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Paper

A Bio-mimetic Rehabilitation Aid for Reaching Movements
Using Time Base Generator*

Toshio Tsujif, Yoshiyuki Tanaka', Makoto Kaneko', and Hideki Miyaguchif?

Abstract: In this paper, a new rehabilitation aid for reaching movements is proposed with an impedance-
controlled robot using a Time Base Generator (TBG) model. The proposed system generates a bio-mimetic
trajectory for the robotic aid, which has the same dynamic behaviors of a healthy operator. The robotic therapist
assists trainee’s movement based on the generated target trajectory with adaptation to the trainee’s motor control
capability. Also, a prototype system for upper-limb movements is constructed, and training experiments with a pa-
tient of cerebellar ataxia are performed to show the validity of the proposed robot-aided training system inspired

by the biological motor control mechanism.
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1. Introduction

OBOTS, in particular industrial robots, have been

mainly used in limited environments where a robot
does not need to consider about contact with a human.
However, directing our attention to current problems of
medical welfare such as undesirable social conditions for
the handicapped and serious shortage in homecare in the
coming aging-society, we naturally expect that robots will
be able to cooperate with a handicapped person and assist
his or her daily activities in the near future.

Ordinary medical treatments for motor functional disor-
der of extremities are carried out with some training ap-
paratus through a dialog between a patient and a therapist.
However, it is sometimes difficult to examine therapeutic
effects objectively. Moreover, without the therapist, the pa-
tient cannot continue on effective training.

Recently, for the purpose of improving the present situa-
tion, a number of training and rehabilitation systems using
robots have been developed. Especially, to support a joint
motion exercise for prevention and improvement of joint
contraction and muscle atrophy, studies on a Continuous-
Passive-Motion (CPM) device [1], which moves joints of
a patient passively, has been actively performed. For in-
stance, Sakaki et al.[2] and Okajima et al. [3] have de-
veloped the impedance-controlled CPM device that can
realize compliant motion exercise. Krebs ef al. [4] have
developed a training system for the upper limb move-
ments through operating the end-effector of the impedance-
controlled robot according to a target pattern, such as a
circle, shown in the computer display. However, in these
previous training systems, it is difficult to offer efficient
training for realizing a smooth motion like a healthy per-
son because time-related characteristics of motion such as
a velocity profile and a movement time are not used as a
training goal. Also, some robot-aided training approaches
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considering kinetic properties of movements have been
proposed [5]-[7]. However, since these systems use the
recorded data of movements by the healthy operator as a
desired movement, it is difficult to provide compliant train-
ing considering individual differences among patients such
as the physical feature and the joint motion range.

On the other hand, there have been many studies on
the motor control mechanism of human arm [8]-[12]. For
example, Morasso [8] measured reaching movements of a
two-joint arm restricted to a horizontal plane, and found the
common invariant kinematic features that a human usually
moves his hand along a roughly straight path with a bell-
shaped velocity profile from a starting point to a goal point.
As an explanation for the trajectory generation mechanism
of human arm, many models have been proposed: for ex-
ample, “a minimum jerk model” [9], “a minimum torque-
change model” [10] and “a VITE model” [11]. The first and
the second models assert that the underlying mechanism is
a feedforward control system, and the other deals it as a
feedback. All of these models can generate the straight-
line trajectory in good agreement with experimental data
by computer simulations.

Also, Morasso er al. [12] proposed a Time Base Gener-
ator (TBG) that generates a time-series with a bell-shaped
velocity profile, and showed that not only a straight-line
trajectory but also a curved trajectory can be generated
by synchronization of translational and rotational veloci-
ties of the hand with the TBG signal. Furthermore, Tsuji ef
al.[13],{14] applied the TBG to a motion-planning prob-
lem of a non-holonomic robot and a redundant manipula-
tor. Then, Tanaka et al. [15] developed a trajectory genera-
tion method based on the artificial potential field approach
(APFA) with the combination of the time scale transfor-
mation and the TBG. They had succeeded in generating
a human-like hand trajectory on the nonholonomic con-
strained task [16].

