlled by
sEMG. The system can therefore provide the patient with
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(b) Exercise mode

(c) Desired fingertip force at x axis of thumb calculated by virtual spring model

(e) Desired fingertip force at y axis of middle calculated by virtual spring model

(d) Fingertip position at x axis of thumb

(f) Fingertip position at y axis of middle

(a) MAVs extracted from sEMG

Figure 8: Example of the experiment. The horizontal axis of each subfigure shows the time history. Note that in the subfigure (a) the left
side vertical axis shows MAV1 (MAV extracted from 1 ch sEMG) and the right shows MAV2. In this case, Thre1 is 0.024 and Thre2 is 0.003.

effective finger rehabilitation. According to the doctor’s
opinion, it seems that this research will lead to a challenging
clinical trial.

As a pretest for the clinical trial, experimental results
obtained with the system for able-bodied subjects are
presented. This study targeted two types of movements with
two sEMG terminals. Our results show that the system
provided 3-directional forces at each fingertip corresponding
to the subject’s sEMG, and that the subjects felt natural
movement support. The results did show that the system
had a switching error at the transition of the mode. This

problem must be solved so that the patient can switch the
mode corresponding to their intent.

In the future, it will be necessary to modify the system so
that the system can provide a greater variety of movements.
For example, the pinch exercise with thumb and index finger
is very important and is also a barometer for recovery.
Paralysis related to this motion can be caused by carpal
canal syndrome or injury of the medial nerve. Of particular
concern is that Japanese use chopsticks in daily life, and this
tool requires a pinch motion. Our intent is to carry out a
clinical trial with the proposed system.
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robot for arm and wrist rehabilitation,” IEEE Transactions on
Neural Systems and Rehabilitation Engineering, vol. 18, no. 3,
pp. 293–302, 2010.

[11] L. Dovat, O. Lambercy, R. Gassert et al., “HandCARE: a cable-
actuated rehabilitation system to train hand function after
stroke,” IEEE Transactions on Neural Systems and Rehabilita-
tion Engineering, vol. 16, no. 6, pp. 582–591, 2008.

[12] L. Dovat, O. Lambercy, V. Johnson et al., “A cable driven
robotic system to train finger function after stroke,” in
Proceedings of the 10th IEEE International Conference on
Rehabilitation Robotics (ICORR ’07), pp. 222–227, June 2007.

[13] H. Kawasaki, S. Ito, Y. Ishigure et al., “Development of a hand
motion assist robot for rehabilitation therapy by patient self-
motion control,” in Proceedings of the 10th IEEE International
Conference on Rehabilitation Robotics (ICORR ’07), pp. 234–
240, June 2007.

[14] T. Mouri, H. Kawasaki, T. Aoki, Y. Nishimoto, S. Ito, and S.
Ueki, “Telerehabilitation for fingers and wrist using a hand
rehabilitation support system and robot hand,” in Proceedings
of the 9th International Symposium on Robot Control, pp. 751–
756, September 2009.

[15] P. Wang, A. H. McGregor, A. Tow, H. B. Lim, L. S. Khang, and
K. H. Low, “Rehabilitation control strategies for a gait robot
via EMG evaluation,” in Proceedings of the IEEE International

Conference on Rehabilitation Robotics (ICORR ’09), pp. 86–91,
June 2009.

[16] A. M. Hughes, C. Freeman, J. Burridge, P. Chappell, P.
Lewin, and E. Rogers, “Upper limb rehabilitation of stroke
participants using electrical stimulation: changes in tracking
and EMG timing,” in Proceedings of the IEEE International
Conference on Rehabilitation Robotics (ICORR ’09), pp. 59–65,
June 2009.

[17] X. L. Hu, K. Y. Tong, R. Song, X. J. Zheng, and W. W. F.
Leung, “A randomized controlled trial on the recovery process
of wrist rehabilitation assisted by electromyography (EMG)-
driven robot for chronic stroke,” in Proceedings of the IEEE
International Conference on Rehabilitation Robotics (ICORR
’09), pp. 28–33, June 2009.

[18] T. Endo, H. Kawasaki, T. Mouri et al., “Five-fingered haptic
interface robot: HIRO III,” IEEE Transactions on Haptics, vol.
4, no. 1, pp. 14–27, 2011.

[19] M. Hioki and H. Kawasaki, “Estimation of finger joint angles
from sEMG using a recurrent neural network with time-
delayed input vectors,” in Proceedings of the IEEE International
Conference on Rehabilitation Robotics (ICORR ’09), pp. 289–
294, June 2009.

[20] N. Bu, M. Okamoto, and T. Tsuji, “A hybrid motion classifica-
tion approach for EMG-based human—robot interfaces using
bayesian and neural networks,” IEEE Transactions on Robotics,
vol. 25, no. 3, pp. 502–511, 2009.

[21] M. Asghari Oskoei and H. Hu, “Myoelectric control systems—
a survey,” Biomedical Signal Processing and Control, vol. 2, no.
4, pp. 275–294, 2007.



Hindawi Publishing Corporation
Journal of Robotics
Volume 2011, Article ID 543060, 10 pages
doi:10.1155/2011/543060

Research Article

Stroke Rehabilitation in Frail Elderly with
the Robotic Training Device ACRE: A Randomized Controlled
Trial and Cost-Effectiveness Study

M. Schoone,1 E. Dusseldorp,2 M. E. van den Akker-van Marle,3 A. J. Doornebosch,4 R. Bal,5

A. Meems,4 M. P. Oderwald,6 and R. van Balen5, 7

1 Department of Sustainable Productivity, TNO, P.O. Box 718, 2130 AS Hoofddorp, The Netherlands
2 Department of Life Style, TNO, P.O. Box 2215, 2301 CE Leiden, The Netherlands
3 Department of Medical Decision Making, Leiden University Medical Centre, P.O. Box 9600, 2300 RC Leiden, The Netherlands
4 Pieter van Foreest-De Bieslandhof, Nursing Home and Rehabilitation Centre, Beukenlaan 2, 2612 VC Delft, The Netherlands
5 Laurens-Antonius Binnenweg, Nursing Home and Rehabilitation Centre, Nieuwe Binnenweg 33,
3014 GC Rotterdam, The Netherlands

6 Department of Technical Sciences, TNO, P.O. Box 155, 2600 AD Delft, The Netherlands
7 Department of Public Health and Primary Care, Leiden University Medical Centre, P.O. Box 9600, 2300 RC Leiden, The Netherlands

Correspondence should be addressed to M. Schoone, marian.schoone@tno.nl

Received 31 May 2011; Accepted 20 September 2011

Academic Editor: Ludovic Saint-Bauzel

Copyright © 2011 M. Schoone et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The ACRE (ACtive REhabilitation) robotic device is developed to enhance therapeutic treatment of upper limbs after stroke. The
aim of this study is to assess effects and costs of ACRE training for frail elderly patients and to establish if ACRE can be a valuable
addition to standard therapy in nursing home rehabilitation. The study was designed as randomized controlled trial, one group
receiving therapy as usual and the other receiving additional ACRE training. Changes in motor abilities, stroke impact, quality of
life and emotional well-being were assessed. In total, 24 patients were included. In this small number no significant effects of the
ACRE training were found. A large number of 136 patients were excluded. Main reasons for exclusion were lack of physiological
or cognitive abilities. Further improvement of the ACRE can best be focused on making the system suitable for self-training and
development of training software for activities of daily living.

1. Introduction

Stroke is the leading cause of long-term disability in the
elderly in Western societies [1–3]. In The Netherlands, each
year 41,000 people suffer a stroke for the first time, 19,000
of those are men and 22,000 are women. Twenty to twenty-
five percent of these patients die within four weeks. At this
moment, about 190,000 people in the Netherlands have suf-
fered one or more strokes [4]. A large part of the patients who
survive meet permanent disabilities and participation prob-
lems. Main physical consequences of a stroke are one-sided
paralyses/paresis of upper and lower limbs, loss of sensibility,
(partial) loss of speech or sight, and coordination problems.
Also cognitive problems are reported like problems with

orientation, attention, memory, concentration, information,
and communication, still influencing the quality of life of the
patients two years after stroke [5] and often the rest of their
lives. No significant differences in the consequences of stroke
are known related to age or gender of the patients. Right- and
left-sided paralysis however relate to specific co-disorders.
Right-handed paralysis relates to left hemisphere functions
and may be accompanied by problems like communication,
while left-handed paralysis may be accompanied by right
hemisphere problems in the area of spatial awareness. Re-
habilitation after stroke starts in the first week (acute
phase) and ends in the chronic phase. Best practice in
the Netherlands, as well as internationally, is the Stroke
Service [6]. After a short stay of 7–10 days in the hospital,
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60% of the stroke patients return home and, if necessary,
receive day treatment in a rehabilitation centre. Around
10% of the patients die in hospital, 5% are discharged to
a specialist rehabilitation centre, and 25%, mostly elderly
people who are not able to return home, are discharged to
a nursing home for a rehabilitation period up to 70 days
average. This study focuses on this latter group. At this
moment, standard treatment aiming at motor recovery of
stroke patients in the nursing home consists of exercises
under supervision of a physiotherapist or occupational
therapist during their stay. A normal therapy session involves
individual treatment by a therapist. It is evidence-based
practice that a more intensive therapeutic treatment during
the first period after stroke leads to earlier and better recovery
[7]. However, economic reasons are limiting the number of
therapy sessions of elderly people in a rehabilitation setting of
the nursing home to two or three sessions of 30 minutes each
week.

The ACRE (ACtive REhabilitation) device is developed
to enhance therapeutic treatment of the upper limbs. A
manipulator is attached to the user’s forearm and provides
a large 6 degrees of freedom motion range. In this study,
one degree of freedom was limited by the arm/hand support
(hand rotation around the forearm axis). The weight of the
user’s arm is balanced at all positions by an adjustable spring-
based gravity compensation mechanism. This allows the user
to move the arm through the whole motion range with very
low muscle power (Figure 1).

An intrinsically safe impedance controller operates the
back-driveable motorized joints to actively support the
movements of the user’s arm. It feels as a gentle force that
helps you to go to the correct position. The level of support
is adjustable from 0 to 100%. The system can be reversibly
adapted from right- to left-handed use.

The position of the hand is shown on a computer screen
in front of the user and is used to do training exercises
or play games for rehabilitation purposes. Especially by the
use of the games the patients are stimulated to train their
affected arm more frequently and repetitively [7, 8]. The
device is complementary to traditional arm-hand therapy
and designed as an instrument for self-training. Eventually,
a future version of the ACRE could even be placed at home
for further rehabilitation and activation after stroke. A more
detailed description of the current ACRE robot can be found
in an article on the early pilot study with the ACRE prototype
[8].

The conclusion of a first user pilot study from 2005 was
that both the patient and the therapist found the ACRE
suitable for rehabilitation after stroke [8].

The aim of the current study is to assess the effects
and costs of the assisted use of an active rehabilitation self-
training system (i.e., ACRE) for frail elderly stroke patients
and to establish whether it can be a valuable addition to
standard therapy within a nursing home rehabilitation
program. The effect of additional ACRE training to standard
therapy during rehabilitation was measured and related to
the costs of adding ACRE training, with help of a therapist or
in self-training, to standard therapy.

2. Method

2.1. Design. This study was designed as a two-arm pretest
posttest randomized controlled trial in the nursing home set-
ting. For this study with frail elderly persons, a review of
medical-ethical aspects is mandatory, and permission of the
Medical Ethical Trial Committee of the Leiden University was
obtained before starting the inclusion of patients.

At the two participating nursing and rehabilitation cen-
tres, Pieter van Foreest (location De Bieslandhof) and
Laurens (location Antonius Binnenweg), all consecutively
admitted patients with main diagnosis stroke were asked
to participate after meeting a set of inclusion criteria (see
Section 2.2). Thereafter, they were assigned randomly to the
ACRE training group or the control group, by drawing a
closed envelope containing a participant number with a
colour coding, indicating training or control group. The
order of the colour coding was determined by a random
number sequence generated using the software environment
R version 2.12 [9]. To maintain good balance of the total
number of patients assigned to each condition, permuted
block randomization was used. The size of each block was set
at 10. The randomization was stratified by training centre.
Before treatment, a baseline measurement (pretest T0) was
performed on functioning and emotional well-being. The
control group received usual care including individual exer-
cises and group physical therapy. Participants in the ACRE
training group received usual care (including individual ex-
ercises and group physical therapy) plus 3 additional training
sessions with ACRE per week for 6 weeks. The ACRE training
varied from 10 to 30 minutes per session and consisted
of various exercises chosen by the therapists according to
progress and abilities of the patient. After this period of
6 weeks, the measurements were repeated for both ACRE
training group and control group (posttest T1).

2.2. Participants. Patients arrived at the nursing and rehabil-
itation centre after a stay of approximately one week at the
hospital. Patients were assessed and selected by the therapists
taking into account the following inclusion criteria:

(i) adequate physiological abilities to endure the addi-
tional ACRE training, that is, being able to sit in a
(wheel) chair for 30 minutes;

(ii) adequate cognitive abilities to comprehend and ac-
complish ACRE training, that is, being able to under-
stand and perform a simple task;

(iii) impaired motor function of upper limb (right or left)
as a result of the recent stroke as perceived by the
physiotherapists as basis for the need for therapy;

(iv) no other illnesses impairing the ability to comply with
ACRE training, such as aphasic disorder, delirium,
low vision, pain, and tumor cerebri;

(v) moment of stroke less than 60 days prior to moment
of inclusion, either first stroke or recurrence with no
resulting impairments to the upper limbs from ante-
cedent strokes;
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(a) (b)

(c) (d)

Figure 1: (a) The ACRE rehabilitation robot (top view). (b) Impedance controlled actuators help the patient to reach the desired positions.
(c) “Go to the red tile” game. The ball represents the patients hand position. (d) “Follow the ball” game allows therapist to create custom
movement for training. The red ball must stay close to the (moving) white ring.

A number of 64 patients for both the intervention group
(receiving ACRE training) as well as the control group
was aimed at, assuming a 6-point difference in the mean
change on the Action Research Arm Test (ARAT) total score
between the two groups to be clinically relevant. The power
calculation was based on a two-sided α of .05, a power (1-β)
of .80 and a correlation of 0.60 between the ARAT scores at
T0 and T1. Standard deviations were derived from Van der
Lee et al. [10].

2.3. Assessments and Outcome Parameters. At inclusion, pa-
tient characteristics were registered such as age, gender,
preferred hand, and medical history. Primary and secondary
outcomes were measured at base-line (T0) and at 6 weeks
(T1) for all included patients in the ACRE training group
and the control group. These assessments were made by two
independent physiotherapists in training who were blind to
the intervention.

2.3.1. Outcome Parameters. Primary outcome was motor re-
covery of the upper limb. Two tests with validated motor
assessment instruments were used: The Action Research
Arm Test (ARAT) and the Fugl-Meyer assessment for the
arm. Although the Fugl-Meyer is widely used, the ARAT is
considered to be more change-sensitive and related to

functional recovery. The ARAT was used as a primary
outcome measure in this study. The ARAT score is used
to measure performance of movements and the ability to
grasp, move, and release objects of different size, weight,
and shape and will serve as a primary outcome measure
in this study. The test consists of 19 items, rated on a 4-
point ordinal scale (0 to 3). The ARAT has been shown
to be valid, reliable, and responsive [11]. The ARAT-19
total score was computed as a sum score of the 19 items
(range 0–57, 0 for no motor function and 57 for normal
motor function). The minimal clinical importance difference
is set at about 10% of the range of the total score, that
is, 6 points [11]. In addition, an ARAT-15 total score was
computed as a sum score of the 15 items recommended
by Van der Lee et al. [12]. The Fugl-Meyer score for the
upper extremities is a reliable and validated test of motor
function in stroke patients [13]. This scale is a disease-
specific objective impairment index designed specifically as
an evaluative measure for assessment of recovery in the
post stroke hemiplegic patient. The abilities (33 in total) are
scored 0 for low, 1 for medium, and 2 for high. For upper
limb functions, a maximum of 66 points can be reached,
which means optimal function or no impairment. In the
field of stroke rehabilitation, the Fugl-Meyer assessment is
considered to be one of the most comprehensive quantitative
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measures of motor function following stroke, and its use has
been recommended for clinical trials of stroke rehabilitation
[14]. This test is widely used in intervention studies.

A set of secondary outcomes were measured to add in-
sight into the patients’ functionality both senso-motoric as
well as psychological and social. To assess health-related
quality of life, the generally applicable EuroQol-5 Dimen-
sions (EQ-5D) was used [15], from which we calculated
utilities using the Dutch tariff as assessed by Lamers et
al. [16]. The utilities range from −.33 (worse than death)
to 1 (completely healthy). We expected the quality of life
to improve and the recovery to be faster, if patients have
an active role in their recovery. The functionality of the
paretic arm, as perceived by the patient, was scored with
the Stroke Impact Scale version 3 in Dutch [17]. The Stroke
Impact Scale consists of 8 subscales, and a Visual Analogue
Scale measuring general recovery from stroke. A difference
of 10% of the range is considered clinically relevant [17].
Disease specific aspects of emotional well-being, for example,
depression, for patients with stroke were measured using
the questionnaire Geriatric Depression Scale for mental state
[18]. The assessment of the secondary outcomes was done
per interview because most of the patients were not able to
complete these questionnaires autonomously.

For the excluded patients age, gender and Barthel Index
were registered at T0.

2.4. Analyses. In initial analyses, baseline characteristics were
checked on significant differences by means of independent
t-test. These t-test tells us if the two treatment groups
(with or without ACRE) are comparable with respect to
motor function, quality of life, daily functioning, depression
and demographic variables, such as age, gender, and stroke
characteristics before the start of the treatment. Also, the
normality of the distribution of the outcome measures was
checked.

Because of missing data at the posttest (T1), we per-
formed multiple imputation with the method Multivariate
Imputation via Chained Equations (MICE) [19, 20] to
obtain 10 complete data sets. Several imputation models
were used, because of the strong correlations between the
functional measures (i.e., 0.86 between ARAT-19 and Fugl-
Meyer total score); each imputation model included a
functional measure and a quality of life measure (measured
at both time points) and all background variables. The
(cost-) effectiveness analyses were performed for these 10
sets, and the pooled results are reported.

To assess the short-term effectiveness of the ACRE treat-
ment, an independent t-test was performed using as outcome
variable the change scores on the ARAT from T0 to T1. The
t-test indicates whether the mean change in the intervention
group is significantly different from that of the control group.
This type of analysis was repeated for the other outcome
measures.

In the economic evaluation the cost of the additional
effects of the ACRE on quality of life compared to standard
treatment was assessed. In a cost utility analysis differences in
costs at T1 were compared to differences in QALY (quality-
adjusted life year) gain during the six week follow-up period.

The cost analysis was performed from the perspective of
the rehabilitation centre, therefore in this cost analysis only
costs incurred by the rehabilitation centre are included.
Costs were converted into 2011 price levels using the general
Dutch consumer price index [21]. The costs included are the
costs of activities aiming at the motor recovery. These are
sessions with physiotherapists and occupational therapists,
costs of volunteers taking patients to therapy sessions and
the costs of ACRE. The costs of the ACRE consist of both
the expected purchase price and the operating costs of the
ACRE. Cost information was gathered during the six-week
period of training. Information on the activities of the
physiotherapists, occupational therapists, and volunteers was
obtained from the patient logbook kept by the caregivers.
Time spent by physiotherapists, occupational therapists,
and volunteers was translated into costs by using standard
costs [22]. Costs of ACRE were estimated at C30.000.
Using a deprivation period of 10 years at 4.3% interest,
6.4% overhead costs and yearly cost of maintenance of
8.0% of the initial costs [22] result in yearly costs of
C6394 for the ACRE. Assuming a yearly number of 2.000
ACRE sessions, results in a cost per ACRE session of
C3.20. Depending on the willingness to pay for obtained
effectiveness, a strategy is cost-effective compared with an
alternative strategy if it has a better average net benefit
(willingness to pay ∗ QALYs − costs). Given the statisti-
cal uncertainty of differences between costs and QALYs,
cost-effectiveness acceptability curves graph the prob-
ability that a strategy is cost effective, as a function of
willingness to pay. Group differences in QALY and costs
were statistically analysed using standard t-tests for unequal
variance.

In all analyses, a two-sided α of .05 was used as signifi-
cance level. The analyses were performed using SPSS (version
17), R (version 2.12), and STATA (version 9.2).

3. Results

3.1. Participants. During the inclusion period of one year,
a total of 24 persons were included and 136 exclusions
were registered from the inflow of stroke patients. The 24
patients all gave their informed consent and complied with
the baseline (T0) assessments. Six persons did not complete
the training period of 6 weeks because of early leave of the
nursing home or relapse and were not assessed at T1. They
did not differ significantly from the patients who did not
drop out on the background characteristics.

The baseline measurements showed no significant differ-
ences in patient characteristics between the ACRE training
group and the control group (Table 1).

3.1.1. Characteristics of Exclusions. The total of 136 excluded
patients consisted of 67 men and 66 women (gender of 3
patients unknown). The excluded patients varied in age
from 35 to 98 years, with an average of 71.3 (age of 17
patients unknown). The Barthel Index of the excluded
patients varied from 0 to 20 (Barthel Index of 19 patients
unknown). Between the group of participants and the group
of exclusions, no significant differences on age and gender
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Table 1: Patient characteristics at baseline.

