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Abstract— Vibrotactile feedback systems for supporting hu-
man motion have been widely researched, mainly owing to
the low price and reduced size of vibration motors, which
allow trainees to actively move while using them. Most existing
vibrotactile feedback systems focus on providing information
about the human’s joint angles, making it necessary to under-
stand multiple simultaneous stimuli to guide the trajectory of
a limb. Instead, in the present study, we focus on guiding the
motion of the hand by following an endpoint approach and
propose a vibrotactile feedback paradigm to convey direction
around the wrist and guide the user’s wrist around points
in a two-dimensional Cartesian space. In the path-following
task, vibrotactile cues are provided as direction information
to modify the wrist’s path only when the wrist’s position
deviates significantly from the desired path. The experiment
was designed based on the motor learning process to observe
the evolution of performance during training. We found that
the root mean squared error of participants decreased by
49.3% when provided with vibrotactile feedback. This effect
was almost constant throughout training. Additionally, most
participants could reproduce the desired path after removing
the provided feedback immediately after training. We believe
the proposed system can be applied to enhance the process of
learning tasks that require hand guidance, such as learning of
Japanese calligraphy or upper limb rehabilitation.

I. INTRODUCTION

In various domains such as sports and rehabilitation,
it is common to receive guidance from experts or watch
videos to learn a specific motor skill. Usually the trainee
performs a motion, the instructor then qualitatively evalu-
ates the movement, takes their hand, and demonstrates the
correct movement or teaches the trainee through a step by
step process. Recent developments in hardware and sensing
technologies have enabled researchers to provide motion
guidance by using robotic technologies in a manner similar
to human instructors.

A few examples include the use of PHANToM haptic
device (SensAble Technologies, Inc.), which provides force
feedback for rehabilitation of the upper limbs [1] or surgical
training [2]. Exoskeleton-type systems that calculate the
target angle of each joint using the target arm motion and
guide the user’s joint angles have also been proposed [3]
[4]. Granados et al. [5] developed a dance-teacher-type robot
that physically interacts with trainees and takes the leading
role in ballroom dancing. This robot evaluates the user’s
performance based on practice history and tailors feedback
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accordingly.

To facilitate safe human-robot interaction, haptic guidance
systems based on the concept of passive robotics [6] (i.e.,
the system that does not have a driving force) have been
proposed as well. Koyanagi et al. [7] developed an arm-
type haptic guidance system that uses electrorheological (ER)
fluid brakes to correct a user’s motion. Schneider et al. [8]
developed a surgery support system called passive arm with
dynamic constraints (PADyC) that constrains the motions of
a tool along a preplanned path. Other systems that redirect
the motive force applied by the user along a target direction
using brakes or clutches have been developed as well [9]
[10]. Furthermore, Hirata et al. [11] created a wire driven
motion support system that corrects a user’s motion by
generating brake tension on wires attached to a tool by using
servo brakes and applied it to swing training in tennis.

In all these systems, motion guidance is achieved by limit-
ing the motion of a human by using servo motors, brakes, and
other components. In recent years, haptic devices that pro-
vide tactile cues (e.g. vibration, tapping, pressure, and skin
deformation) have been proposed to improve performance
in an unobtrusive way [12]. Among such devices, systems
that use vibrotactile stimuli are especially popular owing
to their comparatively low cost, small size of vibrotactile
actuators, and the fact that they can be attached anywhere
on the surface of the body. Such systems have already been
applied to various motor activities such as playing musical
instruments, sports, rehabilitation, and surgical training [13]—
[17]. To provide richer and more intuitive cues, feedback
paradigms using vibrotactile illusions have been studied as
well [18]-[21].

Most of the proposed vibrotactile feedback strategies
coordinate human motion from the joint angle perspective
(i.e., correcting each joint’s angle with localized vibrotactile
cues) [13]-[21]. However, understanding multiple simulta-
neous cues becomes more difficult as the number of cues
increases [22] [23]. Additionally, in tasks such as learning
Japanese calligraphy, component assembly, dance, and reha-
bilitation, the motion depends mainly on the hand position,
which is why an endpoint or end-effector-based feedback
strategy is desirable.

