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Abstract—This paper presents a virtual reality (VR)-enhanced
new hand rehabilitation support system that enables patients to
exercise alone. This system features a multi-degrees-of-freedom
(DOF) motion assistance robot, a VR interface for patients, and
a symmetrical master-slave motion assistance training strategy
called “self-motion control,” in which the stroke patient’s healthy
hand on the master side creates the assistance motion for the im-
paired hand on the slave side. To assist in performing the fine exer-
cise motions needed for functional recovery of the impaired hand,
the robot was constructed in an exoskeleton with 18 DOFss, to assist
finger and thumb independent motions such as flexion/extension
and abduction/adduction, thumb opposability, and hand-wrist co-
ordinated motions. To enhance the effectiveness of the exercises,
audio-visual instructions of each training motion using VR technol-
ogy were designed with the input of clinician researchers. Exper-
imental results from healthy subjects and patients show sufficient
performance in the range of motion of the robot as well as sufficient
assistance forces.

Index Terms—Hand rehabilitation, master slave, self-motion
control, thumb opposition, virtual reality (VR).

I. INTRODUCTION

HE NUMBER of Japanese patients with a disability in a

part of the body as a result of a cerebral vascular acci-
dent (CVA) or bone fracture is increasing concurrently with the
aging of Japan’s population. These patients need timely and per-
sistent rehabilitation to recover their lost abilities and resume
their normal daily activities. It is not always possible for pa-
tients to receive long-term rehabilitation training because there
is a relative shortage of therapists in Japan. A solution to this
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problem would be a rehabilitation system that allows the patient
to independently carry out rehabilitation exercises.

Compared to rehabilitation systems for lower limbs [1], [2],
those for hands or fingers are relatively few. Functional electrical
stimulation (FES) [3], [4] has proven to be a valuable tool in
the restoration of arm function, but this approach is not suitable
for self-controlled rehabilitation therapy. The reason is because
FES is needed to directly input elastic signals to the body, and
these signals vary among different individuals.

Many aspects of robotic arm rehabilitation therapy [5]-[7],
including clinical tests [8]-[10], have been reported. Most dis-
abilities caused by CVAs are hemiplegic, i.e., only one hand is
impaired. Early rehabilitation is preferable in this case. There-
fore, it is important to assist the patient in moving the im-
paired side of the body because it cannot be moved by the
patient’s own volition. Arm rehabilitation therapy with the aid
of arobot [11], which involves bimanual, mirror-image, patient-
controlled therapeutic exercises, is one type of self-controlled
rehabilitation.

Hand rehabilitation, however, is somewhat difficult because
the hand possesses many degrees of freedom (DOFs) of motion,
and an attachable hand motion assist device must be small. Re-
search thus far has been presented on the function of the fingers
by FES [12], [13], hand rehabilitation devices [14]-[18], vir-
tual reality (VR)-based stroke rehabilitation [19], and telereha-
bilitation [20]-[22]. However, these devices have been limited
to hand motions, such as gripping and tapping, because they
only assist flexion/extension of the thumb and fingers and can-
not assist the abduction/adduction and thumb-opposition mo-
tions. To enhance the quality of life (QOL) of patients with
hand impairment, a therapy to rehabilitate manipulation func-
tion and fine motions such as turning knobs or handling chop-
sticks is needed [23]. In hand rehabilitation, a robotic device is
required to assist not only the flexion/extension, but also abduc-
tion/adduction motions of each joint in the fingers and thumb
independently. Another major requirement for such a device is
to assist the motion of thumb opposition, since the dexterous
manipulation of objects by humans requires thumb opposabil-
ity. Moreover, the palmar flexion/dorsiflexion of the wrist and
pronation/supination of the forearm play important roles in ma-
nipulation functions and fine motions [23].

We have developed a two-finger exoskeleton device that
assists the flexion/extension and abduction/adduction of the
metacarpophalangeal (MP) and proximal interphalangeal (PIP)
joints, and have reported a clinical test of this device involving
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Fig. 1. Concept of self-motion control.

self-controlled rehabilitation therapy [24]. Moreover, we have
developed a hand exoskeleton device that assists the joint mo-
tions of four fingers and a thumb [25]. However, this device does
not adequately provide the needed thumb opposition. In order to
recover the function of an impaired hand, a motion assist device
should support thumb opposability.

