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Abstract

Several methods have been proposed for robotic assistance in motor learning/training. However, a few
major concerns such as the design of the natural motion of the hand of a trainee/patient by a robotic
device considering the motor ability of the trainee/patient and a safe and effective method for teaching
a trainee/patient, especially in a complex task requiring motor timing, still need to be addressed. This
paper proposes velocity-based robotic assistance (VRA) using a bio-mimetic trajectory generation model
for motor skill training in a target-hitting task considering the concerns mentioned above. In the designed
motor task, a trainee has to contact an approaching ball with a racket at the desired time to hit the target
on the wall while predicting the behavior of the ball before and after the contact. A set of the racket angle
and hand velocity at the contact time is defined as a task-related motor skill. In the motor training with
VRA, the time scale of a primitive reference velocity profile is automatically adapted to individual levels
of task-related motor skills recorded in the past trials with no robotic assistance. The robotic device then
teaches the trainee the customized reference velocity profile to facilitate motor skill training. The effect
of VRA on motor skill training in a target-hitting task was investigated with sixteen healthy volunteers
(male university students aged 22-24 years) to verify the concept in this pilot study. The skilled hand
movement for the designed motor task was first determined using a set of results measured from four skilled
subjects, and the primitive reference velocity profile with multiple peaks was successfully regenerated in a
minimum-jerk model by utilizing the task-related constraints. Next, a set of training experiments with and
without VRA was conducted with twelve subjects who have no experience in the target task. The results for
the healthy subjects of this pilot study demonstrated that the proposed VRA was efficacious in facilitating
the acquisition of task-related motor skills (with almost half trials) and in reducing temporal errors of the
desired velocity (by approximately 40 %).
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1. Introduction steps in designing the RA system (RAS) include

the generation of a reference motion for target tasks

Robotic assistance (RA) has been studied as and teaching trainees/patients the designed refer-

an advanced technology to facilitate human motor 1w ence motion according to their individual differ-
training/learning by novice trainees for acquiring ences [1].

motor task skills and the recovery of motor func- The reference trajectory for a target motor task

tions in patients with motor disorders. The key is usually designed using the average motion of the

skilled subjects recorded during preliminary tests.
“Yoshiyuki Tanaka 15 For the task in which the desired motion can be re-

Email address: ytnk@nagasaki-u.ac. jp (Graudate garded as a primitive motion, i.e., a point-to-point
School of Engineering, Nagasaki University ) reaching movement with a bell-shaped velocity pro-
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file [2], a computational bio-mimetic model for hu-
man trajectory generation, such as the minimum-
jerk model [3], minimum-torque-change model [4],
and time-based generator model [5, 6, 7], can be
utilized for producing a family of reference tra-
jectories depending on the task conditions includ-
ing the movement time and the traveling length
[8, 9, 10, 11]. However, in the case where the
desired motion for a target task cannot be rep-
resented by the simple primitive motion, most of
the RASs provide a recorded average motion of the
skilled subjects as the sole reference trajectory for
training. This would reduce the flexibility and ef-
fectiveness of the motor training/rehabilitation of
trainees/patients [12, 13, 14]. A few RASs employ
a computational bio-mimetic model to regenerate a
complicated reference movement observed in a com-
plex task. For example, Tanaka developed a RAS
by using a minimum-jerk model refined for gener-
ating a reference profile having a smooth velocity
with multiple peaks observed in a virtual curling
task and demonstrated the effects of the RAS on
motor skill learning by using the training results of
healthy subjects [15]. However, the RAS designed
for the virtual curling task did not consider the dif-
ferences between the trainees to adapt to the refer-
ence motion, and the effects tend to depend on the
individual motor skills of a trainee.

Further, the assist-as-needed strategy is often
used in motor training/rehabilitation by RASs
adapting to individual motor skills [16, 17]. In this
control strategy, the robotic device provides an ad-
ditional force to the reference motion according to
the spatial and/or velocity errors so that a human
operator can gradually generate the reference mo-
tion independently. Several studies reported the
positive effects of this strategy on motor train-
ing/rehabilitation, especially for novice trainees in
the early stages of motor training [18, 19]. How-
ever, the reference motion is basically limited to a
simple primitive motion.

