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Abstract— This paper discusses the training method for
motion smoothness and timing of arm movements with consideration in individual differences in trainee’s motor abilities.
The virtual tennis operation is designed as a target task in
which a trainee will be required to control his hand motion to
hit an approaching ball in good timing. The skilled subject’s
hand motion is regarded as one of a reference motion in
the virtual tennis task, and was expressed in the framework
of the minimum jerk model with task-related constraints. A
regulation algorithm of the reference motion is then presented
for the training of upper limbs in individuals. Effectiveness of
the proposed method is validated through training experiments
with the unskilled subjects and quantitative evaluation of their
motor abilities.

I. I NTRODUCTION
An advanced training system using robotic devices has
been expected as one of new means to improve motor functions of the patients efficiently but also to reduce the burden
of therapists. Therefore, many robotic neuro-rehabilitation
systems have been developed in recent years, especially for
motor recovery of the upper limb [1]-[6].
For example, Krebs et al. [1] developed a training system
using an impedance-controlled robot in which the trainee
manipulates an end-effector to follow a target trajectory
provided on a feedback display. Furusho et al. [2] developed
the 3D rehabilitation system using ER actuators with highly
safety and performance. Tanaka and Tsuji et al. [5], [6]
developed the virtual sports system for the training of motion
timing and smoothness, which are required abilities in dynamic tasks and are dominantly managed in the cerebellum
[7]. They also reported that well-trained subjects make a
hand velocity pattern depending on dynamics of the virtual
environments. On the other hand, Mussa-Ivaldi et al. [4]
proposed the training-assist approach using force field for
teaching point-to-point hand movements to a trainee, in
which the desired trajectory is not required in training.
These robotic systems enabled not only to present standardized motions for a training task programmed in advance
but also to evaluate trainee’s motions measured during training tests for developing a novel training method. However,
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robotic training systems must deal with individual differences
in trainee’s motor abilities in teaching and/or training an
adequate reference motion to a trainee. In fact, the lack
of flexibility for such individual differences has been one
of major bottlenecks on utilizing such a system in the
rehabilitation field. For that, this paper presents a method
to regulate a reference motion for the virtual tennis task
according to the training history on trainee’s motion.
This paper is organized as follows: Section II explains
the virtual tennis system and defines the reference motion
considering motion timing and smoothness through experiments with skilled healthy volunteers. The training assistance
method adaptable to individual motor abilities is proposed
in Section III. Finally, Section IV reports on training experiments carried out with unskilled healthy volunteers to verify
the effectiveness of the proposed training assistance method.
II. V IRTUAL T ENNIS TASK
Fig. 1 (a) shows an overview of the virtual tennis system,
which is composed of an impedance-controlled robot [8]
to provide force loads to a trainee’s hand, two computers
for robot control and signal processing, and a biofeedback
display to present the virtual tennis space and training results.
The hand force generated by the trainee is measured using a
six-axis force/torque sensor attached on the handle of robot,
and hand position is measured by encoders built in the linear
motor tables. Real-Time Linux software installed on a Linux
PC enables precise robot motion control in real time.
Fig. 1 (b) illustrates the virtual tennis model installed on
the training system. The trainee manipulates the handle to
move a virtual racket to strike a virtual ball toward the center
of a target O t on the wall. The dynamics of the impedancecontrolled robot in this virtual tennis is given by
Fe = Mr Ẍe + Br Ẋe

(1)

where Fe is the hand force, Xe is the hand position in
the x-direction, Mr and Br are robot inertia and viscosity,
respectively. Hand motion is converted into racket rotation
around the point S in the virtual tennis space, in which the
racket angle is given by θ = 5π
4 Xe . The ball is thrown from
a specified initial position with a certain velocity and its
motion is given by