Variable
ACRE training group Control group

n mean (SD) or % n mean (SD) or %

Demographics

Age (years) 10 73.4 (8.0) 14 76.5 (8.3)

Sex (female (%)) 10 30.0 14 35.7

Right handed (%) 10 80.0 14 100.0

Barthel Indexa 9 8.7 (4.4) 13 8.9 (6.0)

Characteristics of the stroke

First stroke (%) 10 70.0 14 78.6

Ischemic cerebral vascular accident(%) 10 100.0 14 92.9

Consequences of the stroke

Affected part of the brain 10 14

Right hemisphere (%) 70.0 64.3

Left hemisphere (%) 30.0 35.7

Stroke-affected dominant arm (%) 10 30.0 14 35.7

Legs affected 10 14

Left leg affected (%) 70.0 57.1

Right leg affected (%) 30.0 35.7

Legs not affected (%) 0.0 7.1

Swallow disorder (%) 10 30.0 14 64.3

Phatic disorder (%) 10 20.0 14 35.7

Neglect (%) 10 20.0 14 7.1

Apraxia (%) 10 0.0 14 28.6

Planning (%) 10 30.0 14 28.6

Attention (%) 10 30.0 14 21.4

Other neurological disorder (%) 10 57.2 14 50.0

Motor functionb

ARAT total score 19 items [0–57] 10 31.2 (27.0) 14 15.9 (14.6)

ARAT total score 15 items [0–45] 10 25.3 (21.6) 14 14.9 (13.3)

Fugl-Meyer total score [0–66] 10 40.7 (21.4) 14 37.2 (19.4)

Stroke impact score (SIS)b

Strength [4–20] 9 11.0 (3.5) 13 11.5 (2.8)

Memory and thinking [7–35] 9 29.9 (6.7) 13 28.7 (3.4)

Emotion [9–45] 9 37.5 (5.5) 13 35.8 (5.8)

Communication [7–35] 9 32.7 (4.5) 13 31.1 (4.6)

Daily Activities (ADL) [10–50] 9 28.7 (7.2) 13 27.4 (8.3)

Mobility [9–45] 9 17.1 (4.1) 13 23.2 (10.2)

Hand function [5–45] 9 8.3 (2.9) 13 7.5 (3.5)

Participation [8–40] 9 32.2 (6.2) 13 28.4 (7.5)

Stoke recovery [0–100] 9 48.3 (26.5) 13 43.4 (27.7)

Quality of Lifeb

EQ-5D [−0.33–1] 9 0.57 (0.25) 13 0.67 (0.19)

General health status [0–100] 9 59.6 (29.9) 13 61.9 (20.5)

Depressionb

Geriatric Depression Scale total score [0–15] 8 3.8 (2.6) 13 3.3 (2.5)

Note. None of the differences between groups were statistically significant (P < 0.05).
aBarthel Index is a standard assessment of the impact of an impairment on daily functioning (ADL).
bThese assessments were part of the measurements of the effect study. Range is given between square brackets: [].
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Table 2: Patient characteristics at baseline for included and
excluded patients.

Variable
Participants (ACRE
and control group)

Exclusions

nb mean (SD) or % nc mean (SD) or %

Age (years) 24 75.2 (8.2) 119 71.3 (14.2)

Sex (female (%)) 24 33.3 133 49.6

Barthel Indexa 21 9.2 (5.0) 77 9.4 (6.7)
a
Zero values were excluded.

bTotal 24 participants, lower numbers for variable indicate missing values.
cTotal 136 exclusions, lower numbers for variables indicate missing values.

were found (Table 2). Also no significant differences in mean
Barthel Index were found, when zero values were excluded
(Table 2). However, 39 (34%) of the excluded patients had
a Barthel Index of zero, whereas 1 (5%) of the participants
(P < 0.01), implying that all but one of the most impaired
patients were excluded.

Because of the large number of exclusions a qualitative
analyses was made of the reasons for exclusion (Table 3). The
reasons for exclusion were categorized into six groups:

(i) insufficient physiological abilities: low endurance,
fatigue, condition problems, and balance problems;

(ii) insufficient cognitive abilities: low cognition, insuf-
ficient learning abilities, insufficient understanding,
dementia, and neuropsychological impairments;

(iii) no impaired functioning to upper limbs: no arm/hand
problems, that is, no rehabilitation for upper limbs
needed;

(iv) speech/communication problems: aphasiac disorder,
language barrier;

(v) other illnesses or medical reasons: fall incident, low
vision, delirium, away for dialyses, bedridden, non
stroke, subarachnoid haemorrhage, subdural hema-
toma, pain, subcomatose, tumor cerebri, deceased,
and lower arm amputation;

(vi) other reasons: refused therapy, social problems, non
cooperation, stroke over 60 days ago, and short stay
only.

3.2. Effects. With regard to the motor recovery of the upper
limb, our results were more favourable for the control group
compared to the ACRE group. In the ACRE group an average
decline in ARAT scores was found from T0 to T1, whereas
an increase was found for the control group (Table 4). The
same pattern was found for the Fugl Meyer and for the Stroke
Impact Subscale Hand function. However, the differences
in change scores between the groups were not statistically
significant, due to the small sample size. Also, due the small
sample size, the amount of uncertainty about the size of the
effect was very large (see the confidence intervals given in
the last column of Table 4). With regard to general health-
related quality of life, our results were more favourable for
the ACRE group compared to the control group. According
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Figure 2: Cost-effectiveness acceptability curves for ACRE group in
comparison with control group.

to the EQ-5D, the improvement in quality of life from T0
to T1 in the ACRE group was larger than in the control
group. Both groups showed an average decline on the general
health status scale, but this decline was less in the ACRE
group than in the control group. Again, the differences in
change scores between groups were not significant, and the
confidence intervals were large (Table 4).

3.3. Economic Evaluation

3.3.1. QALYs. According to the EQ-5D, an increase of 0.006
QALY (2.2 days) per patient in the ACRE group compared
to the control group was found in the first six weeks after
randomization. This difference between the groups was not
significant (P = 0.56).

3.3.2. Costs. The average costs per patient in the intervention
group were C220 (95% confidence interval C−33 to C474)
higher than the average costs in the control group. This is
mainly due to the costs of the additional ACRE training
consisting of therapist cost and cost of the ACRE (Table 5).

3.3.3. Cost Utility Analysis. The combination of higher costs
and more favourable QALY outcomes in the intervention
group result in probability that the intervention is cost
effective compared to the control group dependent of the
willingness to pay (Figure 2). For values of the willingness to
pay up to C40.0000 per QALY, the current Dutch threshold,
usual care is preferred. For a willingness to pay higher than
C40.000 per QALY, the intervention is preferred.

4. Discussion

4.1. Participants. Inclusion of participants from the target
group of frail elderly turned out to be far more difficult
than we expected. With an inclusion rate of 15% average the
inclusion during one year only leveled approximately 20% of
the number needed for statistical power of the results.

Analysis of the reasons for exclusion showed a wide vari-
ety of reasons for noncompliance, multiple reasons apparent
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Table 3: Reasons for exclusion (♂/♀/total).

Location Physical reasons Cognitive reasons No arm/hand problems Communication problems Other medical reasons Other reasons

♂ ♀ total ♂ ♀ total ♂ ♀ total ♂ ♀ total ♂ ♀ total ♂ ♀ total

(1) 9 11 20 5 5 10 4 3 8 1 3 4 3 6 9 1 2 3

(2) 17 13 31 12 11 24 15 16 31 7 0 7 13 10 23 15 12 29

Total 26 24 51 17 16 34 19 19 39 8 3 11 16 16 32 16 14 32

Table 4: Means at baseline (T0) and posttest (T1) and change scores (T1-T0) for Motor function (ARAT/Fugl Meyer), Stroke Impact Scale,
Quality of Life (EQ-5D), and Geriatric Depression Scale; results of independent t-test (change score was used as dependent variable) and the
differences between the groups on the change scores.

Variable

Mean (SD)1 Change score (SD)1

Difference between
groups2 [95% CI]Acre group (n = 10) Control group (n = 14)

Acre group (n = 10) Control group (n = 14)
T0 T1 T0 T1

ARAT-19 31.2 (27.0) 27.3 (24.9) 15.9 (14.6) 24.4 (20.7) −4.0 (13.5) 8.4 (13.9) −12.4 [−25.5, 0.8]

ARAT-15 25.3 (21.6) 24.8 (20.1) 14.9 (13.3) 22.8 (17.6) −0.5 (8.4) 7.8 (9.8) −8.3 [−17.6, 1.1]

Fugl-Meyer total
score

40.7 (21.4) 36.8 (19.7) 37.2 (19.4) 39.1 (15.5) −3.9 (13.1) 1.9 (18.1) −5.8 [−20.3, 8.6]

Stroke impact
Scale strength

10.8 (3.4) 12.4 (1.8) 11.4 (2.9) 13.1 (3.0) 1.6 (3.9) 1.7 (2.9) −0.1 [−3.1, 2.9]

Stroke Impact
Scale
Memory/thinking

29.9 (6.4) 30.4 (3.2) 28.7 (3.4) 30.5 (2.7) 0.4 (6.7) 1.7 (3.7) −1.3 [−5.9, 3.4]

Stroke impact
Scale emotion

36.8 (5.6) 35.4 (3.9) 35.5 (5.8) 35.9 (5.4) −1.5 (6.0) 0.4 (6.2) −1.9 [−7.3, 3.5]

Stroke Impact
Scale
Communication

32.7 (4.3) 32.5 (4.2) 31.2 (4.4) 32.1 (3.9) −0.2 (1.4) 0.9 (2.7) −1.1 [−3.2, 1.0]

Stroke Impact
Scale daily
activities

28.2 (7.1) 28.4 (7.5) 27.2 (8.1) 31.4 (8.5) 0.2 (6.5) 4.3 (7.9) −4.1 [−11.8, 3.6]

Stroke Impact
Scale mobility

17.3 (3.9) 27.5 (9.6) 22.9 (9.9) 30.1 (10.0) 10.1 (7.1) 7.3 (7.5) 2.8 [−4.3, 10.0]

Stroke Impact
Scale hand
function

8.1 (2.9) 7.9 (4.0) 7.4 (3.5) 9.4 (5.8) −0.2 (5.0) 2.0 (3.8) −2.2 [−6.1, 1.8]

Stroke Impact
Scale participation

32.4 (6.0) 27.3 (5.2) 28.7 (7.4) 30.8 (7.3) −5.2 (8.7) 2.2 (11.7) −7.3 [−16.6, 2.0]

Stroke Impact
Scale stroke
recovery

48.2 (25.0) 50.7 (18.2) 43.9 (26.7) 58.0 (22.7) 2.5 (22.9) 14.1 (18.2) −11.7 [−29.7, 6.3]

EQ5-D-utilities 0.55 (0.26) 0.66 (0.16) 0.66 (0.20) 0.66 (0.25) 0.11 (0.32) 0.00 (0.30) 0.11 [−0.22, 0.44]

General health
status

60.8 (29.5) 57.5 (20.4) 61.6 (20.9) 53.5 (21.4) −3.3 (27.5) −8.1 (30.2) 4.8 [−26.5, 36.2]

Geriatric
Depression Scale
Total score

3.5 (2.7) 4.7 (3.7) 3.4 (2.6) 5.1 (3.5) 1.2 (4.4) 1.7 (3.4) −0.5 [−4.6, 3.6]

1
Mean values are given of the statistic computed for the 10 imputed datasets.

2Pooled results are given of independent t-test for the 10 imputed datasets; CI: Confidence Interval.
None of the differences between the groups were significant (two-sided P < 0.05).

in half of the cases, the most important being insufficient
physiological or cognitive abilities. Apparently, a large part
of the patients who come to a nursing home, after their first
week in hospital following the stroke, are not able to sit
up for 30 minutes at a time or are not able to understand

and perform a simple task. Also in almost a fourth part
of the cases the stroke had not affected the upper limbs in
such a way that arm-hand therapy was necessary. The most
significant difference between the included and excluded
patients was a 2-point lower Barthel Index, indicating a
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Table 5: Mean cost per patient in the ACRE and control group in the first six weeks after randomization.

Cost item
ACRE group N = 10 Control group N = 14 Difference

Costs (C) Costs (C) Costs (C) P value∗

Therapist 591.74 (346.21) 420.08 (208.21) 171.67 0.17

Volunteer 11.75 (21.30) 2.92 (9.36) 8.84 0.22

ACRE 40.64 (13.58) 0.75 (2.82) 39.89 0.00

Total costs 644.14 (361.01) 423.74 (204.75) 220.39 0.09

general lower state of ability in the excluded group. Due to
early discharge from the hospital, the incoming patients in
nursing homes are more impaired and frail than a few years
ago [23, 24]. Because of evidence of motor-recovery ability
being best at (and even limited to) the first period after the
stroke [8, 11], guidelines for rehabilitation aim at starting
rehabilitation training as soon as possible after the incident.
This standpoint has led to our criterion for the moment of
stroke being less than 60 days prior to the moment of
inclusion. However, these frail elderly may benefit from
ACRE training at a later stage of the rehabilitation, when they
have regained a better physical condition.

4.2. Effects. Our results showed on the one hand a negative
difference in the mean change scores (from pretest to
posttest) between the ACRE training group and the control
group for the primary outcome measures on motor recovery.
On the other hand, our results showed a positive difference
in change scores for general health-related quality of life.
However, because of the low number of inclusions, no
significant effects could be demonstrated for any of the
variables.

Our negative result for motor recovery needs more re-
flection. The ACRE group showed a decline in motor
functioning from T0 to T1, whereas the control group
showed an improvement. In the ACRE group, four patients
were included with an Action Research Arm Test (ARAT)
baseline score at the upper extreme (i.e., 50 or higher). The
physiotherapists had included these patients in the study,
because they perceived that the patients still could improve
the quality of their performance (i.e., speed, flexibility,
reach). When we excluded these patients from the analysis,
an improvement of the mean ARAT score from T0 to T1
was found for the remaining patients, but this improvement
was still smaller than that of the control group. This result
could be interpreted in two ways. Firstly, the result suggests
a negative effect of the ACRE on motor recovery; however,
the effect could be based merely on chance due to the small
sample size. Alternatively, this result suggests that the ARAT
was not sensitive enough to measure the effect of the ACRE
training. Therefore, we recommend for future research that
the quality of the performance should also be part of the
assessment to gain a more complete representation of motor
recovery.

Besides, the patients at the upper extreme of baseline
ARAT scale, also three ACRE patients at the lower extreme
were included, that is, an ARAT score of zero. Also, three
control patients with a zero baseline score were included. All
of these six patients scored zero on ARAT at the posttest. This

result is in line with the conclusions of Kwakkel et al. [11]
who found that highly impaired patients (ARAT scores less
than ten) were not likely to benefit from intensive training
aiming at motor recovery.

From the qualitative evaluation of the use of the ACRE in
the study, it appeared that the training with ACRE using the
games was fun and the robot training, as addition to standard
therapy, was met by hardly any aversion from patients or
therapists.

4.3. Economic Evaluation. The costs of ACRE therapy are
currently primarily determined by the costs of the super-
vising therapists. The cost-utility analyses showed that for
acceptable values for a QALY usual care is preferred if only
the study period of six weeks is considered. However, if after
the six weeks of the intervention the improvement in quality
of life in the ACRE patients compared to usual care will
be maintained, the additional costs per QALY will decrease,
which will result in the ACRE being already preferred for
values of the willingness to pay below C40.000 per QALY.
Within this respect, further study with a longer follow-up
period to prove its effectiveness. The attempt for a third
assessment moment three months after inclusion within this
study was met with too many practical problems.

4.4. Future Possibilities. To turn ACRE training for frail
elderly after stroke to good account, use of ACRE at a
later stage of the rehabilitation may be considered, when
the patient has regained a better physical condition. Careful
consideration must be given as to the subgroup benefitting
from this kind of training, that is, patients with impairment
of the upper limb, with a reasonable physical condition.
Maybe the average nursing home patient may not fit this
profile and beneficiaries of ACRE training will primarily be
found in a polyclinical setting. Also the aim of ACRE training
has to be reconsidered. ACRE training at a later stage may be
aiming less at motor recovery as such, but more at improving
general functioning of the patient in daily life, leading to
greater independence of the patient and improvement of
quality of life.

In a more structural use of ACRE in the nursing
home setting, ACRE training is depicted with little or no
therapist supervision at all, resulting in a low-cost alternative
additional training possibility. Further development of the
ACRE system is needed to make it suitable for autonomous
use, with respect to functionality, adaptability to the patient,
ease of use, feedback of training results, safety, and so forth,
A more simplified ACRE could even be placed at the home
for further training after discharge from the nursing home.
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We still think that the use of additional ACRE training
may be worthwhile for a select group of patients or at a
later stage of the rehabilitation process. To prove (cost-)
effectiveness for this select group additional research with
a larger number of participants during a longer follow-up
period is needed.

5. Conclusion

This study showed that for various reasons patients were not
able to participate in the ACRE training. Based on this expe-
rience, expectations for the applicability of ACRE in regular
stroke rehabilitation in frail elderly early in the rehabilitation
process should be on the conservative side. Especially the
target group recovering in the nursing home setting consists
of fragile elderly with comorbidity who may have problems
of physical or cognitive nature in early stages of recovery.
In total, 24 patients were included. For this small sample
no significant effects of the ACRE training were found.
Because of the low inclusion numbers, caution in relation
to the outcomes is justified. Further improvement of the
ACRE can best be focused on making the system suitable
for self-training and on development of training software for
activities of daily living.
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Vogelaar, W. L. Devillé, and L. M. Bouter, “Forced use of the
upper extremity in chronic stroke patients: results from a
single-blind randomized clinical trial,” Stroke, vol. 30, no. 11,
pp. 2369–2375, 1999.

[11] G. Kwakkel, B. J. Kollen, J. V. Van der Grond, and A. J. H.
Prevo, “Probability of regaining dexterity in the flaccid upper
limb: impact of severity of paresis and time since onset in acute
stroke,” Stroke, vol. 34, no. 9, pp. 2181–2186, 2003.

[12] J. H. Van der Lee, L. D. Roorda, H. Beckerman, G. J. Lankhorst,
and L. M. Bouter, “Improving the action research arm test: a
unidimensional hierarchical scale,” Clinical Rehabilitation, vol.
16, no. 6, pp. 646–653, 2002.

[13] P. W. Duncan, L. B. Goldstein, D. Matchar, G. W. Divine, and
J. Feussner, “Measurement of motor recovery after stroke: out-
come assessment and sample size requirements,” Stroke, vol.
23, no. 8, pp. 1084–1089, 1992.

[14] D. J. Gladstone, C. J. Danells, and S. E. Black, “The Fugl-meyer
assessment of motor recovery after stroke: a critical review of
its measurement properties,” Neurorehabilitation and Neural
Repair, vol. 16, no. 3, pp. 232–240, 2002.

[15] R. Brooks and F. De Charro, “EuroQol: the current state of
play,” Health Policy, vol. 37, no. 1, pp. 53–72, 1996.

[16] L. M. Lamers, P. F. M. Stalmeier, J. McDonnell, P. F. M. Krabbe,
and J. J. Van Busschbach, “Measuring the quality of life in
cost-utility analyses: the Dutch EQ-5D tariff,” Nederlands
Tijdschrift voor Geneeskunde, vol. 149, no. 28, pp. 1574–1578,
2005.

[17] I. G. L. Van de Port, K. Leenes, D. Sellmeijer, A. Zuidgeest, and
G. Kwakkel, “Betrouwbaarheid en concurrente validiteit van
de Nederlandse Stroke Impact Scale 2.0 bij patienten met een
CVA,” Nederlands Tijdschrift voor Fysiotherapie, vol. 118, no. 1,
pp. 12–18, 2008.

[18] T. Burgler, L. J. Tiesinga, K. Wynia, and B. Middel, “Zorg voor
mensen met een cerebraal vasculair accident; inventarisatie
van meetinstrumenten naar psychosociale gezondheidsprob-
lemen bij CVA en de rol van de verpleegkundige daarbij,” in
State-of-the-Art Studie Verpleging en Verzorging, I. Jongerden
and Y. Heijnen-Kaales, Eds., pp. 92–109, Elsevier, Gezondhei-
dszorg, The Netherlands, 2003.

[19] S. Van Buuren and K. Groothuis-Oudshoorn, “MICE: multi-
variate imputation by chained equations in R,” Journal of Sta-
tistical Software, vol. 45, no. 3, pp. 1–67, 2011.

[20] S. Van Buuren, H. C. Boshuizen, and D. L. Knook, “Multiple
imputation of missing blood pressure covariates in survival
analysis,” Statistics in Medicine, vol. 18, no. 6, pp. 681–694,
1999.

[21] Statistics Netherlands, Consumer price index, 2011 http://
www.cbs.nl.



10 Journal of Robotics

[22] L. Hakkaart-van Roijen, S. S. Tan, and C. A. M. Bouwmans,
Manual for Costing Research, Methods and Standard Costs for
Economic Evaluations in Health Care, Dutch Health Care In-
surance Board, Amstelveen, The Netherlands, 2010.

[23] ETC Tangram: Peerenboom P. B. G., Spek J., Zekveld G. and
Leiden University Medical Centre: Cools H. J. M., van Balen
R., Hoogenboom M. J. Revalidatie in de AWBZ. Omvang aard
en intensiteit, 2008, http://www.tangram.info/.

[24] ETC Tangram, Aard en Omvang Geriatrische Revalidatie Anno
2009/2010, Leusden, The Netherlands, 2010.



