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Abstract. It is known that humans experience a kinesthetic illusion
similar to a pulling sensation in a particular direction, when subjected to
asymmetric vibrations. In our previous study, we developed a device that
can apply a translational force and a torque to induce this illusion. The
illusory translational force might induce a reaching motion of the upper
limb, and the applied torque might induce a flexion—extension motion
of the wrist. In the present study, we experimentally verified whether
these motions can be induced. The results confirmed that the device
could guide the upper limb with a success rate of 94.3% when switching
between the application of the translational force and the torque. The
results suggested that torque application could be a cue for the user to
determine the movement direction intuitively.

Keywords: Illusory force perception + Asymmetric vibration -
Non-grounded haptic interface - Motion guidance - Skill transfer

1 Introduction

Conventional methods of motion guidance include a verbal method, in which
an expert verbally teaches a motion to a trainee, and a non-verbal method, in
which the expert directly touches the trainee’s body to induce a targeted motion.
In particular, non-verbal methods are used in a wide range of fields, such as
rehabilitation, craftsmanship, medical techniques, and sports. These instructions
are called extrinsic feedback and are known to be effective in motor learning [1].
In recent years, motion guidance methods using haptic interfaces were proposed
for high reproducibility and quantitative training [2,3]. These devices guide the
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Fig. 1. Upper-limb guidance system: (a) overview, (b) enlarged view of the device, and
(c) map of the navigation system.

user in performing the target motion by applying a force or torque to the user’s
body. However, these haptic interfaces need a large workspace because they must
be grounded. Other studies [4,5] proposed a motion guidance method using
vibrotactile cues, in which vibrators can be worn on the body because these
actuators are smaller. This method has been applied to training for violin playing
[5] and snowboarding [6]. Moreover, the application of a vibrotactile cue to an end
effector, such as the hand [7] or wrist [4], is more effective than the application
to a joint because the motion of the upper limb depends mainly on the hand
position. However, the vibration stimuli have no directional cue such as a force
or torque. The motions corresponding to vibrotactile cues, such as the movement
of an arm in the direction in which vibration was perceived [4], must be mapped
in advance. Such mapping of motions is difficult for trainees with a high degree
of freedom of motion [8]. Therefore, to achieve efficient motion guidance, the
actuator must be able to provide compelling directional information easily to
the end effector.

In recent years, haptic interfaces that utilize a kinesthetic sensory illusion
have been proposed. It is known that the sensory properties of humans are
nonlinear. When strong and weak stimuli are applied sequentially, the user per-
ceives the former but does not clearly perceive the latter. Based on this finding,
Amemiya et al. proposed a method of applying vibrations with asymmetric accel-
eration to induce the perception of force toward a single direction in the user’s
hand [9]. Furthermore, we previously proposed a method of inducing pulling
illusion by using a small voice-coil-type vibrator [10]. In addition, we developed
a holdable device that presents an illusory translational force and torque by
combining the two force vectors [11]. A new motion guidance method can be
developed based on this pulling illusion for applications such as rehabilitation
and skill transfer because compelling directional information can be easily pro-
vided to the fingertips by only vibration stimuli.

Reaching is a basic motion of the upper limb, in which the hand extends to a
target position. Thus, the pulling illusion can be induced to guide the upper-limb
motion of reaching. The application of a translational force might be effective for
the guidance of reaching because the user’s arm can be led by the translational
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force. However, when applying a translational force in one dimension, only the
pushing and pulling motions of the upper limb can be induced. Reaching requires
motion guidance in two or three dimensions, which can be achieved by the vec-
tor synthesis of translational force. On the other hand, translational force can
be applied to guide only large movements of the user’s arm to in the forward—
backward, upward—downward, and leftward-rightward directions. To guide more
complex movements, which are required for applications such as rehabilitation
and skill transfer, it is necessary to combine the reaching motion with the motion
of an end effector, such as the flexion—extension movement of the wrist. The
application of a torque might be effective to induce a rotational motion of the
wrist joint. In other words, if the reaching of the upper limb by a translational
force and wrist flexion—extension movement by a torque can be combined, a wide
range of motions from large to complex movements can be induced. In particu-
lar, torque application is important because it can provide a directional cue to
perform reaching by changing the angle of the wrist. Therefore, it is hypothe-
sized that torque application can provide intuitive feedback for the direction in
which the upper limb should be moved.

In the present study, we experimentally verified whether the motion of upper
limb can be induced based on the pulling illusion by using a combination of a
translational force and torque. An upper-limb guidance system was developed,
and a guidance experiment was performed for a reaching task in two dimen-
sions as a basic study. The characteristics of guidance with and without torque
application were investigated.

2 Method

2.1 Participant

Seven right-handed males aged 22-24 years participated in the experiment. The
experimental procedure was in accordance with the Declaration of Helsinki.
Informed consent was obtained from all participants.