In this paper, a new rehabilitation aid for reaching move-
ments based on a biological motor control mechanism is
proposed by using the TBG[17],[18]. The training sys-
tem is constructed in such a way that a trainee operates an
impedance-controlled robotic device during training, while
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Fig.1 Block diagram of the TBG model

the robot assists the trainee’s movements with reference to
a given target trajectory with adaptation to trainee’s motor
control capability. The target trajectory for a robotic aid
is generated with the TBG based on the dynamic features
of a healthy person’s movements, so that the training con-
sidering dynamic behaviors can be provided to a trainee.
The extent of assistant to the trainee can be adjusted in
order to provide various training. Also, a prototype sys-
tem for upper-limb movements is constructed, where two-
dimensional motion training is possible.

This paper is organized as follows: First, the bio-
mimetic trajectory generation method of robots using the
TBG is explained in Section 2. Then, the bio-mimetic re-
habilitation system using the TBG method for disabled mo-
tor control functions is proposed in Section 3. Finally, the
validity of the proposed training approach is investigated
through the training experiments with a patient of cerebel-
lar ataxia in Section 4.

2. Bio-mimetic Trajectory Generation Method
Using Time Base Generator

This section expresses a bio-mimetic trajectory genera-
tion method for robotic systems [15],[16]. The basic idea
of the method is to compress a time scale of the controlled
system with a TBG according to the specified convergence
time in the actual time scale, and to design the asymptotic
stabilizer for the time scaled system with an artificial po-
tential field approach (APFA).

2.1 Time base generator

Figure 1 shows a control model of hand reaching move-
ments using the TBG[12], where £(¢) is a non-increasing
function of time. The TBG generates a bell-shaped velocity
profile satisfying £(0) = 1 and £(¢;) = 0 with the conver-
gence time t;. The feedback controller in Fig. 1 outputs
a command in such a way that an error between a current
position & and a target position x4 is forced to synchronize
with the TBG signal, so that a human hand can reach the
target with a bell-shaped velocity profile at the specified
time Zy.

The dynamics of &, considering generation of asymmet-
ric bell-shaped profiles, is defined as follows [16]:

£=—"(1-¢)" (1
where the parameters v and 3; (¢ = 1, 2) are positive con-
stants under 0 < 3; < 1. The velocity profile of the TBG
can be adjusted by changing 3;, while the convergence time
t is calculated with the parameter -y and the gamma func-
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Figure 2 shows time histories of & and 5 using the
parameters {3y, f2) = (0.75, 0.5), (0.75, 0.75) and
(0.5, 0.75) with the convergence time t; = 2.5 [s]. It
can be seen that a velocity profile of the TBG signal can be
regulated by changing 3; so that the asymmetric profile as
well as the symmetric profile can be generated.

2.2 TBG built-in control laws

Generally, the kinematics of non-redundant robots can
be described as

X = AX)U 4

where X, U & R" are the state variable vector and the
input vectors of the system, respectively, and it is assumed
that det A(X) #£ 0.

The time scale compression of the system with the TBG
can be realized by the time scale transformation [19] with
the virtual time scale whose infinite time corresponds to a
specified finite time ¢y of the TBG in the actual time scale.
Then, the relationship between actual time ‘¢’ and virtual
time ‘v’ is given by

— =aflt 5
=al) ®)
where the continuous function () is called a time scale
function. In order to compress the time scale of the system
with the TBG, the time scale function a(t) is defined as
€

a(t) = —p;

6
¢ ()
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Fig.3 Biock diagram of the proposed rehabilitation aid

where p is a positive constant. From (5) and (6), the virtual
time v can be represented with respect to £ as follows:

1/=/0t a(t) dt = —plné(t). N

The parameter p can regulate the transformation of the time
axis. The compressibility of the time axis becomes larger
near the specified time as p decreases, while it becomes
uniform in all the time as p increases. Generally, the sta-
bility and dynamic property of systems do not change in
any time scale when a strictly monotone increasing func-
tion with respect to the actual time is used as the time scale
function. It is obvious that the virtual time v given in (7)
never goes backward against the actual time £, so that the
virtual time » is used as a new time scale in time scale
transformation of the original system (4) in order to derive
the proposed controller.

