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Abstract—An avatar robot can be operated by multiple users,
augmenting the operation of a single user. In this study, we as-
sembled a collaborative operation system for a 7-DoF robotic arm
with a gripper controlled by two users. The users share the role
of controlling the robot with one user controlling the arm and the
other controlling the gripper. The actions of the two users must be
seamlessly coordinated to ensure smooth and precise operations.
Therefore, this study aimed to investigate vibrotactile feedback to
promote recognition of the actions of a partner. A pick-and-place
task was considered as a basic operation. First, an intensity ad-
justment was developed for vibrotactile feedback to ensure linear
sensitivity and its usefulness was verified. An estimation test for the
reaching motion showed that the target position was estimated ac-
curately based on velocity feedback, indicating that the participants
imaged the arm motion. Subsequently, collaboration tests with and
without vibrotactile velocity feedback revealed a potential effect of
vibrotactile feedback in terms of reducing the time required for
completing the target task. Our experimental results indicate that
vibrotactile feedback for partner’s motion can be applied to achieve
smooth collaborative operations using an avatar robot.

Index Terms—Body integration, embodied collaboration,
haptics and haptic interfaces, sensorimotor control, telerobotics
and teleoperation.

I. INTRODUCTION

T ELEOPERATION robots have experienced significant
growth through advancements in robotics, sensory inter-

faces, and virtual/augmented reality technologies. Additionally,
avatars that represent users and provide telepresence have also
been studied. Physical avatar robots are teleoperation robots that
allow a user to manipulate an object and experience remote areas.
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They can be used in surgery [1], disaster management [2], man-
ufacturing [3], and social communication [4]. In teleoperation,
a single user operates a robot to enhance human ability beyond
the limitations of space and natural body schemas. Additionally,
various human-robot collaboration (HRC) technologies have
been developed [5]. In contrast to autonomous robots, HRC is
flexible in different environments because humans can operate
robots and robots are controlled on the basis of human actions
and intentions. Human-human collaboration has also been in-
vestigated for improving the performance and skill transfer [6].
Collaborative operations can enhance operational performance
by augmenting a single person’s capabilities.

Based on the advantages of both teleoperation robots and
collaboration, we propose body integration in a physical avatar
robot that is controlled by multiple users [7]. Collaborative
operation by multiple users can enhance the performance of
teleoperation and/or augment the motion capabilities of a single
user. For example, operation by multiple users may improve the
accuracy and flexibility in surgery and manufacturing teleopera-
tion and the complex operation of a humanoid robot such as the
NASA Robonaut [8]. Furthermore, the collaborative operation
may enable users with physical disabilities to control robotic
arms with multiple DoF to manipulate objects. We propose
two control methodologies [7]: (i) synthesizing and reflecting
user movements at a certain ratio and (ii) sharing the roles
of operations such as arm and hand or position and posture
control. In this study, we investigated the sharing of roles in
a single robot arm by two users. Sharing control can enable
operators to concentrate on specific roles (e.g., holding a posture
or controlling a grasping force) and facilitate control of a robot
beyond the range limitation of human joints because only a
portion of the motion is reflected in the robot (e.g., a desired
hand posture can be assumed when the hand position is ignored).

The actions of multiple users must be coordinated to achieve
the smooth operation of an avatar robot. Therefore, sensorimotor
control systems are important. When humans move their bodies,
an efferent “copy,” which is an image of body motion that
provides sensory predictions, is generated [9]. Synchronization
between these predictions and actual sensations facilitates pre-
cise operation and body recognition. In conventional teleoper-
ation involving one user, an efferent copy is available based on
self-controlled operations. However, in the proposed system, the
motion of another user (partner) can be recognized only based
on the visual information of the robot. Therefore, we propose
a vibrotactile feedback system that represents the motion of a
partner for intuitive comprehension, as shown in Fig. 1. We
adopted high-frequency vibrotactile stimulation as feedback for
the following reasons: (i) it induces immediate recognition be-
cause the tactile senses of humans are sensitive to high temporal
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Fig. 1. Sensorimotor sharing of two users in an avatar robot.

frequencies, (ii) it cannot directly interfere with auditory and
visual feedback from the robot and/or communication with a
partner, and (iii) a small vibrating device can easily be attached
to a user’s body.