Hindawi Publishing Corporation
Journal of Robotics
Volume 2011, Article ID 650415, 7 pages
doi:10.1155/2011/650415

Research Article

Mechanical Performance of Actuators in an Active Orthosis for
the Upper Extremities

Roland Wiegand, Bastian Schmitz, Christian Pylatiuk, and Stefan Schulz

Institute for Applied Computer Science, Karlsruhe Institute of Technology, 76344 Karlsruhe, Germany

Correspondence should be addressed to Roland Wiegand, roland.wiegand@kit.edu

Received 31 May 2011; Revised 25 August 2011; Accepted 30 September 2011

Academic Editor: Tetsuya Mouri

Copyright © 2011 Roland Wiegand et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The aim of the project OrthoJacket is to develop a lightweight, portable, and active orthosis for the upper limps. The system
consists of two special designed fluidic actuators which are used for supporting the elbow function and the internal rotation of
the shoulder. A new design of flexible fluid actuator (FFA) is presented that enables more design options of attaching parts, as it
is allowed by conventional actuators with a stationary centre of rotation. This advantage and the inherent flexibility and the low
weight of this kind of actuator predestined them for the use in exoskeletons, orthoses, and prostheses. The actuator for the elbow
generates a maximum torque of 32 Nm; the internal rotation is supported with 7 Nm. Both actuators support the movement with
up to 100% of the necessary power. The shells for the arm and forearm are made of carbon reinforced structures in combination
with inflatable cushions.

1. Introduction

Most of the 300,000 persons in Europe who suffer from a spi-
nal cord injury have a lesion between the fourth and the fifth
vertebra [European Multicenter Study of Spinal Cord Injury;
http://www.emsci.org/]. These patients often have limited
remaining functions of the shoulder and elbow [1] but can-
not use them in everyday life, as the strength is insufficient to
autonomously execute activities. For the assistance of people
with a tetraparesis or tetraplegia, various systems exist [2, 3].
They focus on stationary rehabilitation and therapy with the
assistance of medical staff [4–6]. The OrthoJacket project is
aimed at developing a lightweight, wearable, inconspicuous,
and mobile support system for the upper extremities. The
system was built to support the patients and to give them
more autonomy and independence in everyday life. For this
purpose, the movements of the upper extremities are sup-
ported actively, and the joints are protected by an orthosis.
This system is not only developed for training purposes, but
it also has to be usable in everyday life. Therefore, it must
be a mobile system, contrary to other rehabilitation systems
[7, 8]. The orthosis will be more accepted and used by the
patients, if it is uncomplicated and reliable in operation.

Moreover, wearing and use of the system should be possible
without attracting attention. As the resulting functional
restrictions vary for every patient, the system consists of
different self-sufficient functional parts. Consequently, it can
be adapted easily to the individual needs of different patients.
OrthoJacket consists of three parts that can be used alone and
in combination with the other parts (see Figure 1) [9–11].

(i) The movement of the wrist and the grasping function
of the hand are achieved by functional electrical stim-
ulation (FES).

(ii) At the elbow, the system consists of a lightweight
active orthosis that is partly integrated in a jacket
and a flexible fluidic actuator [12, 13]. The shells of
the orthosis are made of an inflatable cushion, and a
support structure is made of carbon fiber.

(iii) The shoulder function is supported by a linear axle
system. It is attached to the wheelchair and actuated
by two stepper motors.

The orthosis will be controlled by electromyography
measurements [14, 15] at different, voluntarily contractible
muscles, or by a joystick which is attached to the shoulder
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Figure 1: CAD model of the OrthoJacket.

or the neck. These two types of control mechanisms do not
provide a nominal value, only a direction of movement and
perhaps a speed can be obtained from these signals [16].
This paper focuses on the actuators for the support of the
elbow function and the internal rotation, adduction, and
anteversion of the shoulder and the inflatable shell structure.

2. Methods

The first tests of the system were made with healthy subjects.
In these tests, it was determined how large the range of
movement is for persons of different sizes. The effect of
limbs of varying weight on system operation was also eval-
uated. The three individuals were able to move their upper
extremities unrestrictedly. Their weights ranged from 63 to
95 kg, and their size varied between 1.84 and 1.92 m. The
age was between 24 and 29. For comparison, the measure
of the 50% male person from the Man-Systems Integration
Standards NASA-STD-3000 [17] is also given in Table 1.

In a multibody simulation, the moments required for
the movement of the patient’s upper extremities were deter-
mined. This simulation consisted of two different actions.
One was putting a glass to the mouth and drinking, the other
action consisted in eating with a fork. In the simulation,
weights and inertia of each segment of the upper extremities
were considered. The friction of the joints depends on physi-
cal conditions of the patients and, hence, was not considered
in the simulation. Instead, the weight of the fork and glass
was multiplied by a safety factor, so that the items had a
higher weight in this case than in reality (fork 0, 15 kg, glass
0, 75 kg) [18]. Based on the multibody simulation results,
a minimum torque was defined, which is necessary for the
movement of the arm. This minimum torque amounts to
7 Nm in the range from 0 to 90◦ and 5 Nm from 90 to 120◦.
In the article “A study of the external forces and moments
at the shoulder and elbow while performing everyday tasks”
[19], the joint moments of healthy individuals in ten different
everyday tasks were determined. In this paper, a maximum
torque of 5 Nm for the elbow is indicated. Due to the
uncertainty in the weight of the patient and the joint friction,
our maximum has a higher value. For the shoulder, torques
in the range of 30 Nm are required. (Adduction, anteversion
about 30 Nm and for the internal rotation about 3.5 Nm)

Table 1: Data of the three subjects.

Patient Weight [kg] Size [m] Arm weight [kg]
Upper arm

circumference
[m]

1 63 1.84 2.2 0.23

2 84 1.88 3.8 0.32

3 95 1.92 5.2 0.33

50% 82.2 1.697 4.48 0.312

Table 2: Data sheet of the elbow actuator.

Weight 33.2 g

Air volume 16 × 1286 = 20576 mm3

Air volume 0.020576 L

Thickness at 0 kPa 17 mm

Thickness at 100 kPa 180 (mechanical stop) mm

Angle 130 (mechanical stop) ◦

Operating pressure 200 to 300 kPa

Maximum pressure 400 kPa

Burst pressure 960 kPa

Assembly 16 Chambers

Area per chamber 1737 mm2

These values are higher than in [19], because the additional
weight of the orthosis must be moved, too.

2.1. Design of the Elbow Actuator. As a drive, a flexible fluid
actuator is used, because these actuators have a high power
density, a small weight, inherent compliance, and they ensure
safety [20]. The elbow orthosis is moved by an FFA which will
be integrated in the orthosis. As the actuator is built of several
chambers made of film, the geometry can be adapted easily to
the space available. The newly designed fluidic actuator con-
sists of 16 arched and interconnected chambers (see Table 2).
It assumes the shape of a hemisphere under pressure. At each
end of a chamber, a strap is attached for mechanical guiding
of the actuator. The straps are connected with each other and
with the joint axle. Hence, the actuator can be integrated
easily in a piece of clothing and hardly interferes with the
natural aspect. In order to minimize additional loading of the
joint by the actuator, the rotation axis of the orthosis should
be positioned at the same point and with the orientation
corresponding to the rotation axis of the human elbow joint.
The actuator is made of a fabric-reinforced polyurethane
film. The cloth is a tightly woven fabric made of polyamide
with plain weave (235 dtex), which is laminated on both
sides with a layer of thermoplastic polyurethane. This fabric-
reinforced plastic film has a tensile strength of about 200 N
and a thickness of 400 micron. From this tissue, individual
foil segments are punched and connected in a multistage
high-frequency welding process. For flexion, the actuator is
pressurized with an overpressure of up to 400 kPa. Extension
requires a smaller torque, because it is not necessary to
overcome gravity. Consequently, 90 kPa partial vacuum is
sufficient to move the forearm back to the 0◦ position. Exact
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Figure 2: Elbow orthosis with shells made of ABS.

Figure 3: Inflatable shell structure.

pressure adjustment between −90 and 400 kPa is accom-
plished by a proportional valve (modified Festo MPPE 3-1
1/8-6-010-B). Together with the pump and the storage tank
for compressed air, it is located in a sound-proof container
below the seat of the wheelchair. For the first prototype, the
shells were made of ABS plastic, which was shaped as desired
by a rapid prototyping process (see Figure 2). The structure
of the heavily loaded segments was reinforced with carbon
fiber. For the measurement of the elbow joint angle, a digital
angle sensor based on the Hall effect is used. It determines
the current angle with a resolution of 12 bit.

2.2. Inflatable Shell Structure. In conventional, passive ortho-
ses, the arm of the user is fixed in a half shell of a ther-
moplastic or fiber-composite material. The fasteners for the
arm are made of a combination of a Velcro fastener and
elastic straps. Depending on how strong the orthosis should
be attached to the body of the patient, the tapes are pre-
stressed. In the case of an active orthosis, the elbow and
shoulder actuators support the patient with up to 30 Nm, as
a result of which the shell must be attached securely to the
upper extremity. If an active orthosis attached firmly to the
arm with straps, the blood flow is obstructed and also the
skin is severely squeezed. The disturbed blood circulation
[21] of the upper extremities from quadriplegics will be
further complicated by this attachment method. To avoid
this effect, an inflatable shell structure has been developed.
It distributes the force over a larger area than conventional

A

B

C

Figure 4: Shoulder supports structure mounted on the wheelchair
A: vertical axle, B: passive joint, C: linear unit.

tapes. Additionally, its rigidity and thickness are adjustable
via the air pressure (see Figure 3, yellow part in the CAD
model). Consequently, the air pressure in the OrthoJacket
can be reduced at recovery time, and, thus, the skin is
given time to relax. This new shell structure consists of a
rugged composite material structure that connects the two
supporting points of the elbow joint and the support points
of the actuators. Additionally, this structure extends along
the longitudinal axis of the upper or lower arm and is used
for constant application of force into the body (see Figure 3,
black stripe in the CAD model). When pressurized, the
inflatable support structure assumes a semicircular shape
and surrounds the arm independently. It is composed of two
300 or 325 by 100 mm large rectangles which are welded
together at the perimeter. The surfaces of the two rectangles
are connected by 27 stripes. This prevents the structure from
deforming. Inside, the shell is lined by thin-layer upholstery.
Outside, the orthosis is covered by two layers of fabric. An
important point in the development of the shell structure
was to create the possibility to dress and undress the orthosis
easily. As the user of the system cannot participate actively in
the dressing process, the system has to be easy to attach to
the upper extremities. This is achieved by a zipper that runs
along the longitudinal axis of the arm. Thus, the arm can be
positioned on the unfolded orthosis, and the zipper can be
closed. Then, the elbow is bent to make sure that the elbow
joint is at the same place as the axle of the elbow support
structure. Only then will the support structure be inflated
and connect the OrthoJacket with the patients arm.

2.3. Shoulder Support Structure. The system to support the
shoulder consists of a vertically oriented axis of rotation
that allows for the rotation of the shoulder. Adduction and
anteversion are achieved by an actively driven linear axle
which acts in the middle of the upper arm, thus, lifting
the arm (see Figure 4). The angle between the linear axle
and the horizontal axle is located above a passive rotational
degree of freedom. By using a kinematic unit with a linear
axle, the problem of the nonstationary pivot point of the
shoulder joint is solved. With this solution, it is possible to
support the full shoulder function with only two drivers,
with the control of the system being facilitated for the patient.
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According to the simulation, the maximum torque required
for adduction, anteversion, and rotation is about 30 Nm
(adduction, anteversion) and about 3.5 Nm for the rotation.
With this stepper motor/gearbox combination, movements
in the angle range of 0 to 80◦ for adduction and anteversion
and −30 to +30◦ for rotation are possible. Restrictions may
be due to the anatomy of the user and must be considered.
Small inaccuracies (up to 10 mm) in the positioning of the
patient relative to the shoulder system are no problem. When
using a shoulder support system (S3) with three actuators
arranged around the shoulder, it must always be ensured
that the center of rotation of the shoulder and the support
structure are exactly at the same position.

The vertical axle of the S3 consists of a stepper motor.
It drives a planetary gear with a reduction ratio of 1 : 49.
This combination generates about 4.5 Nm of torque. Using
a belt with a slip clutch in the driven gear, the vertical axle
is moved. At the end of the vertical axle (see Figure 4, A),
the linear unit (see Figure 4, C) is mounted with a passive
degree of freedom (see Figure 4, B). The linear unit consists
of a stepper motor with 0.65 Nm torque and a two-stage
spur gear unit with a reduction ratio of 1 : 4. The linear axle
consists of an aluminum profile onto which a rack made of
steel is mounted. The linear axle of the stressed segments is
guided by ball bearings. Lateral guiding is achieved by Teflon
journal bearings. The active and passive rotational degrees of
freedom are monitored by absolute position encoders. The
linear axle has to perform a reference run at the beginning.
The current position is identified by counting the steps of the
stepper motor. Internal rotation is achieved by another fluid
actuator (Figure 5). It is mounted at the top of the linear
axle and allows bending of ±45◦. By an optimized mounting
position, an angle from 0 to 90◦ between the linear axle and
the forearm can be set.

The actuator also supports the anteversion movement.
It consists of six stacked, circular segments; each of them
is divided into eight separate chambers (see Table 3). The
chambers of stacked segments are connected with each
other, such that the actuator consists of eight independent
controllable subactuators. At the top and bottom segment, a
connecting plate is mounted. These two plates are connected
with a string of high-strength yarn that allows for lateral tilt-
ing but limits the maximum height of the actuator. By vary-
ing the air pressure in the individual subactuators, it is possi-
ble to generate movements to the left, right, top, and bottom.
With a special sequence of pressure rises, even rotational
motions are possible. The actuator has a diameter of 65 mm;
the single chambers are circular sectors with an opening
angle of 45◦. The height of the actuator is limited to 35 mm.
As the actuator has no fixed rotation axles, the two tilt angles
are determined by two geomagnetic field sensors. These
sensors deliver a vector with three components, one for each
spatial direction. The value corresponds to the strength of the
magnetic field which is parallel to the direction of the vector
components. It is possible to determine the angular position
of the sensor relative to the Earth’s magnetic field. Such a sen-
sor is attached to each of the two connecting plates. From the
difference of the two vectors, the angle between the two con-
nection plates can be determined. Due to the small distance

Figure 5: Actuator for internal rotation without pressure.

Table 3: Data sheet of the 2D actuator.

Weight 22 g

Volume 8 × 4.5 mL

Nominal area of a chamber 295 mm2

Diameter 65 mm

Nominal height 10 mm

Max. height 45 mm

Operating pressure 600 kPa

Max. pressure 1100 kPa

Assembly 6 segments, each

with 8 individual

chambers

between the two sensors, possible variations of the geomag-
netic field will always affect both sensors, as a result of which
the relative position to each other is determined correctly.
The actuator is controlled by a proportional valve (Festo
MPPE 1/8-6-010-B 3-1) which is connected in series with
eight shift valves (Bürkert 6104). The shift valves are used as
a switch connecting the proportional valve to one of the eight
chambers. This actuator is controlled directly by the patient.
The pressure in the chamber is increased or decreased until
the desired angle of the support structure is reached. With the
two geomagnetic field sensors, the position of the orthosis is
monitored. In addition, the two angles needed to adjust the
position of the hand are controlled. Furthermore, a pressure
limit is implemented to detect a locked drive.

3. Results

3.1. Elbow Actuator. The newly designed elbow actuator is
able to support the elbow with up to 32 Nm. The burst
pressure of one actuator chamber is 970 kPa. Figure 7 shows
the actuator providing the torques required for a safe
operation of the orthosis. The required pressure range for
operation is between 200 and 300 kPa (Figure 6). In this
range, the torque curve is approximately linear. Using the
first prototype of this active orthosis, the step response of
the control path consisting of valve, elbow actuator, and
orthosis was determined. To make the test as real as possible,
the brace was loaded with a cast resin forearm with hand
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Figure 6: Actuator for internal rotation, 3 chambers with a pressure
of 300 kPa.
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Figure 7: Torque plot of the elbow actuator.

(1.61 kg). Compressed air is supplied via a polyurethane tub-
ing with an inner diameter of 4.2 mm, followed by a tube
which has an inner diameter of 1.7 or 2.7 mm. The tubing
of 1.7 mm is flexible and can be integrated inconspicuously
in the jacket. The higher flow resistance of the 1.7 mm tube
causes lifting of the forearm in 0.9 seconds. For the tube with
the internal diameter of 2.7 mm, the lifting time only is about
half a second (see Figure 8). The step response (0–150 kPa)
of the actuator/valve combination has a reaction time of 0.1
seconds. Then, it almost behaves similarly to a PT1 element.
The slight decline of the 1.7 mm tube in the upper part of
the plot results from a kink in the tube. The control of the
valve and the recording of the sensor data are performed
with a USB-connected card from National Instruments on
a Windows PC with LabVIEW.

3.2. Shoulder Support Structure. The rotation axle and the
linear axle produce a torque of 4.5 Nm and a maximum force
of 210 N. The maximum torque of the FFA at the top of the
linear axle is 7 Nm. Other data of the FFA actuator can be
found in Table 3. With this fluid actuator, an angle torque
plot was recorded (see Figure 9). These curves are linear
over a wide area, only for large angles are they significantly
increased. The discontinuity at 0◦ is caused by the exchange
of the chambers. Using this actuator, step response was
recorded as it was done for the elbow actuator. The test

elbow actuator
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Figure 8: Step response of the elbow actuator with a 1.7 and a
2.7 mm tube and 150 kPa pressure.
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Figure 9: Torque plot of the actuator for internal rotation.

assembly of the system corresponds to the mounting position
in the wheelchair. The proportional valve is linked to a
tube of 4.2 mm internal diameter. After 150 mm of 2.7 mm
tubing, one of the shift valves controlling the individual
chambers is connected. These are directly connected to
the actuator. Measured values are recorded with the same
hardware as used for the step response of the elbow actuator.
The response time of the proportional valve is 0.1 seconds;
the switching time of the shift valve is in the range of 14
or 18 ms (open and close, value from the data sheet). The
time necessary to inflate one of the eight chambers of the
actuator with 300 kPa is about 0.25 seconds (see Figure 10),
and a complete filling process (open shift valve, set pressure
with the proportional valve, close shift valve) requires 0.37
seconds to reach the proper air pressure. The time until all
eight chambers have the desired air pressure is 2.96 seconds.

3.3. Evaluation of the Movement Space. The real ranges of
movement of the OrthoJacket were determined for five
subjects of different sizes and weights (see Table 4). The
maximum angle of every joint reached by the orthosis was
identified. Several different stopping criteria were specified,
some were set by the mechanics, others by the subject
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Figure 10: Step response of the actuator for internal rotation with
300 kPa pressure.

Table 4: Body dimensions of the subjects.

Subject
Weight
in [kg]

Size in
[mm]

Weight of the
upper extremity

in [kg]

Circumference
of the upper
arm in [mm]

1 63 1840 2200 230

2 84 1880 3800 320

3 95 1920 5200 360

4 77 1640 3500 280

5 68 1780 3400 275

Table 5: Description of the stopping criteria.

Stopping criteria Description

1 Drive is mechanically blocked

2 Drive has not enough power

3 Subject does not feel comfortable

4 Subjects and mechanics collide

5 Enough for everyday tasks

(see Table 5). The angle of the elbow was limited to 90◦. In
this test, only the elbow orthosis and the two electrically
driven axles of the shoulder system were used.

The first tests of the mechanical parts of the system
were made with healthy subjects. Healthy people are able to
give better feedback about the function and comfort of the
system. The angular ranges for anteversion and adduction of
about 75 and 45◦ are in the expected range. The system works
as expected (see Table 6). None of the three subjects felt
uncomfortable when using the orthosis. For patient three,
the traverse path of the linear axle was not sufficient to
further lift the arm. The collision of the system and the arm
rest of the wheelchair can be prevented by choosing another
wheelchair or by some modifications of the current one.

A second test was made with a tetraplegic patient. The
patient was paralyzed below C4, and random movement of
the biceps was very difficult. Controlled activation of the
triceps was impossible. In this test, only the elbow orthosis
was used. With the orthosis, the patient was able to move his
arm from about 10 to 90◦. The elbow orthosis was controlled

Table 6: Results of the test.

Patient Anteversion in [◦] Adduction in [◦] Elbow in [◦]

(Stopping criteria) (Stopping criteria) (Stopping criteria)

1 0 (5) to 76 (5) −20 (4) to 29 (1) 0 (3)–90

2 0 (5) to 71 (5) −18 (4) to 30 (1) 0 (3)–90

3 0 (5) to 51 (3) −12 (4) to 29 (1) 0 (3)–90

4 0 (5) to 79 (3) −10 (4) to 28 (1) 0 (3)–90

5 0 (5) to 77 (3) −18 (4) to 29 (1) 0 (3)–90

by a shoulder joystick. In the patient test, it was checked
how well the orthosis works on a tetraplegic patient and how
reliably it can be moved. When the joystick signal exceeded
a certain threshold value, the pressure in the actuator was
increased slowly. When the signal dropped below the value,
the movement stopped. The forearm was lowered according
to the same principle, but with another threshold value. The
results were satisfactory but also show that the patient first
requires a training phase to eliminate acampsia of the joint
and reduce the shortening of the sinews before the system
can be used correctly.

4. Conclusion

The elbow orthosis and the shoulder system without the fluid
actuator for internal rotation were evaluated on volunteers,
and it was found that they are able to support the shoulder
and elbow function in healthy persons with 100% of the
required force. The torque plots indicate that patients with
restricted motor functions can be supported with up to
100%. Thanks to the flexibility of the fluidic actuators, the
system is yielding and, in the case of spasticity, prevents
high forces from being generated and decreases the risk of
injury. The next steps are the integration of the FES system
in the OrthoJacket and the installation of the control system.
Additional tests with three tetraplegics will be performed.
Grasping and release tests like those of [22, 23] will be carried
out with some modifications for our patient group (C4, C5,
and maybe C6). These tests will take place in autumn 2011 at
our project partner, the Orthopaedic University Hospital in
Heidelberg, Germany.
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A haptic feedback system is required to assist telerehabilitation with robot hand. The system should provide the reaction force
measured in the robot hand to an operator. In this paper, we have developed a force feedback device that presents a reaction force
to the distal segment of the operator’s thumb, middle finger, and basipodite of the middle finger when the robot hand grasps an
object. The device uses a shape memory alloy as an actuator, which affords a very compact, lightweight, and accurate device.