Then, the system given in (4) can be rewritten in virtual
time v defined by (7) as follows:

dX dX dt
T T ®
where
1 7
U, = E@U e R, (9)

On the other hand, the APFA [13],[14] sets a potential
function Vx(X') which includes the minimum at a goal
position X4 € R”™ in the task space. By applying a vir-
tual attractive force to the goal position, the robot can reach
the target in infinite time. An example of such a feedback

controller U, is given as
OVx
o0 (55 )

By inverse time-scaling from virtual time v to actual time
t for the feedback controller U, designed by the APFA in
virtual time v, a feedback control law U in actual time ¢ is
derived as

U, = 10

U= —a(th)A HX) ((Zg?>

With the derived controller U, the system (4) in the actual
time scale converges the equilibrium point at the specified
time £y.

The TBG built-in controller can generate a smooth tra-
jectory with characteristics of human movements, and can

1D
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control kinetic properties such as the movement time and
the velocity profile by adjusting the TBG parameters with-
out any change of the form of the designed controller.

3. Bio-mimetic Rehabilitation Aid for Reaching
Movements

A bio-mimetic rehabilitation aid using the TBG method
is proposed in this section. The system can provide training
exercises of reaching movements considering smoothness
with adaptation to trainee’s motor control capability.

3.1 Control system

Figure 3 shows the block diagram of a proposed reha-
bilitation aid in the n-dimensional reaching movements. In
the training, a trainee moves a handle position € € R”
of an impedance controlled robot from an initial point
xg € R™ to a target point g € R™ by applying the hand
force F'.,; € R™ to the robot. On the other hand, in or-
der to make the trainee’s hand follow a target trajectory
x, € R" generated by the TBG, the robotic aid assists
trainee’s movements with an assistant force Foq € R
which is produced on the basis of ..

The dynamics of the impedance controlled robot can be
described in the n-dimensional task space as

Mg+ B+ K (@ —x.)=F (12)

F::Fe:ct +Faid (13)

where M, € R B, € ®*»*", K, ¢ """ denotes
the diagonal matrix with respect to the inertia, the viscosity
and the stiffness of the end-effector; and &, € R" the equi-
librium point of the stiffness of the robot. Regulating the
impedance parameters M., B., K., an operating load of
the handle to a trainee can be changed. For example, with
the stiffness K. = 0 [N/m], the motion during the training
reduces to reaching movements. On the other hand, when
K. # 0 [N/m], the pulling motion of thé handle against
the spring can be considered as muscle training. In the sys-
tem, the target force F', is calculated with the following

equation:
F,=M.&, + B, + K.(@®, — ). (14

Then, the assistant force F,;4 for the robotic aid in the
training is defined with the trainee’s hand force F ., and
the target force F',. as follows:

Faid :Kf(Fr*Fe:c” (15)
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where Ky = diag ("ks,%ky, - -+, "ky) € R™ ™ is the as-
sistant gain matrix for regulating an assistant quantity in the
training under 0 < *ky <1 (3 =1,2,---,n). Attks =0,
no robotic assistance is given to the trainee. On the con-
trary, the maximum robotic assistance is given at *ky = 1,
so that the hand force of a trainee is canceled and the target
force is ordered to the training device.

Figure 4 shows the block diagram of the robot con-
trol part, where ®, € R" is the desired position. The
impedance filter computes the robot’s desired position x,,
from the control input F' € R™ which is the sum of hand
force F'..; and assistant force F ;4. Then, x,, arrives at
the tracking control block that works to minimize the er-
ror between (x, &) and (z,,, &,) by adjusting the feedback
control gains Ky, Ky, K,.

3.2 Bio-mimetic trajectory generation for robotic aid

The proposed training system generates a bio-mimetic
target trajectory for the robotic aid using the TBG method
described in the previous section.

The kinematics of a human hand in the n-dimensional
task space can be represented as

T=u (16)
where = (1%,%%,---,™i) € R™ denotes the vector of
a hand velocity, and v = (*u, 2u, -+ ,"u) € R" the vec-

tor of a virtual control input for the hand movement which
arises from the motion of arm joints.