Thus, this study aims to develop a body integration system
in which an avatar robot is operated smoothly by two people
recognizing the partner’s action. The proposed system was as-
sembled by the authors in [7], but different types of feedback
for partner’s motion and the quantitative evaluation of their
effects have not been investigated. In this paper, we investigated
vibrotactile feedback to recognize the actions of a partner. A
7-DoF robotic arm with a gripper, where one operator controlled
the arm and the other controlled the gripper, was considered and
a pick-and-place task was considered as a basic operation. Three
types of vibrotactile feedback (velocity, acceleration, and jerk)
for partner’s motion were investigated, and the performance and
mental workload of collaborative operation were evaluated with
and without feedback.

II. RELATED WORKS

As mentioned previously, various teleoperation robot designs
have been proposed. There are still various challenges related
to flexible motion and grasping, the enrichment of sensory
feedback, and reduction or compensation of time delays. In
addition to remote teleoperation robots, additional arms and
fingers attached to the shoulder [10], [11], or forearm [12] and
controlled by other bodily functions or AI support have been pro-
posed as human augmentation technologies. These technologies
enhance a user’s ability and facilitate novel strategies beyond
the limitations of a single body. However, most previous studies
have focused on single-user operations.

In HRC, reciprocal awareness, that a robot and user recognize
the motions and intentions of each other, has been focused on
various recent studies. Various types of sensory information
such as camera [13], electromyography [14], and tactile [15]
information are used to recognize the motions and intentions
of users. The recognition of user’s motions and intentions com-
bined with adequate motion planning is important for smooth
collaboration with humans. Casalino et al. [16] demonstrated
that a reciprocal awareness system reduces task cycle time. In
their system, an assembly robot sent symbolic tactile feedback
to a collaborative user, and both the robot and user performed
the next action according to their feedback recognition. Saraiji
et al. implemented additional limbs for human augmentation
in a human-human collaboration system [17]. They proposed
the Fusion system, in which extra limbs attached to a user’s
shoulders were teleoperated by another user for support (e.g.,
holding an object and moving the user’s arm). However, previ-
ous studies on collaborative operations have used independent
bodies. Semi-autonomous robots are partially teleoperated by

a user and partially automated to perform complex actions. For
example, stabilization [18] and force-based haptic guidance [19]
have been implemented to teleoperation robots for surgery and
manufacturing. Integration of the movements of multiple people
may make operations more flexible and creative.

Several studies have been conducted in which multiple peo-
ple have been connected to the same virtual body for virtual
teleoperation [20], [21]. They demonstrated that the movement
of a virtual body could be equally shared between two people
and that the error of a reaching motion was small. Our proposed
methodology of synthesizing and reflecting user movements is
the same as this type of virtual body integration and a similar
stabilizing effect can be observed in the physical robot [7].
However, methodology of sharing the roles of operations and
feedback based on partner’s motion were not quantitatively
investigated.

III. BODY INTEGRATION WITH AN AVATAR ROBOT

The proposed system for body integration consists of the
control methodology for a robot arm by two operators and the
sensorimotor sharing with tactile feedback.

A. Control

Fig. 2 presents the assembly of the avatar robot system.
Two operators are connected to a 7-DoF robotic arm (xArm7,
UFactory, China) using a gripper (xArm Gripper, UFactory,
China).