As an example of an end-effector guidance strategy, we
can mention the work of Basu et al. [16], in which users were
trained for a needle insertion task by applying vibrotactile
feedback on the forearm to provide guidance for joint,
cartesian, and tool spaces, with the latter proving to be
the most effective approach. Despite this study, end-effector
approaches remain uncommon, which might be due to the
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difficulty of conveying multiple directions at the end-effector.

To this end, a method has been proposed to produce a
vibrotactile cue in any place around the wrist by using a
wristband embedded with six vibration motors and a vibro-
tactile illusion called phantom sensation [24]. The generated
cue is perceived as a single point vibrotactile stimulation by
the user, and it can be mapped along the direction in which
the wrist should be moved under two conceptual mappings,
”push” and ”pull.” Under push mapping, users are instructed
to move in the direction opposite to the stimulus location.
Conversely, under the pull mapping, they are instructed to
move toward the direction in which they felt the cue. Users
were able to localize the cue around the wrist with an error
of around 10 ° and were able to follow the cues and move
their wrist to specific target positions in a two-dimensional
plane under both conceptual mappings. When moving the
wrist, users adjust the angles of the arm’s joints accordingly
by using a single cue.

In the present study, we use a variation of this paradigm to
guide users while moving their wrist through a predetermined
path. Instead of conveying direction continuously, vibrotac-
tile cues are only produced when the wrist deviates from a
deadband around the path, thus correcting the motion. In this
manner, feedback is less intrusive, which allows the user to
focus more on the motion and proprioceptive information.
Experimental results show that the position error during
training is significantly reduced by using the cues and most
users can reproduce the path more accurately after training.

The remainder of this paper is organized as follows:
In section II, we present an overview of the method to
convey direction, which was introduced in our previous work,
and the system configuration. In section III, we explain
the vibrotactile feedback approach to achieve path-following
guidance. In section IV, we present the experimental frame-
work and results. Finally, section V presents our conclusions.

II. HAPTIC GUIDANCE SYSTEM FOR THE WRIST
A. Wrist Guidance Paradigm

In our previous research, we proposed an approach to
convey direction by providing only one vibration stimulus
at a certain location on a user’s wrist [24]. In this method,
we used phantom sensation, which is an illusion that causes
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users to feel an averaged vibration when two vibrotactile
cues at a close distance are applied to the skin. The perceived
location of the virtual cue varies depending on the relative
amplitude of the two actual cues. By arranging equally
spaced vibration motors around the wrist, we can generate a
vibrotactile cue at any location around the wrist, including
those parts where no vibration motor is present. In our
paradigm, when the direction to be displayed coincides
with the physical location of a motor, we use that motor
to generate the cue; else, we select the two surrounding
vibration motors and calculate the actuation driving voltage
of each motor according to the direction in which we want
to provide the cue.

The advantage of this algorithm is that the location at
which the vibration is produced can be changed instanta-
neously, thus changing the displayed direction. In addition,
we can define conceptual mappings that suit the correspond-
ing task (e.g., moving the wrist toward the direction in which
the vibration is felt and in the opposite direction).

In this approach, even if we cause the motors to actuate
based on the target direction in the local coordinate system
(the arrangement of motors is shown in the Fig. la), the
motors are rotated along with the wrist. Consequently, the vi-
brotactile cue is perceived by the user in a direction different
from the target direction, as can be seen in Fig. 1b. Therefore,
we need to compensate for wrist rotation when determining
which motors to actuate in the local coordinate system. To
this end, we calculate the direction of the vibrotactile cue
as the difference between the target direction in the global
coordinate system and the wrist angle, which is measured
using an inertial measurement unit (IMU), in the local co-
ordinate system. Then, we determined which motors should
be actuated to generate a cue at this location. Consequently,
the user can perceive a vibrotactile cue consistent with the
global coordinate system, independent of wrist rotation.

