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Direct Comparisons of Upper-Limb Motor
Learning Performance Among Three Types
of Haptic Guidance With Non-Assisted
Condition in Spiral Drawing Task

Hisayoshi Muramatsu™, Member, IEEE, Yoshihiro Itaguchi*, Chiharu Yamada™, Hiroshi Yoshizawa, and
Seiichiro Katsura™, Member, IEEE

Abstract—In robot-assisted rehabilitation, it is unclear
which type of haptic guidance is effective for regaining
motor function because of the lack of direct comparisons
among multiple types of haptic guidance. The objective of
this study was to investigate the effects of different types
of haptic guidance on upper limb motor learning in a spiral
drawing task. Healthy young participants performed two
experiments in which they practiced the drawing move-
ment using a robotic manipulandum with a virtual wall
(Path guidance), running direction pushing and virtual wall
(Path & Push guidance), restriction to the target move-
ment (Target guidance), or without haptic guidance (Free
guidance). Experiment 1 compared the learning effects of
the four types of guidance. Experiment 2 investigated the
effects of pre-learning with Path, Path & Push, or Target
guidance on post-learning with Free guidance. In Experi-
ment 1, Free guidance demonstrated the greatest learning
effect, followed by Path guidance, which showed a signif-
icantly greater improvement in task performance than the
other two types of guidance. In Experiment 2, the type
of pre-learning did not influence post-learning with Free
guidance. The results suggested that learning with Path
guidance showed a slightly slower but comparable effect
to Free guidance and was the most effective among the
three types of haptic guidance. The superiority of Path
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guidance over other haptic guidance was interpreted within
the framework of error-based learning, in which the inten-
sity of sensory feedback and voluntary motor control play
important roles.

Index Terms— Motor learning, haptic guidance, upper
limb, rehabilitation robotics.

[. INTRODUCTION

N RECENT years, robot-assisted therapy has been widely

introduced in clinical environments for upper limb reha-
bilitation [1], [2], [3], [4]. Previous studies found positive
effects of robot-assisted therapy on upper limb rehabilitation
in stroke patients over various intervention periods [5], [6],
[7], [8]. Meta-analysis studies also found significant effects
of robot-assisted therapies in rehabilitation, which were equal
to or better than those of conventional methods [9], [10],
[11]. In particular, the review [9] reported that robot-assisted
therapies improved activities of daily living scores, arm func-
tion, and arm muscle strength in people after stroke without
increasing the risk of participant dropout with rare adverse
events. These findings indicate that robot-assisted therapy can
be considered as an option for the rehabilitation of stroke
patients with impaired motor function.

However, there is no consistent agreement on the type
of robotic assistance, called haptic guidance [12], that is
effective for robot-assisted motor learning [13], [14], [15],
[16]. Different types of control, such as position and force
control, vary movements and assistance intensity of robots, and
most studies have used various types of haptic guidance [13],
[14], [15], [17], [18]. Nevertheless, no study has directly
compared three or more types of haptic guidance with non-
assisted performance in a single upper-limb motor task using
the same experimental design. In addition, no studies have
investigated the interaction of the haptic guidance and non-
assisted trainings. This makes it difficult to draw a definitive
conclusion. Therefore, the present study compared the effects
of three different types of haptic guidance with a non-
assisted condition on movement improvement and examined
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the interaction effect of pre-learning with haptic guidance on
post-learning without assistive guidance.

The impact of haptic guidance on human participants can be
interpreted within the framework of feedback error learning,
which is an important type of motor learning that is likely
to be implemented in the central nervous system [19], [20],
[21]. In feedback error learning, humans update an internal
model, which is assumed to generate optimal motor commands
for a desired movement [20], [22], using error information:
the discrepancy between predicted and actual sensory inputs.
Along with this framework, we assumed that variations in error
information modulate the process of human motor learning.
We hypothesized that the learning effect in a motor task would
vary with the intensity of haptic guidance, which determines
the quality of error information for human feedback error
learning.