The position and posture of one operator are detected using
a motion capture system (OptiTrack, NaturalPoint, USA) and
used to control the position and posture of the gripper. A rigid
base is attached to the back of the right hand to detect position
and posture. The gripper is controlled by a grip-input interface
consisting of a bending sensor (FS-L-0055-253-ST, Spectra
Symbol, USA). Fig. 3 presents the input interface and relation-
ship between the angle and width of the robot gripper. Based
on the gripping motion of the fingers, the electrical resistance
of the bending sensor related to the bending angle is measured
using an ESP32 (Adafruit HUZZAH32 - ESP32 Feather Board,
Adafruit Industries, USA). The data are then sent to the control
PC. The source code for control was written in Python 3.6.6
based on the xArm library [22]. The sampling frequency of the
control was 180 Hz according to the limitations of xArm. This
is sufficient for reflecting user’s actions, but a higher sampling
frequency is required for haptic feedback from the robot (e.g.,
texture and slipping detection).

The sharing of roles for the avatar robot by operators A and
B is represented as

pos = posA, rot = rotA, (1)

grip = gripB , (2)

where pos represents the position in Cartesian coordinates (x,
y, z), rot denotes the posture in Euler angles (roll, pitch, yaw),
and grip denotes the width of the gripper, which indicates the
distance between two fingers. All dimensions were mapped 1:1
on the robot. The subscriptsA andB indicate each operator. The
gripper consists of a load cell (B01HBA89Z4, Uxcell, China) to
measure the grasping force, which is fed back to both operators
using wearable squeezing displays. The motion of a partner is
represented through vibrotactile feedback. Details regarding this
feedback method are described in the following section.
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Fig. 2. Avatar robot control system. A 7-DoF robotic arm with a gripper is controlled by two operators. Operator A controls the arm by detecting his/her hand’s
position and posture with a motion capture system, and operator B controls the gripper by detecting his/her gripping motion with a hand-held interface. The grasping
force of the robot is fed back to both operators with wearable squeezing displays, and the vibrotactile feedback based on the position data of operator A is given to
operator B with a vibrator attached to the wrist.

Fig. 3. Grasping interface. Overview and relationship between angle of input
interface and width of gripper.

B. Sensorimotor Sharing

The motion of a partner is fed back using vibrotactile stim-
ulation to coordinate motion between partners. Spatial infor-
mation related to partner’s motion can be understood visually.
Therefore, we considered that the amplitude of motion change
might effectively represent partner’s motion through intuitive
and temporal recognition.

1) Grasping Force Feedback: A wearable squeezing display
was worn on the right arm, as shown in Fig. 2. An alternative
method is to represent the pressure on the fingertip, however,
we preferred reducing the burden on the fingers operating the
interface. The display consisted of a servomotor (SG-90, Tower
Pro, Singapore) and elastic band (width: 6 mm, thickness:
0.8 mm) wrapped around the arm to apply pressure. First, the
initial position of the servomotor was set such that the elastic
band was firmly in contact with the arm. Then, the angle of the
servomotor was changed linearly with an increase in grasping
force. The structure of this display is essentially the same as that
used in a previous study and Weber’s ratio for discriminating the
grasping force is approximately 0.1 [23].

2) Motor Feedback of the Other Operator: A small linear
vibrator (Sprinterγ, NIDEC, Japan) was employed for providing
feedback regarding partner motions. It is fixed in a rigid plastic
case with a wristband and attached to the wrist of the right arm,
as shown in Fig. 2.

The amplitude of the vibration, denoted as Amp [mm/s2], is
modulated according to a parameter p derived from partner’s
motion, which is denoted as posA. The vibrotactile stimulation
can be computed as

V ib = Amp(p) sin 2πft, (3)

Fig. 4. Examples of partner’s position data and feedback information to a user
for each parameter.

where f and t indicate frequency and time, respectively. The
frequency f was determined to be 200 Hz because humans are
the most sensitive to a vibrotactile stimulation of 200 Hz [24].
Because vibrotactile feedback computed from the position of
the partner’s hand provides continuous stimulation leading to
adaption and disturbance, we considered velocity, accelera-
tion, and jerk as parameters p, meaning p = d||posA||/dt,
d2||posA||/dt2, or d3||posA||/dt3. Fig. 4 presents examples of
the velocity, acceleration, and jerk computed from the partner’s
position data during motion.

