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Abstract

In this paper, a rehabilitation aid for reacking
movemenis with an impedance conirolled robot using
a Time Base Generator (TBG) is proposed. A tar-
get spatio-temporal irajectory for the robot which has
the same features as a healthy person has is gener-
ated by the TBG. During the frainin
instructed to move the handle vaﬂackea{ on the robot
to a targel position based on biofeedback information,
and the robot assists him or her by tracking the given
target trajectory. To show the validity of the proposed
traming approach for reaching movements, the train-
ing ezpertments are carried out with healthy persons
whose joints of the upper limb are partly restricied by
bandages.
Key Words: Rehabilitation, reachi
trajectory generation, impedance control.

movements,

1 Introduction

Robots have mainly been used as an effective in-
dustrial device for increasing productivity in factories.
However, directing our attention to the current prob-
lems of medical welfare such as the undesirable so-
cial condition for handicapped people and the serious
shortage in homecare in the coming aging-society, we
expect naturally that an advanced type of robot that
cooperates with a human or assists the daily life of 2
?uandicapped person should be developed in the near

ture.

Ordinary medical treatments, for motor functional
disorder of the limbs, are carried out with some train-
ing implements through a dialog between patient and
therapist. However, it is sometimes difficult to ex-
amine therapeutic effects through objective analysis.
Moreover, without the therapist, the patient can not
continue on with effective training.

Recently, a number of studies have been performed
on a training and a rehabilitation system with robots,
so as to improve the situations on medical welfare
mentioned above. Especially, to support the joint
motion exercise for prevention and improvement of
joint contraction and muscle atrophy, the study on
a Continuous-Passive-Motion (CPM) device, which
moves the joints of the patient passively, has been
actively performed. For instance, Sakaki et al. [1]
and Okajima et al. [2] have developed the impedance-
controlled CPM device which can realize compliant
motion. exercise. Also, Krebs et al. [3] have devel-
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oped a training system for the upper limb movements
through operating the end-effector of the impedance
controlled robot according to a target pattern, such as
a circle, shown in the computer display. ‘
Meanwhile, there have been many studies on the
mechanism of human arm movements [4}-{8]. For ex-
ample, Morasso [4] measured reaching movements of
the 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
one point to another. As the explanation for the tra-
jectory generation mechanism of human arm move-
ments, many models have been proposed; for exam-
ple, “a minimum jerk model” [5], “a miniroum torque-
change model” [6] and “a VITE model® [7]. The
first and the second models assert that the underly-
ing mechanism is a feedforward system, and the other

_deals it as a feedback. All of these models can gener-
_ate hand trajectories in

ment with exper-
imental data. Also, Morasso et al. [8] proposed a
Time Base Generator (TBG) which generates a time-
series with a bell-shaped temporal profile, and showed
that a straight and a curved hand trajectory can be
generated by synchronizing a translational and a ro-
tational velocity of the hand with the TBG signal.
Furthermore, Tsuji et al. [9] [10] applied the TBG to
the control of 2 non-holonomic robot and a redundant

aieéll} developed a trajec-
tory generation method b on the artificial poten-
tial field approach with the combination of time scale
transformation and the TBG.

The present paper proposes a rehabilitation aid for
reaching movements that supports the training for dy-
namic behavior of the hand as well as spatial one,
where the trajéctory generated by the TBG with fea-
tures of healthy persons is used as the target trajec-
tory of a robotic aid. In the training with the pro-
posed aid, a trainee moves the handle attached on an
impedance controlled robot from a point to another,
and the robotic aid assists trainee’s hand movements
so as to follow the given target trajectory. Also, a pro-
totype for the motor control disorder is developed in
this paper.

This paper is organized as follows: Section 2 de-
scribes a TBG based trajectory generation method.
In section 3, a proposed rehabilitation aid with robot
is explained in detail. Finally, the validity of the pro-
posed system is shown through training experiments,
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Fig.1 Block diagram of the TBG model

with subjects who are in good health, but joints of the
upper limb are in bandages to partly restrict their arm
motions.

2 Trajectory generation using time

base generator

2.1 The TBG model o

Figure 1 shows a block diagram of a Time Base
Generator (TBG) modezlan[ﬂ 10], where £(2) is a
non-increasing function BG generates a bell-
shaped velocity profile satisfying £(0) = 1 and £(t;) =
0 with the convergence time {;. :

The motor controller in this model generates a com-
mand signal to synchronize the error between a cur-
rent position = and a target position z4 with a TBG
signal, so that the hand can reach the target with a
bell shaped velocity profile at the specified time ;.
However, the human movéements on performing an or-
dinary work in a daily life is often affected by the

-environment. Therefore, the velocity profile often has
some asymmetric distortion. In order to ienerate such
an asymmetric profile as well as a bell shaped one, a
new TBG is proposed in this paper.