The present study compared the motor learning effects of
three types of haptic guidance (Path, Path & Push, and Target
guidance) with a non-assisted condition (Free guidance) in
a spiral-drawing task (Fig. 1). In the Path and Path & Push
guidance, the virtual walls prevented the participants from
deviating their movements from the desired path using a virtual
spring and damper [13]. In Path guidance, voluntary efforts
were required to move forward within the walls, whereas
in Path & Push guidance, participants were provided with
assistive pushing force toward the goal so that a small amount
of voluntary motor control was required. Target guidance
completely governed the participants’ movements [15], [23]
and accomplished the task even without the participant’s effort.
These four types of guidance were set to vary in assistive
intensity, which also adjusted the participants’ voluntary effort
and sensory feedback. We supposed that the intensity increases
in the following order: Free, Path, Path & Push, and Target
guidance, which can be categorized into the active, assistive,
assistive, and passive modalities, respectively, according to the
classification [24].

Two experiments were conducted. Experiment 1 examined
the hypothesis that the learning effect would increase in
the following order: Target, Path & Push, Path, and Free
guidance. Experiment 2 was conducted to further consider the
efficacy of robot-assisted rehabilitation supposing a situation
closer to the real world, and we examined the effects of pre-
learning with the haptic guidance on post-learning without
assistive guidance. This experimental schedule was based on
rehabilitation, in which robot-assisted rehabilitation would be
performed before self-supported rehabilitation without robot
assistance to decrease the burden on the patients.

[I. METHODS
A. Participants

A total of 89 and 64 right-handed students participated in
Experiments 1 and 2, respectively, without any overlap. Seven
participants who could not precisely follow the experimenter’s
instructions were excluded from the study, and the six partic-
ipants whose scores in the evaluation phase exceeded three
times the standard deviation were also excluded as outliers.
The data of the other 80 (40 females, 21.142.5 years old) and

Free = Path Path & Push Target

Push
guidance

Path guidance Path guidance  Target gmdance

Fig. 1. Intensity of the four types of guidance.

60 (30 females, 20.441.5 years old) students were analyzed.
The participants in Experiment 1 were assigned to one of
the four groups: Free, Path, Path & Push, and Target; the
participants in Experiment 2 were assigned to one of the three
groups: Path, Path & Push, and Target.

B. Apparatus

A two-degree-of-freedom parallel robot composed of two
direct-drive motors (SGMCS-02BDC41, Yaskawa Electric
Corporation) was used to assist the participants’ right upper-
limb movements, and a 22-inch tablet monitor (DTK-2200,
WACOM) was placed under the workspace (Fig. 2A). The
direct-drive motors realized high backdrivability and enabled
the participants to move the end effector easily with a small
amount of force. A stylus was attached to the end effector
of the robot, and robot-assisted drawing movements were
performed using the stylus. The stylus was fixed vertically
to the monitor. The angles 6 of the motors were measured
using encoders, and a participant’s torque to each motor
was estimated as £hum using a reaction force observer [25],

[26], [27]:

Lrghm = (sML[6] — L[7]), (1)

s + 100

where £, M and t denote the Laplace transform, nominal
moment of inertia, and motor torque, respectively. The angular
velocity 6 was derived by pseudo-differentiation using a low-
pass filter.

C. Spiral Drawing Task and Schedule

In both experiments, the participants performed a spiral-
drawing task, and the procedure was identical except for
the schedules. They sat on a chair, the stylus was held in
a power grip, and the target movement was reproduced as
accurately as possible in both the temporal and spatial aspects.
A counterclockwise three-and-a-half-rotation logarithmic spi-
ral trajectory was used (Fig. 2B), which is a difficult version
of the clinical test for evaluating motor function [28]. The
velocity profile of the target movement along the trajectory
was calculated to satisfy the minimum angular jerk constraint
with a movement time of 6 s. We instructed the participants
to aim to complete the movement in exactly 6 s and prioritize
temporal accuracy over spatial reproduction. This instruction
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Experiments of upper limb motor learning in a spiral drawing task using a two-degree-of-freedom parallel robot. (A) Experimental setup.

Participants held the stylus attached to the end effector of the robot in a power grip to draw a spiral. (B) Logarithmic spiral trajectory satisfying a
minimum angular-jerk constraint. (C) Variables related to the spiral and stylus for control and measures. (D) Schedule of Experiment 1. BL and
E1-E4 indicate the baseline and evaluation phases without assistive force (Free guidance), and L1-L4 indicate learning phases with Free or haptic
guidance. P&P indicates Path & Push guidance. (E) Schedule of Experiment 2.

was introduced because we focused on the evaluation of
spatial performance under the influence of the speed-accuracy
tradeoff [29], [30]. During the experiments, the experimenter
observed that the participants followed our instructions and
prioritized modifying their movement time over the accurate
drawing.

