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We propose a novel self-assisted rehabilitation system for the upper litmbs of stroke
patients. The system mainly includes two haptic devices (PHANTOM Omni), an
advanced inertial sensor (MTx) and a computer. The inertial sensor is used to get the real-
time orientation of one of the manipulator’s hands, and the haptic devices are used to get
. the real-time positions of the manipulator’s two hands and generate the appropriate forces
that act on the two hands. We have built a virtual force model to get the accurate magni-

tude and orientation of the forces. With the change of the position and orientation of the

manipulator’s hands, the magnitude and crientation of the forces will change accordingly.
The manipulator operates the styluses of the two haptic devices to control the position
and orientation of the virtual object m, so that it can track the virtual object m’, which
moves and rotates randomly in 4 degree-of-freedoms (DOF). It is expected to improve
the agility and strength of manipulator’s hands in this way. Furthermore, one hand can
be used to assist the other one in the rehabilitation, so the self-assistance character is

included in the system. The advantages of high safety, compdction and self-assistance will

make the system suitable for home rehabilitation.

Keywords: Self-assisted rehabilitation; haptic device; inertial sensor; virtual reality.

1. Intfoc_luct ion

Stroke is a leading cause of permanent disability.
According to figures from the National Stroke
. Association (NSA}, in 1993, there were 550000
patients with stroke in the United States. The
consequences were devastating, 150000 died
{the third leading cause of death), and there
~were 350000 disabled survivors. The estimated
cost of care was $30 billion [Krebs et al., 1998].
In fact, stroke patients have become a burden for
many countries, it is urgent to find a good way

to solve the problem. The application of novel

- rehabilitation approach and novel rehabilitation

247

system is regarded as the best way to solve it.
A therapist is necessary in the conven-
tional rehabilitation for one stroke patient.
The patient’s limbs are moved by the thera-
pist in different tracks and velocities, which is
called pasgive rehabilitation. On the other occa-
sion, the patient moves his own limbs by him-
self under the therapist’s instructions, which is
called active rehabilitation [Laura et al., 2004;



248 G Song & 5. Guo

Czell et al., 2004]. Both are testified to be effec-
tive to improve the performance of Activities

. of daily living (ADL) [Suzuki et al 2004; Seaton

et al., 2005] for stroke patients.

Robotics has been widely used in the indus-
trial field. It has also been used in the biomedical
field in recent years, such as surgical operation,
stroke rehabilitation etc. Robotics is testified
to be useful in neurological rehabilitation for
people who have suffered neurological injuries
resulting in impaired motor ability in the lower
and upper limbs [Reinkensmeyer et al., 1999;
Pan et al., 2005]. Until now, many rehabilita-
tion systerns based on robotics have been devel-
oped successfully [Kahn et al., 2004; Boian et al.,
2004]. In 1995, a rehabilitation system named
MIT-MANUS has been developed by Mas-
sachusetts Institute of Technology, Cambridge
[Hogan et al., 1995; Krebs et al., 2004]. In 1997,
with the cooperation of Stanford University and
Rehabilitation Research and Development Cen-
ter, another rehabilitation system named MIME
has been developed [van Vliet & Wing, 1991;
Lum et al., 1995]. For hand rehabilitation, sen-

- sor gloves have been comprehensively used in the

past [Bonato, 2005; Simone & Kamper, 2005]. In
recent years, the virtual reality technology has
increasingly been used in the rehabilitation of
upper limbs and lower limbs [Ring, 1998; Jones,
1998; Brewer et al., 2005].

In robotics rehabilitation, the repeated move-
ment of limbs is testified effective for the recover

of stroke limbs. For the passive rehabilitation

approach, the movement trajectory of robot is
predefined, and the patient’s limbs move repeat-
edly with the movement of the robot. The pas-
sive rehabilitation approach is effective to some
extent for the neurological patients, but it is
not so obvious on some occasions. So, the active

‘rehabilitation approach has been introduced into

rehabilitation system. But the active rehabilita-
tion is mainly fit for mild stroke patients.

The aim of the rehabilitation for stroke
patients is to increase the strength, agility and

range of movement (ROM) of the limbs [Wolf

et al., 2002]. In this paper, we propose a novel
active rehabilitation approach for the recov-
ery of the stroke upper limbs. In our study,
we suppose the positions of both the elbows
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Fig. 1. The schematic diagram of the original system.

are unchangeable, but the forearms can rotate

around the elbows in 3 DOF respectively, and we
mainly consider the rotation of the elbows and
the wrists. During the rehabilisation process for
the elbows and the wrists, we suggest that both
of the two hands participate in the rehabilitation
practice, instead of one hand only, so that the
patient can perform self-assisted rehabilitation

-practice [Danek et al., 2005].