3) Feedback Intensity Adjustment: The sensation of humans
E to a physical parameter P can be represented using Weber’s
law as follows

E = a log(P/P0), (4)

where a andP0 are the constant coefficient and detection thresh-
old, respectively. Because the relationship between sensation
and amplitude is nonlinear, we compensated for Amp to make
the relationship linear. Let the compensated amplitude be Amp.
Then, the following equations are obtained

E = a log(Amp/Amp0), (5)

E = bp, (6)

Authorized licensed use limited to: Keio University. Downloaded on August 11,2022 at 09:27:37 UTC from IEEE Xplore.  Restrictions apply. 



9512 IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 7, NO. 4, OCTOBER 2022

Fig. 5. Linear compensation for vibrotactile perception.

where Amp0 and b are the amplitude of the detection threshold
for 200 Hz vibrations and a constant coefficient, respectively.
By combining (5) and (6), Amp can be obtained as follows

Amp = Amp0e
bp/a. (7)

The Amp calculated from each p using (7) is applied to (3) for
the vibrotactile feedback amplitude generation.

IV. PRELIMINARY EXPERIMENT FOR COEFFICIENT

DETERMINATION

To determine the coefficient parameters for (7), we conducted
an experiment using the magnitude estimation method. Two
experiments, determining coefficients and validation, were con-
ducted with different participant groups.

A. Method

1) Participants: Four participants (two males and two fe-
males, 23.7 ± 3.8 years old (21 to 29), all right-handed) and
three participants (two males and one female, 23.3 ± 1.2 years
old (22 to 24), all right-handed) participated in the first and
second tests, respectively. All participants provided informed
consent before participating in the experiments. All procedures
described in this paper were approved by the Ethics Committee
of the Nagoya Institute of Technology (2021-7).

2) Procedure: The vibrotactile display was attached to the
right wrist in the same manner as during robot teleoperation.
During the experiment, the participants closed their eyes and
wore headphones to mask visual and auditory cues.

In the first test, vibrotactile stimulation was prepared with
an amplitude of 23.08 mm/s2 as the reference stimulus and
its sensation intensity was denoted as 1.0. Subsequently, test
vibrotactile stimuli of 3.47, 7.34, 9.96, 12.78, 17.17, 23.08,
27.85, and 31.62 mm/s2 were provided five times for each
participant and they subjectively evaluated the relative intensity
compared to the reference. The order of the test stimuli was
randomized among the participants. The results were fitted using
(5), and Amp0 and a were determined.

In the second, by substituting the determined parameters into
(7), the reference and test vibrotactile stimuli were compensated.
The test stimuli were then subjectively evaluated in the same
manner as in the first test.

Fig. 6. Experimental setup for motor prediction test.

B. Results

Fig. 5 presents the results of the first and second tests. Accord-
ing to the results of the first test, Amp0 and a in (5) were deter-
mined to be e1.18 and 0.55, respectively. Here, b was determined
such that the compensated amplitude was 0 to 35 mm/s2 for each
p. The second test indicated that the compensated amplitude
exhibited an approximately linear relationship with sensation.

V. MOTOR PREDICTION EXPERIMENT

Position estimation for the reaching motion was tested for a
pick-and-place task because it is important to ensure that the
grasping motion of one operator is seamlessly connected to the
reaching motion (toward the target object) of the other operator.
An experimenter operated the robot arm, and picked and placed
a cube. Based on the feedback, a participant was required to
simulate the movement performed by the experimenter using the
arm and place a cube in the section reached by the experimenter.
Three types of feedback were compared, namely the velocity,
acceleration, and jerk of the experimenter’s hand.