After a countdown cue, the trial started with a moving
marker of the target movement, which was presented for
only 1 s to control both the start timing and direction of the
initial movements. During each trial, the monitor displayed
the start and goal points but did not display the target spiral
trajectory. In the learning phase, before every five trials, the
participants watched a moving marker on the monitor as a
reminder of the target movement without moving their arms.
After each trial, the participants received visual feedback on
the trajectory drawn by them with the target spiral trajectory
for 6 s. To prompt them to modify their movement time,
a message about movement time (“slow,” “early,” or “good”)
was given if fg > 6.5 s, 73 < 55s,0r55s <t <65s,
respectively. During the evaluation phase, the participants did
not receive any information about their drawings or target
movements.

Experiment 1 consisted of baseline (BL), four learning
(L1-L4), and four evaluation (E1-E4) phases (Fig. 2D),
whereas Experiment 2 consisted of baseline (BL), two learning
(L1 and L2), and two evaluation (E1 and E2) phases (Fig. 2E).
The baseline, learning, and evaluation phases contained 3, 25,
and 3 trials, respectively. In Experiment 1, the participants
took a ten-minute break between E2 and L3. Regardless of
the assigned group, the participants performed the task without
robotic assistance (with Free guidance) during the baseline and
evaluation phase.

D. Four Types of Guidance

Four types of guidance were used in this study. Free guid-
ance did not provide assistive force: f'%% = 0 and f"°f = 0,
which are the tangential and normal forces applied to the stylus
along the spiral, respectively (Fig. 2C).

Path guidance restricted the stylus on the spiral path using
impedance control between the stylus and the nearest point on
the spiral, which is formulated using the spatial error eg as

ftan — 0 (2a)
" = —900dzn(es) — 300|sgn(dzn(es))|és (2b)
f'nor — 200(f7n0r o fnor)’ (2¢)
where the sign and deadzone functions are defined as
—1ifz <0
sgn(z) =3 0 ifz=0 (3a)
1 ifz>0
z+eifz < —¢
dzn(z) = 0 if|z] <e (3b)

z—c¢if z > e.

Path guidance did not provide force in the tangential direction
as (2a). While the spatial error exceeded the threshold |eg| >
e = 0.05 x 1073 m, the impedance control in the normal
direction (2b) became f"' = —900dzn(es) — 300és. This
realized the virtual spring (with a spring constant of 900 N/m)
as —900dzn(es) and the virtual damper (with a viscosity
of 300 Ns/m) as —300¢s. While the spatial error was within the
range |es| < &, the deadzone function dzn(es) became zero,
resulting in f™" = 0. The deadzone function implemented
haptic feedback as virtual walls located at £e. A low-pass
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filter (2c) smoothed the force f™' and yielded the normal
force fM°r.

Path & Push guidance restricted the stylus in the same
manner as Path guidance and applied force in the tangential
direction

ftan — fspiral(l,) s.t. fspiral(t) — Mjc-spiral (4a)
F1°f = —900dzn(eg) — 300|sgn(dzn(es))|és (4b)
anr — zoo(fnor _ fnor)’ (4C)

where 7 denotes the time at which the target movement passes
the nearest point (Fig. 2C). The relationship between t and the
target movement is depicted in Fig. 2B. These indicate that
the tangential force fP"(7) was determined by the spatial
position of the nearest point, not by its temporal aspect. The
spiral force £ was calculated by multiplying the second-
order derivative of the minimum angular jerk logarithmic spiral
trajectory ¥*P" (acceleration of the target movement) with a
virtual mass of M = 2 kg.

Target guidance restricted the stylus to the target marker
with compensation for force applied by the participants. The
controller is implemented in the joint space, and the torque t
of each motor was computed by

T =270(6°™ — 9) +90(6°™ — §) — thum (5)

where 9°™ denotes the command angle given by the spiral
trajectory and the inverse kinematics of the robot, and the
term —zM™ compensates for a participant’s torque using the
estimated torque (1) as a disturbance observer [31], [32], [33].
For each guidance, the derivatives were computed by pseudo-
differentiation using low-pass filters.