By time-scaling from actual time # to virtual time v de-
fined in (7) for the system (16), the system in the virtual
time scale can be rewritten as

dx 1

By applying the TBG based method with the following po-
tential function V,, as
L r
Ve = ST (18)

the feedback controller u for the system (16) can be de-
signed by

19

o,
8

1
U= via(t):c =

[ et
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Substituting the controller (19) into (16), the following
differential equation can be derived for each component
variables “x as

(20)

C.;Q
[ SRS
Iy [

Solving the above differential equation for *x, the dynamic
behavior of the hand in the i-th coordinate is represented
by

‘o=zt @

where “xg is the initial hand position. It can be seen that the

hand behavior ’x synchronizes with the TBG. Because of
tlinta &(t) = 0, *z can reach the target point at the specified
—ty

time 5.

Thejtarget trajectory @, for the robotic aid is generated
by using (21) with regulating the TBG parameters [y, 52
and the movement time ¢; based on the measurements of
healthy subject’s movements. Also, a reasonable target tra-
jectory for each trainee can be generated via modulating
these parameters according to his/her physical features and
motion range of joints.

3.3 Robotic assistance

In the developed system, the various robot-aided train-
ing can be offered by adjusting the assistant gain ‘ks in
(15) during the training.

For instance, setting “k; = 1 during the training, the
robotic therapist assists trainees movements with the de-
sired force profile *F}., so that trainee’s hand follows the
target trajectory ‘x,. This training mode is effective for
teaching the normal smooth movement to the trainee.

When ks is changed during the training as shown in
Fig. 5, the robot makes the trainee’s movement follow
the target trajectory until a decreasing time iT(m), and the
training loads are gradually increasing afterward. With this
time-varying assistance, the robot aid can teach the timing
of movements to the trainee. Then, in repeated exercises
such as several round point-to-point movements, it is ex-
pected that the suitable time-related schedule of assistant
quantity for the trainee is designed via adjusting iT(m) by
the following renewal rule:

Timy =1 Jm-1) + (L= 1) “Tim-1) (22)

with the following training performance of the (m-1)-th
trial Z.J(l,-,‘,,_l) (m=1,2,3--+)

5 E
Jim—1) = { 1
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where 0 < iT(m)kS 1, iT(O) =0and0<n< 1. iT(m) is
much dependent on the last training performance as n be-
comes larger, while “T{,,) is defined by considering past
results as n becomes smaller.

The programmed robotic assistance may encourage the
trainee in his/her training, and suggest a new training
method. Next section describes experiments of the pro-
posed robot-aided training approach with a constructed
prototype system for upper-limb movements.

4. Training Experiments
4.1 Apparatus

Figure 6 shows the prototype of the proposed rehabili-
tation aid using the TBG. The system is composed of an
impedance-controlled robot for applying compliant force
to a trainee’s hand, a computer for robot control and signal
processing, and a display which indicates training infor-
mation to the trainee. The robot is composed of two lin-
ear motor tables with one degree of freedom (Nihon Tom-
son Coop., maximum force £10 [kgf]; and Nihon Seikou
Coop., maximum force £40 [kgf]), which are placed or-
thogonally in order to carry out the two-dimensional hand
motion exercise. During training, hand force generated by
the trainee is measured by a six-axis force/torque sensor
(BL Autotec Co. Ltd., resolution: force = and y axes, 0.05
[N1; z axis, 0.15 [N]; torque, 0.003 [Nm]) attached on the
handle of robot. Also, the handle position is measured by
an encoder built in the linear motor table (resolution: Ni-
hon Tomson Coop., 1.0 {gm]; and Nihon Seikou Coop., 1.0
[pm]).

The trainee is asked to move the handle from a point to
another, and the robotic aid works to assist trainee’s hand
movements so as to follow a target spatio-temporal trajec-
tory, which has the similar features of a healthy person’s.
After a set of trials, the training information is reported to
the trainee in order to show his/her movements and prob-
lems.

4.2 Modeling of normal movements with TBG

The developed rehabilitation aid for reaching move-
ments uses the trajectory with features of the healthy per-
son’s movements as the target trajectory for the robotic aid.

(©2000 Cyber Scientific

First, in order to reveal what kind of hand trajectories a
healthy person generates in operating the impedance con-
trolled robot, trajectory generation experiments were car-
ried out with healthy and skillful persons (four male uni-
versity students). In the following discussion, the motion
direction of hand is limited to the « axial direction (see
Fig. 6). In the experiments, the subjects were instructed to
move the handle to the target point at a starting sign of a
countdown with three seconds. The distance between the
initial point and the target is 0.3 [m}].