Our exploration of the seif-assisted reha-
bilitation idea beging with the development of
a rehabilitation system based on virtual real-
ity [Song & Guo, 2006]. Figure 1 shows the
schermatic diagram of the original system, the

- various power and information pathways avail-

able are depicted in the system. In the figure,
the neural coupling between two hands through
his neural system is iflustrated. The proposed
additional mechanical coupling between the two
hands through the haptic devices and the com-
puter is also illustrated. Through the combined
efforts of two hands, the exchange of haptic

- information between the left hand and the vir-

tual environment and between the right hand -
and the virtual environmeunt can be realized. We
hypothesize that the combination of mechanical
and neural coupling during the completion of a
single task will promote motor recovery.

2. The Original Prototype of the
System '

At the first step, we have proposed an original
prototype of the rehabilitation system, which



includes two haptic devices and one computer.
The manipulator’s hands can move in 3 dimen-
. sions, but only the position in z-axis is used in
the display interface.

2.1. The apparatus of the
originagl system

The original system consists of two haptic .

devices (PHANTOM Omni) and one computer.
To get the continuous output of force on the
styluses, high performance of the computer is
necessary. In the system, the CPU is Pentium 4
(3.40 GHz), random memory is 1GB, and dis-

play memory is 266 MB. The operating system ‘

of computer is Windows XP, the program of the

~gystem is developed with Microsoft Vigual Stu-
dio.NET and OPEN GL. The apparatus of the
system is shown in Fig. 2.

PHANTOM Omni is a kind of haptic device,
the stylus can move in 3 degree-of-freedoms,
the maximum exertable force at nominal posi-
tion is 3.3N. PIHANTOM Omni is connected
to computer through IEEE-1394 FireWire port.
Figure 2 shows the apparatus of the original
system. Manipulator operates one stylus with
left hand, and operates the other one with right
hand. From IFig. 2, we can see that each hand

is put on a soft cushion, which will make the -

manipulator operate the haptic device more
comfortably and easily.

*Apparatus of the original system.

Fig. 2.
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2.2. The virtual force model

We have designed a virtual force model for the
original system, it is shown in Fig. 3. Based on
the virtual force model, the kmematlcs equation
is shown in (1).

m:‘ém + (b1 + b2) T + (k1 + k2 + k), B
= k1@ + 0181 + kowa + boks.

In (1}, p, is the displacement of object m, 1
and zy are the displacement of objects 1 aﬂd 2,
#1 and #o are the velocity of objects 1 and 2,
ki,ke and k are the stiffuess constants of the_
springs, b, and by are the damping constants
of dampers 1 and 2. With the scheduler of the
haptic devices, the displacement and velocity of
the styluses can be sampled by computer every
one millisecond, so the displacement, velocity
and acceleration of object m can be calculated
with (1).

With the calculated velocity and displace-
ment of object m, the output force on two efec-
tors can be calculated with {2} and (3). From
(1)-(3), we can see that the displacement and
velocity of manipulator’s hands determine the.
output forces on the styluses.

= bl(d’}l — m) + kl(xl - :L‘) (2)
Fy = bg(i‘g — .’L*‘) + k‘g(ﬁ')g — ). ¢ (3)

The display interface is shown in Fig. 4. In the
experiment, the virtual object m will track the
virtual object m’, which moves randomly in
z-axis. In this way, the agility of the manipu-
lator’s hands is expected to be improved.
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Fig. 3. 'The virtual force model of the original systemn.
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Object m

Fig. 4. The display interface of the original system.

3. Improvement of the Original
System

In the original rehabilitation system, there are -
'some - problems have not been solved yet. At

first, the position in z-axis is only consid-
ered in the display interface, so the evaluation
parameter is not enough for the rehabilitation.
Secondly, the visual feedback in the original
system is not 3D, it is 2D instead, while 3D
visual feedback is expected to make the sub-
ject interested in the rehabilitation more, and
‘the better training effect can be obtained in this
way. .