B. System Configuration

The developed haptic device is shown on the left side in
Fig. 1a. In this device, six modules embedded with vibration
motors are attached to a rubber band. The modules are made
of acrylonitrile-butadiene-styrene, which is rigid and effec-
tively conveys motor vibration to the skin. We used pancake-
type eccentric vibration motors (FM34F) manufactured by
TOKYO PARTS Corp. The modules were placed against the
skin so that the direction in which the vibration was stronger
(parallel to the base of the motor) was perpendicular to the
skin. Additionally, a smaller contact surface with the skin
was thought to be closer to the ideal condition of a point-
type vibration, instead of conveying vibration over a large
area of the skin. The number of actuators was set to six
based on the average circumference of the wrist (~16.5-
19.0 cm among men over 165 cm tall [25]) and the ideal
distance to produce the phantom sensation (between 4 and
5 cm [26]). When using the device, we can manually adjust
the six actuator modules such that they are spaced evenly
around the wrist. The voltage of each actuator was controlled
using 12-bit pulse width modulation (PWM) within the rated



voltage range (2.5 V to 3.5 V) of the motor. To measure the
wrist angle, we used an IMU (LSM9DS0) from Adafruit
filtered using a Madgwick filter. The system was controlled
using a Raspberry Pi Zero W that communicates with PCs
via Wi-Fi.

III. MOTION ASSISTANCE APPROACH

A. Control Strategy

In the paradigm to convey direction, as proposed in our
previous study, the vibrotactile cue is generated steadily, and
its position can be changed instantaneously [24]. Using this
paradigm, a direction can be specified continuously to guide
users while following a path.

However, such sustained vibrotactile cues throughout the
task are rather disruptive stimuli, which can result in mental
fatigue, reduced skin sensitivity, irritation, or loss of con-
centration [27] [28]. Furthermore, providing such frequent
feedback can result in overcorrection of the motion, and users
can become dependent on feedback. The task then changes
to following the feedback, instead of focusing on the motion.
It has been reported that performance is lowered significantly
by such feedback [29] [30].

These problems can be avoided by providing feedback
only when the movement is outside of a predetermined error
tolerance [29]. Indeed, multiple motion guidance approaches
based on the abovementioned concept have been proposed.
Stanley et al. applied this concept to guide wrist rotation by
using different approaches and set a region called as “dead-
band”, in which feedback is not provided [12]. Similarly,
Bark et al. defined an area around the desired joint angles
of the wrist, upper arm, and elbow as deadband, where no
vibrotactile feedback is provided [22].

In the present study, we use the concept of deadband
for a wrist guidance task that employs vibrotactile cues.
When the wrist deviates from the deadband, a vibrotactile
cue is generated to restore the user’s wrist position to the
desired path. The cue is mapped to the direction under the
”push” mapping, which is similar to Lieberman’s approach
of producing a vibrotactile cue in the direction opposite to
which the user should move for correcting joint angles [18].
In our previous study [24], a few participants declared that
it felt natural to move away from the vibration, and it was
easier than precisely localizing its source, so we decided
to instruct users to follow a “push” conceptual mapping. In
addition, we thought this mapping would be very intuitive
because the user would feel the vibration as a disturbance
and then be compelled to escape from it.

To calculate the direction of cues so that any deviation
from that desired path would cause a restoring vibration to
move the wrist towards the desired path, we generated a
vector field around the desired path.

B. Vector Field Generation

In path-following control of mobile robots or manipula-
tors, a few techniques employ vector fields, such as Khatib’s
artificial potential method [31] and Dellon’s path-following
vector generation [10]. The artificial potential method is
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often used when a mobile robot performs path planning
while avoiding obstacles online. Contrastingly, the path-
following vector generation method is used when calculating
parameters such as speed are based on the relative error
between the mobile body and a reference point on the path,
if the path is known.