This paper presents a newly developed hand motion assist
robot with 18 DOFs for self-controlled rehabilitation ther-
apy supporting not only the flexion/extension and abduc-
tion/adduction motions of each joint in the hand, but also thumb
opposability [26]. Moreover, the robot assists the palmar flex-
ion/dorsiflexion of the wrist and pronation/supination of the
forearm. To exercise more effectively, VR exercises were in-
troduced into the system, including cooperative movements
(between fingers and the wrist) and skilled movements [27].
Furthermore, a simple calibration system based on the six hand-
shapes was prepared in consideration of ease-of-use. The device
performance by both healthy subjects and stroke patients in the
acute phase is shown.

II. HAND MOTION ASSIST ROBOT FOR
REHABILITATION THERAPY

A. Self-Motion Control

Most patients who need hand rehabilitation are disabled only
on one side of the body. With this in mind, we developed a
self-motion-controlled hand motion assistance device [24]. The
healthy hand produces the reference motions for the exercise,
while the motion assistant device attached to the disabled hand
reproduces the motions, thus enabling the impaired hand to
make the reference motions symmetrically, as shown in Fig. 1.
The self-motion control for arm motion has been presented
in [11], and the actual recovery of shoulder and elbow functions
in clinical tests has been reported. However, this control method
has not been realized for fine hand movement with many DOFs.
Self-motion control will bring the following advantages to
hand rehabilitation.
1) Patients can imagine training motions for their impaired
hand because their opposite hand generates such motions.
This ability is expected to facilitate recovery [11].

2) Since the patient directly controls the motion assist device,
he or she can stop the device assistant as desired, e.g., to
stop pain during the exercise.

3) The motion assistant device is unlikely to force the im-
paired hand to extend or flex beyond its movable ranges.
This is because the reference motions for the impaired
hand are constructed from the actual joint angles of the
healthy hand, since the two hands are similar in size and
structure.

4) The master motion of the normal side prevents the atrophy

of unused muscles on that side; such atrophy would occur
even in a normal hand if not used sufficiently [29].

A hand rehabilitation therapy called mirror therapy [30] is
reported to have a restorative effect. In this therapy, a patient
watches the motions of the healthy hand in a mirror and feels the
impaired hand move with the normal hand. Self-motion control
is expected to have an effect similar to that of mirror therapy.

B. Design Concept

During hand rehabilitation, the therapist extends and flexes
each finger joint independently over its movable area many
times. What is required as a substitute is a device to assist
such independent finger motions. There are three joints in each
finger: the MP, PIP, and distal interphalangeal (DIP) joints. In
light of the needs in the field of hand rehabilitation, the functions
required of a finger rehabilitation device are motion assistance
for the flexion/extension of the MP and PIP joints and for the
abduction/adduction of the MP joint, since, as the PIP joint
moves, the DIP joint too moves.

The thumb also has three joints: the carpometacarpal (CM),
MP, and interphalangeal (IP) joints, each of which moves inde-
pendently. For the thumb, the function required in a rehabilita-
tion device is motion assistance in the flexion/extension of the
CM, MP, and IP joints, and in the abduction/adduction of the
CM joint. Moreover, motion assistance for the thumb opposition
is strongly required. In addition to independent finger motion
assistance, we considered the following requests in the design
of the robot.

1) Coordination with wrist motion.

2) Securing the required movable range of joints and the

maximum joint torque.

3) Flexibility with various hand sizes and easy attachment.

4) Safety in case of a sudden failure.

To satisfy these requirements, we have created a hand mo-
tion assist robot in the form of an exoskeleton with 18 DOFs.
It consists of four finger motion assist mechanisms, a thumb
motion assist mechanism, and a wrist motion assist mechanism.
Its applicable hand size is based on statistics about the Japanese
hand size [31] and movable joint ranges [32].