To improve the performance of the original
system, an inertial sensor (MTx) is added to
the system [Tao ef al., 2005]. The inertial sen-
sor can get the gesture of manipulator’s hand
in real-time when it is equipped on the back of
manipulator’s hand. The schematic diagram of
the improved system is shown in Fig. 5. Fig-
ure 6 shows the flow to get the Euler angles for

MTx sensor, Fig. 7 shows the relation between

the MTx coordinates M and the reference coor-
dinates R. The profile of the improved system is
shown in Fig. 8. _
In this part, we have analyzed the kinematics
model of the upper limb at first. Then we have
built the virtual force model of the improved
systen, with which the exerted forces on the two
styluses of the haptic devices can be calculated.

Stylus 2 (F,)

e The left hand u
. ¢
The computer and D Neural

Graphi
M Eves e

haptic devices

A .

System

The right hand '
with inertial sensor

Stylus 1 (F,)

- Ordentation, Position and velocity of right hand

Position and velocity of left hand

Fig. 5. The schematic diagram of the improved system.
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Fig. 6. The flow to get the Euler angles for MTx sensor.
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T

Fig. 7. MTx coordinates M relative to the reference
coordinates R. '

MTx sensor

PHANTOM Omni

Fig. 8. The profile of the improved system.



'The task for manipulator is to change the posi-
tion and orientation of the two hands to control
the position and orientation of a virtual object
m, 8o that it can track a virtual object m’, which
moves and rotates in 4DOF randomly. At the
end of this part, it is explained how to generate
~ the tracked random signals, including the posi-
tion and the orientation signals.

3.1. The kinematics model of
upper limb

In our study, the elbow of the subject is fixed,
bui the forearm car rotate around the elbow in
3-DOF. At the same time, the hand can rotate
around the wrist in 1 DOF. So, there are 4
DOF for the kinematics model of the upper limb,
which is shown in Fig. 9. In the figure, point
E stands for the elbow, point W stands for the
wrist, and point F stands for the fingertips when
the fingers grasp the stylus of the PHANTOM
haptic device. The real-time 3D position of point

F can be sampled by the PHANTOM haptic -

device. To simplify the kinematics model, we
suppose there is no movement among the fin-
gers during rehabilitation training, so the dis-
tance between the point W and the point F is
a constant. We can get the position of the wrist
from (4). In the equation, the position vector of
EF can be obtained with the PHANTOM hap-
tic device, the position vector of WE can be
obtained with the M'Tx sensor:

EW = EF —WT | (4)

i} The back of
MTx g _ ¥ the hand
sensor o

The paim
of the hand

Fig. 9" The kiﬁematics modet of upper limb.
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Ohject ™

Board A

Fig. 10. The virtual force model of the improved
system.

3.2. The virtual force model of
the improved system

The virtual force model of the improved systém
that we have built is shown in Fig. 10. In this

_virtual force model, we make four hypothesises

to simplify the model.

(i) Objects 1, 2 and m can only move along with
board A, and board A can rotate around linkage -
“O” in 3 DOF. Board B is vertical to hoard A.

(if) The magnitude of the velocity and the dis-
placement of objects 1 and 2 are equal to the

velocity and the displacement of styluses "1 and

2 in z-axis respectively.

(ii1) The orientation of board A is decided by the
Euler angles of the MTx inertial sensor, which
is fixed on the back of the manipulator’s right
hand. The orientation of the exerted forces on
styluses 1 and 2 are parallel, both of them are
parallel to board A. '

(iv) Because the styluses are light enough, we
suppose the mass of objects 1 and 2 are zero,
and we suppose there is no friction for all of the
objects. o

According to these hypothesises, the kine-
matics equation of the virtual force model is
depicted as (5). In the equation, z; and z4 are
the displacement of objects 1 and 2 respectively,
1 and &p are the velocity of objects 1 and 2
respectively. The displacement and velocity of
the virtual object m can be calculated with (5),
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and the orientation is accordance with the ori-
entation of board A.

' When there is no rotation for the hand, the
exerted forces on the styluses are accordarnce
with z-axis. In (6) and (7), F1 and Fy are the

forces that the subject acts on styluses 1 and 2.

respectively. With these two equations, F and
F, can be calculated. Actually, Fy and Fh are
equal to the exerted forces on styluses 1 and
2 respectively, but the orientation is just the
opposite. If we change the spring constant and
damper constant, Fy and F can be changed
easily:

Mg 4 (b1 + b2)Em, + (k1 + ka2 -+ k)T,
= k131 + b1y + kazo + bakn — mgsiny,
(5)

P =bi(d - @) + b1z — Tm), (6)

Fy = by(do — dn) -+ ka(@g — Zm)- (7)