E. Performance Measures and Statistical Analysis

To quantify the improvement in the task, we defined a
spatial error score Jg:

L[
A=—/|amm, (©)
Ir Jo
and a temporal error score J;:
L[
L=—/IMMM )
Ir Jo

where eg(#) and e((#) denote the spatial and temporal errors,
respectively (Fig. 2C), and #; is the shorter end time of either
the participant’s movement or the target movement. The spatial
error is the distance between the stylus and the point nearest
to the stylus on the spiral trajectory, and the temporal error is
the distance on the spiral trajectory between the target marker
and the position nearest to the stylus on the spiral trajectory.
Using Js and J;, we defined the spatiotemporal error score J
by integrating the normalized spatial and temporal error scores

as follows:
1 J. Ji
J=—(_S+TL), )
2 \JsgL JmL

where Jipr, and Jigr, denote the means of the three-trial scores
of the 20 participants assigned to the same group in BL

i | 203
JsBL = o5 > ) )

i=1j=1

A BL E2

EXP1-Free

E4 —— B BL E1
EXP1-Path EXP2-Path

—_—
0 100 mm [ 100 mm

EXP1-Target

EXP1-Path & Push

Fig. 3. Examples of the drawn spirals. Each phase has three lines from
the three trials. (A) Spirals drawn by the four representative participants
from the four groups at BL, E2, and E4 in Experiment 1. (B) Spirals
drawn by the three representative participants from the three groups at
BL, E1, and E2 in Experiment 2.

TABLE |
SIMPLE MAIN EFFECTS OF THE GUIDANCE AND SCHEDULE
Experiment 1 Experiment 2

p-value p-value

Guidance at E1 p < .001  Guidance at E1 p < .001
Guidance at E2  p < .001  Guidance at E2 p = 0.697
Guidance at E3 p < .001

Guidance at E4 p < .001

Phases at Free p < .001

Phases at Path p < .001  Phases at Path p < .001
Phases at P&P p < .001 Phases at P&P p <.001
Phases at Target p < .001  Phases at Target p < .001

) L 203
JiL = T sztij-

i=1j=1

(10)

The variables Jg;; and J;; denote the ith subject’s spatial
error score Jg and temporal error score J; at jth trial in BL,
respectively. A decrease in the scores indicates an improve-
ment in drawing in terms of both speed and accuracy. Although
the performance measure is spatiotemporal, the spatiotemporal
error score reflects spatial aspect mainly because we instructed
the participants to prioritize temporal accuracy over spatial
accuracy.

To statistically compare the spatiotemporal error scores J
of the four groups, we conducted a two-way analysis of
variance (ANOVA) with a between-subject variable (type of
guidance) and a within-subject variable (phases). Additionally,
we conducted multiple comparisons using Shaffer’s modi-
fied sequentially rejective Bonferroni procedure for post hoc
analysis. All statistical hypothesis tests were performed at a
significance level of 0.05.

F. Ethics Statement

The Ethics Committee on Human Research of Waseda
University approved the study and consent procedures. All
participants provided written informed consent in accordance
with the Declaration of Helsinki.

[1l. RESULTS
A. Experiment 1

Representative examples of the drawn spirals are shown
in Fig. 3A, and the spatiotemporal error scores during the
evaluation phases are summarized in Figs. 4A and 4B. The
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Fig. 4. Spatiotemporal error scores of the four types of guidance at the baseline and evaluation phases. The scores of the Free group in C and
D are the same as those in A and B, respectively. (A) Comparison among the guidance for Experiment 1. (B) Comparison among the phases for
Experiment 1. (C) Comparison among the guidance for Experiment 2. (D) Comparison among the phases for Experiment 2.

two-way ANOVA showed a statistically significant interaction
between the schedule and the type of guidance (F (12, 304) =
348, p < .001). There were simple effects among groups
(F(3,304) = 8.13, p < .001) and through the phases
(F(4,304) = 51.8, p < .001). The results of the simple main
effect analysis are summarized in Table 1. In Experiment 1, the
simple main effects of the type of guidance and the schedule
were significant in all phases and groups. Multiple compar-
isons showed that the spatiotemporal error score of the Free
group was significantly lower than those of the Path & Push
and Target groups at all evaluation phases (E1-E4), and it
was significantly lower than that of the Path group only at EI.
Additionally, the scores of the Path group were significantly
lower than those of the Path & Push group from El to E3.
In the Free and Path groups, the spatiotemporal error score
significantly decreased from BL, and the score at E3 was
significantly lower than that at E1. In the Path & Push group,
the score at E4 was significantly lower than those at BL and
El. No significant improvement was observed in the Target

group.