Thus, generating the desired natural motion of
the hand of a trainee/patient in such a complex
task, regulating the motion with respect to the
motor ability of the trainee/patient, and teaching
trainees/patients the individual desired motion as
safely and effectively as possible are considerable
issues yet to be addressed.

In this paper, as an example for performing com-
plex motor tasks using complicated movements,
a velocity-based RA (VRA) methodology is pro-
posed for a target-hitting task that requires tim-
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ing. The methodology utilizes a biological compu-
tational model for generating a hand trajectory rel-
ative to the target task and adapts the reference
motion to the level of the motor skills of the opera-
tor. The primary aim of this pilot study is to verify
the concept of the proposed VRA.

The remainder of this paper is organized as fol-
lows. Section 2 describes the hardware of a robotic
manipulandum system and the model of the target-
hitting task. Section 3 defines the reference mo-
tion for the motor task according to the prelimi-
nary tests of the skilled subjects and presents the
computational model with task-related constraints
for generating a reference trajectory considering the
behavioral timing. An adaptation algorithm of the
reference trajectory in the proposed VRA system is
then explained in detail. In Section 4, a set of ex-
perimental results shows that the healthy subjects
improved their scored points and motor skills re-
lated to the target-hitting task as motor learning
progressed. Further, it is verified that the proposed
VRA is effective in improving motor learning for
generating the desired velocity profile until the im-
pact of the ball.

2. Robotic System for Motor Skill Training
in Target-Hitting Task

2.1. Hardware Structure

Fig. 1 shows the robotic manipulandum system
developed to train motor skills of the upper limb of
a trainee in a target-hitting task, named “Virtual
Tennis”. A human operator stands in front of the
robotic system and manipulates the handle to strike
an approaching ball using a racket and hit the cen-
ter of the target circle on a wall in the virtual space
according to the visual biofeedback display.

The robotic manipulandum has two linear motor
tables each with one degree of freedom placed or-
thogonally to allow the motion of the hand in the
horizontal plane. The hand force generated by an
operator is measured using a six-axis force/torque
sensor attached to the handle of the robot, and the
position of the hand is determined using encoders
built in the linear motor tables [15]. The motion of
the handle is controlled using an impedance control
method [20]:

Fe:MrXe+BrXe (1)

where F. = (Fey, Fey), Xe = (Xex, Xey) € R2,
M, = diag.(m,,m,), B, = diag.(b.,b,.) € R2*x?
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Figure 1: An overview of the robotic manipulandum system
developed for a target-hitting task. (a) A subject stands in
front of the system and manipulates the handle so that the
ball hit by the racket bounced back to the center of the target
on the wall. (b) The system is composed of a robotic device
to provide virtual force loads to the hand of an operator.
(c) The ball is thrown from the center of the target with
a certain velocity and fell freely, whereas the racket rotates
around a fixed point according to the hand motion.

denote the hand force, hand position, inertia of the
robot handle, and viscosity, respectively, and the
origin of the world coordinate system X,, is set at
the initial position of the handle. Moreover, the
robotic system can teach the operators a certain
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reference hand motion X, = (X,;, X,y) € R? to
hit the center of the target circle by utilizing a PID
controller, which controls the handle of the robotic
device.

The hand motion for the target-hitting task was
allowed along the X direction in this pilot study,
in which the hand force along the Y direction F,
was eliminated when the manipulandum system
was controlled. Accordingly, the rest part of this
paper discusses the hand motion along the X di-
rection.

2.2. Model of Target-Hitting Task

Fig. 1(c) illustrates the model of the target-
hitting task. A ball of radius r, is thrown from
a certain point with the specified initial velocity to-
ward a racket, whereas the racket is rotated around
a fixed point S = (S, S,) € R? according to the
position of the hand along the z-axis X.,. The an-
gle of the racket 6 is synchronized with the position
of the hand as 6 = %Xew.