Three experienced therapists determined the joint torques
necessary for normal functioning, and we measured the torques
using the measurement device shown in Fig. 2. The three thera-
pists extended and flexed a lever (which was assumed to be the
patient’s finger) with the maximum value of required torque five
times for each joint. In that time, the point of application was
changed by the representing joint. The design specifications of
the hand motion assist mechanism are shown in Table 1. The
definition of the zero-angle position of each finger is referred to
in [33].
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Fig. 2. Therapist’s measurement of maximum joint torque.
TABLE I
DESIGN SPECIFICATIONS OF HAND MOTION ASSIST ROBOT
Finger Number of fingers 4
DOF 3
Movable range MP Extension/Flexion 0 to 90
(deg) Adduction/Abduction | 0 to 45
PIP Extension/Flexion 0 to 100
Maximum torque | MP Extension/Flexion 0.29
(Nm) Adduction/Abduction 0.16
PIP Extension/Flexion 0.29
Thumb DOF 4
Movable range CM Extension/Flexion 0 to 90
(deg) Adduction/Abduction | 0 to 60
MP Extension/Flexion 0 to 60
P Extension/Flexion 0 to 80
Maximum torque | CM Extension/Flexion 0.3
(Nm) Adduction/Abduction 0.3
MP Extension/Flexion 0.26
1P Extension/Flexion 0.26
Hand Adjustable range Anteroposterior direction 32
holding (mm) Heightwise direction 20
port
TABLE II

DESIGN SPECIFICATIONS OF WRIST MOTION ASSIST MECHANISM

DOF 2
Movable range Pronation/Supination -90 to 90
(deg) Palmar Flexion/Dorsiflexion | -90 to 70
Maximum torque Pronation/Supination 3.1
(Nm) Palmar Flexion/Dorsiflexion 1.3

In rehabilitation therapy, to enable the hand to manipulate ob-
jects and perform fine motions such as turning knobs and han-
dling chopsticks, the palmar flexion/dorsiflexion motion of the
wrist and pronation/supination of the forearm should be assisted
in coordination with the hand motion. We call the mechanism
for such assistance a wrist assist mechanism. The required joint
torques of the wrist mechanism were measured in the same way
as the finger joint torques. The design specifications of the wrist
motion assist mechanism are shown in Table II.
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Fig. 4. Finger motion assist mechanism.

The hand motion assist robot is designed to satisfy these
specifications. The hand motion assist robot that was designed
is shown in Fig. 3. The details of the mechanism are explained
in the following sections.

C. Finger Motion Assist Mechanism

A finger motion assist mechanism was constructed in the form
of an exoskeleton of a finger, as shown in Fig. 4. This exoskele-
ton permits various finger sizes because the mechanism’s active
joint axes do not have to coincide with the finger joint axes of
a human hand. This mechanism assists the flexion/extension of
the MP and PIP joints and the abduction/adduction of the MP
joint. There are three servomotors with rotary encoders (1.5-W
dc motors, Maxon Motor, Inc.). The first and second servomo-
tors assist the two-DOFs motions of the MP joint through a
differential gear. The third motor assists the flexion/extension
of the PIP joint. The finger motion assist mechanism forms two
closed loops with the human finger, in which the first and sec-
ond fixtures are attached to the proximal portion and middle
position of a human finger, respectively, and the joint motion
of that finger is independently assisted. To measure the finger
joint torque, a three-axis force sensor (PD3-32-10 040, NITTA,
Corp.) is mounted on each fixture. This mechanism has been
described in detail elsewhere [25].
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Fig. 5.
motion.

Opposability of the thumb: (a) Thumb opposition. (b) Circular cone

D. Thumb Motion Assist Mechanism

The human thumb has IP, MP, and CM joints that gener-
ate its flexion/extension. Moreover, the CM joint generates the
abduction/adduction and thumb-opposition motions simultane-
ously, as shown in Fig. 5(a). This thumb opposition is needed to
manipulate objects dexterously, but it is difficult to assist such
motion using the aforementioned finger motion assist mecha-
nism. It can be assumed that thumb opposition is a circular cone
motion, as shown in Fig. 5(b), in which the tip of the cone is
located in the wrist, and the orientation of the thumb is almost
constant with respect to the cone center axis. Hence, the abduc-
tion/adduction and flexion/extension motions of the CM joint
are homologized, respectively, to the circular cone motion and
a vertex angle motion, which adjusts the vertex angle of the
cone. A robotic device assisting thumb opposition has never
been developed.