Figures 7 and 8 show typical examples of the ob-
served spatial trajectories and the velocity profiles of the
hand, where the robot impedance parameters were set as
{M,, Be, K.} = (3.0 [kg}, 60 [Ns/m], 0 [N/m]) and (1.5
[kgl, 30 [Ns/m], 0 [N/m]) under (K,, K, K) = (0.0
[Ns2/m], 100 [Ns/m], 675 [N/m}). It can be observed from
Fig. 7 that the subject A generates the single-peaked veloc-
ity profiles, and the motion duration to the target tends to
be longer as the load of hand is larger. The same features
can be seen in the generated trajectories by all subjects as
shown in Fig. 8, although there are small differences be-
tween the subjects. Through the observation of reaching
movements, it is shown that the skillful person can gener-
ate the stable trajectory with a single-peaked velocity pro-
file during the operation of the impedance-controlled robot.

On the other hand, Fig. 9 shows the trajectories gener-
ated by using the bio-mimetic controller with TBG in (19)
under the mechanical impedance parameter (M., B., K.)
= (1.5 [kg], 30 [Ns/m], 0 [N/m}), (3.0 [kg], 60 [Ns/m], 0
[N/m]). The TBG parameters [y, > and the movement
time t¢ were estimated by the non-linear regression anal-
ysis with the observed trajectories in Fig. 8. Comparing
Fig. 8 and Fig. 9, it can be seen that the generated trajecto-
ries are similar to the healthy person’s. Also, adaptively
modified trajectories according to trainees can be easily
produced by changing the TBG parameters if needed.

4.3 Rehabilitation training

The validity of the proposed training approach was
demonstrated with a patient of cerebellar ataxia (a middle-
aged woman), who has difficulty in making smooth move-
ments because of poor coordination of the limbs [20]. In
the experiments, the patient was asked to make two round
point-to-point movements from the initial position to the
goal synchronized with the starting sign from the display
where three circles are used to count down three seconds
until the start of movements. Each trial of stroke movement
was conducted within 3 [s], after that, the handle automat-
ically moved to the goal point within 2 [s]. Also, the me-
chanical impedance parameters were set as (M, Be, K.)
= (1.5 [kg], 20 [Ns/m], 0 [N/m]}).

First, training experiments with the regulation of the as-
sistant quantity during the training are shown in Figs. 10,
11 and 12, where (a), (b), (¢) and (d) show the time histo-
ries of the hand position z, the hand velocity Z, the assisted
forces F;q and the assistant gains “ky, respectively. The
fine solid line in each figure denotes the target trajectory
%z, %y, “F,), where the stroke length is L = 0.2 [m] and
the movement time is £y = 0.95 [s].

Figure 10 shows the generated trajectories with the dif-
ferent constant assistances under ks = 0, 0.5, 1.0. It can

Machine Intelligence & Robotic Control, 2(4), 141-149 (2000)
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Fig.9 Bio-mimetic trajectories generated by the TBG for the robotic aid

be observed from Fig. 10 that the trainee’s spatio-temporal
trajectories become closer to the desired trajectory mea-
sured from the healthy operator as the assistant quantity
“k; increases. In particular, in the case of "ky = 1.0,
the robot instructed the patient how to move her hand for
smooth movements by applying the desired force profile to

(©2000 Cyber Scientific

the handle. On the other hand, Fig. 11 shows the generated
trajectories with the time-varying assistances under the de-
creasing times ”“'T(m) = 0.2, 0.6. It should be noticed that
movements of the patient agree with the desired movement
until ®T{,,), while the error between those movements are
increasing thereafter. It indicates that the training consid-

Machine Intelligence & Robotic Control, 2(4), 141149 (2000)
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Fig. 10 Generated trajectories with the different constant robotic assis-
tances

ering the start timing of movements had been provided by
means of the time-varying robotic assistance. Then, Fig, 12
shows the results where the decreasing time “71},,, was au-
tomatically renewed by (22) under the parameter n = 0.5.
The time schedules of robotic assistance were designed ac-
cording to the patient’s movements of past trials. As trials
go on, it is expected that the suitable assistant gain pro-
file can be obtained according to motor control capability
of the trainece. Through the training experiments, it was
confirmed that the developed system can provide the train-
ing considering dynamic behaviors according to the train-
ing aim and the patient by regulating the gain of robotic
assistance ‘ky in (15).