B. Experiment 2

Representative examples of the drawn spirals are shown
in Fig. 3B. The two-way ANOVA showed a significant

interaction between the schedule and group (F(6,152) =
3.70, p < .01). There was no simple effect among the groups
(F(3,152) = 1.73, p =0.167), but there was a simple effect
across the phases (F(2,152) = 118, p < .001). The results
of the three groups from Experiment 2 were compared with
that of the Free group from Experiment 1. The results of
the simple main effect analysis are summarized in Table I.
The simple main effect of the guidance type was significant
only at E1, and the effects of schedule were significant in all
groups. Multiple comparisons showed that the spatiotemporal
error score of the Free group was the lowest, and that of the
Target group was the highest, at E1 (Fig. 4C). Additionally, the
scores at E1 were lower than those at BL in all groups except
for the Target group, while the scores at E2 were lower than
those at BL in all groups.

IV. DISCUSSION

Direct comparisons of different types of haptic guidance
revealed that lower-intensity haptic guidance (Path guidance)
led to greater learning effects in the spiral-drawing task,
and the best learning was observed in the absence of any
robotic assistance (Free guidance), according to Experiment 1
(Fig. 4A and 4B). First, the spatiotemporal error score in
the Path group was smaller than that of the Path & Push
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group from E1 to E3 and that of the Target group at E2
and E3, while there were no significant differences among
them at E4. Second, the errors in the Path & Push group
significantly decreased as the practice proceeded, but not
in the Target group. Third, errors in the Free group were
consistently smaller than those in the other groups. These
results support our hypothesis that the learning effect increases
in the following order: Target, Path & Push, Path, and Free
guidance, suggesting that the intensity of sensory feedback
and voluntary motor control play an important role in robot-
assisted motor learning. However, note that this order of
learning effects may not be completely robust, as performance
in the Path & Push group was not consistent at E1 between
Experiments 1 and 2 (Fig. 4A and 4C).

In addition to the direct comparison of learning effi-
cacy among the four types of guidance in Experiment 1,
we examined the effect of pre-learning with haptic guidance
on post-learning without haptic guidance in Experiment 2
(Fig. 4C and 4D). The results did not indicate significant
differences among the groups, suggesting that self-supported
learning after robot-assisted learning was neither facilitated nor
hindered by pre-learning type. However, the overall learning
speed was affected by the learning speed and effect of the pre-
learning type. These findings are particularly important when
considering the introduction of robot-assisted rehabilitation
into clinical practice.

The superiority of the low-intensity guidance can be
interpreted using error-based learning [19], [20], [21]. The
error-based learning theory assumes that the differences
between predicted and actual sensory outcomes are used to
update motor commands for subsequent movements [19],
[20], [21]. Based on this theory, it has been posited that the
neural system for motor control recalibrates the mappings
between sensory input and motor output according to sensory
error feedback [20], [22]. We assumed that the four types of
guidance involved different amounts of sensory feedback and
voluntary effort. Because lower guidance intensity requires the
participants’ active motor output to complete the task, higher
voluntary motor control would be necessary with Free and
Path guidance, followed by Path & Push and Target guidance.
Voluntary motor control allows participants to acquire sensory
feedback error information [34], [35], while accurate move-
ments without voluntariness, such as those achieved by Target
guidance, do not provide much error information for learn-
ing. However, it is unclear whether visual or proprioceptive
feedback strongly influences the learning performance.

Although it is not straightforward to compare our experi-
ments with previous ones owing to their different controllers,
tasks, and learning schedules, we briefly compare our results
with them in the following paragraphs. Hereafter, we use our
labeling of haptic guidance for those used in previous studies,
although they are not exactly the same.

First, previous studies did not find a clear advantage of
self-supported learning over robot-assisted learning; however,
we observed a statistically significant improvement in Free
guidance over the haptic guidance. Sigrist et al. [36] compared
their haptic guidance condition, which was similar to our Path
guidance, with their Free guidance condition in an oaring

task. They showed that the Free group was significantly better
than the Path group in velocity error but not in spatial error,
in which learning outcome and speed were evaluated together.
In our spiral-drawing task, we further observed a statistical
difference in the spatiotemporal error score, putting a weight
on the spatial performance, between the Free and Path groups.
It was also found that a significant difference appeared only in
the early phase as different learning speeds and disappeared
in the later phases as similar learning outcomes in Experi-
ment 1 (Fig. 4A). Marchal-Crespo et al. [14] also found a
significant difference in the learning outcomes between Free
and Path guidance, while their amount of training was less
than that in our experiment. Their result may correspond to
our transient result at E1, showing the significant difference;
our results were consistent with them. Regarding Path & Push
guidance, Bluteau et al. [15] did not find a significant differ-
ence between Push-only guidance (without virtual walls) and
Free guidance, while the study did not observe a significant
improvement in trajectory shape matching scores in either Free
or Push-only group. In contrast, we found the superiority of
Free guidance in terms of learning speed over Path guidance
and of learning outcome over Path & Push and Target guid-
ances significantly.