We believe the path-following vector generation concept
can be applied to determine the direction and amplitude of
the vibrotactile cues to guide the user when the wrist moves
away from the deadband.

We define the desired path as a parametric curve repre-
sented by P = p,(s) € R?. The value s € [Sstarts Sgoal] i
a parametric variable. To guide the wrist position along the
desired path, the user should move the wrist toward direction
D, which combines the direction to correct the deviation and
the direction leading to the end point of the path, as shown
in Fig. 2. Hence, D can be calculated as follows:

Op,

P 9s

S=5N

D=K + K e, (1)
where sy is a parameter indicating the point on the desired
path that is nearest to the wrist position p, K,, K, are
two diagonal matrices of 2 x 2 with gain elements, and e is
the deviation between p,, and the nearest neighbor point on
the desired path p,(sx). We can calculate the direction of
vector D obtained from Eq. (1) with respect to the global
coordinate system as follows:

D
% + arctan D—u if D, <0 (2a)

DfL'
0= g — arctan 75" if D, >0  (2b)
g —sgnD, - g otherwise, (2¢)

where (D, D,) are the components of vector D.

As mentioned before, users follow a “push” mapping,
hence the direction of the vibrotactile cue - can be calculated
as v = 6 + w, which is the direction opposite to that of the
desired motion. The magnitude of the vibrotactile cue A,
can be calculated as the Euclidean norm of the vector D.
This value is mapped to the voltage applied to the vibration



motors, which is proportional to the amplitude of vibration.
The minimum and maximum magnitudes of A, are set
to the lower and upper values of the rated voltage of the
actuators. We set the minimum magnitude of the actuator
as the minimum drive voltage for which users could detect
vibration.

A — { || D| if ||e|| > rdeadband
¥ 0 if HeH < Tdeadband

(3a)
(3b)

where 7geadbang 18 the width of the deadband.

Using Eq. (1), a vector field indicating the appropriate
motion direction according to the wrist position can be
generated. However, this method of generation has several
limitations. One is a duplicate of nearest neighbor points
between the desired path and the p,. The nearest neighbor
point is the point on the path with the shortest distance to the
wrist position. However, in a few cases, the nearest neighbor
cannot be determined uniquely (e.g., near a parabolic curve).
To overcome this limitation, we select the appropriate nearest
neighbor point by comparing the tangential vector on the
candidate with the velocity vector of the wrist. First, we
calculate the Euclidean distances between the wrist position
and the candidate and sort the values in descending order.
Next, we calculate the difference between the tangential
direction toward the endpoint of the path 6p and the
direction of the wrist velocity vector 6, and then we add this
difference to the Euclidean distance to obtain an evaluation
value calculated as follows:

E = [le]| + eq, )

where eq = |0p_ —0y|. The candidate point on the path with
the smallest evaluation value E is selected as the nearest
neighbor point.

Another obstacle is the time required to determine the
nearest neighbor point on the path every time the wrist
position is updated. To address this issue, we used a method
proposed by Dellon et al. [10], in which the curve is
partitioned in to points and stored in a k-dimensional tree
and the candidates are searched using the k-nearest-neighbors
algorithm, which reduces the computational complexity to
O(logn) instead of O(n) in the case of a brute force search.

IV. EXPERIMENTS
A. Experimental Setup

The purpose of the experiment is to verify whether users
can improve their performance in a given motor skill by using
the feedback approach described in the previous section. The
experiment was carried out in a space of approximately 3 m
x 3 m without obstacles, and the position of the participant’s
wrist was measured using a motion capture system (from
Motion Analysis). The haptic device was attached to the
participant’s right arm. The experimental environment is
shown in Fig. 3. In Fig. 3, the z-y plane corresponds to
the coronal plane.