From this point of view, a new mechanism was constructed
with a functionality that enables the thumb CM joint motion
approximated as a combination of the cone motions to be as-
sisted, as shown in Fig. 6. Fig. 6(a) shows the part that assists
the flexion/extension of the thumb. There are three servomotors,
each with a rotary encoder, which assist the flexion/extension of
the IP, MP, and CM joints independently. A 3-W dc motor was
adopted for the CM joint. 1.5-W dc motors were adopted for
the other finger joints. The mechanism forms three closed loops
made by the human thumb, involving the first to third fixtures
being attached to the proximal to distal positions of the human
thumb, respectively. To measure the joint torque of a human
thumb, a three-axis force sensor is mounted on each fixture.
Fig. 6(b) shows the part that generates a circular cone motion
to assist with thumb opposition. We adopted a circular form
guide because the tip of the cone is located in the human wrist.
The first servomotor drives the flexion/extension assist mecha-
nism on the surface of the circular cone to make a circular cone
motion and thereby assist thumb opposition.

E. Hand-Holding Part

In our mechanical design, the average sizes of fingers and
thumbs were based on statistical data about Japanese hands [31].
However, it is necessary for the hand motion assist robot to
be applicable to various hand sizes. To accommodate different
finger sizes, the positions of the finger and thumb motion assist
mechanisms can be shifted not only anteroposteriorly, but also

First fixture

Second motor

w2 Y IS gecond fixture

irst joint
(circular cone axis)

Circular form guide

(b)

Fig. 6. Thumb motion assist mechanism: (a) motion assist part of extension
and flexion and (b) motion assist part for thumb opposition.

heightwise on the hand-holding part. The adjustment ranges are
32 mm anteroposteriorly and 20 mm heightwise. This permits
most Japanese adults to use the hand motion assist robot.

F. Wrist Motion Assist Mechanism

The human wrist exhibits three different motions:
palmer flexion/dorsiflexion; pronation/supination; and abduc-
tion/adduction. In an actual hand rehabilitation therapy, the first
two motions are especially weighted because of frequent us-
age in daily life: tapping a computer keyboard or pushing but-
ton switches requires palmar flexion/dorsiflexion, while turning
a door knob requires pronation/supination of the wrist. How-
ever, abduction/adduction is only needed for several activities,
such as playing the guitar. Therefore, the hand motion assist
robot was designed to assist only these two wrist motions:
flexion/dorsiflexion and pronation/supination. The structure of
the wrist motion assist mechanism is illustrated in Fig. 7, in
which the first and second joints correspond with the prona-
tion/supination and palmar flexion/dorsiflexion motions, respec-
tively. The two joint axes are orthogonal to each other, and each
actuator is a servomotor with a rotary encoder (7-W dc motors,
Maxon Motor, Inc.). A counter balancer rotating around the
second joint axis is set to keep a weight balance with the finger
and thumb motion assist mechanisms, which rotate around the
second joint axis. The design specifications of the wrist motion
assist mechanism are shown in Table II, in which numerical
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Fig. 7. Wrist motion assist mechanism.

Fig. 8.  Human hand fixed in the hand motion assist robot.

values are obtained in the same way as those for the finger
motion assist mechanism.

G. Fixing the Hand and Arm to the Robot

The patient’s forearm and hand are attached to the hand mo-
tion assist robot, as shown in Fig. 8. In this method, the patient’s
impaired hand is directly fixed to the robot by a band. Although
this method takes some attaching/detaching time, it can generate
the required joint torque because it fixes the hand tightly. The
forearm is attached with a cuff and is fixed by an arm-holding
part. Various arm sizes can be accommodated by modifying the
air pressure of the cuff. Although the patient needs help in get-
ting their hand into the device, he or she can then exercise alone.
They can thus receive long-term rehabilitation training.

III. CONTROL SYSTEM

In order to realize the self-motion control strategy, four con-
trollers are prepared: a personal computer for measuring unaf-
fected hand motion; a controller for the motion assistance mech-
anisms of the fingers; one of the impaired wrist; and the safety
supervisor. The structure of the control system is illustrated in
Fig. 9.
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Fig. 9. Control system structure.