A. Method

1) Setup: Fig. 6 presents the experimental setup. An exper-
imenter familiar with the robot arm controlled it to pick up a
small cube (35 × 35 × 35 mm) and place it anywhere within
one of five areas (0 to 100, 100 to 200, 200 to 300, 300 to 400,
and 400 to 500 mm) along the x-axis from the initial position
(0 mm) of the robot arm. Tables with 500 mm ruler were set up
both in front of the robot arm and the participants, and a cube was
placed at the initial position. A marker was placed on the back
of the right hand of the experimenter and participants to record
the position of the hands using a motion capture system. The
participants wore the vibrotactile display on their arm and did
not wear the squeezing display because this experiment focused
on estimation based on vibrotactile feedback. Additionally, par-
ticipants wore headphones that provided white noise to block
their hearing. They faced away from the experimenter and robot
arm, and could not see the experimenter or robot arm during the
experiment.

2) Participants: Twelve healthy individuals (ten males and
two females, 23.1 ± 1.0 years old (21 to 24)) participated
in our experiments and provided informed consent before the
experiments. Eleven participants were right-handed and one was
ambidextrous.

3) Procedure: Participants practiced and tested each feed-
back condition. First, the participants became familiar with
vibrotactile feedback based on velocity, acceleration, or jerk.
The participants practiced to remember the features of each
vibrotactile feedback before each test. Practice continued until
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Fig. 7. Examples of trajectories of arm motions for the experimenter and
participant. * indicates peak position that they placed a cube.

the participants remembered the characteristics of the feedback
according to the cube placement and gained confidence in mak-
ing estimations. During practice, the participants were allowed
to see the arms of the experimenter and robot. Therefore, the
participants had sufficient practice for estimation and obtained
correct information regarding the cube position. All participants
were provided with a practice time of approximately 10 to 15 min
for each feedback condition.

For each trial, the experimenter controlled the robot arm to
pick up the cube and move it from the initial position to place
the cube at any random position in the five areas (0 to 500 mm).
Feedback was provided to the participants at the start of the
trial, including cube pickup feedback. The resting position of
the cube was at the initial position and the cube was aligned with
the x axis. The positions of the cube placed by the robot arm
and participants were measured with the ruler. Ten trials were
conducted for each feedback condition for each participant. Each
placement area was randomly selected twice within ten trials.
The order of the three conditions was counterbalanced among
participants.

4) Analysis: We evaluated the accuracy of the estimated
position and synchronized timing of cube placement. For the
estimated position, the root-mean-squared error (RMSE) was
calculated for each condition for each participant as

RMSE =

√∑10
i=1 (yi − ŷi)

2/10, (8)

where yi and ŷi indicate the position of the cube placed by the
experimenter and position estimated by the participant for the
i-th trial, respectively.

For synchronized timing, the difference between the time at
which the participant placed the cube and time at which the
experimenter placed the cube was obtained. Fig. 7 presents
example position trajectories of the experimenter’s and partic-
ipant’s hand for one trial. The position trajectory exhibits two
peaks because both the experimenter and participant first pick up
the cube, then move it to the initial position, and finally place it in
the target area. The recording process for the position trajectories
was missed for two participants, and they were excluded from
the time delay analysis. The mean time delay for each condition
for each participant is given by

TD =
10∑
i=1

[argmax
t

(fp(t)i)− argmax
t

(fe(t)i)]/10, (9)

where fe(t)i and fp(t)i indicate the positions of the ex-
perimenter’s hand and participant’s hand, respectively, which
were measured at time t while the cubes were moved from the
initial position to the final position. The time required by the
experimenter to move the cube was always shorter than the time
required by the participants.

Fig. 8. Distribution map of all data on the motor prediction for all participants
on each condition.

Fig. 9. Results of motor prediction for all participants on each condition. Left
panel: mean position error for all participants and its standard deviation. Right
panel: mean time delay for all participants and its standard deviation. †, **, and
*** denote p < 0.1, p < 0.01, and p < 0.001, respectively.

Statistical analysis was conducted on the two parameters to
compare the estimation accuracies between the three conditions.
A Shapiro-Wilk test was performed to confirm the assumption
of a normal distribution. For calculating the RMSE, one-way
repeated-measures analysis of variance (ANOVA) was adopted.
However, for the time delay, the Shapiro-Wilk test was vio-
lated and the non-parametric Friedman test was adopted. When
ANOVA or the Friedman test indicated a significant difference,
post-hoc multiple comparisons were conducted between the
three conditions using a paired t-test or Wilcoxon signed-rank
test with Bonferroni correction, respectively.