We set the size of the desired path such that participants
with a height of around 170 cm could follow the path on the
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Fig. 3: Experimental environment.

plane with their wrist while bending their elbows naturally.
The gain used in Eq. (2) to generate the vector field was
set to K, = diag(600.0,600.0), K, = diag(8.0,8.0). We
selected this value so that the magnitude of the vectors
along the borders of the deadband exceeded the minimum
magnitude of vibration that can be felt by the users. The
resulting vector field is shown in Fig. 4.

B. Experimental Protocol

The experiment comprised four phases. At the beginning
of each phase, participants were guided toward the start point
by using a continuous vibrotactile cue, as proposed in our
previous research [24]. Then, they were requested to hold the
position for 3 s, after which all motors were made to vibrate
simultaneously twice to mark the start of the task. After
the signal, the users moved their wrists along the desired
path. When the wrist reached the goal point, all motors were
activated in a burst, letting the users know they have reached
the goal.

The phases of this experiment were designed based on the
motor learning process model proposed by Fitts et al. [32].
According to this model, the process of learning motor skills
is divided into three stages: 1) verbal-cognitive stage, 2)
motor stage, and 3) autonomous stage. In the verbal-cognitive
stage, a trainee understands the task. In this stage, the trainee
obtains information such as the form of the motion and how
quick the movement needs to be performed. In the motor
stage, the trainee practices the task and learns how to execute
it. By practicing, the trainee can gain information on how
much their behavior deviates from the desired movement.
Then, when the trainee moves to the autonomous stage,
detailed attention to movement decreases, and information
becomes less necessary. The phases were based on the
following model:

1) Cognitive phase:
The goal of this phase was to allow participants to un-
derstand the positional relationship between the desired
path and the hand and to get used to the environment.
Participants were required to move their wrist while
watching the wrist position and the desired path on a
visual display. Moreover, they were instructed to leave
the deadband on purpose to experience the vibrotactile
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feedback. The deadband was set to a radius of 30 mm
around the desired path, based on the average wrist
size, so the wrist can fit entirely inside the deadband.
In addition, the speed of wrist movement was set to
less than 200 mm/s based on humans’ response time
to vibration and results of preliminary experiments. If
a user exceeded this wrist velocity, a beep sound was
played back. In this phase, the path following task was
repeated five times.

2) Preliminary test phase:
In this phase, we tested how accurately the participants
were able to follow the path while trying to elicit its
characteristics from the previous phase. For this test, the
display was removed and the participants were asked to
follow the path with no vibrotactile feedback. In this
phase, the task was repeated five times.

3) Training phase:
Participants were required to repeat the motion, and
vibrotactile feedback was produced when they deviated
from the path. Similar to the previous phase, no display
was provided. In this phase, we adjusted the deadband
according to the participant’s past performance, as per-
formed by Bark et al [22]. They used the root mean
squared error (RMSE) to calculate the width of the
deadband. However, wrist motion inside the deadband
increased the RMSE, which in turn increased the size of
the deadband, even when the participant’s wrist stayed
within it. To overcome this limitation, we used the
following evaluation metric to adjust the deadband:

score = Op/Tp 5)

where Op is the distance calculated by summing up
the Euclidean distance between consecutive data points
(sampled at 200 Hz) of the traveled path while the wrist
was outside the deadband throughout each trial, and
Tp is the total distance the moved by the wrist. This
metric was calculated for every repetition in this phase.
If score < 0.4, we considered it a positive response.
The initial width of the deadband was set to 30 mm.
If a participant had three consecutive positive trials, the
deadband was decreased by 2 mm. By contrast, if it
was score > (0.4 even in one trial, the deadband was
increased by 2 mm. The lower and upper bounds of the
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deadband were set to 20 mm and 40 mm, respectively.
In this phase, the task was repeated 20 times because in
the preliminary experiments, we found that participants
would lose focus with a greater number of repetitions.
4) Autonomous phase:

This phase is similar to the Preliminary test phase.
Participants were asked to move their wrists along the
desired path without vibrotactile feedback. This allowed
us to measure whether the vibrotactile feedback im-
proved or deteriorated their motor skills. In this phase,
the task was repeated five times.