- The dynamics of £ is defined as follows:

§=-%71-¢)P, 8y

where 7 and §; (i = 1,2) are positive constants under
0 < B; < 1. The temporal profile of the TBG can be
adjusted by changing the parameters §;. When §; =
B2, the dynamics reduce to the TBG proposed in [9
{10]. Then, the convergence time ¢; can be calcula

with the gamma function I'( ) as

g = [ 4= TA=AOTA-F2)

0 T2-(B1+5))

Thus, the system converges to the equilibrium point
§ = 0 in the finite time ¢; if the parameter 7 is chosen

" _T-AN(-4)
TG (B 4 5D)

Figure 2 shows the time histories of £ and € under
the parameter (8;, #;) = (0.75, 0.5), (0.75, 0.75),
(0.5, 0.75) with the convergence time t; = 2.5 [s]. It
can be seen that the temporal profiles of the TBG is
regulated by changing ;.
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Fig.2 Dynamic behavior of the TBG

2.2 Time scaled artificial potential field

‘Tanaka et al. [11] have developed a trajectory gen-
eration method for robots based on the artificial po-
tential field approach (APFA), with the combination
of a time sc:IP; transformation and a time base gen-
erator (TBG) [8]. Then, it was applied to reproduce
the primitive human trajectory of the hand with non-
holonomic constraints. In this section, the TBG based
trajectory generation method is explained.

The kimenatic system of robot can be described as

z = G(=)U, @

where & € R™ is a position vector of robot; U € 7 is
an input vector; and it is assumed that det G(z) # 0.

Here, we define virtual time s for time scaling the
system. The relationship between actual time ¢ and
virtual time s is given by

Et- = “(t) 3 (5)

where the continuous function a t) called the time
scale function [12] is defined with the TBG as follows:

at) = -} (®)

with a positive constant p.
From (5) and (6), virtual time s can be derived as
follows:

§= [: a(t) dt = —pIné(t) . (1)

It is obvious that virtual time s in (7) can be controlled
by £ and never goes backward against actual time f. -
The system given in (4) can be rewritten in virtual
time s defined %’:”) as follows: ‘

d:x;__d:cdt

"'1'; = ‘EE‘E; = G(:B)U,, (8)
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Fig.3 Prototype of a training system

where
1

a(t)

(9)

On the other hand, in the APFA [9] [10], the goal
is represented by an artificial attractive potential éeid
which depends on the defined potential function V()
in the task space. The potential function V(z) has
the minimum value V(z4) = 0 at the target point
x4, so that the trajectory to the target can be gen-
erated by tracking a unique flow-line of the gradient
field through the initial position. By using the inverse
time-scaling from virtual time s to actual time ¢ for
the feedback controller U, designed by the APFA, the
feedback control law U in actual time £ is derived as

(10)

With the derived controller U, the system (4) in the
actual time scale can be stable to the equilibrium point
at the specified time ¢;.

In this paper, we propose a rehabilitation aid for
a therapeutic treatment of the motion exercise using
§he( Ig{)e)nera»ted trajectory with the designed controller
in .

3 Rehabilitation training for reaching
movements using TBG

3.1 Training system

Figure 3 shows the prototype of a TBG based
rehabilitation aid. The system is composed of an
impedance-controlled robot for applying force to the
trainee’s hand, a computer for robot control and signal
processing, and a display which indicates the training
information to the trainee. The linear motor table
with one degree of freedom is used as a robot (Nihon
tomson coop., maximum force 10 [kgf]). During the
training, hand force generated by the trainee is mea-

U, = U.

U= —a(t)G“l(z)%Z-.

sured by a six-axis force/torque sensor (BL Autotec

Co’Ltd., resolution: force z and y axes: 0.05 [N], z
axis: 0.15 [N], torque: 0.003 [Nm]) attached on the

handle of robot. Also, the handle position is mea-

sured by an encoder built in the linear motor table
(resolution: 2 {pm] ).
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Filg4 Block diagram of the proposed rehabilitation
ai ‘

Fig.5 Impedance control of the robot in the training
system

In the training, the trainee moves the handle from
a point to another as depicted in the display, and
the robotic aid works to support trainee’s hand move-
ments so as to follow a target spatio-temporal tra-
jectory, which has the similar features of a healthy
person’s.

The rest of this section describes the control system
of the proposed aid and the target trajectory genera-
tion with the TBG. ;

3.2 Impedance controlled robot

Figure 4 shows the control system of the proposed
rehabilitation aid, where zo and z4 denote the ini-
tial and target positions of the handle, respectively;
z, the target trajectory generated by the TBG based
method; F,; the operational force generated by an
operator; and Fgg the supporting force generated by
the robotic aid according to the error between trainee’s
behavior (z, £) and target trajectory (z,, Z,).

Here, the supporting force F;y is defined as

(11)
where B, denotes the position feedback gain and K,

Faia = Ba(Zr — 2) 4+ Ka(zr — x},

" the velocity feedback. These gains can be regulated to
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change the level of assistance according to the trainee’s
disorder.

Figure 5 shows the block diagram of the robot con-
trol part, where z, is the desired position; z* the equi- .
librium point of the stiffness of robot; M the inertia of
the end-effector; B the viscosity: and K the stiffness.
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Fig.6 Generated trajectories by the subject A under the different robot impedances

The impedance filter computes the robot’s desired po-
sition z, from the operational force F.ry. Then, z, ar-
rives at the tracking control block that works to mini-
mize the error between (z, é)){and (zr, #) by adjusting
the feedback control gains K, Ky, K.