It should be noted that the proposed training system can
regulate time-related properties of the target trajectory such
as the movement time and the velocity profile according to
motion ability of a trainee by using the TBG parameters.
Selecting reasonable dynamic properties of the employing
target trajectory enables to reduce the influences coming
form individual differences among patients.

Finally, a brief example utilizing this feature is shown in
Fig. 13. The exercises were investigated with the move-
ment time £y = 2.0 [s] under the different constant assis-
tances by % =0, 0.5, 1.0. It can be seen that the dynamic
properties of patient’s movements were closed to that of the
desired movement as the robotic assistance increases. If a
generated trajectory becomes close to the normal one, it
can be expected that the motor capability will be improved.

5. Conclusions

In this paper, the TBG method was applied to develop the
bio-mimetic rehabilitation aid for disabled motor control
function with the impedance-controlled robot. By utiliz-
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ing the modeled trajectory with TBG, which has dynamic
features of normal movements as the training target, the
robotic aid can offer effective training considering smooth-
ness of movements and can also teach the normal move-
ment to the trainee. Then, the validity of the proposed
training approach was experimentally confirmed with the
prototype device.

However, there are some points that should be improved
for real application of the proposed bio-mimetic robotic
rehabilitation aid, such as how to avoid excessive assis-
tance for a trainee, and how to find an appropriate target
trajectory according to a trainee of wide degree of motor
control disorder. Future research will be directed to cope
with these problems and also consider what kind of robotic-
aided training should be provided by this system.

Acknowledgment

This work was partly supported by the Mikiya Science
and Technology Foundation, and the Scientific Research
Foundation of the Ministry of Education, Science, Sports
and Culture, Japan (11650450).

References

[1] R. B. Salter, “Clinical application of basic research on continuous
passive motion for disorders and injury of synovial joints.” A pre-
liminary report of a feasibility study, J. of Orthopaedic Research,
no. 3, pp. 325-342, 1984.

[2] T. Sakaki, M. Kondo, K. Nagata, K. Matsukuma, and T. Sakamoto,
“Multi d.o.f. and force-controlled rehabilitation devices for human
legs,” in Proc. of the 13th Annual Conf. of Robotic Society Japan,
1995, pp. 1039—1040 (in Japanese).

[3] Y. Okajima, N. Tanaka, M. Hasegawa, N. Uchida, A. Kimura,
Y. Tomita, T. Horiuchi, M. Kondo, and T. Sakaki, “Therapeutic
exercise machine: Soft motion by the impedance control mecha-
nism,” Sogo Rehabilitation, vol. 26, no. 4, pp. 363-369, 1998 (in
Japanese).

Machine Intelligence & Robotic Control, 2(4), 141-149 (2000)



148
‘Without assist X,
------- With Assist
0.2
T o1}
T 0
= N -
0,05 oo SR ‘
5 10 15 20
Is]
(@
0.50 - Without assist X,
_ 025 | &\ ------- With Assist
E“.. 0 ] = S Y
-0.50 ¢ : * '
5 10 i 20
0 >
by
10 Without assist "Fr
L L | With Assist
z ok Al
] ¥
3 7 f
=5 v \/
-10 : : : :
0 5 10 15 ! [s] 20
(c)
1.0 I P r
) N i I
. | Iy i h
£ 05 hy i b
\ i P b
o U hy Ll b ;
i 2
5 0 15 t ] 0
@

Fig.12 Generated trajectories with the automatically adjusted robotic
assistances

[4] H. L Krebs, N. Hogan, M. L. Aisen, and B. T. Volpe, “Robot-aided
neurorehabilitation,” IEEE Trans. on Rehabilitation Engineering,
vol. 6, no. 1, pp. 75-87, 1998.