The motion of the ball before contacting the
racket is given by

My Xy, = —3 Mg
where X, = (Xp,, Xpy) € R? is the position of the
ball, M, is the inertia of the ball, and ¢ is the gravi-
tational acceleration. The behavior of the ball after
contacting the racket is then calculated by setting
the following ball velocity just after the impact of
the ball XZ = (X Xl’;y) € R? in Eq. (2) as

bz

°X, = °R.(0%)°X, (3)

with
axy = Brag y*
e (807 — Riute) )
aXl;ky = abe(tC)
(4)

where °R,(0) € R2*?%is the rotation matrix trans-
formed from the basic coordinate system X, to
the local coordinate system attached at the impact
point X,, ey, is the coefficient of restitution between
the ball and the racket, t. is the contact time, and
0* and v* are the racket angle and hand velocity on
ball impact, i.e., 8(t.) and v(t.), respectively.

In the target task, a point is scored corresponding
to the distance e, between the ball hitting position
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Figure 2: Images of GUI for motor training in the target-
hitting task. (a) The panel of the main menu. (b) The initial
situation of the target-hitting task. (c) The evaluation of
task-related skill showing in the training & evaluation mode.
(d) The diagnosis of motor ability in hand motion.
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on the wall and the center of the target O = (05, 0)
€ R? that can be calculated from the task model as

ep = |0y + 4(Xg§gg)2 (05 — 1 — wa(tc))z
— (0p =1 = Xpu(te)) )
_be(tc)| ’
where 7, is the radius of the ball. The distance
ep is controlled by both the racket angle §* and
hand velocity v* at the contact. Accordingly, in

this study, the task-related skill is defined by (6*,
v*).

2.8. Graphic User Interface for Motor Skill Train-
mng

Fig. 2 illustrates an interactive graphic user in-
terface (GUI) system for motor skill training inte-
grated into the developed robotic manipulandum.
Fig. 2(a) presents the main panel for providing
three training modes in the developed system: the
teaching mode, the training & evaluation mode,
and the diagnosis modes. Fig. 2(b) shows the ini-
tial setting of the target-hitting task. Fig. 2(c)
shows the visual feedback information indicating
the task-related skills of a trainee. Fig. 2(d) shows
the diagnosis of the motor capabilities of a trainee
in reaching movements.

The teaching mode is wused to teach a
trainee/patient a reference hand motion that is de-
signed according to the level of the task-related
skills of the trainee/patient. In this mode, the hand
can follow the reference motion by RA. In the train-
ing & evaluation mode, a trainee conducts the tar-
get task with his efforts and no RA is provided to
his hand motions, and the evaluation of the task-
related skill is presented on another window after
every trial. In the diagnosis mode, the robotic sys-
tem evaluates the maximum hand force, hand ve-
locity, and range of hand motion during free manip-
ulation of the handle by the trainee. The diagnosis
result can be utilized to determine the specifica-
tion of an initial reference motion according to each
trainees/patient.

Fig. 3 illustrates a typical scheme of the three
modes for motor skill training, but the practical
scheme for a trainee/patient should be decided after
consulting a therapeutist about the condition of the
trainee/patient.

2.4. Parameter setting

The values of the parameters for the impedance
control of the robot and task model were deter-
mined according to the experimental specifications
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Figure 3: A typical block scheme of the three modes in the developed VRA system.

as follows. The impedance parameter of the robot
was set at (m, b.) = (5.0 kg, 5.0 Ns/m), the initial
position of the ball at X;(0) = (3.0 m, 1.0 m), the
initial velocity of the ball at X,(0) = (-1.5 m/s, 1.5
m/s), the moment of inertia of the ball at M, =
0.25 kg, the radius of the ball at r, = 7.5 cm, the
center of the target circle at O = (3.5 m, 1.0 m),
and the coefficient of restitution between the ball
and racket at 0.8.

Points were obtained according to the distance
ep between the center of the target and the hitting
point on the wall. Ten points for less than 0.1 m,
8 points for less than 0.2 m, 6 points for less than
0.3 m, 4 points for less than 0.4 m, and 2 points for
less than 0.5 m. No points were recorded when e,
was greater than 0.5 m and when the ball hit the
ground before hitting the wall.