2.2 Upper-Limb Guidance System

Figure 1 shows the upper-limb guidance system, which consists of a device that
can apply a translational force and torque to induce the pulling illusion, an
electromagnetic motion sensor (Polhemus Inc., 3SPACE FASTRACK), and a
printed map. The device consists of two voice-coil-type vibrators (Acouve Lab
Inc., Vibration Transducer Vp210). Two vibrators were placed in a side-by-side
configuration. When a user holds these between the thumb and index finger, as
shown in Fig.1 (b), the force generated by the adjacent vibrator is primarily
perceived by each digit. When the direction of the force exerted by each vibra-
tor is controlled, a user can perceive both a translational force and torque. If
forces are applied in the same direction on the participant’s thumb and index
finger, the participant perceives a translational force in this direction. In con-
trast, if forces in opposite directions are applied by the vibrator, the participant
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Fig. 2. Routes used in the experiment.

perceives a torque. In other words, this device can apply forces in four direc-
tions, in which a forward or backward translational force and a clockwise (CW)
or counterclockwise (CCW) torque, by combination of the force vectors. These
directions are controlled using an asymmetric-amplitude signal with a two-cycle
sine wave that is inverted for a half-cycle [10]. Each signal was amplified with
an amplifier circuit using a power amplifier IC (Texas Instruments Inc., LM386)
with a maximum output voltage of 4.5 V. The frequency of the input signal
was 75 Hz. More details of this device can be found in Ref. [11].

The transmitter of the motion sensor and map were set on the table in front
of the participants (Fig.1 (a)). The receiver of motion sensor is attached to
the device (Fig.1 (b)), and the position and posture of the device on the map
were measured. The upper limb of the participant was induced by switching and
presenting the translational force and the torque. The map and the device are
not fixed, and participants can move the device freely on the map. Numbered
circles on the map indicate nodes, and solid lines indicate routes (Fig.1 (c)).
The map has three nodes in the x direction and three nodes in the y direction.
A total of nine nodes are arranged at 100 mm intervals. Each node and adjacent
nodes in 45° steps were connected by routes. Routes in up to eight directions
are connected at one node.

Next, the guidance algorithm is described. In this system, a translational
force was applied if the posture of the device faced the direction of the next
target node, and a torque was applied to face the target direction otherwise.
The target angle §p between the position of the device D(D,, D,) and the next
target node P(P,, P,) is
1 Py — Dy ) (1)

P:L’ - DZL’
The posture around the vertical axis of the device p was measured, and a
CW or CCW torque was applied when p > 0p or 0p < 60p, respectively.
Considering the range of motion of the wrist and the measurement accuracy,
when the difference between the posture of the device and the target angle
was less than £15°, switching from torque to translational force was performed.
When the target node was in the positive translational direction from the device,
a forward translational force was applied, and when the target node was in
the negative direction, a backward translational force was applied. When the
device was within a certain distance from the center of the target node (set to

Op = tan™
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10 mm in this system), the target node was switched to the next node. In this
algorithm, even if the position of the device deviates from the predetermined
route, the torque and translation force are applied in accordance with the angle
and distance to the target node. This system is intended for use with the right
hand, and the posture of the device was set to 0° when facing the front (see Fig. 1
(b)), 45°, —45°, and —90° (CW is positive). The upper limb of the participants
was guided in eight directions by applying a forward or backward translational
force in the above four postures. The angle of the turning motion (difference
between the device postures at the start and end of turning, hereinafter referred
to as the rotation angle) was 0° at minimum and 135° at maximum.

The route was set to five types, each passing through five out of nine nodes
with one stroke (Fig. 2). The start position was fixed at node 1. These routes were
selected to make the number of occurrences of each rotation angle approximately
equal.

2.3 Procedure

Under the hypothesis that the torque application can provide intuitive feedback
for the direction in which the upper limb should be moved, the experiment was
conducted with (w.) and without (w/o) torque application. Because the wrist
posture could not be guided in the w/o torque condition, the participants per-
formed active exploration for the next target posture by rotating the device.
In the w. torque condition, the posture was guided by torque application as
explained in Sect.2.2. Under both conditions, a forward or backward transla-
tional force was presented when the device was guiding to the next node.

The experimental tasks are as follows. Participants moved their upper limbs
as guided by the device to trace a solid line when traveling along a route and
to perform rotation within a node. In total, 30 trials were performed for each
participant, with 3 trials for each condition (2 levels) and each route (5 levels),
and each condition and each route was randomized. To minimize fatigue during
the experiment, the trials were divided into three blocks of 10 trials each, and the
participants were given a two-minute break between blocks. In this experiment,
audiovisual information was not blocked because actual motion guidance was
assumed. Before the trial, the experimenter verbally guided the participant about
the condition of torque application. A sound effect was output from the speaker
only when the goal was achieved, indicating that the trial was completed. A
5-min practice period was set up so that participants could learn how to operate
the device before the experiment.