When there is no roﬂ@}tibn for the MTx gen-
sor, the force vector Fi= (Fi, 0, 0, ?‘2 =

(Fy, 0, 0). After the rotation, the force vectors
— .
become to 171) and Fy respectively, we suppose

Fi= (Ihg, Fuy, Fiz)y B = (Fag, Fay, Fo.). So,

T3 and Fy can be calculated with (8) and (9):

' —
F =BxH, (8)
) _

F; =B x B, )

and
cveo — syefisa | cysa+ syefeor sysf
B = {—svyea —cycfsa —sysa+ cycBea cysf|,
s3scy - —s8cox cfd

where ¢ and s stand for the cosine and sine func-
tions respectively.

3.3. The tracked random signals
of the virtual object m/

In our experiments, the position and orienta-
tion signals of the tracked virtual object m’ are
generated by computer, which are random val-
ues generated from the seed of the computer’s
system clock. The random displacement signal

(mm;) is the sum of five .cosine waves, which can
be calculated with (10):

5 -
Tt = Z Acos(wit + ¢;). (10)
’ i=1 : :
With the same principle, we can get the ran-
dom orientation signal of the virtual object m'.

4. Experimental Results

The rehabilitation’s aim for the stroke patients
is to increase the strength, agility and ROM
of limbs. In our study, five healthy subjects
have participated in the experiments. At first,
we have performed the self-assisted experiment
with the system that we have proposed. The fur-
ther experiment has been performed to testify
that the agility of the subjects’ upper limbs can
be improved with the rehabilitation system.

There are six parameters (mn, by, b, k, k1 and
ky) in the virtual force model. The param-
eters can be decided according to the following
discuss.

(i) To decide the parameter of m. We suppose
the maximum of the generated force is 0.1 N

- because of the acceleration of object m, and

we suppose the acceleration of object m is 1
m/s* on this occasion. According to the equa-

tion F' = mna, we can get: m = 0.1 kg. Of course,
" we can change the mass to get a different exper-

iment difficulty.

(i) To decide the parameters of by and bo. In
the virtual force model, we suppose there is no
spring, that means k = k1 = ko = 0. To simplify
the calculation, b, and bs are set to be equal. We

“suppose the maximum speed of subject’s hand

is 50 mm /s, and the velocity of object m is sup-
posed to be 45 mm/s on this occasion. Based on

- the virtual force model, we can get the maxi-

mum damper constant: 10 Ns/m.

(iii) To decide the parameters of k,k; and ko.
In the virtual force model, we suppose there is
no damper, that means by = by = 0. To sim-
plify the calculation, k, k1 and ks are set to be
equal. When the displacement of objects 1 and 2
is the maximum: 80 mm (because the workspace
of PHANTOM hapti¢ device is 160mm in
z-axis), we suppose the displacement of object
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=

m is 70mm. Based on the virtual force model,
we can get the maximum spring constant:
20 N/m.

So, we can choose the spring constant in
(0, 20N/m) and the damper constant in (0,
10Ns/m). Based on the spring comstant and
damper constant, the sum of virtual spring
force and virtual damper force should not over
3.3 N (it is the maximum exertable force of
PHANTOM haptic device). In our experiment,
the initial parameters are set as: m = 0.1kg,
k= k‘l = kg = 10 N/Hl, bj.:_bz =5 NS/HJ

In the virtual force model, the mass of object
m mainly affects the experiment difficulty of
the rehabilitation tracking experiment; by and by
mainly affect the agility improvement of upper
limbs; k, k1 and ko mainly affect the strength
and ROM improvement of upper limbs.

With the increase of mass, it is more dif-
ficult to change the position and orientation
of the virtual object m. So, it gets more diffi-
cult for ‘a subject to complete the same track-

" ing task. With the increase of by and bg, the -

forces on the styluses will change more quickly,
so the better agility of upper limb is neces-
sary to complete the same tracking task. In
the virtual force model, the forces on the sty-
luses get bigger with the increase of k, ki and
ko. So, these three parameters mainly affect the
strength and ROM improvement of upper limbs.
According to the force model, the natural fre-
quency of no input {wg), one hand input (w)
and two hands input (ws) can be calculated with.
(11)—(13) respectively.

wp = 4/ k/m=10rad/s, - - {11y

wi. =/ (k+ki)/m = 14.1 rad/s,  (i2)

wy =/ (k + k1 + ka)/m = 17.3 rad/s. (13)

To avoid the resonance, the maximum
frequency of the tracked random position and
orientation signals are set to less than half of the
natural frequency of the virtual force model, In
our experiments, as (10) shows, A = 20mm, w

- is a random value in (0, 5), and ¢ is a random

value in (0, 27). At the same time, the maxi-
mum rotation angles of the virtual object m’ is

_ set as 30°.
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4.1. The self-assisted experiment

In this part, five healthy subjects have partici-
pated in the experiments. The characters of the
subjects are depicted in Table 1. Among the sub-
jects, two of them are aged (over 50 years old)
and the other three are young (under 30 years
old); one is female, the other four are male, and -
all of them have not been injured on the upper
limbs before.