3. VRA with Individual Adaptation

3.1. Reference motion in Target-Hitting Task

The hand motion of skilled subjects who can con-
trol their hand movements appropriately to score
higher points can be used as a reference motion to
train novices. To determine such skilled motion of
the hand, a set of measurement tests was conducted
for four skilled subjects (Subs. I-IV). In the train-
ing experiment, the subjects were asked to stand
in front of the display and hit the target with a
ball using their dominant hand (right hand) freely
without any RA. During the preparation tests, they
repeated the task for an adequate number of trials
(approximately 100 trials) until they acquired the
skill of constantly returning the ball to the center of
the target. Then they performed a set of 40 trials
to determine a trained hand motion for this task.
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Fig. 4 shows the results of the tests conducted
with skilled subjects. Fig. 4(a) illustrates the rela-
tionship between the score (e,,) and the task-related
skill for Sub. I, and the map was plotted by us-
ing Eq. (5). The subject scored points stably al-
though some deviations were observed in the points.
Fig. 4(b) shows the process of scoring points by the
skilled subjects according to the trial number. In
the figure, the bottom of each box is the 25th per-
centile of the mean score for the skilled subjects,
the top is the 75th percentile, the black line in the
middle is the 50th percentile, and the whisker rep-
resents the upper and lower adjacent values. The
skilled subjects scored better points stably because
of the preliminary training sets. Fig. 4(c) shows the
averaged hand velocity profile corresponding to ten
points scored by the four subjects using the solid
line in which the shaded area represents the stan-
dard deviations of the measured velocity profiles.
The initial time of the hand movement t;, was de-
termined when the velocity of the hand was greater
than 0.001 m/s, the end time of the backswing was
recorded at the first change in the sign of the veloc-
ity, and the terminal time ¢¢ was determined when
the velocity of the hand was lesser than 5 % of the
maximum value in each trial. The contact time ¢,
and the time at peak velocity ¢, were determined
using the processed data of the ball and hand move-
ments. The desired task-related skill at the contact
time was calculated as (0}, V) = (0.550 rad, 0.516
m/s). The skilled velocity profile for the target task
is observed as a smooth wave with one peak and two
concaves.

Remarkably, the subjects generated almost the
same velocity profile until the impact of the ball
because of smaller individual differences. This sug-
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Figure 4: Typical results of the scored points and task-
related skills and the averaged hand velocity profile by the
skilled subjects. (a) The map of scored points according to
racket angle and hand velocity at the contact time. (b) The
box plot of scored points for the skilled subjects according
to the trial number. (c¢) The mean profile of hand veloci-
ties measured in the case where the skilled subject scored 10
points (the solid line) and the simulated velocity profile (the
broken line).
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backward and forward swings are extremely impor-
tant in the target-hitting task, and the hand mo-
tions should be carefully provided during training
with RA. Furthermore, the time of peak velocity ¢,
almost agrees with the contact time ¢, as observed
in other motor tasks requiring precise timing, such
as a freefall ball catching task [21, 22, 23] and a
ball punching task [24, 25, 26]. Thus, the subjects
required motor timing to contact the approaching
ball in addition to hitting the target on the wall; the
designed task is more difficult and complex than the
conventional point-to-point reaching and intercep-
tion tasks.

3.2. Bio-Mimetic Trajectory Generation with Task-
Related Constraints
The reference motion along the X direction in the
target-hitting task is computed in the framework of
a minimum-jerk model [3] by using a cost function
J given by

J= ;/Otf {Xm}zdt (6)

with the task-related constraints at the initial time
of the hand motion tg, the contact (ball hitting)
time t., and the terminal time of the hand motion
ty as follows:

(er (t0>7 X’I‘I(to)7 sz (tO)) = (XOa 07 0)

(sz(tc)y sz(tc>7 XTI(tC)) = (%92’ Vd*’ O)

(Xra(ty), Xow(ty), Xra(ty)) = (Xy,0,0)
where the hand positions at o and ¢; are set as Xg
= Xy = 0 in this study. This bio-mimetic model
for trajectory generation can regenerate the skilled
hand movement by solving the aforementioned dif-
ferential equations using a pseudo-Newton method
in which the values of the constraint parameters are
based on the hand movements of the skilled subjects
(see Appendix).