Mb Ẍbx = 0
(2)
Mb Ẍbz = − 21 Mb g
where X b = (Xbx , Xbz ) is the ball’s position, Mb is its
inertia, and g is the gravitational acceleration. The ball’s
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behavior after contact with the racket is then calculated by
∗
setting the following ball velocity just after ball impact Ẋ b
into Eq. (2)
∗
∗
o
Ẋ b = o Rc (θ∗ )c Ẋ b
(3)
where o Rc (θ) ∈ ℜ2×2 is the rotation matrix transformed
from the basic coordinate system to the local coordinate
system at the impact point.
In this study, the handle inertia and viscosity are set at
(Mr , Br ) = (5.0 [kg], 5.0 [Ns/m]). The ball is thrown from
the initial position X b (0) = (3.0, 1.0) [m] with the initial
velocity Ẋ b (0) = (−1.5, 1.5) [m/s], and its inertia and
radius are set at Mb = 0.25 [kg], Rb = 0.075 [m]. The center
position and radius of the target circle are at O t = (3.5, 1.0)
[m] and Rt = 0.5 [m]. The task performance is scored
according to the distance Ep : 10 points for within 0.1 [m],
8 points for within 0.2 [m], 6 points for within 0.3 [m], 4
points for within 0.4 [m], and 2 points for within 0.5 [m].
No points are recordedif the ball hits with the ground before
hitting the wall.
Fig. 1(c) shows the simulated results of the combinations
of the racket angle θ∗ and hand velocity v ∗ upon ball impact,
and the solid line is the hand velocity required to hit the
ball on to the target center. The trainee needs to properly
control hand velocity according to the racket angle to get
more points. Therefore, in this paper, the combination of

racket angle and hand velocity (θ∗ , v ∗ ) are defined as the
task skill for the virtual tennis task. The task skills for a
skilled-subject are also plotted with markers according to the
scored points. The skilled subject properly controlled hand
velocity depending on the racket angle to score more points.
On the other hand, Fig. 1(d) shows the time histories of
hand velocity and the contact time between the ball and the
racket in the case where the task performance was 10 points.
It can be seen that he produced almost-unique hand velocity
profiles and hit the ball at the peak velocity time. These
properties were observed in the results with other four skilled
subjects. Based on these results, a minimum jerk model [9]
is utilized to provide a reference motion for the virtual tennis
in this study. The model generates hand trajectories Xe (t)
for reaching movements with minimization of the evaluation
function J given by
2
 
1 tf d3 Xe
dt
(4)
J=
2 0
dt3
with the task-related constraints at the time t1 (0 ≤ t1 ≤ tf )
Xe (t1 ) =

4
∗
5π Θ

Ẋe (t1 ) = V ∗

Ẍe (t1 ) = 0

(5)

where tf is the terminal time of hand motion, Θ∗ is the racket
angle upon ball impact, t1 is the contact time calculated
from racket angle Θ∗ , and V ∗ is the hand velocity required
to hit the ball onto the target center according to Θ∗ . The
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and the task-related constraints to generate the reference
∗
) are converted to the following
motion for (Θ∗(m+1) , V(m+1)
equations as

ld

l

l d'
E

4
∗
5π Θ(m+1)

Ẍe (ν1 ) = 0
(8)
where ν1 = t1 /c. By updating the target task skill
∗
) in the direction of the final target task
(Θ∗(m+1) , V(m+1)
∗
skill (Θd , Vd∗ ) according to trainee’s task performance, it is
expected that the trainee will be able to recover motor functions requiring for motion timing and smoothness without
excessive loads.
Xe (ν1 ) =

∗
Ẋe (ν1 ) = V(m+1)

IV. T RAINING E XPERIMENTS
Fig. 2.

An overview of the Regulation method of target task skill.

reference velocity simulated using the constraints is plotted
as the green line in Fig. 1(d). It is found that the simulated
motion almost reproduces the measured motion. However,
such skilled motions of the healthy subject may not be always
appropriate as a reference motion for trainees whose motor
abilities are inferior.
III. R EGULATION OF THE R EFERENCE M OTION
Fig. 2 shows an overview of the regulating method for
reference motion. First, the following ellipse E is determined
∗
∗
from the trainee’s n-trials of task skill (i θ(m)
, i v(m)
) (i =
1, 2, · · · , n) measured in the (m)-th set of training.
∗
(θ∗ − θ̄(m)
)2

rθ2

+

∗
(v∗ − v̄(m)
)2

rv2

=1

(6)