B. Results

Fig. 8 presents the distributions of the actual and estimated
positions in all trials for all participants under each condition.
The distribution for the velocity condition appears to be linear
as compared with those for the acceleration and the jerk.

Fig. 9 presents the mean RMSE and time delay with their
standard deviations for each condition. For RMSE, ANOVA
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Fig. 10. Experimental setup for collaboration test.

revealed that there were significant differences between the
three conditions (F (2, 11) = 33.1, p < 0.001). Furthermore,
multiple comparisons revealed significant differences in RMSE
between the velocity and acceleration conditions (t(11) = 4.63,
p = 2.19× 10−3, Effect size d = 1.3) and between the velocity
and jerk conditions (t(11) = 8.52, p = 1.07× 10−5, d = 2.9).
The RMSE for acceleration was significantly smaller than that
for jerk (t(11) = 3.80, p = 8.77× 10−3, d = 1.7). This result
demonstrates that the velocity condition yields the smallest error
for position estimation. For the time delay, the Friedman test
revealed significant differences between the three conditions
(χ2(2) = 7.8, p = 0.0202). Multiple comparisons revealed a
significant tendency of difference in the time delay between the
velocity and jerk conditions (p = 0.0745, d = 1.4). Therefore,
the timing of cube placement by the participants was comparable
to the experimenter motions for the velocity condition. After
the experiments, some participants commented that the velocity
feedback made it intuitive to imagine arm motion and there were
no participants who preferred the jerk feedback for estimation.

VI. COLLABORATION EXPERIMENT

A pick-and-place task was considered to evaluate the im-
provement in collaborative operation using vibrotactile feedback
based on the velocity of a partner’s motion. Two conditions (with
and without feedback) were compared in terms of the required
time and mental workload.

A. Method

1) Setup: Fig. 10 presents the experimental setup. The ex-
perimenter was familiar with controlling the position and pos-
ture of the gripper, and the participant controlled the grasping
motion using the input interface. Both the experimenter and
participants wore squeezing displays and the participants wore
vibrotactile displays to perceive the velocity feedback from
the experimenter’s hand motions. The participant observed the
robot through a screen that showed the state of the robot arm
using a fixed camera (GoPro9, GoPro, USA). Four cubes with
the same dimensions as that used in the estimation experiment
were considered. They were placed 100, 200, 300, and 400 mm
from the initial position of the robotic arm. In the experiments,
they were picked up and inserted into a box.

2) Participants: Eight healthy individuals (five males and
three females, 25.4 ± 6.7 years old (21 to 43)) participated
in these experiments and informed consent was obtained prior
to the experiments. Seven participants were right-handed and

one participant was ambidextrous. Four of the participants also
participated in the estimation experiment.

3) Procedure: Before testing, the participants observed mo-
tions of the robot arm and experienced vibrotactile feedback
with the help of an experimenter, who moved the robot arm
once for each position of the four cubes, but did not pick
them up. For testing, the participants were asked to operate
the input interface in harmony with the reaching motion of the
experimenter to complete the pick-and-place task involving four
cubes as quickly as possible. Previous studies have demonstrated
that an explicit strategy is important for seamless cooperative
tasks [23]. Therefore, the participants were instructed to look
at the monitor to initiate the grasping motion. In particular,
when perceiving vibrotactile feedback, in addition to the use
of monitor information, they were instructed to begin gripping
according to the decrease in the intensity of feedback, implying
that the robot arm reached the target. Participants were conscious
of the pick-and-place task while looking at the monitor and
perceiving vibrotactile feedback.