Fig. 4(c) presents the simulated velocity profile
(the broken line) for the desired target task-related
skill (©%, VJ) = (0.550 rad, 0.516 m/s) in which the
periods for the task-related constraints were set as
t. = 1.683 s and t¢ = 3.555 s. The simulated veloc-
ity profile agrees with the measured average profile,
and it can be employed as the primitive reference
motion in VRA for motor skill training in the task.

(7)

3.8. Individual Adaptation of Primitive Reference
in Training

The primitive reference motion is utilized in VRA

for teaching a trainee the desired motion; however,
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trials by means of time scale transformation technique.

it may be difficult for some novices to learn the de-
sired target-related skill (©%, V) and regenerate
the primitive reference because of its motion speed,
task difficulty, and motor abilities of the trainee. To
cope with such individual capabilities, in this study,
the primitive reference velocity profile is adapted in
the task-related skill (6%, v}) for each trainee ac-
cording to the training data recorded in the previ-
ous trials using the time scale transformation tech-
nique, as shown in Fig. 5.
A task-skill ellipse F is formulated as

9*_5*2
=0,

2
Ty

(®)

where the center of the ellipse (9*, ©*) is the av-
eraged task-related skill in a block of a few trials,
and r; (j € {0,v}) is the regulation parameter cal-
culated by the following Gaussian function using
the standard deviations o; as,

max

mazx mn

where T and Tt are the maximum and min-
imum values of r;, respectively, and o and 3 are
constants.

The individual temporal target of the task-

related skill (©7,,,, Vi;,,) is defined as the crossing
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point of ellipse F and line L connecting the cen-
ter of ellipse E and the desired target skill (O3,
V) located on the curve for the 10 points Cy. As
the temporal target velocity Vi;,, differs from the
hand velocity required to hit the ball at the center
of the target, the curve Cy has to be shifted to an
appropriate curve Cy,,, that includes the temporal
target point (©7,,,, V;y,,) for scoring the 10 points.
To solve this problem, the time scale transforma-
tion technique is utilized to regulate the speed of
the ball in the virtual task space [27]. The relation-
ship between the actual time ¢ and the virtual time
v is given by

v Vg
c=— =2 (10)
where ¢ > 0 is the time scale constant and ~tfnp is

the temporal target of the hand velocity required to
hit the ball at the center of the target according to
the racket angle O3, , in the virtual time axis. Note
that the moving speed of the ball reduces when the
value of ¢ is less than 1.0.

Transforming the time scale of the target-hitting
space from the actual time t to the virtual time v,
the ball velocity just after the impact of the ball is
given by

Xy opy (04X}
=°R,(0 H
X op,(0) 2 -
d ;ibm _ asyo.l/ + by <a8y0'u _ da'j(ubm U_Vl)
d"Xy,  d"Xey
Tdv  —  dv —
v=vq

where v, and 0, are given as follows:

~

Ve = ,

C
1.
C

(12)

0, = -0= EZWXQ(VC). (13)
The moving speed of the ball is inversely propor-
tional to the value of ¢. When the hand velocity

during the impact of the ball is V;, ,, and Eq. (13)
is also converted to
0, = ZW];;LP. (14)

Thus, the trainee can hit the ball at the center of
the target by generating the hand velocity Vi, ac-
cording to the racket angle ©7F,  during the impact
of the ball.

*
tmp
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Figure 6: An outline of the experimental protocol using the
developed system for GI. A trainee carries out the task by
himself in the training mode, whereas the trainee learns the
desired hand motion in the teaching mode provided by VRA.