A. VR System

A Cyber Glove (Virtual Technologies Co.) and a “3-D motion
sensor” are connected to a personal computer that provides VR
environments. The Cyber Glove attached to the normal hand
measures the finger joint angles, while the 3-D motion sensor
on the glove measures the postural angle of the hand. The data
on the finger joint angles are used to calculate the reference
angles of the hand rehabilitation device. The sampling time of
both devices is 15 ms, the resolution of the Cyber Glove is 0.5°,
and the resolution of the 3-D motion sensor is 1.0°. When the
patient attaches his or her impaired hand to the device, the link
mechanisms construct a closed loop with the finger because of
the device’s exoskeletal structure. In the closed loop, there are
two passive joints and one active joint, all three of which are
driven by a single dc motor. Based on the kinematic relation of
the closed-loop structure, the reference angles of the active joint
in the motion assistance mechanism are determined solely by
solving the inverse kinematic problems [25]. These reference
angles bring the impaired hand into symmetry with the normal
hand by means of the motion assistance of the device. The
reference data are transferred every 15 ms.

The personal computer provides the user with a graphical user
interface (GUI). The user can command the device’s controller
using this interface. The joint angle data are used to draw the
impaired hand’s posture using computer graphics by OpenGL.
The GUI provides a function with which to improve the system’s
performance. That function is explained in Section IV.

B. Control Equipment

The device uses an “HRP-3P-CN” controller board with an
I/0O module for a multichannel link node (General Robotics,
Inc.) to control the joint angles of the exoskeleton link in rela-
tion to the reference position. The control process, joint angle
detection, force information measurement, control law compu-
tation, and pulse width modulation output are performed in that
order. Proportional position control is adopted as a control law.
A series of these processes is executed as a real-time process
in 1 ms. The force information will be used to limit the output
torque. In order to utilize the multi-DOFs hand rehabilitation de-
vice safely and efficiently, we prepared several control modes.
Details of this controller appear elsewhere [28].
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Fig. 10.  Virtual reality system. (a) Measurement of movable range. (b) Rock-paper-scissors. (c) Pinching (or grasping) fruit. (d) Pouring movement. (e) Piano

sounds generated by tapping a ball.

C. Safety Features

The following safety features have been adopted.

1) Two emergency stop buttons: One for the therapist, the
other for the patient as a foot push-button. If either button
is pushed, the power supply to the motor driver is cut off
and the robot stops.

The status of all joint angles and joint torques is also
periodically monitored (the sampling frequency is 1000
Hz). If the joint torques are over a prescribed limit, the
controller stops the robot.

Status supervision and output-limiting facility of the motor
driver: The output is limited by a current-limiting circuit,
and the safety supervisor keeps watch on it periodically. If
the status is abnormal, the safety supervisor cuts off power
to the motor driver.

These three controllers each send a signal to the safety
supervisor every second in order to confirm the normal
operation of the program. The safety supervisor deter-
mines that there is an obstacle in the controller when at
least one of the controllers stops emitting a signal. The
safety supervisor observes the electric current of the dc
motor as well as the emergency stop buttons.

This system was designed as a fail safe system.

2)

3)

4)

IV. VR EXERCISES

To exercise more effectively in order to perform activities of
daily living (ADL), it is necessary to rehabilitate cooperative
and skilled movements of the impaired finger. The exercises
must include not only each movement of the impaired fingers,
but also cooperative and skilled movements. Furthermore, the
exercises must be created with self-motion control taken into
account. With this in mind, four therapeutic exercises (Rock-
paper-scissors, pinching (or grasping) fruit, pouring movement,
and generation of piano sounds by tapping a ball) were created