1. Introduction

Various humanoid robot hands have been developed so
far. The Utah/MIT dexterous hand has four fingers with
four joints driven by tendon cables and tactile sensors
over the entire surface [1, 2]. The Gifu hand has five
fingers and 20 joints with 16 degrees of freedom (DOF)
[3], and the KH hand type S has five fingers and 20
joints with 15 DOF [4]. More recently manufactured, robot
hands incorporate multiaxis/force torque sensors and tactile
sensors with conductive ink and are relatively lightweight.
The TWENDY-ONE hand has four fingers and 16 joints with
13 DOF [5]. This robot hand is equipped with the six-axis
force sensors and array-type tactile sensors. Honda Motor
Co., Ltd., has developed a multifingered robot hand, which
has five fingers and 20 joints with 13 DOF [6]. Each DOF is
hydraulically actuated, and the robot hand has tactile sensors
on the entire surface. AIST also developed a multifingered
robot hand with 4 fingers and 17 joints with 13 DOF that
are actuated by an electrical servomotor [7]. The AIST robot
hand also employed multi-axis force/torque sensors in the
fingertips. Many other robot hands have been developed and
researched [8, 9]. We have also reported the universal robot
hands I [10] and II [11].

A tele-rehabilitation system receives attention for medical
care because of a shortage of rehabilitation therapists [12].
The tele-rehabilitation system with a robot hand allows a
rehabilitation therapist to care intuitively. However, typically

a tele-operation system is unable to give tactile and haptic
information to the human operator because conventional
teleoperation systems lack a feedback system. It is difficult
to complete tasks or control various operations without
dexterous tactile and haptic information; thus human oper-
ators make errors because there is no tactile feedback.
Therefore, many haptic devices were developed to enable
the human operator to feel the force. The haptic devices
are classified into three types according to their mechanical
grounding configuration [13] including the grounded type
[14–19], the nongrounded type [20–24], and the body-
grounded type [25, 26]. The grounded haptic device easily
provides weight sensation or 3-Dimensional (3D) forces, but
is limited because it is fixed to a static object like a table
or the floor. The nongrounded haptic device includes an
internal ground mechanism. The internal ground acts as
counteractive base to create linear or angular momentum,
and therefore, the device is easily repositioned because
it is mechanically ungrounded. However, the ungrounded
device cannot generate a large force in multiple directions
or maintain continuous stimuli. The body-grounded haptic
device is a wearable. These devices are worn and mounted
on the human operator, which is used as a counteractive
base or a point to impress a force or torque on the human
operator. The wearable haptic devices provide a wide range
of motion and force. However, for such devices to be
usable, they must be small and lightweight. When a human
opens a door or picks up an object, the hand and the arm
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Figure 1: ExoPhalanx mounted on CyberGlove.
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Figure 5: Middle finger exoskeleton showing DIP and MP wires
and clutch brakes.

move simultaneously allowing for a wide working space and
range of motion. A human also demands a greater force
when a solid object like a glass is grasped. Therefore, the
body-grounded haptic device is a preferred in applications
involving grasping objects while maintaining feeling using
tele-operation because it provides a wide workspace and
considerable force in many directions.

In this paper, we have developed a two-fingered body-
grounded haptic device called ExoPhalanx. The ExoPhalanx
provides force to the distal segment of the human operator’s
thumb and middle finger, and the basipodite of the middle
finger. Here, the ExoPhalanx presents only one-directional
force to the human operator because the haptic device
becomes small and lightweight in order to mount on
the human hand. The performance of the haptic device
was measured using a two-finger grasping tele-operation
experiment with the Universal Robot Hand II and the haptic
device ExoPhalanx.

The remainder of the paper is arranged as follows. The
haptic device is introduced in Section 2. The robot hand
tele-operation system with the developed haptic device is
described in Section 3. The preliminary experiment showing
the basic performance of the SMA clutch brake of the
ExoPhalanx and the results of the grasping experiment
with two fingers are presented in Section 4. Finally, the
conclusions of this study are presented in Section 5.

2. Haptic Device

The developed haptic device ExoPhalanx is shown in
Figure 1. The ExoPhalanx is used as a passive force feedback
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device. This device is wearable and mounted above the
motion capture data glove CyberGlove using a tightening
belt. Here, the body-grounded haptic device can create
the illusion of directed forces by adequate positioning
and distributing of grounding forces [27]. The ExoPhalanx
consists of a thumb exoskeleton, a middle finger exoskeleton,
and a manifer exoskeleton. The thumb exoskeleton consists
of a distal phalanx and a proximal phalange ring. The middle
finger exoskeleton consists of a distal phalanx, a middle
phalange ring, and a proximal phalange ring. The proximal
phalange ring of the thumb exoskeleton and the middle
finger exoskeleton are belted on the proximal phalanx of the
operator’s finger. The manifer exoskeleton is belted on the
operator’s palm and forearm. This design takes advantage
of the fact that fingertip mechanoreceptors are significantly
more sensitive than those of the proximal phalanx, the
forearm and the palm [28].

2.1. SMA Clutch Brake. An SMA clutch brake is installed
in the ExoPhalanx, which is made into a string-like SMA.
When the string-like SMA is heated over the transforming
temperature, it is shortened. Alternatively, when it is cooled

under the transforming temperature, it is lengthened to
the original size. The SMA is flexible and the diameter is
150 μm. Here, the SMA is used as a clutch brake as shown
in Figure 2. The heated SMA tightens a force transmission
wire causing frictional force in the wire. The frictional force
is presented as a force to the human operator. The SMA
is heated using electricity because the SMA has electrical
resistance of ∼300Ω/m. The cooling state of the SMA is
based on the natural cooling process.

The driver circuit is simplified for the SMA clutch brake
by using the Pulse Width Modulation (PWM) as the heating
method. The PWM applies a square wave voltage with the
duty ratio D. The heat quantity per unit time is as follows,

∫ 1

0

dQ

dt
dt = IV

T

∫ τ

0
dt = D · IV , (1)

where Q, I , and V are the heat quantity, the applied current,
and the applied voltage, respectively. In (1), T represents the
cycle time of the square wave, τ is the time of the applied
voltage in one wave, and the duty ratio, D, is defined as D =
τ/T .
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The size and weight of the SMA clutch brake are 1 mm3

and 11 g, respectively. Figure 3 shows the clutching force
of the clutch brake measured using the force gage FGP-
0.2 (Nidec-SHIMPO Corporation) at various duty ratios.
According to the graph, the clutching force is almost in
proportional relation with the duty ratio.

2.2. Thumb Exoskeleton. The thumb exoskeleton is com-
posed of a distal phalanx, a proximal phalange ring, and
a thumb manifer as shown in Figure 4. A CM force
transmission wire was used in the exoskeleton. One end of
this wire is fixed to the distal phalanx and the other is free.

The wire traces the tendon of the operator’s thumb and
passes the proximal phalange ring. A CM SMA clutch brake is
placed on the thumb manifer. The wire slides normally and
bends with IP, MP, CM joints of human thumb, unless it is
engaged in which case the wire stops and restrains bending
of the thumb.

2.3. Middle Finger Exoskeleton. The middle finger exoskele-
ton is composed of the distal phalanx, a middle phalanx
ring, and a proximal phalange ring as shown in Figure 5. The
middle finger exoskeleton consists of two force transmission
wires, which were used for restricting the bend in the DIP
joint of the human middle finger and for the MP joint or the
DIP force transmission wire and MP force transmission wire,
respectively. One end of the DIP force transmission wire is
fixed to the distal phalanx part and the other is free. Similarly,
one end of the MP force transmission wire is fixed to the
proximal phalange ring and the other is free end.

The DIP and MP force transmission wires follows
the tendons of the human middle finger. The DIP force
transmission wire passes the DIP SMA clutch brake on the
proximal phalange ring and under the MP SMA clutch brake.
The MP force transmission wire passes into the MP SMA
clutch brake on the manifer. The DIP wire slides with DIP
and PIP joint rotation. The MP wire slides with bend-stretch
rotation of the MP joint. When the DIP SMA clutch brake is
driven, the operator DIP-PIP joint bending is locked. When
the MP SMA clutch brake clutches the MP wire, the operator
MP joint bending is locked. A loadcell mounted on the
distal phalanx exoskeleton measures fingertip force of the
operator’s middle finger. The operator bends their middle
finger and pushes the loadcell, which measures the force on
the middle fingertip.

3. Robot Hand Teleoperation System with
Haptic Device

Figure 6 shows the robot hand tele-operation system with
the developed ExoPhalanx device. The tele-operation system
consists of the robot hand subsystem with the universal robot
hand II, the motion capture subsystem with the CyberGlove
which is a well-knows motion capture data glove, and the
force feedback subsystem with the developed ExoPhalanx
device. In the robot hand tele-operation system, the universal
robot hand II is controlled according to the motion of the
operator’s hand measured in the motion capture subsystem.
Then, the ExoPhalanx gives a reaction force to the operator
in the force feedback subsystem.

3.1. The Robot Hand Subsystem with Universal Robot Hand
II. This subsystem controls the motion of the universal
robot hand by the PID control and acquires the force and
the tactile measurements. The universal robot hand II has
five movable fingers and a palm as shown in Figure 7. The
thumb is 195 mm long and the other fingers are 230 mm long
with four joints. Each joint is driven using a miniaturized
DC motor with a rotary encoder and reduction gears
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(manufactured by Harmonic Drive Systems. co.) built into
each link. In addition, two fingertip joints, joints 3 and
4, drive at equal ratios as a human finger, so each finger
has three degrees of freedom. Each finger has multi-axis
force/torque sensors (manufactured by BL AUTOTEC, Ltd.)
in the distal link of the finger and array-type tactile sensors
on the palmar surface of the fingers as shown in Figure 8.
Here, the multi-axis force/torque sensor is used in detection
of the distal phalange link contact object and the array-type
tactile sensor is used in detection of the proximal phalange
link contact object.

3.2. Motion Capture SubSystem with CyberGlove. This sub-
system measures the posture of the operator by using the
CyberGlove. The measured operator’s posture is sent to the
robot hand subsystem through the network. The CyberGlove
has three flexion sensors per finger, four abduction sensors,
a palm-arch sensor, and sensors to measure wrist flexion and
abduction. Here, this subsystem utilizes the sensor values

Figure 11: Two finger grasping experiment.

except the DIP joints because the DIP joints and the PIP
joints of the universal robot hand synchronize like a human
finger.

3.3. Force Feedback Subsystem with ExoPhalanx. A human
operator wears the ExoPhalanx, which is mounted on the
CyberGlove. The ExoPhalanx works in order to restrain
the human fingers according to the contact force measured
by the multi-axis force/torque sensors and the array-type
tactile sensors in the universal robot hand. Here, the multi-
axis force/torque sensor measures the contact force on the
fingertips, and the tactile sensor measures the contact force
on the palmar surface of the proximal phalange. If the thumb
and/or the middle fingertip of the robot hand contacts
the object, then the ExoPhalanx control PC drives the CM
and/or the DIP SMA clutch brake. Similarly, if the proximal
phalange of the middle robot finger contacts the object, then
the ExoPhalanx control PC drives the MP SMA clutch brake.
Consequently, the human operator cannot bend his thumb
and/or the middle finger.

4. Experiments

The performance of the ExoPhalanx is verified through
two experiments. The first is the clutch brake experiment
used to confirm the performance of the SMA clutch brake.
The second is the two finger grasping experiment used
to evaluate the haptic feedback performance. Here, the
duty ratio for controlling the SMA clutch brake is fixed in
these experiments because it is difficult to control the force
presented to the operator by changing the duty ratio.

4.1. Clutch Brake Experiment. To confirm the haptic perfor-
mance of the SMA clutch brake, a preliminary experiment is
executed. In this experiment, we confirm whether the SMA
clutch brake can restrain the human operator from bending
his/her finger.

The human operator wears the CyberGlove and the
ExoPhalanx and bends the DIP and PIP joints of their middle
finger. The CyberGlove captures the operator’s postures.
In this experiment, the operator bends the DIP joint over
20◦, theoretically resulting in the ExoPhalanx stopping the
corresponding force transmission wire. If the operator feels
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Figure 12: Joint angles of thumb for robot and operator.

sufficient force at the specified joints, then the operator
stretches the middle finger. The change of the DIP joint angle
and force presented to the human operator are shown in
Figures 9 and 10, respectively. Figure 10 includes the change
of the duty ratio in the experiment. From the clutch brake
experiment, the operator recognizes that their DIP joint is
locked by the ExoPhalanx and stretches their middle finger.
However, if the operator bends the DIP joint over 20◦, the
SMA clutch brake stops the DIP force transmission wire
because the force transmission wire loosens.

4.2. Two-Finger Grasping Experiment. A two-finger grasping
experiment is used to evaluate the haptic feedback perfor-
mance by the ExoPhalanx as shown in Figure 11. The grasped
object is a polystyrene ball of 150 mm in diameter similar to
the size of a baseball.

The duty ratio is constant for driving the SMA clutch
brake. The operator then manipulates the universal robot
hand II using the following protocol:
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Figure 13: Joint angles of middle finger for robot and operator.

(1) The operator stretches all fingers.

(2) The ball is set in front of the universal robot hand II.

(3) The operator remotely manipulates the robot hand
with the thumb and middle finger to grasp the ball
with the fingertips of the robot hand.

(4) The operator continues bending their fingers until a
reaction force on their fingertip from the ExoPhalanx
is felt.

(5) If the operator feels sufficient force, they release the
ball.

This experiment is implemented twice with the experiments
being soft and strong grasping.

Figures 12 and 13 show the results of the two-finger
grasping experiment. The IP, MP, and CM joint angles of
the thumb for the robot hand and the operator are shown
in Figures 12(a), 12(b), and 12(c), respectively. The DIP
and MP joint angles of the middle finger for the robot and
operator are shown in Figures 13(a) and 13(b), respectively.
From these figures, the robot hand grasps the ball with the
CM joint at 37◦ of the robot thumb and the DIP joint at
20◦ of the robot middle finger. Although the robot hand
grasps the ball, the operator’s CM joint of the thumb and
DIP joint of the middle finger are over the joint angles of
the robot hand. This is because the force transmission wire
loosens similarly to the clutch brake experiment. Figures 14
and 15 show the force measured in the robot hand and the
operator’s hand, respectively. Here, the force of the operator’s
hand is measured by the loadcell equipped in ExoPhalanx.
In Figures 14 and 15, the maximum forces of the robot hand
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and the operator’s hand are about 0.2 N and 1.5 N in the soft
grasping experiment, and those maximum force are about
0.4 N and 2.0 N in the hard grasping.

5. Conclusions and Future Works

5.1. Conclusions. Presented herein was the reaction force
using a haptic feedback device allowing for important
scientific advancement in the operation of a robot hand
remotely and dexterously. We developed the passive force
feedback device ExoPhalanx. ExoPhalanx is a small and
lightweight device that uses an SMA-fitted clutch brake. The
developed ExoPhalanx provides reaction force on the distal
phalange and proximal phalange to the remote operator.
Moreover, in the tele-operation system, ExoPhalanx was
mounted to the motion capture data glove, CyberGlove. The
effectiveness of the ExoPhalanx system for tele-operation
applications was verified through preliminary experiments.

5.2. Future Works. The future work involves improvement
of the SMA clutch brake so that it is proportionally
controlled and reduces the backlash between each link of the
exoskeletons. Moreover, we will develop a control method of
the fingertip force presented to the operator and present the
force according to the measured force in the universal robot
hand II by the ExoPhalanx. Finally, it is proposed that the
ExoPhalanx system will be extended to five fingers.

References

[1] J. M. Hollerbach and S. C. Jacobsen, “Anthropomorphic
robots and human interactions,” in Proceedings of the 1st
International Symposium on Humanoid Robots, pp. 83–91,
1996.

[2] D. Johnston, P. Zhang, J. Hollerbach, and S. Jacobsen, “Full
tactile sensing suite for dextrous robot hands and use in
contact force control,” in Proceedings of the IEEE International
Conference on Robotics and Automation, pp. 661–666, 1996.

[3] T. Mouri, H. Kawasaki, K. Yoshikawa, J. Takai, and S. Ito,
“Anthropomorphic robot hand: gifu hand III,” in Proceedings
of the International Conference on Control, Automation and
Systems, pp. 1288–1293, 2002.

[4] T. Mouri, H. Kawasaki, and K. Umebayashi, “Developments
of new anthropomorphic robot hand and its master slave sys-
tem,” in Proceedings of the IEEE/RSJ International Conference
on Intelligent Robots and Systems, pp. 3474–3479, 2005.

[5] H. Iwata and S. Sugano, “Design of anthropomorphic dex-
terous hand with passive joints and sensitive soft skins,” in
Proceedings of the 2nd IEEE International Symposium on System
Integration (SII ’09), pp. 129–134, 2009.

[6] K. Takahashi, H. Waita, M. Kokusho, and M. Hayakawa,
“Development of dexterous and powerful multi-fingered hand
for humanoid robots,” in Proceedings of the 27th Annual
Conference of the Robotic Society of Japan, vol. AC1A1-01, 2009.

[7] K. Kaneko, K. Harada, and F. Kanehiro, “Development
of multi-fingered hand for life-size humanoid robots,” in
Proceedings of the IEEE International Conference on Robotics
and Automation (ICRA ’07), pp. 913–920, Roma, Italy, April
2007.

[8] S. Schulz, C. Pylatiuk, and G. Bretthauer, “A new ultralight
anthropomorphic hand,” in Proceedings of the IEEE Interna-
tional Conference on Robotics and Automation (ICRA ’01), pp.
2437–2441, May 2001.

[9] J. Jockusch, J. Walter, and H. Ritter, “A tactile sensor system for
a three-fingered robot manipulator,” in Proceedings of the IEEE
International Conference on Robotics and Automation (ICRA
’97), pp. 3080–3086, April 1997.

[10] H. Nakamoto, F. Kobayashi, and F. Kojima, “Shape classi-
fication using tactile information in rotation manipulation
by universal robot hand,” Robotics 2010 Current and Future
Challenges, pp. 123–132, 2010.

[11] W. Fukui, F. Kobayashi, F. Kojima et al., “Development
of multi-fingered universal robot Hand with torque limiter
mechanism,” in Proceedings of the 35th Annual Conference of
the IEEE Industrial Electronics Society, pp. 2225–2230, 2009.

[12] M. D. Duong, K. Terashima, T. Miyoshi, and T. Okada, “Reha-
bilitation system using teleoperation with force-feedback-
based impedance adjustment and EMG-moment model for
arm muscle strength assessment,” Journal of Robotics and
Mechatronics, vol. 22, no. 1, pp. 10–20, 2010.

[13] S. J. Biggs and M. A. Srinivasan, “Haptic interfaces,” in
Handbook of Virtual Environments: Design, Implementation,



8 Journal of Robotics

and Applications, Human Factors and Ergonomics, K. Stanney,
Ed., chapter 5, pp. 93–115, Lawrence Erlbaum Associates,
2002.

[14] T. Endo, H. Kawasaki, T. Mouri et al., “Five-fingered haptic
interface robot: HIRO III,” in Proceedings of the 3rd Joint
EuroHaptics Conference and Symposium on Haptic Interfaces
for Virtual Environment and Teleoperator Systems, pp. 458–463,
Salt Lake City, Utah, USA, March 2009.

[15] T. Endo, T. Kanno, M. Kobayashi, and H. Kawasaki, “Human
perception test of discontinuous force and a trial of skill
transfer using a five-fingered haptic interface,” Journal of
Robotics, vol. 2010, Article ID 542360, 14 pages, 2010.

[16] P. Berkelman and M. Dzadovsky, “Extending the motion
ranges of magnetic levitation for haptic interaction,” in
Proceedings of the 3rd Joint EuroHaptics Conference and
Symposium on Haptic Interfaces for Virtual Environment and
Teleoperator Systems, pp. 517–522, Salt Lake City, Utah, USA,
March 2009.

[17] A. Gupta, M. K. O’Malley, V. Patoglu, and C. Burgar, “Design,
control and performance of ricewrist: a force feedback wrist
exoskeleton for rehabilitation and training,” International
Journal of Robotics Research, vol. 27, no. 2, pp. 233–251, 2008.

[18] W. Park and S. Park, “Haptic mouse interface actuated by an
electromagnet,” in Proceedings of the International Conference
on Complex, Intelligent, and Software Intensive Systems, L. Kim
and S. Shin, Eds., pp. 643–646, Seoul, Korea, June 2011.

[19] Z. Zhang and T. Chen, “Study on the control of 6-DOF
manipulators system with force feedback,” in Proceedings
of the International Conference on Intelligent Computation
Technology and Automation (ICICTA ’08), vol. 1, pp. 498–502,
Hunan, China, October 2008.

[20] T. Amemiya, T. Maeda, and H. Ando, “Location-free haptic
interaction for large-area social applications,” Personal and
Ubiquitous Computing, vol. 13, no. 5, pp. 379–386, 2009.

[21] K. N. Winfree, J. Gewirtz, T. Mather, J. Fiene, and K. J. Kuchen-
becker, “A high fidelity ungrounded torque feedback device:
the iTorqU 2.0,” in Proceedings of the 3rd Joint EuroHaptics
Conference and Symposium on Haptic Interfaces for Virtual
Environment and Teleoperator Systems, World Haptics 2009, pp.
261–266, Salt Lake City, Utah, USA, March 2009.

[22] H. Gurocak, S. Jayaram, B. Parrish, and U. Jayaram, “Weight
sensation in virtual environments using a haptic device with
air jets,” Journal of Computing and Information Science in
Engineering, vol. 3, no. 2, pp. 130–135, 2003.