In the experiment, the M'Tx inertial sensor is
fixed on the back of the subject’s right hand, and
the gubject grasps the styluses of the two hap-
tic devices and manipulates it. Figure 8 shows

~ the experiment apparatuses, and Fig. 11 shows

the display interface of the system. In the dis-
play interface, the 3D virtual object m stands for
the virtual object m in the virtual force model,
which ig shown in Fig. 10. The path of the vir-
tual object m' rotates in 3 DOF, and the 3D
virtual object m’ can move along the path. The
position and orientation signals of the 3D vir-
tual object m’ are random, which are generated
from computer in real-time.

The subject’s task is to control the position
of the styluses of the PHANTOM haptic devices

Tahble 1. The characters of the subjects.

Subject No.1 No.2 No.3 No.4 No.5,

Sex Male Male TFemale Male Male
Age 52 55 24 26 25

The 3D virtual object ’ * The 3D virtual object

The path of the virtual object

The dialog panel

Fig. 11.  The display interface of the improved system.
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and the orientation of the MTx sensor, in order
to control the position and orientation of the 3D
virtual object m to track the virtual chject m/.
Before the recorded experiment, every subject
is given Hmin o practise and get familiar with
the system. After that, the recorded experiments
hawve been performed. The tracking performance
can be evaluated with the square error between
the track of object rm’ and object m, and the
agility of the subjects’ upper limbs can be eval-
uated with the square error too, which is calcu-
lated with (14). In the experiment, the position
and the orientation of the subject’s hands are
sampled once a millisecond:

N
§= Z(a:m: — ) /N. (14)

=1

For every subject, the experiment is per-
formed on two different conditions. One is to-

control the virtual object m with right hand

only, the other is to control it with the combined

“efforts of two hands. Every subject perforins the

The typical 3D track of the right hand for sub-
ject No. 1. :

Fig. 13. The typical exerted force on stylus 1.

e Thes disnlacerment oF m

d SRS
— Tha displacemant aof m’
— Ths dspacemant of m

(b)

Tig. 14. The typical tracking result of a young subject
(subject No. 4). {a) With the right hand. (b) With the
combined efforts of two hands. _

[

tracking experiment for ten times, five times
for right hand operation and five times for two

" hands operation, and it takes 1miin for once.

After the experiment, the tracking performance
is simulated in the software of MATLAB.

The typical position tracking performance
from 10th second to 20th second of snbject No. 4
is shown in Fig. 14. Figure 15 shows the typical
position tracking performance of subject No. 1.
The mean square errors of the position track-
ing experiment for every subject are listed in
Table 2.

From Table 2, we can see that the agility of
the old subjects’ hands is not as good as that of
young subjects’ hands, which means the agility
of the old people’s hands has decreased. For both
the aged and the voung groups, the tracking per-
formance of two hands combined efforts is bet-
ter than that of one hand. In this opinion, when



——

T he dispiacarmant aF w0 | Fa
ispimgement of m

I 5 >
The displacement of m’
| — - The dicgcament of m

(b)

Fig. 15. The typical tracking result of an old subject

(Subject No. 1}. (a) With the right hand. (b) With the
combined efforts of two hands.

~one of the subject’s hands is injured, the other

intact one can be used to assist the injured hand,
two hands combined efforts are used to complete
the tracking task, until there is no assistance
from the intact hand. At last, the injured hand
recovers gradually and it can complete the track-
ing task alone. The proposed system is an active
rehabilitation systern, so it is mainly fit for mild
stroke patients. In self-assisted rehabilitation,
the worst occasion is that the injured hand can
hardly move, only the intact hand can move
actively. On this occasion, the MTx sensor is
equipped on the back of intact hand. According

to the proposed virtual force maodel (see Fig. 10),
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when the intact hand moves and rotates in the
tracking task, there will be a corresponding force
act on the injured hand to make it move in the
expected direction. In this way, the sélf-assisted
rehabilitation can be realized.