based on the advice of clinician researchers. Moreover, mea-
surement of movable range was added for the evaluation of
rehabilitation and the determination of exercise level. As can be
seen in Fig. 10, all of the exercises have a similar GUI. Each
exercise is voice guided and features scoring of reactions, moni-
toring of states, and recording of motion data. The voice-guided
system helps the patient understand and perform the exercises
and gives encouragement. Also, the GUI shows the same text
message when the patient does not understand the verbal instruc-
tions. The game element is taken into consideration by scoring
the patient’s reactions, e.g., task completion time or joint angles.
These scores are recorded and the GUI shows the three scores
(today, best, and last time) by status bars. Moreover, the scores
from the past several days, including the patient’s best scores, are
displayed at the end of the exercise, as shown in Fig. 11. These
functions are expected to enhance the patient’s motivation and
thus promote rehabilitation. The joint angles, their velocity, and
force are recorded and used to evaluate the recovery condition.
The level of flexion of each finger is shown by status bars on the
GUI. Also, the GUI shows the device status (to show whether
the device is malfunctioning) by eight tetragons, and the clock
on the GUI has three hands (second hand, exercise hand, and
training hand). The exercise hand rotates 360° with a period
of predetermined time, and the training hand rotates 360° with
a period of 20 min. The length of one period of rehabilitation
training in Japan is 20 min.

Measurement of movable range determines the patient’s state
and exercise level. Therefore, the measurement of movable
range measures the movable range first. The exercise level is
prepared in three stages. For example, in rock-paper-scissors,
the judgment criterion is changed depending on the movable
range. The patient sequentially tries the following movements
under voice guidance and while observing the display images:
1) clasping the hands, 2) unclenching the hands, 3) procurvation/
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Fig. 11.  Screen showing displayed scores.

dorsiflexion of the wrist, and 4) formation of a scissoring mo-
tion.

Rock-paper-scissors is not an ADL, but it consists of the fol-
lowing movements. Making the paper-rock motion requires the
synchronous flexion/extension movement of the fingers. This
movement is essential for carrying an object. Moreover, a syn-
ergy [34] appears when recovering from the acute phase that
almost never moves. Even when the patient only wants to move
one finger, other fingers are moved with it, i.e., the middle,
ring, and pinky fingers also move when the patient moves the
index finger. This is called “synergy,” which emerges in the be-
ginning of recovery. Since forming a scissor with the hand is
a composite motion of the extension of the index and middle
fingers combined with flexion of the others, we can expect the
effects of separation and independence from synergy (a synergy
is considered a problem with recovery of the nerve).

Pinching (or grasping) fruit simulation exercises the thumb
and the fingers. It is well known that the human hand has a
unique configuration, called fingers-thumb opposability. The
grasping or pinching exercise encourages the recovery of thumb-
opposition motion and prevents contracture. The pinching mo-
tion requires not only precise control of the thumb, but also
the cooperative movement of the thumb and index (and middle)
finger. This movement is indispensable to rehabilitation toward
ADL. Also, as the patient’s ability to pinch or grasp improves,
the size of the fruit gradually becomes smaller (or larger).

Pouring movement is modeled after the fundamental exer-
cises. By pronation/supination of the forearm, the patient pours
small balls from one cup into another. This requires a grasping
motion and pronation/supination of the forearm. In particular,
the pronation/supination of the forearm is indispensable as it is
necessary to turn a doorknob, turn a key in a lock, scoop things
up with a spoon, and so on.

Generation of piano sounds by tapping a ball is an exercise
to develop the independence of each finger. The patient taps
a colored ball, which is shown and hidden rhythmically, using
an assigned finger in order to generate a piano tone. The inde-
pendent motion of each finger is a useful motion to have, as
it enables such actions as operating a keyboard. Regaining this
motion will be helpful for social reintegration.

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 17, NO. 1, FEBRUARY 2012

Fig. 12. Handshapes in calibration system. (a) Natural situation. (b) Dorsi-
flexion of 45 degrees. (c) Flexion of MP and PIP joints of fingers. (d) Opened
adduction/abduction of MP joint of fingers and adduction/abduction of CM
joint of thumb. (e) Closed adduction/abduction of MP joint of fingers and ad-
duction/abduction of CM joint of thumb. (f) Flexion of the thumb toward fifth
metacarpal head.