4. Training Experiments

4.1. Procedure

Twelve healthy volunteers (male university stu-
dents aged 22-24 years) participated in this study.
They were briefed about the aim of the research and
target-hitting task, and sets of motor skill training
with and without VRA were tested. The handle
of the robot followed the primitive/regulated ref-
erence trajectory to teach the trainees the skillful
hand motion in training with VRA.

The subjects were divided into two groups with
or without VRA. Five subjects (Subs. A-E) of the
first group (GI) performed five sets composed of
five trials with VRA and another five trials without
VRA after the initial five trials without VRA (i.e.,
total 55 trials) as shown in Fig. 6. Seven subjects
(Subs. F-L) of the second group (GII) performed
the same number of trials without VRA. In each of
the trials with VRA for GI, the reference motion
(time scale constant) was updated according to the
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Figure 7: Time profiles of the hand (handle) velocity for
five trials in the teaching mode by VRA. The robot handle
precisely tracked the desired velocity profile by means of the
PID controller.

data of the task-related skill recorded in the past
five trials without VRA (See Fig. 6).

The desired target point (0%, V) was set at (0.7
rad, 0.461 m/s), which is the different point on the
curve Cy from the point obtained in the skilled sub-
jects, in order to investigate the effectiveness of the
proposed VRA on motor skill learning in the target-
hitting task.

The effects of VRA on the motor skill acquisition
for the target-hitting task were then investigated
using the following two quantitative indices: the
task-related skill I and the velocity profile errors to
the primitive reference before ball contact RMSE
(root-mean-square-error).

I=(03 Vi) — (@, (15)

N Vet (1) — v(7))2
$ i)~ v(),

=0

RMSE = (16)

where ¢ is the sample number and N is the number
of sampled data.
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Table 1: Changes of the time scale constant, ¢, in training
with VRA.

Block 2 3 4 5 6
Sub. A 0.664 0.665 0.896 0.969 1
Sub. B 0.978 0.980 1.048 1.046 1.082
Sub. C 1.138 1 1 1 1
Sub. D 1.049 1.027 1.023 1.006 1
Sub. E  1.224 1.046 1.002 1 1

A Wilcox t-test was conducted to compare the
values of the scored points, task-related skills, and
RMSEs between the two groups in R [28]. A multi-
ple comparison test (Bonferroni correction) was also
conducted for those values according to the block
number.

4.2. Ezxperimental Results

Table 1 lists the changes in the time scale con-
stant ¢ that was utilized in the teaching trials with
VRA for GI. The reference motion was regulated
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according to the level of task-related skills of each
subject by means of the time scale transformation.
Fig. 7 presents the time profiles of the hand ve-
locities for five trials (a black solid line) with the
regulated reference velocity (a red broken line) in
the teaching mode by VRA according to the block
number. It can be observed that the training sys-
tem successfully traced the reference velocity pro-
files in the experiments.

Figs. 8 and 9 illustrate the training results of
Sub. A (GI) and Sub. F (GII). Fig. 8 presents the
changes in the task-related skills (6%, v*). In the
figure, the diamond indicates the final target point
relative to the desired task-related skill, the circle
represents the point of the task-related skill mea-
sured in each trial, and the cross mark is the center
point of the task-skill ellipse E in each block. In the
first block, the skills of Subs. A and F were far from
the final target point with large dispersions. With
the progress in the number of blocks, the skills of
Sub. A smoothly converged with the final target
point (0.7 rad, 0.461 m/s) to score higher points
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Figure 9: Hand velocity profiles with and without VRA in the first and sixth blocks. The solid line and the broken line represent
the mean of velocity profiles and the desired velocity profile, respectively, and the shade represents the standard deviation.

Table 2: Statistical results of the multiple comparison tests
according to the blocks.

Pair of blocks 1-2 1-3 1-4 1-5 1-6 2-6
Scored point *
GI Task-skill index * ¥k k¥ okk ok 455
RMSE % ok kk ko ke
Scored point
GII Task-skill index R kR ek kX
RMSE * *okx

460

*: p < 0.05, ¥ p <0.01

in the earlier block number, whereas the skills of
Sub. F slowly but unstably converged with an-
other point. Fig. 9 shows the averaged velocity
profiles for Subs. A and F measured in the first
block without VRA and in the last block, in which
the shades represent the standard deviations of the
profiles. Both the subjects were observed to gener-
ate almost unique velocity profiles in the last block,
and the average profile for Sub. F obviously differs
from the reference velocity profile for the final tar-
get point. Similar tendencies were observed in the
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results corresponding to the other subjects.