Under this control scheme, the transfer function of
the impedance-controlled robot is given by

1
R = Bk (12)

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 leads to reaching move-
ments. On the other hand, when K # 0 [N/m], the
pulling motion of the handle against the spring can be
considered as muscle training.

3.3 Bio-mimetic trajectory generation

with TBG ‘

In the training with the prototype, the degree of

freedom of the hand movements is one, so that iis
kinematics can be written as

(13)

where z is the velocity of hand, and u the control in-
put. For this system, the following potential function
V so as to design a feedback controller is defined:

(14)

From (10), the feedback controller « based on the po-
tential function V (14) can be derived as

r=u, .

(15)

Under this control input, the following dynamics of
hand is realized:
(16)

u= «——é—a(t)x.

r= ng‘;.
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It can be seen that the dynamics of hand movements
is “synchronized” with the TBG because z is propor-
tional to the Eth power of £.

Consequently, a target trajectory for robotic aid in

the training can be generated by (16) with the regula-

tion of the TBG parameters, 1, B2, t;, according to
a healthy person’s trajectory.

4 Experiments

4.1 Typical trajectory of healthy persons

The proposed rehabilitation aid for reaching move-
ments uses the trajectory with features of the healthy
person’s movements as the target trajectory for the
robotic aid. First, in order to.reveal what kind of
hand trajectories a healthy person generates, the tra-
jectory generation experiments were carried out with
the healthy and skillful persons (four male university
students).

Figures 6, 7 show typical examples of the observed
spatial trajectories and the velocity profiles of the

-hand, where the robot impedance parameters were set

as (M, B, K) = (3.0 [Kg], 60 [Ns/m], 0 [N/m]) and (1.5
[Ké], 30 {Ns/m}, 0 {N/m]) under (K, K., K;) = (0.0
s2/m), 100 [Ns/m)], 675 [N/m]). In the experiments,
gxze s/ub}ects w{}fre/inll:rv.tci;e{fi'I (o zz)xove the hanpgle to the
target point which is 0.3 [m] away from the initial.

It can be observed from Fig. 6 that the subject A
generates the single-peaked velocity 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. 7, although there are small differences be-
tween the subjects. Through the observation of reach-
ing movements, it is shown that the skillful person can
generate the stable trajectory with a single-peaked ve-
locity profile during the operation of the impedance
controlled robot. :

4.2 Target trajectory for a robotic aid

In the previous section, the trajectories of a healthy
person on manipulation of the robot were measured.
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- Fig.7 Generated trajectories by the subjects under the different robot impedances

Next, we attempt to reproduce the trajectories which
have similar features of the observed trajectories using
the TBG method.

Figure 8 shows the trajectories generated by the
TBG basec(l A}n%h?{d with 5the g]medzx30 augxc/al }ina;iﬁd/anﬁe
parameter (M, B, K) = (1. ) s/mj, mj),
g.ﬂ ], 60 [Ns/m], 0 {(N/m% The TBG parameters

, B2 and the movement time f; were estimated by
the non-linear regression analysis with the observed
trajectories in Fig. 7. It can be seen from Fig. 7 and
Fig. 8 that the generated trajectories are similar to
the healthy person’s.

4.3 Rehabilitation training of motor con-
trol

In order to show the validity of the proposed reha-
bilitaion aid for reaching movements, the experiments

with the subjects (two male university students) were

carried out by using the generated tratectory with the
TBG. The subjects were healthy but unpracticed in
operating the system, and their wrist and elbow joints
were in bandages to partly restrict arm movements.

Figure 9 shows the spatio-temporal trajectories.

generated by the subject and the time courses of
the supporting forces Fg4 by the robotic aid with
the different gains such as (B, [Nm/s], K, (gN /m])
= (0, 0), (25, 20), (50, 100), (100, 200) under the
robot impedance parameter (M, B, K) = (1.5 {Kg],30
[Ns/m], 0 [N/m]). In the experiment, the target tra-
Jectories shown by the fine lines in Fig. 9 (2), (b) were
used as the target ones z,, z, for the robotic aid.

It can be observed from Fig. 9 that the trainee’s
spatio-temporal trajectories becomes more similar to
the trajectory of the healthy person shown in Fig. 6,
7, as the support of robotic aid increases.

5 Conclusions

In this paper, the rehabilitation aid for reaching
movements using the TBG has been proposed. Then,
the prototype for a physically handicapped petson in
motor functional disorder has been developed with the

impedance controlled robot. The training experiments

were carried out with the subjects whose joints of the
arm are partly restricted, and the validity of the pro-
posed method was shown.

However, there are several problems for developi
a practical system, such as the safety of system an
an algorithm of parameter adjustment of the robotic
aid according to the level of tranee’s disorder. Future
research will be directed to extend the system function
so as to set impedance parameters according to the
tranee.
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Fig.9 Generated trajectories by the subject whose
some joints of the upper limb are restricted by ban-
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