[23] A. Chang and C. O’Sullivan, “Audio-haptic feedback in
mobile phones,” in Proceedings of the International Conference
for Human-Computer Interaction (CHI ’05), pp. 1264–1267,
Portland, Ore, USA, 2005.

[24] H. Yano, Y. Miyamoto, and H. Iwata, “Haptic interface
for perceiving remote object using a laser range finder,”
in Proceedings of the 3rd Joint EuroHaptics Conference and
Symposium on Haptic Interfaces for Virtual Environment and
Teleoperator Systems, World Haptics 2009, pp. 196–201, Salt
Lake City, Utah, USA, March 2009.

[25] M. J. Lelieveld, T. Maeno, and T. Tomiyama, “Design and
development of two concepts for a 4 DOF portable haptic
interface with active and passive multi-point force feedback
for the index finger,” in Proceedings of the ASME International
Design Engineering Technical Conferences and Computers and
Information In Engineering Conference (DETC ’06), September
2006.

[26] K. Koyanagi, Y. Fujii, and J. Furusho, “Development of VR-
STEF system with force display glove system,” in Proceedings
of the International Conference on Augmented Tele-Existence

(ICAT ’05), pp. 91–97, Christchurch, New Zealand, December
2005.

[27] H. Z. Tan, M. A. Srinivasan, B. Eberman, and B. Cheng,
“Human factors for the design of force-reflecting haptic
interfaces,” American Society of Mechanical Engineers, Dynamic
Systems and Control Division, vol. 55, pp. 353–359, 1994.

[28] R. L. Klatzky and S. J. Lederman, “Touch”, Handbook of
Psychology, vol. 4 of Experimental Psychology, John Wiley and
Sons, New York, NY, USA, 2003.



Hindawi Publishing Corporation
Journal of Robotics
Volume 2011, Article ID 284352, 8 pages
doi:10.1155/2011/284352

Research Article

Mina: A Sensorimotor Robotic Orthosis for Mobility Assistance

Anil K. Raj, Peter D. Neuhaus, Adrien M. Moucheboeuf,
Jerryll H. Noorden, and David V. Lecoutre

Florida Institute for Human and Machine Cognition, 40 South Alcaniz Street, Pensacola, FL 32502, USA

Correspondence should be addressed to Anil K. Raj, araj@ihmc.us

Received 2 June 2011; Revised 10 September 2011; Accepted 15 October 2011

Academic Editor: Tetsuya Mouri

Copyright © 2011 Anil K. Raj et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

While most mobility options for persons with paraplegia or paraparesis employ wheeled solutions, significant adverse health,
psychological, and social consequences result from wheelchair confinement. Modern robotic exoskeleton devices for gait assistance
and rehabilitation, however, can support legged locomotion systems for those with lower extremity weakness or paralysis. The
Florida Institute for Human and Machine Cognition (IHMC) has developed the Mina, a prototype sensorimotor robotic orthosis
for mobility assistance that provides mobility capability for paraplegic and paraparetic users. This paper describes the initial
concept, design goals, and methods of this wearable overground robotic mobility device, which uses compliant actuation to power
the hip and knee joints. Paralyzed users can balance and walk using the device over level terrain with the assistance of forearm
crutches employing a quadrupedal gait. We have initiated sensory substitution feedback mechanisms to augment user sensory
perception of his or her lower extremities. Using this sensory feedback, we hypothesize that users will ambulate with a more
natural, upright gait and will be able to directly control the gait parameters and respond to perturbations. This may allow bipedal
(with minimal support) gait in future prototypes.

1. Introduction

The limited mobility assistance options for those suffering
from paraplegia or paraparesis typically utilize wheeled de-
vices, which require infrastructure (ramps, roads, smooth
surfaces, etc.), and 69.8% of spinal cord injured (SCI) par-
aplegics use a manual wheelchair as their primary means of
locomotion, which limits range and terrain options [1].
Wheeled conveyances allow access to only a small fraction
of the locations accessible to pedestrians. Wheelchairs have
trouble on curbs, stairs, irregular terrain such as hiking trails
and narrow corridors. Even with advances in powered wheel-
chairs, such as the iBot (http://www.ibotnow.com/), mobility
remains limited to relatively smooth terrain, precluding
access to much of the natural outdoors. Additionally, being
confined to a wheelchair has significant consequences on
physiological and psychological health, quality of life, and
social interactions. Health-related issues include pressure
sores, poor circulation, loss of bone density muscle mass,
and changes in body fat distribution [2–4]. Robotic lower
extremity orthosis designs can offer new mobility options
for those currently limited to a wheelchair, enabling such

individuals to regain access to areas that require legged
locomotion and to restore the health benefits associated with
an upright posture. In addition to improving quality of life
as orthotic devices, exoskeletons could also bridge the gap to
future regenerative medicine approaches for this population.
For example, a paraplegic user of a robotic orthosis could
maintain healthy bone and muscle mass and range of joint
motion that could reduce rehabilitation time following stem
cell therapy.

1.1. Robotic Orthoses. Current robotic assistance devices
such as the body-worn ReWalk from Argo Medical Tech-
nologies (http://www.argomedtec.com/) and the eLegs from
Berkely Bionics (http://berkeleybionics.com/) have motors at
the hips and knees to move the legs and provide powered gait.
The user provides balance with the aid of forearm crutches
and uses torso motions, arm movements, and/or a push but-
ton interface. Both devices can operate untethered for several
hours on a single charge. Users have demonstrated stair
climbing with the ReWalk; however, neither device has dem-
onstrated operations over rough and irregular terrain. Both
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devices target paraplegic users who cannot initiate any mo-
tion of their legs and thus must operate in a rigid position
control mode. Use by paraparetics, however, requires a more
compliant mode of operation. Both devices are undergoing
clinical trials, and neither device is currently available for
personal use.

The commercially available hybrid assistive limb (HAL)
device, which has significant operational experience with
able-bodied users [5], augments user-initiated movement
by detecting electromyographic (EMG) signals in the user’s
lower extremity muscles. A new version of this device, HAL-
5 LB (Type C), specifically targets paraplegic users [6], but
has only demonstrated transition from sitting to standing,
not overground mobility. This design, however, does include
an actuator at the ankle, a feature lacking from the ReWalk
and the eLegs. The wearable power assist leg (WPAL) [7,
8], another paraplegic gait assist device, relies on a walker
rather than crutches for the required balance stabilization.
The walker provides a significant support polygon for the
user and requires a different, less natural gait. Similarly, the
EXoskeleton for Patients and the Old by Sogang University
(EXPOS) [9], designed as a walking assist device for the
elderly and for patients with muscle or nerve damage in
the lower body, uses a wheeled-caster walker to carry the
actuators and computer system. It transfers actuator forces to
the exoskeleton joint via cables and employs position control
of the exoskeleton joints, but it lacks force sensing in the
actuators. Force sensors on the leg braces are used to detect
the user intent, but the integral caster walker limits operation
and utility of this device to smooth floors. Zabaleta et al. [10]
also propose to track EMG and utilize compliant actuation
for a robotic exoskeleton for rehabilitation.

A number of robotic orthoses developed for treadmill-
based operation face some of the same challenges, share some
of the same technologies, and they are strictly limited to
rehabilitation activities. The Powered Gait Orthosis (PGO)
[11] and LOwer-extremity Powered ExoSkeleton (LOPES)
[12] utilize force sensors on each actuator, which allows for
torque control of the joints. One of the most utilized and
studied treadmill-based robotic orthotic devices, the Loko-
mat [13, 14], has demonstrated the advantages of compliant
control strategies [15, 16].

At the Florida Institute for Human and Machine Cogni-
tion (IHMC), we have designed and built a robotic orthosis
called Mina (Figure 1) to provide overground mobility for
paraplegic and paraparetic users. Mina utilizes compliant
control actuators and can provide both rigid position control
for paraplegic users and assistive force control for paraparetic
users. In its current state of development, the prototype
Mina offers operates similarly to the ReWalk and eLegs for
paraplegic mobility with hip and knee actuation for powered
execution of recorded gait. All three devices move the legs
through predetermined joint trajectories with strict position
control of the exoskeleton joint. However, the compliant con-
trol actuators that Mina utilizes facilitate operation over
rough terrain.

In addition, Mina provides the user with sensory feed-
back from the exoskeleton. Sensory feedback provides a key
element for motor-control missing from other paraplegic

Figure 1: The IHMC Mina sensorimotor robotic orthosis for
mobility assistance prototype. Mina adjusts to fit users ranging from
∼1.6 m to 1.9 m tall.

mobility assist devices. SCI users lack body awareness below
the level of injury, which makes user control of orthotic de-
vices cumbersome. Reinstating sensory feedback should fa-
cilitate the integration of the orthosis into the user’s posture
and ambulation strategy and, potentially, restoration of bi-
pedal gait for this population.

1.2. The Sensory Substitution Paradigm. Because perception
occurs in the brain and not at the sensory end organ [17],
sensory substitution interfaces can provide an alternative
pathway for sensory perception. A sensory substitution sys-
tem consists of three parts: a sensor, a coupling system, and
a stimulator. Sensory substitution can occur across sensory
systems such as touch-to-sight or within a sensory system
such as touch-to-touch. The human brain, in fact, can re-
interpret signals from specific nerves (e.g., from tactile recep-
tors) given appropriate, veridical, and timely sensory feed-
back. This forms the basis for sensory substitution interfaces
that can noninvasively and unobtrusively use alternative, in-
tact sensory pathways. This plasticity inherent to the brain
and nervous system supports both long-term and short-
term anatomical and functional remapping of sensory data
[18, 19] and will assist brain reorganization despite losses
in muscle, bone, reflexes and will assist a user’s ability to
perform activities of daily living [20]. Tactile and propriocep-
tive feedback sensory substitution technologies have been de-
veloped for use with lower limb prostheses [21–24] to pro-
vide foot sole pressure information, joint angle, and other
forces. Because paralyzed individuals lack proprio- and exte-
roception from the lower limbs, they must use their vision
to monitor “what’s going on” below their level of injury.
Compensating for the loss of tactile information from the
soles, as well as proprioceptive information (i.e., muscle
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stretch and joint position) visually requires significant cog-
nitive effort that could be redistributed through other sen-
sory modalities. Mina provides similar input for users with
intact but paralyzed legs by providing ground reaction forces
and proprioceptive signal analogs from the insensate feet.
The fundamental challenges for sensory augmentation in an
exoskeleton relate to identification of the optimal informa-
tion for the user when walking and intuitive presentation of
that information without increasing cognitive workload or
competing with vision or hearing.

1.3. Human Machine Interface (HMI) Considerations. The
human motor control system relies on sensory information
(feedback) in order to respond to perturbations and stabilize
errors. Sensory feedback, for example, enables the brain to
maintain the body’s posture and helps it to determine the
positions of the limbs in space and the amount of force re-
quired to execute a movement. Several sensory systems (i.e.,
the vestibular, visual, and somatosensory systems) contribute
to the control of balance and offer an important channel
of information that help to coordinate human interaction
with the world. The vestibular system gives the sense of
whole body orientation and motion in collaboration with
the visual system. For both posture and gait, motor control
mechanisms seek to hold the body’s center of gravity (CG)
over the polygon of support (defined by the position of the
individual’s feet). While determining position of the center
of mass under dynamic conditions is hard to compute, the
central nervous system can infer its position by using the
information provided by the muscle-tendon stretch receptors
and the cutaneous pressure receptors of the foot sole.
Paraplegia deprives the user of both the motor and sen-
sory functions; restoring mobility requires reinstatement of
movement and sensation. The IHMC Mina system displays
ground reaction forces and center of pressure, as well as joint
positions and torque estimations, using noninvasive tactile
interfaces, specifically a BrainPort intra-oral display (Wicab,
Inc., Middleton, WI) and a VideoTact abdominal display
(ForeThought Development, LLC, Blue Mounds, WI). These
displays (Figure 2) interface to the relatively underutilized,
with respect to hearing and vision, tactile channel and pro-
vide sufficient resolution for the data represented by Mina.

The BrainPort electrotactile transducer array is held in
the mouth and connected to battery powered electronics
that generate highly controlled electrical pulses that produce
patterns of tactile sensations when the electrodes are in
contact with the top surface of the tongue. The tongue’s sen-
sitivity, excellent spatial resolution, mobility, and distance to
the brainstem make it an ideal site for a practical electro-
tactile HMI. An electrolytic solution (saliva) assures good
electrical contact. Perception with electrical stimulation of
the tongue appears to be better than with fingertip electro-
tactile stimulation, and the tongue requires only about 3%
(5–15 V) of the voltage, and much less current (0.4–2.0 mA)
than the fingertip for electrotactile stimulation [25]. Current
BrainPort arrays can provide a 100 to 600 pixel resolution via
the intraoral display (IOD) tongue array.

The VideoTact is also an electrotactile interface; however,
it is placed on the abdomen. It can exploit the larger surface

area of the abdomen to improve spatial separation. While the
density of torso sensory receptors is not as high as the
tongue, placing a high-resolution display (e.g., 24 × 32) on
the abdomen allows for rapid perception of motion of objects
[26] and can be worn discretely under the users clothing.
The keratinized layer of dead skin cells of the epidermis on
the torso requires the VideoTact to use higher voltage (15–
40 VDC) and current (8–32 mA) than the BrainPort; how-
ever, it is battery driven and further electrically isolated by
storing the stimulus charge in an array of capacitors that
are disconnected from the power source prior to stimulus
delivery.

Integrating these two displays to provide sensory substi-
tution of proprioception and somatosensation to Mina users
should lead to shorter training requirements, improved sense
of balance, and sensorimotor reorganization that integrates
both perception and control of the exoskeleton. Both devices
have intensity control via software with user override for
intensity and shut-off. IHMC has used these general-purpose
sensory substitution displays previously for augmentation of
individuals with balance disorders, as well as for vision and
hearing substitution systems. IHMC is currently investigat-
ing the effectiveness of various sensory substitution sym-
bologies to provide the user with an effective, intuitive un-
derstanding of the state of the exoskeleton with low cognitive
demand.

2. Exoskeleton Design

Mina is a second-generation [27] lower extremity robotic
gait orthosis with two actuated degrees of freedom per leg,
hip flexion/extension, and knee flexion/extension, for a total
of four actuators. Mina does not provide hip ab-/adduction
or medial/lateral rotation of the leg and employs rigid ankle
joint with a compliant carbon fiber footplate. Mina users
connect to a rigid back plate, which has a curvature to match
that of the human spine, via shoulder and pelvic straps. The
system can accommodate a range of body sizes by using
nested aluminum tubing as the structural links to attach to
the user’s thigh, leg, and foot. A tether provides the prototype
with power for the computer and motors, as well as Ethernet
communication; later versions will integrate battery power
and wireless communications technologies for untethered
operations. A fall prevention tether connected to an overhead
trolley system supports the user and Mina only in the event
that the user loses balance or missteps.

2.1. Actuators. Mina uses four identical rotary actuators
(Figure 3) capable of both position and torque control. Each
actuator consists of a DC brushless motor (Moog BN34-
25EU-02) and a 160 : 1 harmonic drive (SHD-20 from HD
Systems) gear reduction. The actuators are instrumented
with two incremental encoders. One encoder measures the
relative position between the motor shaft and the base of
the actuator. This encoder (HEDL-5640#A13, Avago Tech-
nologies, Inc. San Jose, CA) has a resolution of 2000 counts
per revolution, resolving to 1.96e−5 rad/count at the output.
The second encoder (RGH-24, Renishaw, PLC, Glouces-
tershire, England) measures the relative position between
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Figure 2: Tactile sensory substitution electrotactile displays used by Mina. (a) Wicab BrainPort 600 pixel tongue array; (b) a 768 titanium
electrode abdominal array (ForeThought VideoTact).

Figure 3: Actuator showing two encoders, golden read strip that is
wrapped around the base of the harmonic drive gear reduction.

the output of the actuator and the base of the actuator using a
linear encoder with the read-head mounted onto the output
of the actuator and the linear encoding strip wrapped around
the surface of the harmonic drive input (which is securely
fixed onto the base of the actuator). This encoder has a
resolution of 1 mm at a radius of 0.45 m, which resolves
2.22e − 5 rad/count.

The motion of the output encoder matches the motion
of the motor encoder, minus any elastic deformation of the
harmonic drive due to torque applied to the output shaft. By
applying a known torque and measuring the deflection using
the difference between the two encoders, we characterized
the elasticity of each actuator. With a peak torque of about
60 Nm, the elastic deflection is about 0.0025 rad, indicating
a stiffness of approximately 24 kNm/rad. In operation, an
empirically determined look-up table is used to indicate the
torque of the actuator based on harmonic drive deflection.

The Mina operates in position, or high impedance,
control using only the motor shaft encoder (Avago HEDL-
5640#A13) instead of the output encoder (Renishaw RGH-
24) due to occasional loss of counts of the output encoder.
Because the deflection of the harmonic drive is considered
negligible with regard to the tolerance required on the output
position, the simple proportional plus derivative feedback
control algorithm only needs the output position to control
the motor input current.

A series elastic actuator (SEA) was used in order to
achieve torque control. In designing the SEA, the major de-
sign element to select is the spring rate, which is dependent
on a number of factors, including the resolution of the spring

deflection sensor, the maximum speed of the motor, the
amount of impact isolation allowed to the gear train, the
acceptable reflected inertia at the output, the bandwidth re-
quirements on position and torque control, and complexity
of the design. Our application can tolerate a stiff spring due
to the inherent impact protection from the connection to
the user and requires a stiff spring due to tight positioning
requirements. By utilizing high-resolution encoders (approx-
imately 2.0e− 5 radians/count) the design is able to function
with a very stiff series spring. We determined that the inher-
ent compliance of the harmonic drive was sufficient for this
application and would result in a compact, low part count
design. For torque control, Mina uses a simple proportional
plus derivative controller (see Figure 4) where the error
signal equals desired torque minus the applied torque and
is used to determine the input current to the motor. The
feedback gains were tuned empirically. The value for Kp was
2.0, and the value for Kd was 0.0002.

2.2. Computer and Electronics. An embedded PC-104 com-
puter system mounted on the back plate, running a Real-
Time Java under Solaris (Oracle, Corp., Redwood Shores,
CA) and the control software, written in Real-Time Java pro-
vides closed-loop control of the actuators via Accelnet digital
servo modules (ACM-180-20, Copley Controls, Peabody,
MA) and communicates with a desktop host computer via
a tethered Ethernet cable. The embedded computer runs the
control code, stores the trajectories used for the paraplegic
walking-mode and transmits relevant state variables to a host
computer in real time (50 Hz) for display and monitoring.

Mina uses F-Scan (Tekscan, Inc., Boston, MA) insoles
placed between the footplate and the shoe with up to 960
pressure sensors to detect ground reaction forces and deter-
mine center of pressure on each foot (smaller insoles are
cut form the standard size, resulting in fewer total sensors).
Figure 5 shows the normalized pressure map from the insoles
(black = zero pressure, white = normalized maximum re-
corded during calibration). This map is resampled to match
the 600 pixel array of the BrainPort IOD and presented as
intensity (a tingling sensation) on the tongue. With a few
minutes of training, a user can learn to interpret this signal
as pressure on his or her feet.

Similarly, joint position from the actuator encoders and
torque estimated from actuator current draw can be used
to estimate the position of the Mina-user system CG over
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Figure 4: Diagram showing the feedback loop used to control the
output torque of the actuator.

the stability polygon defined by the current stance as well as
the relative “effort” exerted by Mina to maintain the current
posture or execute a step. When presented on the VideoTact
as a moving CG icon and a dynamic stability polygon, we
believe that users will be able to effectively maintain aware-
ness of their limits of stability during ambulation.

3. Gait Generation and Operation

Mina operates as a motion capture system that records tra-
jectories from an able-bodied individual, which can then be
“played back” in the paraplegic assistance mode. This meth-
od allows for generation of a natural gait with a quick devel-
opment cycle.

3.1. Generating Walking Trajectories. Walking trajectories
were generated from joint position recordings made while an
able-bodied person wearing Mina walked over level terrain
in the laboratory. This method of gait trajectory generation
was selected because it allows for relatively natural gaits and
the ability to develop new gaits in a short period of time.
During this process, the actuators were set to torque control
mode. For the hip joints, the desired torque was set to zero so
that Mina would follow the user’s motions without affecting
them. Compliance in the user’s flesh and the braces of Mina
can result in a few degrees of offset between the user’s joints
and the device’s joints. For example, full knee extension may
occur before the knee joint of Mina extends fully. However,
in paraplegic assistance mode, stable stance requires that the
Mina knee joint extend fully. In order to assist the knee joint
to the fully extended position while recording the gait, the
desired torque was set to be 10 Nm in extension. This torque,
generated by the actuators, ensured that the knee was fully
extended during stance phase while allowing the able-bodied
user to overcome it during swing.

Toe-off provides a significant component of natural gait
[28] and people minimize the ground clearance of the foot
as part of a muscle energy conservation strategy. However,
for a robotic orthosis, electrical energy conservation does not
equal muscle energy conservation. Because Mina lacks an
ankle actuator, the able-bodied user walked with an exagger-
ated ground clearance in swing phase during gait recording
to guarantee that the toe does not stub on the ground. The
resulting gait mimicked walking on a slippery surface (i.e.,
with minimal the ground reaction shear forces). Because
Mina does not have the same actuated degrees of freedom
as a healthy person, the resultant gait cannot match that
of a healthy person. In human walking, there is complex

Table 1

Leg length
(dist. from hip joint to ankle)

Actual step
size

Step
period

Walking
speed

0.840 m 0.24 m 1.4 s 0.18 m/s

0.785 m 0.28 m 1.4 s 0.20 m/s

feedback loop between terrain sensing, joint position, and
body position. Replicating this complex loop, especially the
terrain sensing, will be studied in future work.