∗
∗
where the center of ellipse (θ̄(m)
, v̄(m)
) are the mean values
i ∗
i ∗
of θ(m) and v(m) , rθ and rv , are the standard deviations.
The area of ellipse E can be regarded as the range of task
skills that the trainee can generate easily.
The target skill for the next (m + 1)-th set of training,
∗
(Θ∗(m+1) , V(m+1)
), is given by the crossing point of the
ellipse E and the line l between the center of E and the final
target on the line ld (See Fig. 2). Since the target velocity
∗
is different from the hand velocity required to hit
V(m+1)
the ball onto the target center, the curve line ld is shifted
′
∗
to ld passing the position of (Θ∗(m+1) , V(m+1)
). Namely, the
ball speed in the virtual tennis space is regulated so that
∗
. This time
the ball will be hit on the target center by V(m+1)
operation is realized by using time scale transformation [10],
in which the relationship between the actual time t and the
virtual time ν is given by c = dν/dt (> 0). Note that the
moving speed of ball decreases when the value of time scale
constant c is less than 1.
Transforming the time scale of the virtual tennis space
from the actual time t to the virtual time ν, the ball velocity
just after ball impact is given by

dc X ∗b
do X ∗b
= o Rc (θ)
,
dν
dν

(7)

Training experiments were carried out with 8 healthy
volunteers who were unskilled in the virtual tennis. In
the experiment, the subjects were divided into two groups
(Group I: Subs. A-D, Group II: Subs. E-H). The subjects in
Group I carried out a 6 sets of training made by 10 trails
in which the system assisted the trainee’s motion at the first
five trials by providing the regulated reference motion with
auditory feedback and displaying their task skills (θ∗ , v ∗ ).
While the subjects in Group II carried out the same numbers
but with no training assistance and the time scale constant
was fixed at c = 1.0.
Fig. 3 (a) shows the changes of task skill (θ∗ , v ∗ ) for Sub.
A (Group I) and Sub. E (Group II). In the first set, the task
skills of Subs. A and E are far from the final target skill with
large dispersions. As progressing the training set number,
Sub. A gradually generated task skills close to the final target
skill in the earlier set number, whereas the measured task
skills by Sub. E were still far from the final values in the
last set.
Fig. 3 (b) show the time histories of hand velocity and the
contact time between the ball and the racket in the first and
last set. The color and solid lines indicate the mean profile
of hand velocities in each set, the black line represents the
reference velocity profile at the final target. It can be seen
that Sub. A almost generated the reference velocity profile in
the last set, whereas Sub. E generated the individual velocity
profiles that are different from the reference one. Similar
characteristics were almost observed for the other subjects
in each group.
Finally, the training achievement was quantitatively evaluated by the distance between the center of ellipse E and the
final target skill with the following evaluation index I as
∗
∗
)||
, v̄(m)
I = ||(Θ∗d , Vd∗ ) − (θ̄(m)

(9)

The smaller values of index mean the higher training achievement. The changes of evaluation results for each group are
shown in Fig. 4. The index values of the last set are smaller
than those of the first set in both groups, and the subjects
in Group I significantly improved their motor skills than the
subjects in Group II. These evaluation results demonstrate
that the training effects though the virtual tennis training
could be improved effectively by providing the regulated
reference motion depending on individual motor abilities.
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effectiveness of the proposed training-assistance method was
validated through training experiments with the unskilled
subjects and quantitative evaluation of their motor abilities
using the evaluation index.
The future research will refine the regulation method of
the reference motion to improve the learning speed, and be
directed to perform a training test with stroke patients.
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V. C ONCLUSIONS
This paper presented a robotic rehabilitation system for
upper limbs focusing on motion smoothness and timing in
the virtual tennis task, and proposed an assistive methodology in order to adapt to individual differences in trainee’s
motor abilities. The proposed method designs and teaches
an appropriate reference motion that is regulated based on
the trainee’s task skills measured in training. The skilled subject’s hand motion was regarded as one of a reference motion
in the virtual tennis task, and was expressed in the framework of the minimum jerk model with constraints. Then,
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