Second, consistent with the present experiment, previous
studies have indicated the ineffectiveness of fully assisted
control in motor learning, particularly in terms of spatial
aspects. Consistent with our results, that the Target group
showed the lowest learning effect among the four groups,
Liu et al. [12] found that Target guidance, in addition to visual
demonstration, did not improve the performance significantly
compared to the visual demonstration only in a 3D drawing
task. Moreover, in a rowing task, Rauter et al. [13] hypothe-
sized the least and best effectiveness of Target guidance in the
spatial and temporal aspects, respectively. Our results were
consistent with their hypothesis because our spatiotemporal
error score reflects the spatial accuracy more than the tem-
poral accuracy, as we instructed the participants to prioritize
temporal accuracy over spatial reproduction. This idea is
possible because it has been reported that spatial and temporal
accuracies develop separately in a drawing task [30] and
should be addressed in future studies.

A. Implications for Stroke Rehabilitation

Experiment 2 examined the effect of pre-learning with
haptic guidance on post-learning without robotic guidance,
based on an ordinary clinical practice situation that aimed
to regain self-supported movements. While lower-intensity
guidance (Path and Path & Push guidance) was superior to
highest-intensity guidance (Target guidance) at E1, no signif-
icant differences were found among them after experiencing
post-learning with Free guidance at E2 (Fig. 4C). This result
indicates that the self-supported learning after the robot-
assisted learning was neither facilitated nor hindered by the
type of haptic guidance used in the pre-learning. The similarity
in the time course of the score decrease between the Free
group in the first learning phase (L1) and the Target group in
the second learning phase (L2) also supports this hypothesis
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Fig. 5. Spatiotemporal error score of the four types of guidance at each trial in Experiment 2.

(see Appendix). This finding suggests that there are no qualita-
tive (but quantitative) differences between self-supported and
robot-assisted rehabilitation, which could support the intro-
duction of robots into clinical practice before self-supported
practice to mitigate the physical and mental burden on patients.

The findings from healthy participants cannot be directly
applied to stroke rehabilitation. Given the above discussion,
the important finding from our study is that robot-assisted
guidance may provide participants with qualitatively similar
but quantitatively less learning effect depending on available
sensorimotor information. Unlike our findings from the two
experiments that Free guidance was the best method for
healthy young participants to learn the drawing movement,
studies on chronic stroke patients reported that Path guidance
was more beneficial than Free guidance [7] and that there
was no statistically significant effect of Free guidance over
Target guidance [5]. This may be because moving an affected
limb itself is important for future recuperation even if it is
not voluntary [37], [38]. Therefore, the appropriate selection
of rehabilitation intensity according to the severity of the
patient’s motor dysfunction may contribute to the recovery
of upper limb motor function equivalent to or better than
self-supported learning. Nevertheless, to reconcile the discrep-
ancies among these findings, further investigations focusing on
stroke patients are necessary.

APPENDIX

SPATIOTEMPORAL ERROR SCORE AT EACH
TRIAL IN EXPERIMENT 2

The transitions in the spatiotemporal error scores for the
four types of guidance at each trial in Experiment 2 are shown
in Fig. 5. In the learning phases, the score of the Target group
was the lowest because of its highest guidance intensity at
L1, and those of the Path, Path & Push, and Target groups
decreased at L2 because they underwent the post-learning with
Free guidance in L2. Here, the scores of the Free group at BL
and the Target group at E1 were similar, and the time course
of the decrease in the Target group at L2 was similar to that
of the Free group at L1. This similarity supports the effect of
post-learning with Free guidance after pre-learning with haptic
guidance, although the reduction in the scores of the haptic

guidance groups was accomplished by the post-learning with
the Free guidance, as the three scores after the post-learning
at E2 were close to the score of the Free group at El.
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