After the recording phase, the trajectories were played
back in paraplegic assistance mode with an able-bodied user
with relaxed lower limb muscles. From this playback, the best
single gait cycle (stance and swing phase) was selected to use
as a basis for the final walk. The joint angles at the end of this
gait cycle were adjusted to match the starting joint angles,
allowing the step to be played back in a smooth, endless loop.
The joint angles were then copied to the other leg with a half
cycle phase shift. This ensured that the left leg and the right
leg executed the exact same step with the appropriate phase
shift.

Three different walks were recorded, with step sizes
ranging from zero (stepping in place) to what will be referred
to as a large step. The precise value of the step size for a given
walk depends on the leg length of the user. The quickest step
period we have used to date with Mina is 1.4 seconds per step.
The resulting walking speeds are presented in Table 1. Note
that the recorded gait consists of a sequence of desired joint
angles. The resulting walking speed is a function of how fast
this sequence of desired joint angles is played and of the leg
length of the user. The longer the user leg length the larger the
actual step, and thus the faster the resulting walking speed.
The fastest walk speed recorded was 0.2 m/s (see Table 1),
which was limited by actuator performance rather than user
capability.

The joint angles at the end of the best single recorded gait
cycle (stance and swing phase) were adjusted to match the
starting joint angles, allowing the step to be played back in a
smooth, endless loop, and the joint angles were then copied
to the other leg with a half cycle phase shift.

3.2. Operation. The Mina currently requires an external con-
trol operator in paraplegic assistance mode to activate/deac-
tivate the system, trigger a single step or continuous steps,
stop walking, and change gait speed between 50% and 130%
of the recorded speed. In addition, the operator can adjust
the time the controller pauses between left and right steps
and responds to verbal and gesture cues from the user. For
effective real-world mobility assistance, the user must have
full control of the exoskeleton, which requires sensory per-
ception of the orthosis dynamics. Sensory substitution inter-
faces provide this functionality in the updated Mina device.

4. Results from Initial Evaluations

Following IHMC Institutional Review Board (IRB) approval,
two evaluators tested the initial Mina prototype. We required
the evaluators to have an American Spinal Injury Association
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Figure 5: (a) Insole pressure sensory arrays (F-Scan); (b) visual representation of ground reaction force; (c) Mina representation of contact
forces on Wicab BrainPort IOD.

(ASIA) Impairment Scale [29]. A (Complete) and a Walking
Index for Spinal Cord Injury (WISCI) level 9 (Ambulates
with walker, with braces and no physical assistance, 10 m)
or higher [30]. Although the evaluators were able to walk
prior to their SCI, walking in Mina differs significantly
from able-bodied walking. As mentioned before, complete
paraplegics lack feedback of the ground reaction force and
center of pressure on their feet. Additionally, they do not use
their remaining proprioception feedback loop for balance as
frequently as able-bodied persons because they spend most
of their awake hours seated. Finally, when walking in Mina,
their arms become an integral part of balance and ambula-
tion as they ambulate with a quadrupedal crawl consisting of
a hind foot, ipsilateral front crutch, contralateral hind foot,
and contralateral front crutch sequence. Because of the lack
of integrated sensory feedback in the initial prototype, we
placed a video monitor in front of the evaluator during initial
training, which provided a real-time side view but forced the
user to choose between watching the monitor and watching
his or her legs directly. The user must learn how to position
his or her body at the point of heel strike. If the user leans
too far backward, then the upcoming swing leg will still be
loaded at the time of swing, causing a backward fall. If the
user leans too far forward, the foot will contact the ground
before the swing completes, resulting in significantly reduced
step size. Large step sizes with this prototype often caused the
evaluator’s center of mass to remain between the two feet
during double support, leaving the trailing leg loaded as it
initiated the next swing phase and triggering a fall. Using
smaller steps mitigates this problem; however, this accentu-
ates the need to provide appropriate sensory feedback for a
more dynamic gait that could control a passively (spring
loaded) or actively actuated ankle for toe-off. While both
evaluators could easily walk with forearm crutches (Figure
6) as a quadruped with low cognitive effort [31], we believe
that the next iterations with sensory augmentation will result
in a more upright gait.

5. Discussion

We evaluated Mina with two paraplegic evaluators and dem-
onstrated that Mina is currently capable of providing mobil-
ity for paraplegic users on flat ground at slow walking speed.
Even though Mina currently operates in a high impedance

Figure 6: The Mina during evaluation.

trajectory-tracking mode, able-bodied users tend to actively
try to walk and balance using sensory feedback, such as
ground reaction forces. The addition of sensory substitution
interfaces to Mina will allow paraplegic users to receive sim-
ilar information and should allow similar control behaviors.
In evaluating Mina, we observed that all users required some
amount of training and practice and that more training and
practice was required for paraplegic users than able-bodied
users. As with any new activity that requires coordinated
motion, proficiency requires practice. The addition of pro-
prioception analogs for the lower extremities in paraplegic
users should reduce the cognitive effort and time to learn the
task of coordinating arm motion with leg motion.

6. Future Work

Feedback systems integrated to Mina will seek to convey
sensory information related to these characteristics of human
balance during stance and dynamic gait. IHMC is evaluating
the effects on balance of various tactile display symbologies
by determining the user’s control stability (maintenance of his
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or her balance and the deviation of his/her center of mass)
as well as the user’s perception accuracy by asking him or her
to estimate how much he/she deviates from a desired body
posture. It will also be interesting to measure the partici-
pants’ accuracy to estimate their body deviation when using
the tactile feedback. These subjective estimations will guide
design of the sensory feedback system and the symbology
needed for user control of the Mina hardware. We are incor-
porating a video game interface using a WiiFit balance board
(Nintendo Co, Ltd., Kyoto, Japan) as a stability measurement
device for static posture with and without sensory substi-
tution feedback and forearm crutches. The game element
improved participant engagement as they learn to control
their balance [32]. The data analysis will guide improvements
that will ultimately lead to direct, dynamic control of Mina
by the user. Lastly, we are integrating functional electrical
stimulation (FES) to manage toe-off and toe-lift to allow
Mina to use less exaggerated gait trajectories.

7. Conclusions

In this paper we introduced the Mina exoskeleton concept
that can play back prerecorded joint trajectories using com-
pliant control rather than rigid joint trajectory tracking to
allow for robustness to unmodeled terrain variations and
perturbation. Two device evaluators with spinal cord injury
paraplegia maintained balance with forearm crutches to walk
with a quadrupedal gait. This demonstrated the need to in-
tegrate sensory feedback systems with powered actuator mo-
bility assistance robotics even for walking at relatively low
speed on flat ground in a laboratory setting. We are currently
developing various improvements to give the user operation-
al control of the device using gestures provided by upper
body motion. We will also investigate tracking user gaze as a
control mechanism when navigating complex environments
to, for example, adjust step height and step plant when walk-
ing on rough ground. Further development will continue
to reestablish the sensorimotor loop by restoring sensory
feedback and will improve user/orthosis coupling to form
an integral sociotechnical team. This should enable increas-
ing the speed of walking, walking over rough terrain, on
hiking trails, and in urban environments with stairs and nar-
row passageways as well as a more natural upright, assisted
bipedal gait.
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This paper presents a survey of existing robotic systems for lower-limb rehabilitation. It is a general assumption that robotics will
play an important role in therapy activities within rehabilitation treatment. In the last decade, the interest in the field has grown
exponentially mainly due to the initial success of the early systems and the growing demand caused by increasing numbers of stroke
patients and their associate rehabilitation costs. As a result, robot therapy systems have been developed worldwide for training of
both the upper and lower extremities. This work reviews all current robotic systems to date for lower-limb rehabilitation, as well as
main clinical tests performed with them, with the aim of showing a clear starting point in the field. It also remarks some challenges
that current systems still have to meet in order to obtain a broad clinical and market acceptance.

1. Introduction

Stroke is the third most frequent cause of death worldwide
and the leading cause of permanent disability in the USA and
Europe [1]. Neurological impairment after stroke frequently
leads to hemiparesis or partial paralysis of one side of the
body that affects the patient’s ability to perform activities
of daily living (ADL) such as walking and eating. Physical
therapy, involving rehabilitation, helps improve the lost
functions [2, 3].

The goal of rehabilitation exercises is to perform specific
movements that provoke motor plasticity to the patient and
therefore improve motor recovery and minimize functional
deficits. Movement rehabilitation is limb dependent, thus the
affected limb has to be exercised [4].

This paper focuses on lower-limb rehabilitation. One-
third of surviving patients from stroke do not regain
independent walking ability and those ambulatory, walk in a
typical asymmetric manner [1]. Rehabilitation therapies are
critical to recover, and therefore many research is ongoing on
the field.

The rehabilitation process toward regaining a meaningful
mobility can be divided into three phases [4–6]: (1) the
bedridden patient is mobilized into the chair as soon as

possible, (2) restoration of gait, and (3) improvement of gait
(i.e., training of free walking if possible).

Traditional rehabilitation therapies are very labor inten-
sive especially for gait rehabilitation, often requiring more
than three therapists together to assist manually the legs and
torso of the patient to perform training. This fact imposes
an enormous economic burden to any country’s health care
system thus limiting its clinical acceptance. Furthermore,
demographic change (aging), expected shortages of health
care personnel, and the need for even higher quality care
predict an increase in the average cost from first stroke to
death in the future. All these factors stimulate innovation in
the domain of rehabilitation [7] in such way it becomes more
affordable and available for more patients and for a longer
period of time.

Robotics for rehabilitation treatment is an emerging field
which is expected to grow as a solution to automate training.
Robotic rehabilitation can (i) replace the physical training
effort of a therapist, allowing more intensive repetitive
motions and delivering therapy at a reasonable cost, and (ii)
assess quantitatively the level of motor recovery by measuring
force and movement patterns.

In the recent literature many works deal with robotic
lower-extremity rehabilitation. The purpose of this paper is
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Figure 1: Robotic system types for lower-limb rehabilitation: (a) treadmill gait trainers, (b) foot-plate-based gait trainers, (c) overground
gait trainers, (d) stationary gait and ankle trainers, and (e) active foot orthoses.

to review existing interfaces, as well as ongoing work, to show
researchers current state of the art and roadmap in the field.
Passive robotic rehabilitation devices, although less complex
and cheaper, cannot supply energy to the affected limbs,
hence are limited compared to active devices and are out of
the scope of this work. Finally, current challenges in the field
are also pointed out in the last section.

2. Robotic Systems for Lower-Limb
Rehabilitation

Over the last decade, several lower-limb rehabilitation robots
have been developed to restore mobility of the affected limbs.
These systems can be grouped according to the rehabilitation
principle they follow (Figure 1):

(i) treadmill gait trainers,

(ii) foot-plate-based gait trainers,

(iii) overground gait trainers,

(iv) stationary gait trainers,

(v) ankle rehabilitation systems,

(a) stationary systems,
(b) active foot orthoses.

Following subsections describe the working principle of
each group and review all existing devices to date (to the best
of our knowledge). Clinical tests performed with patients
using such systems are also reported (test with healthy
patients are excluded).

2.1. Treadmill Gait Trainers. Traditional therapies usually
focus on treadmill training to improve functional mobility
[8]. This rehabilitation technique is known as partial body-
weight support treadmill training (PBWSTT). Three ther-
apists assist the legs and hip of the patient walking on a
treadmill while part of the patient’s body weight is supported
by an overhead harness.

Many robotic systems have been developed with the aim
to automate and improve this training technique as a means

Table 1: Robotic systems for treadmill gait training.

Robotic system Company Clinical tests

Lokomat [10] Hocoma [11–15]

LokoHelp [16] LokoHelp Group [16, 17]

ReoAmbulator [18] Motorika —

ARTHuR [19] — [21]

POGO and PAM [20] — —

ALEX [22] — [23]

LOPES [24] — [25]

ALTRACO [26] — —

RGR [27] — —

String-Man [28] — —

for reducing therapist labor [9]. Usually these systems are
based on exoskeleton type robots in combination with
a treadmill (Figure 1(a)). Table 1 summarizes the systems
available in literature.

Of the 10 systems that compose the group, only three of
them are on the market: the Lokomat, the LokoHelp, and
the ReoAmbulator. The Lokomat (Hocoma AG) consists of
a robotic gait orthosis and an advanced body weight support
system, combined with a treadmill [10]. It uses computer-
controlled motors (drives) which are integrated in the gait
orthosis at each hip and knee joint (Figure 2). The drives
are precisely synchronized with the speed of the treadmill to
assure a precise match between the speed of the gait orthosis
and the treadmill. Till date, it is the most clinically evaluated
system [11–15] and one of the firsts of its type.

The LokoHelp (LokoHelp Group) is an electromechan-
ical device developed for improving gait after brain injury
[16]. The LokoHelp (Figure 3) is placed in the middle of
the treadmill surface parallel to the walking direction and
fixed to the front of the treadmill with a simple clamp.
It also provides a body weight support system for the
patient. Clinical trials have been conducted to analyze its
feasibility and efficacy [16, 17]. The results show that the
system improves the gait ability of the patient in the same
way as the manual locomotor training; however, using the
LokoHelp less therapeutic assistance is required and therapist
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Figure 2: Lokomat system (picture courtesy of Hocoma).

Figure 3: LokoHelp gait trainer “Pedago” (picture courtesy of
LokoHelp Group).

discomfort is reduced. This fact is a general conclusion for
almost all robotic systems to date.

ReoAmbulator (Motorika Ltd., marketed in the USA
as the “AutoAmbulator”) is another body-weight-supported
treadmill robotic system [18]. Robotic arms are strapped to
the patient’s legs at the thigh and ankle, driving them through
a stepping pattern (Figure 4). A single-blind, randomized
clinical trial to assess its effectiveness in stroke patients
is currently underway. ReoAmbulator was developed in
cooperation with the HealthSouth network of rehabilitation
hospitals.

Other robotic systems are at a research state or under
development, but have been already used to conduct some
clinical testing. For example, the Biomechatronics Lab at
the University of California has developed several robotic
devices for locomotor training after spinal cord injury: the
Ambulation-assisting Robotic Tool for Human Rehabilita-
tion (ARTHuR), a device designed to measure and manipu-
late human stepping on a treadmill [19]; the Pneumatically

Figure 4: ReoAmbulator robotic system (picture courtesy of
Motorika Ltd.).

Operated Gait Orthosis (POGO), an improved leg-robot
design; the Pelvic Assist Manipulator (PAM), a device that
can accommodate and control naturalistic pelvic motion
[20]. The former, ARTHuR, has been tested in a clinical
trial [21] showing its reliability to perform subject-specific
assisted stepping, thus reducing the effort required by the
trainer during manual assistance.

The Active Leg Exoskeleton (ALEX) is a powered leg
orthosis with linear actuators at the hip and knee joints, and
with a force-field controller developed to provide assistance
to the patient by using the assist-as-needed approach [22].
It has been tested with two chronic stroke survivors, whose
gait patterns were substantially improved after the training
[23]. Improvement was measured as an increase in the size
of the patients’ gait pattern and in their walking speeds on
the treadmill.

The gait rehabilitation robot LOPES (LOwer-extremity
Powered ExoSkeleton) can move in parallel with the legs
of a person walking on a treadmill, at pelvis height flexibly
connected to the fixed world [24]. A first clinical trial
is already completed that tests the efficacy of LOPES in
improving the walking ability and quality of chronic stroke
survivors [25].

Finally, there are three robotic systems under research:
ALTRACO, RGR, and String-Man. The Automated Locomo-
tion Training using an Actuated Compliant Robotic Orthosis
(ALTACRO) project aims to develop a novel step reha-
bilitation robot using a lightweight, compliant, pneumatic
actuator [26]. The device consists of a unilateral exoskeleton
and a supportive arm to passively gravity-balance the device.

The Robotic Gait Rehabilitation (RGR) Trainer was
built to target secondary gait deviations in patients after
stroke. While patients ambulate on a treadmill, force fields
are applied to the pelvis, that generate corrective forces as
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Table 2: Foot-plate-based robotic systems.

Robotic system Company Clinical tests

Gangtrainer GT I [29] Reha-Stim [29–32]

HapticWalker [33] — [34]

GM5 [35] — [35]

LLRR [36] — —

Univ. Gyeongsang [37] — [37]

a response to deviations from normal pelvic motion [27].
The device is coupled to the patient via an orthopedic brace.

The String-Man [28], developed at Fraunhofer IPK,
Berlin, is a robotic system for supporting the gait rehabili-
tation and restoration of motor functions. It has a particular
kinematic structure with 7 wires attached to the trunk of the
patient.

2.2. Foot-Plate-Based Gait Trainers. Some rehabilitation
machines are based on programmable foot plates. That is,
the feet of the patient are positioned on separate foot plates,
whose movements are controlled by the robotic system to
simulate different gait patterns (Figure 1(b)). Table 2 shows
the review of such systems. It can be seen that only one
system is on the market, although many others have done
some clinical testing.

The Gangtrainer GT I (Figure 5), commercialized by
Reha-Stim, can assist the patient in the recovery of his
freedom of movement by relieving the body of its own
weight and adapting speed from the individual ability of
the patient [29]. Harness-secured patients are positioned
on two foot plates, whose movements simulate stance and
swing, and ropes attached to the patient can control the
vertical and lateral movements of the center of mass. Many
clinical studies have been conducted worldwide with this
device [30–32], and it is considered as one of the pioneering
robotic systems for rehabilitation. Similarly as for treadmill
gait trainers, the Gangtrainer GT I is at least as effective as
the manual treadmill therapy but requiring less input from
the therapist.

The HapticWalker is a haptic locomotion interface able to
simulate not only slow and smooth trajectories (like walking
on an even floor and up/down staircases), but also foot
motions like walking on rough ground or even stumbling or
sliding, which require high-order system dynamics [33]. It
is a major redesign of GT I with foot plate trajectories fully
programmable, and it is currently being clinically evaluated
in several trials with stroke patients and spinal cord injury
patients [34].

The GaitMaster5 (GM5) is a recently developed gait
rehabilitation system at the University of Tsukuba [35]. The
patient straps his/her feet into pads that are lined with
sensors (Figure 6). These pads are connected to motion
platforms that can move the user’s foot forward (simulating
walking) or up and down (like climbing).

The Lower-Limb Rehabilitation Robot (LLRR) can
assist patients in simulating normal people’s footsteps and

Figure 5: The Gangtrainer GT I (picture courtesy of Reha-Stim).

(a) (b)

Figure 6: The GaitMaster5 gait rehabilitation system (picture
courtesy of Dr. Hiroaki Yano).

exercising leg muscles [36]. It is comprised with steps
posture controlling system and weight alleviation controlling
mechanism.

A 6-degree-of-freedom (DOF) gait rehabilitation robot
has been developed at the Gyeongsang National University
with upper and lower limb connections that allow walking
velocity updates on various terrains. It is composed of an
upper limb device, a sliding device, two footpad devices,
and a body support system. A pilot clinical test has been
conducted with a hemiplegic patient [37].

2.3. Overground Gait Trainers. Systems reported in Table 3
consist of robots that servo-follow the patient’s walking
motions overground. They allow patients move under their
own control rather than moving them through predeter-
mined movement patterns (Figure 1(c)). It is very noticeable
that almost all systems reviewed have been commercialized.

The KineAssist is a robotic device (Figure 7), commer-
cialized by Kinea Design, LLC, for gait and balance training
[38]. It consists of a custom designed torso and pelvis harness
attached to a mobile robotic base. The robot is controlled
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Figure 7: KineAssist robotic device (picture courtesy of Kinea
Design, LLC).

Table 3: Overground gait trainers.

Robotic System Company Clinical Tests

KineAssist [38] Kinea Design LLC [39]

WalkTrainer [40] Swortec SA [41]

ReWalk [42] ARGO Medical —

HAL [43] CYBERDYNE Inc. [44, 45]

WHERE I-II [46] — [46]

according to the forces detected from the subject by the load
cells located in the pelvic harness. A recent clinical trial has
been conducted [39] in order to evaluate overground walking
speed changes when using the KineAssist system.

The WalkTrainer (Swortec SA) is a robotic rehabilitation
system composed by a deambulator, a pelvis orthosis, a body
weight support, two leg orthoses, and a real-time controlled
electrostimulator [40]. It is an overground walking reedu-
cation deambulator with the association of pelvic and leg
orthoses. First clinical trials have been carried out with the
system [41].

ReWalk is a wearable, motorized quasi-robotic suit from
ARGO Medical Technologies Ltd., (Figure 8) that can be
used for therapeutic activities [42]. ReWalk comprises light
wearable brace support suit, which integrates DC motors at
the joints, rechargeable batteries, an array of sensors, and
a computer-based control system. Upper-body movements
of the user are detected and used to initiate and maintain
walking processes. The device is undergoing clinical trial
testing at the Moss Rehabilitation Hospital in Philadelphia.

Hybrid Assistive Limb (HAL) is a wearable robot
designed for a wide range of applications, from rehabilitation
to heavy works support, and built in several versions (full
body version and two-leg version) [43]. Current version 5 has
been used to conduct clinical tests [44]. A single-leg version
of HAL has also been developed to support the walking of
persons with hemiplegia (Figure 9). The walking support was

Figure 8: ReWalk wearable system (picture courtesy of ARGO
Medical Technologies Ltd.).

Figure 9: Single-leg version of HAL robot (picture courtesy of
Professon Sankai, CYBERDYNE Inc./Univeristy of Tsukuba).

assessed with one hemiplegic subject who was not able to
bend his right knee [45].

WHERE I and II are two mobile gait rehabilitation sys-
tems that enable overground gait training. Pilot clinical trials
have been carried out to demonstrate the effectiveness of
both systems (patients were in the stage of gait rehabilitation
after suffering minor leg injuries) [46].