In the experiments conducted in the present study, partic-
ipants were divided into two groups to validate the effec-
tiveness of the proposed method. The first group, called the
with feedback (WF) group followed the procedure described
above. The second group, called the no feedback (NF) group,
did not receive any feedback during the Training phase.
Twenty male participants recruited from Tohoku University,
including students and staff, participated in this experiment.
Their ages ranged from 20 to 36, with a mean of 23.9
years, and their height ranged from 165 to 189, with a
mean of 1729 cm. Ten out of twenty participants had
experienced vibrotactile feedback by wearing the device
in previous studies. In each group, 10 participants were
assigned the experiments, and the numbers of experienced
and inexperienced users were balanced.

C. Results

Fig. 5, 6 show a sample of the results of the path-following
task for each group. These results show the path followed
by the participants in the final trial of each phase. From
this graph, participant A’s ability to follow the path aided
with vibrotactile feedback improved in the Training and
Autonomous phases compared with that in the Preliminary
test phase. From Fig. 5b, the participant could correct the
path by using the generated vibrotactile feedback.

Figure 7 shows the average and standard deviation of
the RMSE in each phase. In the WF group, all participants
could reduce the RMSE in the Training phase compared to
that in the Preliminary test phase. Moreover, in the same
group, six out of ten participants could reduce the RMSE
in the Autonomous phase even further compared with those
in the two previous phases. In the NF group, four out of
ten participants could reduce the RMSE in the Training
phase and Autonomous phase compared with that in the
Preliminary test phase. However, their RMSE was generally
higher than that of the participants in the WF group.

To test the statistical significance of the difference between
the two groups, we first used Mauchly’s Test to check
the sphericity of all data across the three phases. As the
assumption of sphericity was violated (x2(2) = 7.32, p =
0.026 < 0.05), we conducted an ANOVA test for split-plot
factorial design with Greenhouse-Geisser correction (¢ =
0.74) to evaluate followability and learning effects within
each of the two groups across all phases. The results revealed
a statistically significant interaction between the effects of the
user’s group and phase in the RMSE (F'(1.5,26.7) = 10.0,
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Fig. 6: Sample of the wrist position of participant K (NF group) in each phase.

p = 0.001, n2 = 0.36). Simple main effects analysis
showed in the case when vibrotactile feedback was used,
the reduction in RMSE was greater that in the case when
the vibrotactile feedback was not used, as can be seen in the
the Training phase (F'(1,18) = 19.6, p < 0.001, 7712, =0.52)
and the Autonomous phase (F'(1,18) = 11.1, p = 0.004,
n2 = 0.38), depicted in Fig. 8. Furthermore, the RMSE
of the participants in the WF group decreased for both the
Training and the Autonomous phases compared with that in
the Preliminary test Phase (F'(1.2,10.3) = 11.7, p = 0.005,
772 = 0.57). A multiple comparison using Shaffer’s modified
sequentially rejective Bonferroni method within three phases
revealed a statistically significant difference between the
Preliminary test phase vs. the Training phase with (£(9) =
3.57, p = 0.006) and the Preliminary test phase vs. the
Autonomous phase (£(9) = 3.44, p = 0.007) in case of
the WF group.

Fig. 10 shows the RMSE of each participant for every task
in the Training phase. We found that the RMSE tends to be
lower in case of the WF group, and our statistical analysis
revealed a significant difference with the results of the NF
Group. From this result, we confirmed that the participants in
the WF group could recognize the suggested direction based
on the vibrotactile feedback and corrected the path of their
wrist accordingly.

Furthermore, we observed that the RMSE did not seem
to decrease further over trials in the Training phase. To test
this, we performed a Friedman test for various numbers of
trials in both groups, and the results of this test indicated no
statistical significance (WF group: x2(9) = 9.86, p = 0.36,
NF group: x?(9) = 7.37, p = 0.60), which confirmed our
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observations.