3 Results

Figure 3 shows typical examples of the device’s trajectory. The solid lines show
the trajectories in which the device was moved by the participants, and the
broken lines show the target routes. The task was determined as successful when
the device passed the nodes in the set order.
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Fig. 3. Typical examples of the device’s trajectory: (a) successful task; (b) failed task.
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Fig. 4. Experimental results: (a) success rate of guiding along routes, (b) task com-
pletion time, and (¢) turning time (n.s.: not significant, *: p < 0.05, **: p < 0.01).

Figure4 (a) shows the success rate for guiding routes. The average success
rate in the w. torque condition was 94.3%, and the rate in the w/o torque
condition was 96.2%. In a paired t-test between the conditions, no significant
difference was found [t(6) = 1.00, p = 0.37, d = 0.28].

The task completion time and turning time were analyzed for only success-
ful trials. Figure4 (b) shows the task completion time. The completion time
indicates the time from the start signal provided by the experimenter to time
at which the fifth node is reached. In a paired ¢-test between the conditions of
torque application, a significant difference was found [t(6) = 2.49, p < 0.05,
d = 0.53].

The turning time indicates the time from the moment when a node is reached
to the time at which the turn at the node is completed. Figure4 (c) shows the
turning time at each rotation angle. Since the change in turning time was small
with respect to the rotation direction, the rotation directions were merged for
each rotation angle. Furthermore, the rotation angle was not considered a factor,
because the turning time increased as the rotation angle increased. In a t-test
between the conditions of torque application, significant differences were found
for 45° [t(6) = 2.67, p < 0.05, d = 0.68] and 90° [t(6) = 3.96, p < 0.01,
d = 1.32], whereas no significant difference was found for 135° [¢t(6) = 0.57,
p=0.59, d = 0.24].
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4 Discussion

Because the success rates of guidance were high under both conditions, it was
shown that the upper-limb motion could be guided by the pulling illusion. This
result suggests that the user can be guided to perform large and complex move-
ments by combining the reaching and wrist motions. However, although no sig-
nificant difference was found between the conditions, the success rate was lower
under the w. torque condition. This might have been caused by the adapta-
tion to stimuli induced by the long-term application of asymmetric vibration.
We confirmed that the subjective sensitivity of illusory force decreased with the
continuous presentation of asymmetric vibration [12]. In the w. torque condi-
tion, the asymmetric vibration was always presented, whereas in the w/o torque
condition, the stimulus during the turning motion was not presented. The sum
of the vibration-stimulation times was larger in the w. torque condition, and
the adaptation might be induced earlier. Therefore, an application method that
considers adaptation is required.

The completion time and turning time were significantly shortened on apply-
ing the torque. Thus, it is considered that the participants intuitively determined
the direction in which the wrist must be flexed with the torque application. On
the other hand, although the difference in turning time between the torque con-
ditions was remarkable when the turning angle was small, such as 45° or 90°, the
effect of the torque application was smaller for a turning angle of 135° (d = 0.24).
When the turning angle was 135°, either the CW rotation from the —45° posture
or the CCW rotation from the 45° posture was performed. Thus, the participant
could determine the next direction to rotate to without directional information
when the turning angle was 135°. In other words, this result supports the hypoth-
esis that the torque application is effective when it is necessary to determine the
direction. Therefore, the illusion may be useful as a trigger of motion.

This method is expected to be effective in an environment where visual infor-
mation can also be presented because the task is to guide the user along routes
on a map. Moreover, it is difficult to induce high-speed motion by using this
method because the user needs to move the upper limb by using a force or
torque cue. Therefore, guidance for slow motions, such as rehabilitation using a
pegboard, welding, and calligraphy, might be feasible. Particularly in the field of
rehabilitation, it has been reported that reaching assisted by a robot contributes
to the recovery of motor function [13]. Motor learning might be promoted by
supporting reaching using our device. However, although this study showed that
the pulling illusion could guide reaching and wrist motions, the effects on motor
learning were not clarified. In the future, long-term verification of motor learning
using our device is required.

5 Conclusion

In this study, we verified whether the motion of upper limb can be induced by
using the translational force and torque presentation based on the pulling illu-
sion. As a result, it was confirmed that this device could be guided with a success
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rate of 94.3% in the condition of switching the presentation of the translational
force or the torque. It was also suggested that torque presentation could be a
cue to intuitively determine the direction. In the future, we investigate the rela-
tionship the pulling illusion and motor learning, and develop the applications,
such as rehabilitation or skill transfer.
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