2.4. Stationary Gait Trainers. Table 4 presents robotic sys-
tems that are focused on guided movements of limbs in order
to have an optimal effect from a therapeutic and functional
perspective (Figure 1(d)). The objective of these systems is
to obtain efficient strengthening of the muscles and the
development of endurance, as well as joint mobility and
movement coordination.
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Table 4: Stationary robotic gait trainers.

Robotic system Company Clinical tests

MotionMaker [47] Swortec SA [40, 47]

Lambda [48] — —

AIST Tsukuba [49] — —

Figure 10: The MotionMaker rehabilitation system (Picture cour-
tesy of Swortec SA).

The MotionMaker (Swortec SA) is a stationary training
system which allows to carry out fitness exercises with active
participation of the paralyzed limbs [47]. The limbs are
only attached to the orthoses at the foot level to simulate
natural ground reaction forces (Figure 10). The advantage of
the MotionMaker is its real-time sensor-controlled exercises,
combined with the controlled electrostimulation, adapted
to the patients efforts. First clinical trials have been carried
out with the system [40], showing an improvement of the
patient’s ability to develop a higher voluntary force during a
leg-press movement.

Two other robotic systems that have been developed with
a similar working principle: the Lambda, a rehabilitation
and fitness robot used for mobilization of lower extremities
[48] that provides the movement of the lower extremities
in the sagittal plane, including an additional rotation for
the ankle mobilization; and a wire-driven leg rehabilitation
system [49] developed by the National Institute of Advanced
Industrial Science and Technology (AIST) of Tsukuba.

2.5. Ankle and Knee Rehabilitation Systems. Neurological
impairment after stroke can lead to reduced or no muscle
activity around the ankle and knee causing the inability
of an individual to lift their foot (drop foot). Ankle
motion is very complicated due to its complex bone
structures [50]. The overall motions of the ankle can be
arranged as dorsiflexion/plantarflexion, inversion/eversion,
abduction/adduction, and pronation/supination.

Many systems have been developed to enforce or restore
these ankle and knee motions specifically. These systems can
be grouped into stationary or active foot orthoses.

2.5.1. Stationery Systems. Stationary systems (Table 5) are
those robotic mechanism designed to exercise the human

Table 5: Stationery robotic systems for ankle rehabilitation.

Robotic System Company Clinical Tests

Rutgers Ankle [51] — [52–54]

IIT-HPARR [56] — —

AKROD [57] — —

Leg-Robot [58] — —

GIST [59] — —

NUVABAT [60] — —

Univ. London [61] — —

Univ. Auckland [62] — —

Univ. Cheng Kung [63] — —

Univ. Fuzhou [50] — —

AIST Tsukuba [64] — —

Figure 11: High Performance Ankle Rehabilitation Robot devel-
oped at the Istituto Italiano di Tecnologia.

ankle and knee motions without walking. The patient is
positioned always in the same place, and only the target limb
is exercised (Figure 1(d)).

The Rutgers Ankle was the first of this kind. It is
a Stewart platform-type haptic interface that supplies 6
DOF resistive forces on the patient’s foot, in response to
virtual reality-based exercises [51]. Many clinical trials have
been conducted with this system [52–54], showing the
improvement of the patient on clinical measures of strength
and endurance. In [55], the system was extended to a dual
Stewart platform configuration to be used for gait simulation
and rehabilitation.

The Istituto Italiano di Tecnologia (IIT) has devel-
oped a High Performance Ankle Rehabilitation Robot
[56]. The proposed device allows plantar/dorsiflexion and
inversion/eversion using an improved performance parallel
mechanism that makes use of actuation redundancy to
eliminate singularity and greatly enhance the workspace
dexterity (Figure 11).
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A more recent system, the Active Knee Rehabilitation
Orthotic Devices (AKROD), provides variable damping
at the knee joint, controlled in ways that can facilitate
motor recovery in poststroke and other neurological disease
patients and to accelerate recovery in knee injury patients
[57]. Although it has been grouped as a stationary system,
future work is focused on an actuated AKROD during
walking.

The Osaka University has developed a leg-shaped robot
(Leg-Robot) with a compact magnetorheological fluid clutch
to demonstrate several kinds of haptic control of abnormal
movements of brain-injured patients [58]. This system can
be used in the practical training for students of physical
therapy.

The Gwangju Institute of Science and Technology (GIST)
has developed a reconfigurable ankle/foot rehabilitation
robot to cover various rehabilitation exercise modes [59].
The robot can allow desired ankle and foot motions,
including toe and heel raising as well as traditional ankle
rotations. The system was designed to perform strengthening
and balance exercises.

The so-called Northeastern University Virtual Ankle and
Balance Trainer (NUVABAT) rehabilitation system is a low-
cost, compact, mechatronic rehabilitation device for training
of ankle range of motion (ROM) exercise in sitting and
standing positions and also weight shifting and balance
training in standing position [60].

The Department of Mechanical Engineering at the King’s
College has proposed an ankle rehabilitation robot based on
a parallel mechanism with a central strut [61]. The University
of Auckland has also developed a parallel robot to perform
ankle rehabilitation exercises [62]. In this last system, the
human ankle is secured to the end effector in such a way that
it forms part of the kinematic constraint of the robot.

The Man-Machine Systems Laboratory (MML) at the
National Cheng Kung University (NCKU) has developed
a robot for assisting rehabilitation of patients with ankle
dysfunction [63], and the School of Mechanical Engineering
and Automation at the University of Fuzhou has performed
an in-depth motion analysis of the ankle and has proposed
two different kinds of rehabilitation robots [50]. The AIST
of Tsukuba has developed a robotic device for ankle dorsi-
flexion/plantarflexion that can be applied to patients with
complicated ankle joint deformity [64].

2.5.2. Active Foot Orthoses. On the contrary to stationary
systems, active foot orthoses (Table 6) are actuated exoskele-
tons that the user wears while walking overground or in a
treadmill (Figure 1(e)). They are intended to control position
and motion of the ankle, compensate for weakness, or
correct deformities. They are an evolution of traditional
passive lower limb orthoses, with additional capabilities
to promote appropriate gait dynamics for rehabilitation
[65].

Two early attempts to develop such systems were the
Powered Gait Orthosis (PGO) [66] and the Pneumatic Active
Gait Orthosis (PAGO) [67]. Both devices underwent testing
on human participants, but they were not commercialized.

Table 6: Active foot orthoses.

Robotic system Company Clinical tests

PGO [66] — [66]

PAGO [67] — [67]

Anklebot [68] Interactive Motion [69, 70]

MIT-AAFO [71] — [71]

AFOUD [72] — —

KAFO [73] — [81]

RGT [75] — [76]

Yonsei-AAFO [77] — [78]

SUkorpion AR [79] — —

Currently, the only commercialized system for rehabil-
itation is the Anklebot (Interactive Motion Technologies,
Inc.), an ankle robot developed at the Massachusetts Institute
of Technology (MIT) to rehabilitate the ankle after stroke
[68]. It allows normal range of motion in all 3 DOF of
the foot relative to the shank while walking overground or
on a treadmill. Pilot controlled trials with such device were
presented in [69, 70], showing a carry over to characteristics
of gait with a general improvement in the walking distance
covered and time.

The MIT also developed an Active Ankle-Foot Orthosis
(AAFO) where the impedance of the orthotic joint is
modulated throughout the walking cycle to treat drop-foot
gait [71].

Another system is the Ankle Foot Orthosis at the
University of Delaware (AFOUD) with 2 DOF. The two
motions incorporated are dorsiflexion/plantarflexion and
inversion/eversion motion [72].

Knee-Ankle-Foot-Orthosis (KAFO) is an orthosis pow-
ered by artificial pneumatic muscles during human walking
[73]. The authors had previously built a powered Ankle-
Foot-Orthosis (AFO) and used it effectively in studies on
human motor adaptation and gait rehabilitation [74].

The Robotic Gait Trainer (RGT) developed in the
Human Machine Integration Laboratory at the Arizona State
University is a walking device (Figure 12) meant to be used
on a treadmill [75]. It is naturally compliant due to the spring
in muscle actuators and has the ability to achieve a more
natural gait by allowing the patient’s ankle joint to move in
eversion, inversion, plantarflexion, and dorsiflexion. A case
study conducted with a female was reported to examine the
performance of the system [76]. The patient suffered no dis-
advantage as a result of the RGT incorporated therapy, where
performance indicators either improved or stayed the same.

The Yonsei University has developed an active ankle-
foot orthosis (Yonsei-AAFO) that can control dorsiflex-
ion/plantarflexion of the ankle joint to prevent foot drop and
toe drag during walking [77]. Gait analyses were performed
on a hemiplegic patient, and the results indicated that the
developed AAFO might have more clinical benefits to treat
foot drop and toe drag in hemiplegic patients, comparing
with conventional AFOs [78].

In a recent work, The Sabanci University Kinetostati-
cally Optimized Reconfigurable Parallel Interface on Ankle
Rehabilitation (named SUkorpion AR) has been presented,
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Figure 12: The Robotic Gait Trainer developed in the Human
Machine Integration Laboratory at the Arizona State University.

which can be either employed as a balance/proprioception
trainer or configured to accommodate range of motion and
strengthening exercises [79].

3. Challenges

Robotic systems are believed to be used as standard reha-
bilitation tools in the near future. Furthermore, worldwide
efforts are being made to automate locomotor training to
reduce health care costs. The capacity of robots to deliver
training with high intensity and repeatability make them very
valuable assistant tools to provide high quality treatment at
a lower cost and effort. These systems should also be used at
home to allow patients to perform therapies independently,
not replacing the therapist but supporting the therapy
program.

This work has reviewed 43 robotic systems for lower-limb
rehabilitation, of which more than half have not yet been
marketed. Moreover, those systems available at the market
are not developed as yet for application at home. Main
reasons are elevated costs, lack of high clinical improvement
evidence, and the need for a therapy protocol and assessment
criteria. In addition, current systems are somewhat bulky
and the mobile systems still lack long duration power supply
solutions.

The usage of robotic systems allows precise measurement
of movement kinematics and dynamics, which should be
used for assessing patient recovery ability and progress. How-
ever, there is a need to develop standard protocols and pro-
cedures to obtain reliable assessment data. Currently, patient
recovery of walking ability is usually quantified by employing
clinical measures such as the Barthel index [80]. Regarding
robotic systems, gait velocity and walking distance, ROM,

and many other dynamic measures have been used for
assessment. However, there is not an standardized and widely
(and clinically) accepted method. Therefore, large clinical
trials are needed to determine clinical criteria for its use.

Finally, clinical studies conducted still show little evi-
dence for a superior effectiveness of the robotic therapy,
although a clear benefit is shown in reduced therapist effort,
time, and costs. It has been shown that robotic rehabilitation
can be as effective as manually assisted training for recovery
of locomotor capacity, but a higher benefit should be
desirable to spread its use in clinics worldwide.
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Socially assistive robots have the potential to improve the quality of life of older adults by encouraging and guiding their
performance of rehabilitation exercises while offering cognitive stimulation and companionship. This study focuses on the early
stages of developing and testing an interactive personal trainer robot to monitor and increase exercise adherence in older adults.
The robot physically demonstrates exercises for the user to follow and monitors the user’s progress using a vision-processing
unit that detects face and hand movements. When the user successfully completes a move, the robot gives positive feedback and
begins the next repetition. The results of usability testing with 10 participants support the feasibility of this approach. Further
extensions are planned to evaluate a complete exercise program for improving older adults’ physical range of motion in a controlled
experiment with three conditions: a personal trainer robot, a personal trainer on-screen character, and a pencil-and-paper exercise
plan.

1. Introduction

1.1. Benefits of Humanoid Robots to Older Adults. The pro-
portion of adults aged 65 or older has been steadily increasing
for more than a century in most developed countries. In
the USA, it has increased from 4.1% (3.1 mil.) in 1900 to
8.1% (12.6 mil.) in 1950 to 12.4% (34.6 mil.) in 2000 and
is projected to reach 20.6% (82 mil.) in 2050 [1]. This steep
increase raises the concern of where older adults will live. A
1992 study found most of them prefer “aging in place,” that
is, remaining in their homes with little or no supervision
[2, 3]. Although aging in place has some advantages, like
increased autonomy and maintaining familiar surroundings,
one potential disadvantage is fewer opportunities for receiv-
ing encouragement to engage in physical activity.

Physical activity may delay the onset of physical deficits
contributing to frailty. These deficits include decreased skele-
tal muscle strength, gait speed, musculoskeletal flexibility,
range of joint motion, postural stability (including balance,
coordination, and reaction time), and cardiovascular respon-
siveness [4]. These conditions result in significant functional
limitations. For example, 15% of people aged 75 to 84 are

unable to climb stairs, and a substantial proportion of other-
wise healthy older adults have limitations in gait speed that
prevent them from crossing an intersection quickly enough
to comply with traffic signals [4, 5]. Increased physical
activity, such as through a daily exercise program, has been
found to reduce physical ailments and improve strength and
mobility [5–7]. However, exercise programs are beneficial
only when followed regularly and consistently; living con-
ditions and other factors may impede program adherence
[8–11]. For instance, older adults living at home typically
have reduced access to healthcare and health interventions as
compared with those living under long-term care at a nursing
home [12]. Furthermore, employing live-in-care staff can be
expensive. Without the supervision and encouragement of
nursing staff, stay-at-home older adults are at an increased
risk of not adhering to an exercise program [13].

Another potential disadvantage of aging in place as
compared with group living facilities is fewer opportunities
for regular, meaningful interpersonal relationships. Com-
panionship has important health benefits for older adults
who age in place. For example, living together with another
person significantly decreases feelings of loneliness in older
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adults [14]. When human companionship is unavailable, an
animal or robot companion can reduce feelings of isolation,
in part by giving a sense of physical and social presence
[15–17]. An animal companion positively impacts the health
of socially isolated individuals and can produce long-term
positive effects on the health and behavior of older adults
[18, 19]. When a companion animal is not feasible, a robot
may be substituted; this has the benefits of lower recurring
costs, a lower burden of care and responsibility, and greater
hygiene. Robots have elicited similar palliative outcomes
when substituted for a companion animal [20–22].

However, few studies have been conducted on how to use
robots or robot therapy to improve the mental and physical
health or quality of life of older adults [20–24]. To close
this research gap, the field of socially assistive robotics has
emerged. Socially assistive robots have been used in certain
contexts to aid recovery through social interactions [25].
The robot’s interaction style may be informed by the human
user’s personality [26], movement, or physical orientation
[27].

Socially assistive robots can be relatively inexpensive and
simple to use. Paro [15, 28], for example, has been used in
nursing homes in Japan, the United States, and Europe for
companionship and to stimulate social interaction among
patients [17, 20, 22]. Paro, which looks like a baby harp seal,
is designed to provide therapy for older adults with dementia.
Its sensors enable it to respond to both touch and speech in a
manner resembling a domesticated animal companion.

Although Paro’s cognitive capacities are extremely lim-
ited relative to those of people, animal pets, and even other
robots, nonverbal cues such as looking toward the person
speaking or responding to being petted can convey a sense of
physical and social presence that in turn reduces loneliness
and encourages the sharing of feelings [17]. Paro and other
similar robots may provide comfort by giving the impression
that “somebody is there.” They succeed to the extent that
they are able to “press our Darwinian buttons” by mimicking
largely unconscious human and other animal behavior that
elicits in their users prosocial behavior, such as the human
desire to nurture and be nurtured [16]. Paro’s success as
a companion robot may result from its anthropomorphic
appearance, and especially the inclusion of eyes, a conclusion
supported by the findings of several unrelated experiments
[29–31]. In particular, these findings support the theory
that human beings have inherited an automatic, unconscious
neural mechanism that conferred on their ancestors’ selective
advantage by increasing prosocial behavior when being
observed. Thus, interactive technologies can be engineered
to exploit unconscious mechanisms to promote adherence to
a physical exercise program or to any other kind of activity
supported by social expectations.

An advantage to humanoid robot companions is that
not only can they be endowed with social intelligence but
their appearance also affords the automatic perception of
them as socially intelligent. Thus, when robots look, act, or
are presented as humanlike, social entities, they are more
likely to elicit in us the same responses that other human
beings elicit [32]. This effect has been measured by the

human interaction partner’s conscious behavior, uncon-
scious behavior (e.g., gaze) [33], attributions of thoughts,
feelings, and intentions, and adherence to advice [34, 35].
The anthropomorphic physical embodiment of a humanoid
robot could have a significant effect on patients’ adherence
to a physician-prescribed exercise program. Shinozawa et
al. [34] found that participants are more likely to follow a
robot’s recommendation than that of an on-screen character.
Kidd and Breazeal [35] found that participants track their
exercise and calorie consumption for almost twice as long
with a robot as with a computer or with paper and pencil.
They also develop a closer relationship with the robot.

1.2. Affordable Interactive Exercise Systems. Despite the devel-
opment of technologies for rapidly and robustly detecting
human faces and hands, only recently have these technolo-
gies been applied to monitoring exercise performance and
providing feedback [36]. Systems have been developed that
demonstrate exercises [37] or provide feedback and encour-
agement for performing stroke rehabilitation exercises [38,
39] or completing mental and physical button-pressing
tasks [40]. In 2011, Respondesign MayaFit Virtual Fitness
Trainer [41], implemented on the PrimeSense OpenNI
Framework, combines exercise adherence monitoring with
an animated on-screen human-looking character to guide
healthy individuals through a personalized sequence of
exercise movements, monitor their progress, and provide
feedback. (MayaFit uses the same three-dimensional motion
capture technology as Microsoft’s Kinect [42].) However,
these are examples of specialized hardware and software. It
should be possible to encourage exercise with more afford-
able, mass-produced devices [43].

In summary, older adults, especially those aging in place,
are subject to physical and mental problems that drastically
diminish their quality of life [44]. To reduce these problems,
an interactive system could instruct, monitor, and encourage
older adults during the performance of physician-prescribed
exercises. Such a system would offer a combination of distinct
advantages as compared with the usual paper-and-pencil-
based materials or an automatic telephone reminder system.
The interactive system performs the exercises in front of the
participant; the system provides continuous instant feedback
and encouragement during the exercises; the system provides
a more affordable substitute for a human personal trainer;
the system provides exercise guidance at flexible times; the
system can increase adherence by presenting itself as a hu-
manlike, social entity; the system can report the results back
to the physician.

Interactive technologies can present their humanlike
agency through the virtual embodiment of an on-screen
character or through the physical embodiment of a hu-
manoid robot. Each approach has its advantages. The
advantages of an on-screen character, which requires only
a computer, a video camera with a fixed focal length (i.e.,
a webcam), and software, are numerous: low purchase and
maintenance costs, high portability (for notebook computer
models), high reliability (as compared with robots, which are
animated by motors that can jam and break), and the absence
of safety risks related to physical contact (e.g., fingers pinched
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by a robot joint) [45]. The advantages of an interactive
robot are likewise numerous: the robot has heightened
sociality because of its enduring anthropomorphic and
physical presence, which is likely to increase adherence to
treatment including exercise [34, 35]; even simple robots
can provide a sense of companionship [16, 17]; robots
often have mobility, which enables them to navigate their
environments autonomously [23, 46], and thus can be
designed to accompany their owners on walks; it is easier to
see and understand exercises performed in three dimensions
by a robot than in two dimensions by a character on a screen
because the former affords depth perception by binocular
disparity and movement parallax.

2. Prototype Interaction Design and
System Design and Implementation

The long-term goal of this research is to increase adherence
among adults aged 65 or older to a physician-prescribed
exercise program through their interaction with a personal
trainer robot in their own homes. This technology is
intended for older adults who have a sedentary lifestyle. The
fully developed system should be inexpensive, communicate
with older adults in real time, and report the results to their
physicians through a hospital webserver.

The humanoid robot in this study has been designed
to start an exercise session with users and help them
adhere to a predetermined schedule. When the user is
ready, the robot demonstrates the first prescribed exercise
by moving its body parts. If the user performs the exercise
correctly, the robot praises the user and begins the next
repetition. To communicate with the user, the robot uses
synthesized speech in addition to the gestures that depict
each exercise movement. The robot also recognizes hand and
head movements to monitor the user’s progress through the
exercise set and to estimate the user’s activity level (Figure 1).

2.1. Software Components of Personal Trainer Robot Prototype.
The software is composed of a vision-processing unit and an
exercise adherence unit, which communicate with each other
to determine and carry out the next move of the robot. The
interactive prototype detects the users’ physical presence and
recognizes the users’ gestures (i.e., the exercise movements).
It determines whether the user has successfully performed
the exercise move as demonstrated by the robot. Next, the
exercise adherence unit obtains the tracked head and upper
arm positions from the vision-processing unit and delivers
the appropriate voice commands accordingly (Figure 2).

2.1.1. Vision-Processing Unit. The vision-processing unit
uses a wide-angle USB video camera. The camera captures
the video, which is then processed in its native size. The
system sets two different regions of interest (ROIs) to indicate
the most likely location for features: one for the face and the
other for the hands. The face and hand detection are then
performed in their respective ROIs.

The user is encouraged to sit at a certain distance from
the camera so as to be positioned at the center of the video

Performing exercises

Interaction loop

Demonstrating the
exercise routine

Figure 1: An interaction loop links the older adult user and
the personal trainer robot. Within this loop, the robot leads the
user through each exercise move by physically demonstrating it
and giving encouragement and feedback on the user’s adherence
through synthesized speech.

Face
detection

Hand
detection

Users

Interactive robotic
framework

Exercise adherence unit

Motivational
feedback

speech
voice

Robot

Vision-processing unit

Text-to-

Figure 2: Information flows from the vision-processing unit, which
monitors the user’s movements, to the exercise adherence unit. The
exercise adherence unit controls the robot’s performance of each
exercise move and, after the user completes (or fails to complete) the
move, reports the adherence assessment. The interactive framework
used in this study is shown in Figure 7.

frame. The optimal distance is determined by the user’s
height. Initially, the user is encouraged to perform trial
exercise moves in front of the camera to check whether the
user in the raised-hands position fits within the video frame.
Lighting conditions consistent with a well-lit room should be
maintained throughout the process so that enough light falls
on the face and hands for accurate detection.