[51 P. S. Lum, S. L. Lehman, and D. J. Reinkensmeyer, “The biman-
ual lifting rehabilitator: An adaptive machine for therapy of stroke
patients,” JEEE Trans. on Rehabilitation Engineering, vol. 3, no. 2,
pp. 166-173, June 1995.

[6] 1. A. Cozens, “Robotic assistance of an active upper limb exercise
in neurologically impaired patients,” /EEE Trans. on Rehabilitation
Engineering, vol. 7, no. 2, pp. 254-256, June 1999.

[71 E A. Mussa-Ivaldi and J. L. Patton, “Robots can teach people how
to move their arm,” in Proc. of the 2000 IEEE Int. Conf. on Robotics
and Automation, 2000, pp. 300-305.

[8] P. Morasso, “Spatial control of arm movements,” Experimental
Brain Research, vol. 42, pp. 223-227, 1981.

[9] T. Flash and N. Hogan, “The coordination of arm movements: An

experimentally confirmed mathematical model,” J. of Neuroscience,

vol. 5, no. 7, pp. 1688-1703, July 1985.

Y. Uno, M. Kawato, and R. Suzuki, “Formation and control of opti-

mal trajectory in human multi-joint arm movement,” Biological Cy-

bernetics, vol. 61, pp. 89-101, 1989.

D. Bullock and S. Grossberg, “VITE and FLETE: Neural modules

for trajectory formation and postural control,” in Volitional Action,

W. A. Hershberger, Ed. Amsterdam, The Netherlands: North-

Holland, 1989, pp. 253-297.

P. Morasso, V. Sanguineti, and T. Tsuji, “A dynamical model for the

generator of curved trajectories,” in Proc. of Int. Conf. on Artificial

Neural Networks, 1993, pp. 115-118.

T. Tsuji, P. Morasso, T. Yamanaka, and M. Kaneko, “Feedback

control of mobile robots with nonholonomic constraints using time

base generator,” J. of the Robotics Society of Japan, vol. 12, no. 7,

pp. 1072-1078, 1994 (in Japanese).

T. Tsuji, P. Morasso, K. Shigehashi, and M. Kaneko, “Motion plan-

ning for manipulators using artificial potential field approach that’

can adjust convergence time of generated arm trajectory,” J. of the

Robotics Society of Japan, vol. 13, no. 2, pp. 285-290, 1995 (in

Japanese).

Y. Tanaka, T. Tsuji, and M. Kaneko, “On-line trajectory genera-

tion of robots using time base generator,” Trans. of the Instinute of

Electrical Engineering of Japan, vol. 119-C, no. 10, pp. 12621267,

1999 (in Japanese).

Y. Tanaka, T. Tsuji, and M. Kaneko, “Bio-mimetic trajectory gener-

ation of robots based on human arm movements,” J. of the Robotics

(10]

{11]

12]

[13]

[14]

[15]

{16]

©2000 Cyber Scientific

T. Tsuji, Y. Tanaka, M. Kaneko, and H. Miyaguchi

E 0 N f" A ’ -
= i !
= 02 3 0
04 ‘ ¢ N :
0 5 10 5oy P
o)
=0
B A
------ U=
Z . o~ "
= A AR
= B »,
$ \J
5 10 15 gpg 2
()
1.0 peeeeemees O e
= 0.5 —"-‘i %————i e ! : ————— ;
0 . Lo L L
[ 5 10 15 tfs] 20
@ ‘

Fig. 13  Generated trajectories with slow movement (t5 = 2 [s])

Society of Japan, vol. 18, no. 5, pp. 699-705, 2000 (in Japanese).
Y. Tanaka, T. Tsuji, and M. Kaneko, “A bio-mimetic rehabilitation
aid for human movements using mechatronic technology,” in Proc.
of the 1999 Int. Conf. on Mechatronic Technology, 1999, pp. 245
250.

Y. Tanaka, T. Tsuji, and M. Kaneko, “A bio-mimetic rehabilitation
aid for motor control training using time base generator,” in Proc.
of the 2000 IEEE Int. Conf. on Industrial Electronics, Control and
Instrumentation, 2000, pp. 114-119.

M. Sampei and K. Furuta, “On time scaling for nonlinear systems:
Application to linearization,” IEEE Trans. on Automatic Control,
vol. 31, no. 5, pp. 459462, 1986.