Fig. 10 shows the changes in the mean data of
the scores recorded in the five trials without VRA
for all the subjects. In addition, the values of index
I and RMSE are shown in the top-to-bottom order.
Table 2 presents the statistical results of the multi-
ple comparison tests according to the block number
in each group. It can be observed that the values
of the task-skill index and RMSE were significantly
decreased in both groups as increasing the block
number.

The mean scores of both the groups tend to in-
crease with an increase in the block number, as
shown in Fig. 10(a). The mean score of GI was
slightly more than that of GII in each block, but
no significant differences were observed between the
groups. However, significant differences were ob-
served between the first and fourth block in GI (p
< 0.05). Next, the mean value of the task-skill in-
dex of GI was lower than that of GII in each block,
and significant differences were observed between
the two groups in the second block (p < 0.05) and
the last two blocks (p < 0.02 for the fifth block; p
< 0.05 for the sixth block), as shown in Fig. 10(b).
In addition, the mean value was significantly de-
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Figure 10: Comparison of the results of the scored points,

task-related skill, and velocity error between the two groups.
(a) The mean of average scores in each block, and the stan-
dard deviation. (b) The mean of average values of the evalu-
ation index for task-related skill in each block, and the stan-
dard deviation. (c¢) The mean of RMSEs in each block and
the standard deviation.

creased according to the block number in both the
groups. This implies that the subjects in GI could
hit the ball more precisely with the desired task-
related skill (0.7 rad, 0.461 m/s) than the subjects
in GIIL. Finally, the mean value of RMSE decreased
in both the groups with an increase in the block
number, as shown in Fig. 10(c), where the cross
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mark indicates the outlier which was detected in the
data of GI in the second block by Smirnov Grubbs
test (p = 0.000497). The mean value was signifi-
cantly decreased according to the block number in
both the groups. Significant differences between the
two groups were observed from the earlier blocks (p
< 0.01 for the second block; p < 0.05 for the fourth
block; p < 0.02 for the fifth block; p < 0.05 for the
sixth block). In the final block, the mean value of
GI was reduced by approximately 40 % compared
to that of GII.

Consequently, the proposed VRA that uses a ref-
erence velocity profile adapted to the individual
level of task-related skills was significantly effec-
tive in refining the temporal properties of the hand
motion of a trainee/patient for the target-hitting
task and in promoting the acquisition of the desired
task-related skill.

5. Discussion and Conclusions

In this pilot study, a VRA was proposed using
a biological computational model for generating a
hand trajectory in the target-hitting task that re-
quires timing. In the designed task, a trainee must
contact an approaching ball with the desired task-
related skill (racket angle and hand velocity) and
hit the target on a wall while predicting the be-
havior of the ball before and after the contact. In
motor training with VRA, the robotic manipulan-
dum teaches the trainees a temporal reference hand
motion that is determined by adapting a primitive
reference motion to the individual task-related skills
recorded in the previous trials without VRA.

The skilled hand movement was determined us-
ing a set of measured results of the skilled subjects.
The primitive reference motion requiring VRA was
then successfully regenerated in the framework of a
minimum-jerk model with task-related constraints.
This facilitated in continuously connecting two
primitive movements before and after the ball con-
tact. Next, training experiments with and with-
out VRA were conducted for 12 healthy volunteers.
The results of this study demonstrate that VRA
significantly affected the motor skill training by im-
proving the task-related skills and errors relative to
the velocity profile until the ball contact. Further-
more, the acquisition of specified motor skills for
the target-hitting task was expedited.