2.1.2. Face Detection and Tracking. Face detection is a part of
object recognition research [47], and much work has been
conducted on it since the inception of vision processing.
Turk and Pentland [48] developed an automatic recognition
system based on eigenfaces that compares the features of
novel faces to already known faces. Liu [49] applied Bayesian
discriminating features to frontal face detection, while
Mohan et al. [50] devised an example-based algorithm. Viola
and Jones [51] used machine-learning techniques and Haar-
like features for rapid, accurate face detection and later added
a set of tilted Haar-like features to enhance detection [52].
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The current study builds on previous research by using
classifiers with an extended set of Haar-like features, includ-
ing edge, line, and center-surround features for rapid face
detection and localization [51, 52]. The Haar-like features
test for a face in the face ROI of each frame. A cascade of
classifiers was employed to increase the detection rate. Once
detected, the face is extracted within a bounded rectangular
region, and the centroid of the rectangle is computed and
continuously tracked.

Haar face and hand classifiers were created through a
training process using the OpenCV library. Training a Haar
classifier is a CPU time- and memory-intensive process that
requires sample images of the object of interest (positive
images) and of other objects (negative images). To improve
classification accuracy, a 20-stage cascade of Haar classifiers
was trained with the Gentle AdaBoost algorithm [53] using
5,000 positive and 6,500 negative images. The training
required 18 days and was performed on a PC with an Intel
Pentium 4 (2.2 GHz) processor and 2 GB of RAM.

To improve the system’s classification accuracy, the user
is positioned at the center of the video frame. Because users’
heights in this study varied between 165 and 188 cm, they
were first asked to sit in front of the camera so that the
approximate regions of the face could be calculated and an
ROI could be obtained. Based on these calculations, the face
ROI origin point was set 200 pixels to the right and 100 pixels
down from the top-left corner of the original frame (i.e., x =
200 and y = 100). An ROI 340 pixels wide by 300 pixels tall
was then created with its top left corner at the face ROI origin
point. Presetting the ROI increases the efficiency and the
accuracy of the system because it provided a smaller area in
which the face is likely to be found. The region was cropped
and displayed in a separate window. The face detection
system searched the entire region for a face by repeatedly
applying the cascade of Haar classifiers in the Haar-like
feature space. After locating a rectangular area containing
a face, the system returns the coordinates of its centroid
and four corners and tracks the face in that area. Thus, the
movements of the face are continuously monitored, and the
coordinates are stored in memory for future reference. The
calculation of the centroid enabled the tracking of even small
movements of the head, thereby increasing the sensitivity and
effectiveness of the system.

2.1.3. Upper-Limb Motion Detection and Tracking. The Haar-
like features and Haar classifiers that were used for face
detection were initially applied to hand detection. However,
because hand gestures are often more complex than those
made by the head and face (i.e., because the hands can
be twisted into more physically distinct configurations), the
Haar classifiers were less effective for hand detection than
for face detection and, subsequently, the results could not
be used during real-time video streaming. A more feasible
method of observing hand movements was using motion
detection (Figure 3). The method was reused for detecting
motion in the other parts of the upper limbs, including the
forearms.

Motion Detection. The frames used for vision processing are
captured from the camera. From each of these frames, the
subframe defined by the ROIs is extracted and processed.
An example of one such subframe on which the image
processing is performed is shown in Figure 3(a). Subframes
will contain some noise from the camera sensor, which
should be reduced to avoid false positives (Figure 3(b)).
Applying to the subframe a simple blur reduces this noise.
Once noise is removed, the presence of motion is detected
by calculating the absolute difference in corresponding pixel
values from two consecutive subframes. A new image with
the calculated difference is created, and the difference image
is converted to 8-bit grayscale, so that it is easy to apply filters
(Figure 3(c)). A binary threshold filter is then applied to the
subframe (Figure 3(d)). The presence of motion is defined as
a sufficient difference in pixel luminance values between two
consecutive subframes [54]. In this difference image, white
pixels indicate the presence of motion.

When the position of the object changes between sub-
frames, it produces a shift in darker and lighter pixels: darker
when an object at the location in the first frame disappears in
the second frame, and lighter when an empty location in the
first frame contains an object in the second frame. When the
difference image is converted to grayscale, it becomes easier
to find the differences between the two source images.

To provide visual feedback of upper-limb motion detec-
tion, the ROI is overlaid with equally sized circles, each of
which is bounded by a square. The circles scatter away from
areas where motion is present. For example, if motion occurs
at the bottom of the ROI, the circles will scatter towards
the middle and top. Whenever the total number of changed
pixels in each bounding square exceeds the predefined value
of 100, motion is considered present in the bounding square.

Upper-Limb Tracking. The absence of circles in two large
areas of the ROI indicates the location of the upper limbs.
The upper limbs are tracked by calculating the difference
between the centroids of the two corresponding rectangular
areas in consecutive frames.

Determining the Upper-Limb Region of Interest. For detecting
motion in the upper limbs, an ROI was obtained by a
method similar to the one used for calculating the ROI for
face detection, namely, by observing several users making
the motion, which in this case was raising their hands. An
assumption was made that the location of the hands would
provide sufficient information about the location of the
corresponding forearms. On that assumption, the ROI for
the hand region was obtained by observing the raised hands
of several users. The hands ROI origin was set 100 pixels to
the right of the top-left corner of the frame. An ROI subframe
400 pixels wide and 200 pixels tall was then created with its
top left corner at the hands ROI origin point.

2.1.4. Exercise Adherence Unit. The exercise adherence unit
monitors data from the vision-processing unit and plays the
appropriate voice commands.

The communication of the robot is controlled by a pro-
gram developed using the robot’s software development kit
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(a)

(b)

(c)

(d)

Figure 3: During motion detection, subframes within the region
of interest are captured (a), blurred (b), and converted to shades
of gray (c). In the areas of the subframe indicated by circles, the
pixels changing between consecutive captures (d) comprise a direct
measurement of motion. Such pixel changes are repeatedly summed
and compared with a predefined threshold value. At a given time in
a given area, if the threshold value is exceeded, motion is detected.

(SDK). The voice commands delivered by the robot during
interaction were synthesized using AT & T Labs’ Natural
Voices text-to-speech software [55]. These voice commands
are incorporated into the software system and synchronized
with the exercise routines. A connection is made such that
the exercise adherence unit communicates directly with the
vision-processing unit to interact with the user. The exercise
adherence unit receives information about the presence
of a person from the vision-processing unit (Figure 4). If
it detects a user, the robot greets the user and requests
consent to start the exercise routine. The user indicates
readiness by waving one hand overhead. The robot then
starts the interaction cycle by demonstrating the first of
the recommended physical exercise routines. The robot
vocally announces the first exercise movement and then
demonstrates it by moving its body parts. Next, the robot
waits for the user to imitate the movement. The robot
detects the movement, analyzes its timing and form, and
judges whether the user’s action is correct. After a successful
attempt, the robot praises the user; otherwise, it repeats
the movement and instructions. This continues until the
user performs the exercise correctly. At the end of the
interaction cycle, the robot gives verbal feedback on the user’s
performance during the exercise routines. The robot then
provides a goodbye message and ends the session.

The exercise adherence unit demonstrates exercises by
specifying parameters to the robot’s servomotors for each
exercise move: the desired angle for every joint and both the
velocity and number of displacement steps with which the
joint should move to that angle. Two exercise moves were
used in this study: the overhead arm raise and the head turn.

Detecting an Overhead Arm Raise. To calibrate the system,
the robot asks the user to raise the hands as far as possible.
During the overhead arm raise, one repetition is counted
if the user raises the hands at least 90% of that extent. The
success rate is measured by the number of attempts divided
by the number of trials. Range of motion is informally
quantified as the percentage of the maximal arm raise
averaged across all trials.

Detecting a Head Turn. The extent of a head turn is estimated
from the deviation of the face’s centroid from its head-on
position divided by a constant and then taking the arcsine.
The constant is determined empirically after setting up the
system. The exercise adherence unit counts one head turn
if the head is turned at least 45 degrees. If the user is
unable to make a 45-degree head turn after three attempts,
the threshold for a head turn is lowered to the mean of
the maximal angle during the three attempts. The success
rate is measured by the number of attempts divided by the
number of trials. Range of motion is approximated as the
mean degrees the head is turned across all trials, regardless
of whether they were successful.

2.2. Hardware Components of Personal Trainer Robot Pro-
totype. The interactive system has three hardware compo-
nents: the robot, the webcam, and the controller computer.
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Figure 4: In the exercise adherence interaction framework, the
interaction is controlled mainly by the user’s consent to participate.
Consent is requested both before the first exercise and after each
completed exercise.

(a) (b)
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Figure 5: The set of possible exercises is determined by the physical
capabilities of the humanoid robot. The robot’s 20 servo motors
enable the turning movements of the head, waist, and thighs and
joint movements of the limbs.

2.2.1. Humanoid Robot. RoboPhilo, a programmable hu-
manoid [56] robot, has been used in this study. It has
24 available servo channels with up to eight input-output
interfaces. It has 20 servomotors that enable the turning
movements of the head, waist, and thighs and joint move-
ments of the limbs. It can be connected directly to a PC
via an RS-232 serial connection and can be programmed
using its SDK. It can be controlled directly by using the
infrared remote or autonomously by using the SDK. The
robot can be programmed with various exercise movements
(e.g., Figure 5(a), 5(b), and 5(c)). At US$500, RoboPhilo
is relatively inexpensive given the number and mobility of
its joints. At the time of this writing, a complete system
including computer, webcam, and SDK could be purchased
for about US$900.

2.2.2. Webcam. The vision-processing unit can use a video
camera that is either built in or externally attached to the PC.
The testbed uses a Logitech Webcam Pro 9000 USB camera
with a 72◦ diagonal field of view and a maximum resolution
of 1600× 1200 pixels. At that resolution, the video frame rate
was 10 fps. The large field of view simultaneously captures
both the head and hand regions, and the higher pixel count
allows greater precision during motion tracking.

2.2.3. Controller PC. The vision-processing unit, exercise
adherence unit, and robot were controlled by a PC running a
32-bit version of Microsoft Windows XP. The PC had an Intel
Core 2 Duo processor, 4 GB of RAM, and a PCI-based RS-
232 serial port. (A USB–RS-232 adapter could not be used
because it increased the startup time to 15 s, which exceeds
the 10 s interval during which RoboPhilo must receive its
initial response from the PC to avoid halting.)

3. Methods

The quality of the human-robot interaction of the prototype
system was assessed in a diagnostic usability test. The testing
of the interaction was important at this initial stage to
ascertain the participants’ enthusiasm and interest when
interacting with the robot and their perception of the
robot as a potential trainer. This information is essential
to assessing the system’s user friendliness and commercial
viability.

3.1. Procedure. The usability test was conducted in a room
with large windows, overhead fluorescent lights, and lightly
textured off-white walls. The setup conditions enabled the
system to detect the face and hands of the participant
easily. The testing equipment included the robot hardware
unit, video camera, and computer. A chair was positioned
against the wall and facing the robot and the camera. It was
positioned so that the participant would always fit within the
video frame (Figure 6). Other objects in the camera’s field of
view were removed to reduce false positives.

The participants were instructed to sit on the chair and
were introduced to the purpose of the study, the capabilities
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Figure 6: The first author demonstrates a typical position of a
participant in the study.

and limitations of the robot, and the session’s flow of inter-
action. They were cautioned about unexpected and out-of-
sequence occurrences owing to the fact that the testbed was
still in the development and testing stage. The participants
were then asked to watch the robot and repeat its actions
using only hand and head movements. The robot demon-
strated two basic moves to the participants: the overhead arm
raise and the head turn. The interactions were observed, and
feedback was sought from the participants. The interactions
were also video recorded for later analysis. Figure 7 details
the step-by-step procedure of the interaction cycle.

4. Results and Discussion

4.1. Qualitative Results of the Usability Test. The interaction
sequence for seven of the ten participants was conducted
without any technical glitches (Table 1). However, for three
of the participants, the sequence was interrupted. Two
participants failed to comply with the instructions: they
either moved their hands too quickly or did not turn their
head in the same direction the robot turned its head.
The robot failed to detect the raised hands of the third
participant because the hands were outside of the captured
frame. Although the interaction typically took seven to eight
minutes, one interaction took 12 minutes.

Nine of the ten participants assumed that the robot could
listen, understand, and process what they were saying and
respond accordingly. They were reminded not to talk to the
robot, but to communicate with it using hand or head move-
ments. Their attempts at verbal communication indicate that
most users expect an interactive robot to listen and reply to
them in a way that is uniquely appropriate to the direction
and nature of the conversation and situation [56]. The fulfill-
ment of these user expectations is an area for future research.

4.2. Technical Refinements. As expected, the robot was
unable to change its behavior and act according to the
situation when the sequence was altered or disturbed. For
example, in the case of the three participants with whom
the interaction was not smooth, the robot either continued
with its programmed responses regardless of the participants’

reactions or it abruptly ended the sequence. This inconsistent
behavior occurred because the robot has been programmed
to detect threshold values for each of the exercise moves. The
robot waits for the participant to reach before considering
the participant’s attempt as successful. However, in the case
of an unsuccessful attempt by the participant, the vision-
processing unit reported a random value, resulting either
in the robot skipping essential steps in the sequence or in
the termination of the entire sequence. These two errors
were observed with the first two participants, but were fixed
immediately thereafter. The errors did not occur with the
remaining eight participants.

The trained Haar classifier detected multiple faces at
the same time. This was problematic because in some
cases, multiple faces were detected when there was only one
face. Thus, enabling the detection of multiple faces resulted
in more frequent false positives. This occurs because the
classifier identifies as many sets of coordinates as the number
of faces it detects, which results in the termination of the
vision-processing unit. Although multiple face detection was
intentionally implemented, we did not anticipate the prob-
lem of cycle termination. The bug was fixed by restricting the
classifier to detect only one face in the frame and to reject all
subsequent potential faces.

It was also observed that the robot terminated the
interaction if the participants’ response came too slowly
after each exercise demonstration instead of waiting for
the participant to respond. The bug was fixed after the
usability test. Finally, the participants reported feeling that
the robot terminated the program too abruptly after the
exercise routines were completed. The participants reported
that they would have preferred to receive more feedback
about their performance before the robot conveyed the
goodbye message. The exercise adherence unit was modified
to report the percentage of repetitions completed and the
average extent in percentages of the overhead arm raise and
head turn.

5. Conclusion

By 2050, the number of Americans who are 65 or older
is expected to more than double, reaching 82 millions.
These older adults constitute the most sedentary segment of
the US population, and they suffer from the most chronic
conditions that are preventable through exercise. Although
the most convenient and effective means of increasing
exercise adherence among older adults living at home involve
one-on-one monitoring and encouragement, the required
human resources are in short supply and the costs are
prohibitive. Medically, treating chronic conditions that are
preventable through exercise incurs high economic costs for
the afflicted individuals, their families, and for Medicare
or their private health insurers. The loss of mobility can
necessitate additional costs associated with nursing care,
either at home or at a nursing facility. In addition, conditions
preventable through exercise can incur high personal and
social costs, including physical pain and suffering and social
isolation caused by loss of mobility.
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Figure 7: The initial interactive robotic framework is represented by a flowchart. When the vision-processing unit detects the presence of
a user, it signals this information to the exercise adherence unit, which begins the interaction. If the user consents to begin an exercise, the
robot first demonstrates it. Based on information from the vision-processing unit, the exercise adherence unit determines whether the user
has completed an exercise correctly and, if the user has not, give the user an opportunity to be guided through the exercise again.

Table 1: Usability test.

Participants Successful User error Tech. error

10 7 2 1

Presently, no widespread systems exist to measure and
increase adherence to a physician-prescribed exercise pro-
gram with the potential advantages of a humanoid robot,
including enhanced sociality and companionship and the
ability to lead or follow a person by their own locomo-
tion. To address these issues and as a replacement for a
human personal trainer, we have proposed an interactive
framework for a personal trainer robot to remind users to
perform their exercises, to demonstrate the exercises and
provide instruction, to monitor performance progress in real
time, and to provide feedback and encouragement. If an
interaction framework embedded in a robot can increase
exercise adherence, this could greatly reduce healthcare and
nursing costs for the elderly and, by incorporating some
of the abilities of a personal trainer, provide a high return
on investment as compared with other interventions. It
could also enable physicians to reliably and systematically
monitor patients’ adherence to a prescribed in-home exercise
program by uploading data to a hospital webserver.

Using the robot as a personal trainer to empower patients
in making a behavioral change is a relatively new area to
explore. In this study, we conducted a usability test on
an incomplete prototype system. The participants’ initial
response to the personal trainer robot was very positive. They
were receptive and responded favorably to interacting with it.
Valuable feedback was obtained through their interactions,

which led to the implementation of changes to improve the
functionality and usability of the robot.

5.1. Technical Limitations. One of the major limitations of
the study is that the vision-processing software requires good
lighting conditions to detect head and hand movements
accurately. Poor lighting may result in false negatives, and
excessive lighting may result in false positives. Another
limitation is that to obtain accurate results, only one person
can be in front of the camera during the detection process.
A third limitation is that the vision-processing unit must be
reset between users to adjust for differences in height. Finally,
the software does not yet fully allow for tracking actions
outside of the sequence.

5.2. Directions for Future Research. Because this is a proof
of concept study, it has considerable scope for extension.
To make the robot a feasible option to help older adults
increase their physical activity, future research should include
programming the robot to incorporate a complete exercise
program, such as the moves recommended by the US
National Institute of Aging [57]. To validate that this
approach can increase both the exercise adherence and
physical range of motion of older adults as compared with
alternative interventions, an experiment is planned using this
demographic with three conditions: a personal trainer robot,
a personal trainer on-screen character, and a pencil-and-
paper exercise plan.

During usability testing, users suggested an idea to
improve the interaction: the incorporation of more realistic
and timely feedback through voice commands or comments
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after each step in the exercise routine and after both suc-
cessful and unsuccessful attempts by the user. These voice
messages could be tailored to the particular motivational
needs of the user to increase adherence to physical activity.
A validated methodology for determining what messages are
appropriate for a particular individual is to apply a model
of behavior change, such as the theory of planned behavior
(TPB) [11, 58].

According to TPB, it is possible to change a person’s
behavior by changing that person’s beliefs about behavioral
outcomes, the normative expectations of others, and con-
trolling factors, such as facilitating conditions or barriers
[59]. These in turn elicit positive or negative attitudes toward
the behavior and responses to social pressure. TPB has
been found effective in changing the behavior of patients
with diabetes, inflammatory bowel disease, and obesity in
interactive games [60–62]. The behavior change model could
be used by the personal trainer robot to give encouragement
to a user that addresses that individual’s particular concerns
and priorities. This may prove critical to maintaining
the user’s motivation during long-term interventions. This
interactive robot testbed can also be used in health games and
by the health games community.

Another potential improvement is to train more efficient
hand detection classifiers. For this version, the motion
detection algorithm followed a low-level procedure. How-
ever, training Haar classifiers is a more robust method for
detecting movement relative to motion detection, because
it eliminates false positives from the motion of irrelevant
objects. Using Haar classifiers is a high-level approach. The
human hand can assume a number of positions and subse-
quently training classifiers for detecting hand movement are
not straightforward. One solution, then, is to train multiple
classifiers for the hand and to use them simultaneously [63].
Although using multiple classifiers might adversely affect
processing speed, it may be suitable for use with older
adults who have a restricted range of motion and slower
hand movements, which will increase the detection rate and
accuracy of motion tracking.

Another future direction is the development of an
animated character for this system that will act as a trainer
and substitute for the robot. This will enable the system to
be distributed online rather than physically. An animated
humanoid character, especially one with facial expressivity,
may increase exercise adherence more than the paper-
and-pencil method while costing less for the user than a
humanoid robot. Whether the effectiveness of an animated
character can rival that of a humanoid robot is a question for
future research to address.
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artifacts with children and elders: the complexities of cyber-
companionship,” Connection Science, vol. 18, no. 4, pp. 347–
361, 2006.

[18] E. Friedmann, A. H. Katcher, J. J. Lynch, and S. A. Thomas,
“Animal companions and one-year survival of patients after
discharge from a coronary care unit,” Public Health Reports,
vol. 95, no. 4, pp. 307–312, 1980.

[19] J. Serpell, “Beneficial effects of pet ownership on some aspects
of human health and behaviour,” Journal of the Royal Society of
Medicine, vol. 84, no. 12, pp. 717–720, 1991.

[20] K. Wada, T. Shibatal, T. Musha, and S. Kimura, “Effects of
robot therapy for demented patients evaluated by EEG,” in
Proceedings of the IEEE International Conference on Intelligent
Robots and Systems (IROS ’05), pp. 1552–1557, 2005.

[21] K. Wada, T. Shibata, T. Saito, and K. Tanie, “Effects of robot-
assisted activity for elderly people and nurses at a day service
center,” in Proceedings of the IEEE, pp. 1780–1788, November
2004.

[22] K. Wada, T. Shibata, T. Saito, K. Sakamoto, and K. Tanie,
“Psychological and social effects of one year robot assisted
activity on elderly people at a health service facility for the
aged,” in Proceedings of the IEEE International Conference on
Robotics and Automation, pp. 2785–2790, April 2005.

[23] J. Pineau, M. Montemerlo, M. Pollack, N. Roy, and S. Thrun,
“Towards robotic assistants in nursing homes: challenges and
results,” Robotics and Autonomous Systems, vol. 42, no. 3-4, pp.
271–281, 2003.

[24] J. Fasola and M. J. Matarić, “Robot exercise instructor: a
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