The test was performed 15 times under each condition. When
the object could not be grasped successfully or the robot arm
stopped as a result of strong collision with the cube or box, the
corresponding trial was repeated. The time required for each
task was measured for each trial. Half of the participants first
engaged in the condition with vibrotactile feedback, whereas
the other half engaged in the condition without vibrotactile
feedback. All the participants participated under both conditions
(two sessions for each participant). A short break was provided
between sessions. The experimenter performed a similar motion
for all trials and did not know which condition was adopted for
each test. The order of picking up cubes was randomized for
each trial.

For mental workload assessment using NASA-TLX [25],
after the 15 trials under each condition, six questions (mental
demand, physical demand, temporal demand, work achievement
own performance, effort, frustration level) were evaluated using
a visual analog scale from 0 to 100 points for “low/high” or
“good/bad.” Then, a weighting coefficient for each question was
determined to be 1, 2, 3, 4, 5, or 6 according to the order of the
evaluated score among questions (1 for the question with the
smallest score and 6 for that with the largest score).

4) Analysis: It seemed that the time required stabilized after
approximately 10 trials. Therefore, the last five trials were used
for evaluation, and statistical analysis between the two condi-
tions was conducted for each participant. After confirming the
assumption of a normal distribution with a Shapiro-Wilk test,
a t-test with Bonferroni correction was adopted. However, for
participant 7, the Shapiro-Wilk test was violated and Wilcoxon
rank-sum test with Bonferroni correction was adopted. Regard-
ing the mental workload assessment, the weighted workload
score (WWL) was calculated from the results of six questions
and weighting coefficients as

WWL =
6∑

i=1

wivi/

6∑
i=1

wi, (10)

where wi and vi denote the weighting coefficient and score
for i-th question, respectively. Then, according to the results
of Shapiro-Wilk tests, a paired t-test and Wilcoxon signed-rank
test were conducted between the first and second sessions and
between the two conditions, respectively.
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Fig. 11. Results of collaboration experiment. Each color shows the condition
with or without vibrotactile feedback. Participants 1–4 started from without
feedback and participants 5–8 started from with feedback. Mean task time for
all participants and its standard deviation. *, **, and *** denote p < 0.05,
p < 0.01, and p < 0.001, respectively.

Fig. 12. Mental workload assessment results of collaboration experiment.
Each color shows the condition with or without vibrotactile feedback. Partic-
ipants 1–4 started from the condition without feedback and participants 5–8
started from the condition with feedback.

B. Results

Fig. 11 presents the mean time required, which was calculated
from the last five trials in the first session or second session, and
its standard deviation. Participants 1–4 started without vibro-
tactile feedback and participants 5–8 started with vibrotactile
feedback. It can be observed that for many participants, the
time was shorter in the second session. The statistical analysis
between conditions revealed that the time for three participants
was significantly shorter with vibrotactile feedback (1: t(8) =
6.23, p = 0.0020, d = 3.9; 4: t(8) = 17.07, p = 1.13× 10−6,
d = 10.8; 6: t(8) = 5.10, p = 0.0074, d = 3.2) and that for
one participant, it was significantly shorter without vibrotactile
feedback (t(8) = 3.93, p = 0.035, d = 2.5). Participants 1, 2,
4, and 6 commented that the feedback helped with the determi-
nation of grasping, whereas participants 5 and 7 commented that
they neglected the feedback. Additionally, participants 7 and 8
commented that remembering the timing was useful.

Fig. 12 presents the results of the mental workload assessment
with the mean WWL with and without vibrotactile feedback.
The statistical analysis revealed that the WWL did not change
significantly between the first and second sessions or between
the two conditions with and without vibrotactile feedback. How-
ever, participant 8 exhibited a reduced WWL in the second
session without feedback.

VII. DISCUSSION

A. Effects of Vibrotactile Feedback

The estimation results indicated that the vibrotactile velocity
feedback was more effective for recognizing a partner’s reaching
motion compared to acceleration or jerk feedback. The errors
in the position estimation and time delay were the smallest
with velocity feedback. In the collaboration experiment, three
participants significantly reduced the time required for the task

with vibrotactile feedback. Although the number of participants
exhibiting improvement was not statistically consistent, the three
participants commented that they used the feedback and found
it useful. These comments are consistent with the improvement
of the performance. However, the results indicate that explicit
intent is also important.