In the designed task, the trainees were required
to have the ability to predict the behavior of the
ball and the motor timing of the impact of the ball
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and generate a smooth velocity profile during dis-
crete hand movement to hit the ball successfully
on the target on the wall. On the basis of the
internal model concept [29, 30, 31, 32], it can be
supposed that the trainees formulated the internal
model of the ball dynamics in their cerebellum dur-
ing the process of motor learning by repeated trials,
as mentioned in the reports of other interception
tasks requiring precise timing (ex. [16, 22, 23]).
Then they controlled the motor timing of the hand
motion in their cerebrum by synchronizing a neu-
ral signal from the cerebellum [33]. Thus, the VRA
may also be effective in training or refining such
neural motor circuits in the central nervous sys-
tem, although more detailed discussions relative to
the internal model and motor learning strategies are
required.

In conclusion, in this paper, VRA that uses a bio-
mimetic trajectory generation model was proposed
for motor skill training in a target-hitting task that
required timing. The results of the training ex-
periments with the twelve volunteers demonstrated
that VRA significantly affected motor skill training.
However, further investigations on the effects of the
proposed VRA have to be carried out because the
sample size of this pilot study was small and all vol-
unteers who participated were young and healthy.
It has been reported that age-related learning differ-
ences are robust in complex tasks but not absolute
[34] and that the reaction times to visual stimuli
are increased with age in a simple button-press task
[35, 36]. Such evidences on age-related effects may
suggest that the efficacy of motor skill training by
VRA would be reduced because of a delay in the
response of motion onset of the ball on display for
the target-hitting task.

Thus, the future research will be directed to
increase the number of subjects, including aged
healthy volunteers as well as patients who have dif-
ficulty in controlling the motion of their limbs, espe-
cially for a movement task requiring precise timing,
and investigate their training efficiency by compar-
ing with other training approaches. Moreover, the
mechanical impedance properties of the hand will
be further examined according to the level of task-
related skills, as well as task conditions such as the
weight of the ball used in the test and the position
of the target, to biomechanically evaluate the con-
trol ability of the neuromuscular dynamics of the
arm in motion [21, 37, 38, 39].
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Appendix

For solving hand trajectory for target-hitting
task with the constraints at the time t., the time
scale t is transformed into 7 (0 < 7 < 1):

[ yn 0<t<t)
T‘{ (t—T)/Ty (0<t<ty) (17)
where T7 and 75 are time intervals given by
T =t
{ ngtf—Tl (18)

The vectors of control variables u, state variables
x and Lagrange multipliers A are defined as

u = [61,6]", (19)
r = [$1,U1,@1,$2,U2,@2]T7 (20)
A = [)\:L‘la )‘Ula )\ala /\w27 /\v2a /\aQ]T (21)

where x, v, a, and § are the hand position, veloc-
ity, acceleration and jerk, respectively. Subscripts
1 and 2 represent the time intervals 77 and T5, re-
spectively. Next, the equations of state are given
by

& = [Tyvy, Tyar, Tydy, —Tova, —Taas, —T20s)"
(22)
where (”) represents the derivative by time 7.
The evaluation function .J, and the Hamiltonian
can be expressed as

1
1 1
J. = / (Tléf + T25§> dr, (23)
o \2 2
1o
H =T 551 + Az1v1 + Ap1a1 + Ag101
1o
+T5 552 — Az2V2 — Ay2G2 — Ag202 | .

(24)

The necessary conditions for minimizing the evalu-
ation function J, are given as follows:

¢ OH
A=-22, (25)
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Accordingly, the following conditions are derived as:

0. (26)

A1 =0 Aot = —T1Au1 Aot = —T1 A1
Az2 =0, Az = ToAz2, Aaz = To)ya,
(27)
with
H

27 = (51 -+ >\a1 == 0

8ﬁ 1) A 0 2

8752 — 02 = Ag2 — U.

The boundary conditions are given by the following
equations from Eq. (7) as:

X = [$17U1,a1,$27v2,a2]T =0, (29)
X1 % 2
Ul - Vd*
b = “ =0 (30)
T — 5%@:; ’
Vg — Vd*
a2

A reference motion for target-hitting task can be
computed by solving the aforementioned differen-
tial equations by using the pseudo-Newton method.
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