In addition, Fig. 9 shows the changes in the width of the
deadband throughout the Training phase for each participant
in the WF group. Four out of ten participants (B, D, E,
and F) performed very well, reaching the lower limit of
the deadband width (20 mm). The mean of their RMSEs
(21.7£1.23) in the Training phase was smaller than the
average RMSE of the remaining participants in the WF
group (29.3+2.57). Other participants, such as H and I,
performed worse and the width of their deadband increased
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gradually; however, the feedback allowed them to maintain
a comparatively low RMSE, especially when compared with
the participants in the NF group.

D. Discussion

From the experimental results, we found that all partic-
ipants in the WF group were able to correct the path of
their wrist by interpreting the provided vibrotactile cues.
By providing the vibrotactile feedback, the mean RMSE
decreased by 49.3% between the Preliminary test phase and
the Training phase, which shows that the deadband approach
is effective for reducing the RMSE during training. This is
in line with the results obtained by Bark et al. [22], although
they combined vibrotactile feedback with visual feedback. In
their research, because the motion was coordinated per joint,
the error of each joint propagated and ultimately affected
the position of the end-effector, and the RMSE increased
for higher DoF tasks, in which the position of the end-
effector deviated further. Our approach corrects the motion
of the end-effector directly, which simplifies the cues while
reducing the error in the end-effector position.

In the Autonomous phase, most of the participants in the
WF group maintained low RMSE values, which suggests
that they were able to recall the shape of motion on their
own, rather than by simply following the vibrotactile cues.
However, we believe it is necessary to verify the effects of the
proposed approach over a long term because our experiment
lasted only about 30 min. Repeating the experiments after a
few days will provide insights into the effects of the proposed
feedback on motor learning.

Furthermore, we observed that participants could immedi-
ately reduce their RMSE in the Training phase, but could not
improve it beyond a certain threshold throughout this phase.
This tendency seems to be associated with the use of the
deadband approach because the motion inside the deadband
cannot be further corrected. This finding suggests that chang-
ing the deadband according to the user’s performance during
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Fig. 9: Changes in deadband width in Training phase for WF
group.

the Training phase has no effect. In fact, the performance
of participants did not seem to be affected by changes in
the deadband. Given the way in which the deadband was
calculated (Eq. 5), the participants who could reduce the
width of the deadband received less feedback, while those
who performed worse received more feedback. Based on this
fact, it is less likely that the participants who perform better
become dependent on the feedback.

In addition, the speed at which participants were requested
to move their wrist was around 200 mm/s. This speed
was selected based on user responsiveness and the time
required to locate the spot at which the vibration is produced.
We believe it is necessary to evaluate how the speed of
motion affects the recognition of feedback to properly design
adequate approaches for activities such as sports.

V. CONCLUSION

In this paper, we proposed an approach to provide path-
following guidance in the coronal plane by using phantom-
sensation-based vibrotactile feedback. The location at which
the vibrotactile feedback was produced on the user’s wrist
was calculated using a vector field generated around the
desired path, and the feedback provided only when the user’s
wrist deviated from the specified deadband. We performed
a four-phase experiment inspired by the motor learning
process. We found that participants were able to follow a
given path more accurately under the proposed vibrotac-
tile feedback approach while repeating the path-following
task accurately in subsequent trials without the feedback.
However, further experimentation is required to determine
the effects of the proposed paradigm on long term motor
learning. We intend to apply the proposed paradigm for tasks
that require training of hand motion (e.g., learning Japanese
calligraphy, dancing, and upper limb rehabilitation).

In the future, we want to develop a feedback approach that
can provide guidance for high speed motions and evaluate
its effectiveness in the long term. Furthermore, we hope to
extend the current approach to guidance in three-dimensional
spaces to aid more complex tasks.
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