4.2, Improving the agility of the
upper limbs

With the increase of age, the agility and strength

- of upper limbs decrease. Especially, it is obvious

for the aged people (over 50 years old) [Matsudo
& Matsudo, 2003]. In some sense, this character
ig just Like the mild stroke patients, who have
lost some agility and strength on their upper
limbs. Therefore, two aged subjects (see Table 1,
gubject No. 1 and subject No. 2) have partici-
pated in the rehabilitation experiment for twa
continuous months in our initial research. The
mild stroke patients will participate in the fur-
ther experiments in our future research. In fact,
it is the most important object for a mild stroke
patient to improve the agility of upper limbs.
So, we mainly performed the position tracking
experiment and orientation tracking experiment
to evaluate the agility of upper limbg. With these
tracking results (square error), we can evaluate
the agility of mild stroke patients’ upper limbs
accurately. For each old subject in this experi-
‘ment, he always performs the rehabilitation with
two hands combined efforts, and the rehabili-
tation continues for 30 mins every day, 15mins
in the morning and the other 15mins in the
afternoon. '

Figure 12 shows the typical 3D track of the
right hand for subject No. 1 from 10th second
to 20th second. From the figure, we can see the
ROM of the old subject’s right hand is 100 mm
in z-direction, 60 mm in y-direction and 25 mm
in z-direction. According to the virtual force
model, the exerted force on styluses 1 and 2
can be calculated, and the orientation of the

Table 2. The mean square error of the position tracking experiment.

Subject No. 1

No. 2 No. 3 No. 4 No. 5

With right hand only 16.5
With two hands efforts 9.6

17.3 94 . 8.8 10.2
10.1 5.1 4.5 54
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The displacemant of m’
Tha dlsplaceinent of m

<
%

The displacemant of o
The displacement of m

(b)

Fig. 16. The position tracking result of subject No.
1. (a) Before the rehabilitation. (b) After two months

. rehabilitation.

forces are decided by the rotation of the MTx .
gensor. The typical exerted force on the stylus

1 is shown in Fig. 13. The force range is from
—3N to 2N for each of the three axis..

At last, the tracking results of position and
orientation for subject No. 1 are shown in
Figs. 16 and 17 respectively. For the {racking

performance of orientation, we mainly analyze

the tracking performance of the roll Euler angle
(o). From Figs. 16 and 17, we can see the
tracking performance of position and orienta-
tion has been improved greatly after two months
rehabilitation with the systern, that means the
upper limbs’ agility of the old subject have been
improved greatly.

5. Conclusions

‘We have developed a self-assisted active rehabil-
itation system for upper limbs, especially for the

(b)

Fig. 17. The orientation tracking result of subject
No. 1. Before the rehabilitation. (b) Affer two months
rehabilitation.

. wrists and elbows. It is easy to change the stiff

ness of the system through changing the param-
eters of the virtual force model. The system has
the characters of high safety, compsadction and

~ self-assistance, which make the system suitable

for home rehabilitation. , ‘

The advanced haptic devices and the inertial
sensor have been used in the gystem, so the accu-
rate position and orientation of the subject’s

" hand can be obtained in real-time, which are

mogst significant for the rehabilitation of upper
limbs. According to the comparison of the track-
ing performances, we can see the agility of the
old subjects’ hands have been improved greatly
after two months rehabilitation with the system.

The system is not only fit for one hand reha-
hilitation, but it is also fit for two hands rehabil-
itation. On the latter occasion, the intact hand
can be used to assist the injured one in the reha-
bilitation. When the injured hand hag recovered



gradua,]ly,r the assistance from intact hand can be -

decreased gradually, until there is no assistance.
In general, the stroke patients are divided into
four categories: mild, moderate, severe, and fatal
[Solomon et al., 1994]. The proposed system is

an active rehabilitation system, so it is not fit-

for severe stroke patients (such as the patients
with hemiplegia). It is mainly fit for mild stroke
patients. ' '
The work space of the PHANTOM haptic
device is not large enough for the free rotation

of the elbow, although it is enough for the free

rotation of the wrist, so the sysiem is mainly fit
for the rehabilitation of the wrist. In the future,
we will enlarge the work space of the system, so
that it can be suitable for the rehabilitation of
‘the elbows. Furthermore, we will develop a new
system include the passive rehabilitation func-
tion, which can improve the strength and ROM
of severe stroke patients’ upper limbs.
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