P. Trouillas ef al., “International cooperative ataxia rating scale for
pharmacological assessment of the cerebellar syndrome.” J. of the
Neurological Sciences, pp. 205-211, 1997.

[17]

[18]

[19]

{204

Biographies

Toshio Tsuji was born in Kyoto, Japan, on December 25, 1959.
He received his B.E. degree in Industrial Engineering in 1982, his
M.E. and Doctor of Engineering degrees in Systems Engineering
in 1985 and 1989, all from Hiroshima University. From 1985 to
1994, he was a Research Associate in Faculty of Engineering at
Hiroshima University and was a Visiting Researcher of University
of Genova, Italy for one year from 1992 to 1993. He is currently
an Associate Professor of Department of Industrial and Systems
Engineering at Hiroshima University.

He has been interested in various aspects of motor control in
robot and human movements. His current research interests have
focused on the control of EMG-controlled prostheses, and com-
putational neural sciences, in particular, biological motor control.
Dr. Tsuji is a member of Japan Society of Mechanical Engineers,
Robotics Society of Japan, and Japanese Society of Instrumenta-
tion and Control Engineers.

Machine Intelligence & Robotic Control, 2(4), 141-149 (2000)



Bio-mimetic Rehabilitation Aid Using TBG

Yoshiyuki Tanaka was born in Hiroshima, Japan, on Septem-
ber 10, 1971. He received his B.E. degree in Computer Science
and Systems Engineering from Yamaguchi University, Japan, in
1995, and the MLE. degree in Information Engineering from Hi-
roshima University, Japan in 1997. He is currently a Ph.D. stu-
dent of Information Engineering Major in Graduate School of Hi-
roshima University.

His main research interests in bio-mimetic trajectory generation
of robots. He is a student member of Robotics Society of Japan,
Institute of Electrical Engineering of Japan, and Japanese Society
of Instrumentation and Control Engineers.

Makoto Kaneko received B.S. in Mechanical Engineering from
Kyushu Institute of Technology in 1976, and M.S. and Ph.D.
in Mechanical Engineering from Tokyo University in 1978 and
1981, respectively. From 1981 to 1990 he was a Researcher at the
Mechanical Engineering Laboratory (MEL), Ministry of Interna-
tional Trade and Industry (MITI), Tsukuba Science City. From
1988 to 1989, he was a Post-Doctoral Fellow at Technical Uni-
versity of Darmstadt, Germany, where he joined a space robotics
project. From 1990 to 1993, he was an Associate Professor with
Computer Science and System Engineering at Kyushu Institute of
Technology. From November 1991 to January 1992, he got an
Invited Professorship at Technical University of Darmstadt, Ger-
many. Since October 1993, he has been a Professor of Industrial
Engineering Department at Hiroshima University.

His research interests include tactile-based active sensing,
grasping strategy, sensor applications, and experimental robotics.
Dr. Kaneko is a member of the JEEE Robotics and Automation
Society, the IEEE Systems, Man, and Cybernetics Society, and
the IEEE Industrial Electronics Society. He is also a member
of Japan Society of Mechanical Engineers, Robotics Society of
Japan, and Japanese Society of Instrumentation and Control En-
gineers.

(©2000 Cyber Scientific

149

Hideki Miyaguchi received his B.A. degree in Social Science
from Doshisya University, Japan, in 1986 and his M.S. degree in
Health Science from Hiroshima University in 1999, In 1989, he
obtained the state qualification of Japanese Occupational Therapy
and worked in the Nara Prefecture Rehabilitation Center, Japan,
from 1989 to 1996. From 1996 to 2000, he was a Research Asso-
ciate in Hiroshima Prefectural College of Health and Welfare. He
is currently a Lecturer of Department of Occupational Therapy at
Hiroshima Prefectural College of Health Sciences.

He is now studying movement functional recovery of physi-
cal disabilities, especially in motor image and movement. He is
a member of Japanese Association of Occupational Therapists,
Japanese Society of Biofeedback Research, Rehabilitation Engi-
neering Society of Japan, and Japanese Society of Neurology.

Machine Intelligence & Robotic Control, 2(4), 141149 (2000)