A. Simple Calibration System for the Cyber Glove

The joint angles of the hand were calculated from 16 raw
values of the Cyber Glove. However, if the user’s hand size does
not match the glove’s size, an accurate joint angle cannot be ob-
tained. Therefore, self-motion control and VR exercises require
the calibration of the glove. Moreover, patients and therapists do
not have the technical skill of an electric machine. With this in
mind, we prepared a simple calibration system based on the six
handshapes shown in Fig. 12. With the handshapes in Fig. 12,
the therapist clicks on a button displayed by the GUI. We wanted
the handshapes to have the following qualities.

1) Easy comprehensibility: The patient can easily make the

shapes, and the shapes are similar to those made in ADL.

2) Quick: The shape can be made in a single, quick motion.

3) Low-impact: Making the shape does not cause pain.

Moreover, we considered the sensor position and accurateness
for each of the six handshapes. In this calibration method, the
time required is less than 4 min, and there is no need for any
other device to be used. This calibration method led to good
results except for the thumb of a hand that was too small (in the
tests, the hand was 179.8-mm long and 79.7-mm wide).

V. EVALUATION OF DEVICE PERFORMANCE
A. Assistance Force Evaluation

The torque of the developed robot was measured to evalu-
ate whether the design specifications were satisfied. The output
force was measured three times using a force gauge, and the
torque was calculated using the distance between the joint posi-
tion and point of application. The results are shown in Table III.
Also, the specifications of movable range were satisfied. There-
fore, the developed robot satisfied the design specifications.

B. Assist Motion of the Thumb Opposition

The assist motion of the thumb opposition is an important
function for hand rehabilitation support. Fig. 13 shows the
assist motion for the thumb opposition. Fig. 13(a) shows the
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TABLE III

MAXIMUM JOINT TORQUE
Finger | MP Extension/Flexion 0.51 (Nm)
Adduction/Abduction 0.79 (Nm)
PIP Extension/Flexion 1.66 (Nm)
Thumb | CM Extension/Flexion 1.80 (Nm)
Adduction/Abduction 3.72 (Nm)
MP Extension/Flexion 1.21 (Nm)
P Extension/Flexion 1.58 (Nm)
Wrist Pronation/Supination 15.7 (Nm)
Palmar Flexion/Dorsiflexion | 4.4 (Nm)

Fig. 13.
finger.

Assist motion of the thumb opposition. (a) Index finger. (b) Pinky

thumb-opposition motion for the index finger, and Fig. 13(b)
shows the thumb-opposition motion for the pinky finger. Thus,
the proposed system can support thumb opposability.

C. Frequency Characteristics

The frequency characteristics of the PD control were mea-
sured to evaluate the responsiveness of the hand motion assist
robot. To measure the frequency characteristics as a linear sys-
tem, the amplitude of the sinus signal was 1°. Fig. 14 shows the
frequency characteristics of the finger motion assist mechanism:
(a) is the abduction/adduction of the MP joint; (b) is the flex-
ion/extension of the MP joint; and (c) is the flexion/extension
of the PIP joint. In order to dissipate the effect of gravity, each
joint axis was set in the gravity direction. Moreover, a dummy
hand with flexible finger joints was attached to the hand motion
assist robot to maintain a closed loop and avoid free motion by
a passive joint. The bandwidths of Fig. 14(a)—(c) were about
2.5, 5.0, and 2.5 Hz, respectively. Fig. 15 shows the frequency
characteristics of the thumb motion assist mechanism: (a) is the
abduction/adduction of the CM joint; (b) is the flexion/extension
of the CM joint; and (c) is the flexion/extension of the MP joint.
The bandwidths of Fig. 15(a)—(c) are about 7.0, 4.0, and 3.5 Hz,
respectively. The bandwidths are deteriorative according to the
amplitude of the sinus signal because of the limitation of the
joint torque.