Overall, the time required tended to decrease in the second
session based on learning effects. However, it seems that the
reduction was greater for the participants without feedback for
the first session and with feedback for the second session. Vi-
brotactile feedback may promote the establishment of a motion
image of a partner, meaning its effect may differ according to
the first condition considered. Participant 8 spent a significantly
shorter time in the second session without vibrotactile feedback
than in the first session with vibrotactile feedback, and a decrease
in mental workload was also observed. Participants 7 and 8
remembered the timing of grasping according to their comments.
This may indicate the influence of feedback on learning effects.
Previous studies have also shown that vibrotactile stimulation
is effective for learning motions [26]. Furthermore, vibrotac-
tile feedback did not significantly influence mental workload.
Therefore, the results indicated that feedback regarding the
velocity of a partner’s motion can improve the coordination of
motions between two people. This finding may be useful for
human-human/robot cooperation, as well as the collaborative
operation of multiple-DoF robots.

B. Limitations and Future Works

There were some limiting factors relevant to performance in
this study, including visual and tactile sensitivities, handedness,
and learning effects related to the order of conditions. Perfor-
mance changes associated with these factors will be investigated
in the future. Regarding learning effects, additional comparisons
should be conducted between participants with and without
vibrotactile feedback.

Our method may be applicable to surgery and manufacturing
to achieve flexible and precise operation, to teleoperations of
complex robots such as humanoid robots, and to users with dis-
abilities to smoothly perform tasks that require multiple move-
ments to operate objects. The system should be investigated
and improved to expand the findings of this study. The target
task was relatively simple. The direction of the arm was fixed,
although the robot could potentially move in three dimensions.
Haptic studies on navigation have indicated that multiple vibro-
tactile stimuli can represent multiple directions [27]. Therefore,
additional vibrating devices may improve the recognition of
motion in a multidimensional movement space. However, they
could also result in greater cognitive loading and discomfort
based on weight increments and multiple contacts of additional
vibrating devices. Therefore, the proposed simple feedback and
additional feedback should be investigated for complex task in
future studies.

Additionally, the actions of a partner that are effective for
cooperation may depend on the type of task. For example,
dividing the position and posture controls may be reasonable
for moving an object while maintaining its orientation. Different
types of feedback for posture should also be investigated. Fur-
thermore, although the experimenter was not given vibrotactile
feedback for the grasping motion in this study, mutual feedback
may further enhance performance [16]. This study indicated a
possible effect of vibrotactile feedback on partner’s movement.
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In the future, different tasks should be considered to categorize
the characteristics of collaborative tasks.

Experiments were conducted using a local network and par-
ticipants used a two-dimensional monitor. Time delay was not
included in the operation. Remote operation with a time delay
and head-mounted display will be also investigated.

VIII. CONCLUSION

This study investigated a body integration system in which
an avatar robot was controlled by multiple users performing
collaborative operations. Users shared the role of controlling
the robot and their actions had to be seamlessly coordinated.
Therefore, we developed a vibrotactile feedback method for
reflecting partner’s motion to promote recognition for sharing
sensorimotor control. First, an intensity adjustment method
was proposed for vibrotactile feedback to ensure linear sensi-
tivity and its applicability was demonstrated. Subsequently, a
pick-and-place task was considered and reaching motion was
investigated. Velocity, acceleration, and jerk data were eval-
uated for vibrotactile feedback and the experimental results
indicated that the velocity feedback provided the best representa-
tion of a partner’s reaching motion. Subsequently, collaboration
experiments were conducted with and without vibrotactile ve-
locity feedback. The results indicated a possible effect of vi-
brotactile feedback in terms of improving collaborative oper-
ations. In future studies, individual differences, more complex
tasks, mutual feedback, and network operations will be inves-
tigated and the proposed system will be improved for practical
applications.
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