D. Experiment of Self-Motion Control

Six healthy subjects and six stroke patients in the acute phase
were asked to use this rehabilitation system to evaluate the per-
formance of the developed robot. The measured data are: joint
angles of the installed motor and the force at the force sensors.
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The actual flexion angles were calculated from these data based
on the forward kinematics. The results for one healthy subject
and one stroke patient, which were typical results, are shown in
Fig. 16. The healthy subject was asked to open and close the left
hand and relax the right hand so as to follow the movement of
the hand motion assist robot because the targets are limited to
the stroke patient in the acute phase. Fig. 16(a), (c), (e), (g), (i),
(k), and (m) were by the healthy subject, while Fig. 16(b), (d),
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Fig. 16. Joint angle responses by patient self-motion control: (a), (c), (e),

(g), (), (k), (m) were by the healthy subject, (b), (d), (f), (h), (), (1), (n) were
by the patient. (a) and (b) Abduction/adduction of CM thumb joint, (c) and
(d) flexion/extension of CM thumb joint, (e) and (f) flexion/extension of MP
thumb joint, (g) and (h) flexion/extension of IP thumb joint, (i) and (j) abduc-
tion/adduction of MP index joint, (k) and (1) flexion/extension of MP index
joint, and (m) and (n) flexion/extension of PIP index joint.

), (h), (), (), and (n)were by the patient. Fig. 16(a) and (b)
shows the abduction/adduction of CM thumb joint, Fig. 16(c)
and (d) the flexion/extension of CM thumb joint, Fig. 16(e) and
(f) the flexion/extension of MP thumb joint, Fig. 16(g) and (h)
the flexion/extension of IP thumb joint, Fig. 16(i) and (j) the
abduction/adduction of MP index joint, Fig. 16(k) and (1) the
flexion/extension of MP index joint, and Fig. 16(m) and (n)
the flexion/extension of the PIP index joint. These show that the
right hand driven by the motion assist robot follows the reference
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Fig. 17. Force responses by the self-motion control: (a), (c), (e), (g) were by
the healthy subject and; (b), (d), (f), (h) were by the patient. The elements of
abduction/adduction of CM thumb joint are x element of force sensor in (a)
and (b), the elements of flexion/extension of CM thumb joint are y element of
force sensor in (a) and (b), the elements of flexion/extension of MP thumb joint
are y element of force sensor in (c) and (d), the elements of flexion/extension
of IP thumb joint are y element of force sensor in (c) and (d), the elements of
abduction/adduction of MP index joint are x element of force sensor in (e) and
(f), the elements of flexion/extension of MP index joint are y element of force
sensor in (e) and (f), the elements of flexion/extension of PIP index joint are y
element of force sensor in (g) and (h).

well. However, a trajectory error is observed when the reference
angle varies rapidly because of the limitation of the joint torque.
Fig. 17 shows the force response at the third fixture in this ex-
periment. Fig. 17(a) and (b) shows the force responses by the
abduction/adduction and flexion/extension motions of the CM
thumb joint, Fig. 17(c) and (d) the force responses by the flex-
ion/extension motions of the MP and IP thumb joint, Fig. 17(e)
and (f) the force responses by the abduction/adduction and flex-
ion/extension motions of the MP index joint, and Fig. 17(g) and
(h) the force responses by the flexion/extension motions of the
PIP index joint. The force responses by the abduction/adduction
motion of Fig. 17(a), (b), (e), and (f) are the x element of each
force sensor. The others are the y element of each force sensor
(each axis is shown in Figs. 4 and 6). These show that the force
input to the human finger is not very large because the subject
kept his right hand relaxed.

VI. CONCLUSION

A VR-enhanced hand rehabilitation support system with a
symmetric master—slave motion assistant has been presented
for use in self-performing rehabilitation therapies. In this sys-
tem, an impaired hand’s individual finger joint motions are sup-
ported by an exoskeleton device controlled by the finger joint
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motion of the patient’s healthy hand. The device assists not only
the flexion/extension and abduction/adduction of each joint in
the hand independently, but also the opposability of the thumb.
Moreover, it assists the palmar flexion/dorsiflexion of the wrist
and the pronation/supination of the forearm so as to allow hand
rehabilitation therapy in coordination with wrist motion. To ex-
ercise more effectively in preparation to resume ADL, a VR
environment displaying an effective exercise program was cre-
ated. The response of the motion assist mechanism showed that
this hand motion assist robot has good-to-excellent properties
and a high potential for providing hand rehabilitation therapy
by self-motion control.

In the future work, we will improve the quality of the system
and evaluate the recovery effect with many clinical evidences.
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