:' frontiers ‘ Frontiers in Virtual Reality

‘ @ Check for updates

OPEN ACCESS

Luca Turchet,
University of Trento, Italy

Seongkook Heo,

University of Virginia, United States
Alberto Boem,

University of Trento, Italy

Masahiro Miyakami,
miyakami@kaji-lab.jp

This article was submitted to Haptics,
a section of the journal
Frontiers in Virtual Reality

28 April 2022
28 June 2022
09 August 2022

Miyakami M, Takahashi A and
Kajimoto H (2022), Head rotation and
illusory force sensation by lateral skin
stretch on the face.

Front. Virtual Real. 3:930848.

doi: 10.3389/frvir.2022.930848

© 2022 Miyakami, Takahashi and
Kajimoto. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Virtual Reality

Original Research
09 August 2022
10.3389/frvir.2022.930848

Head rotation and illusory force
sensation by lateral skin stretch
on the face

Masahiro Miyakami*, Akifumi Takahashi and Hiroyuki Kajimoto

Department of Informatics, The University of Electro-Communications, Chofu, Japan

Various methods for inducing an illusory force sensation to present a sense of
force to users in energy-saving and space-saving systems have been proposed.
One of them is the illusion of force sensation induced by cutaneous sensory
stimulation. In this study, we hypothesized and empirically verified that lateral
skin stretch alone on the face can induce an illusory force sensation in the
direction of the stretch. We focused on the anterior temporal and cheekbone
regions, in which the cushion part of the head-mounted display contacts the
skin, and applied skin stretches of different intensities to these regions,
envisioning a force presentation device built into the head-mounted display.
Head rotations of approximately 40 and 50 degrees were generated by skin
stretches in the anterior temporal and cheekbone regions, respectively,
confirming the illusory force sensation in the direction of rotation. We
confirmed a positive correlation between the head-turning angle and the
amount of skin deformation. The intensity of the illusory force sensation can
be controlled by changing the amount of lateral skin deformation; this may be
applied to the development of a new force presentation head-mounted device.
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Introduction

Ilusory force sensation has been actively researched as a tool to present force in an
energy-saving and space-saving manner. Presenting visual stimuli is the most common
method of generating an illusory force sensation. For example, the sense of weight can be
altered by changing the texture or motion of an object (Lécuyer, 2009). However, the
generation of this visual illusory force sensation requires gazing at the object, and it is
difficult to provide force information about an object outside the field of vision. By
contrast, presenting an illusory force sensation via cutaneous sensation makes it possible
to present force information about an object being touched outside the visual field.

Many studies have reported that lateral skin deformation generates an illusory force
sensation using cutaneous sensory stimulation. Minamizawa et al. (2007) proposed a
method in which a motor is placed on the dorsal surface of the finger and a belt shears the
skin of the finger pad. They confirmed that the shear stress exerted on the finger pad
generates an illusory-gravity sensation.
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FIGURE 1
Hanger reflex (Sato et al,, 2009).
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FIGURE 2
Force components of the hanger reflex (Kon et al., 2018) and
our skin stretch method

Amenmiya et al. (2005) showed that grasping an asymmetrically
vibrating object creates the illusion of traction. They reported that
the vibration frequency is related to the Meissner corpuscle, which
detects slipping, and the Ruffini ending, which detects lateral skin
deformation (Amemiya and Gomi, 2014). Tanabe et al. (2017)
reported that asymmetric vibration in the tangential direction
(skin shear direction) produces a more comprehensible illusory
force sensation than asymmetric vibration in the direction normal to
the skin (compression direction). These studies confirm that lateral
skin deformation is important in generating force illusions,
especially in the hand and fingertips.

Another known illusory force sensation that uses cutaneous
sensory stimulation is the hanger reflex, which creates the illusion of
force in the direction of rotation of the head and extremities
(Figure 1) (Sato et al, 2009). The head can be rotated as much
as 60 degrees because of this illusion, and it has been used in the
treatment of spastic cervical dystonia (Asahi et al., 2020). As this
phenomenon is associated with relatively large body movements, it
has a wide range of applications. It is reportedly caused by the
compression of two opposing points of the head, such as the anterior
and posterior temporal regions. In contrast, several studies have
reported the importance of lateral skin deformation caused by
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compression (Sato et al., 2014; Miyakami et al., 2018). Kon et al.
(2018) explained that in their device for controlling the head hanger
reflex, the two opposing points are compressed by an inflated air
bag, and the resulting frame movement causes skin shear, thereby
reproducing and controlling the phenomenon (Figure 2 left).
However, the effect of skin shear has not been considered
separately from the compression because these devices inevitably
involve compression.

This study confirms the illusory force sensation in the direction
of rotation of the head by skin shear stimulation on the face only.
Based on several reports that lateral skin deformation is associated
with the generation of an illusory force sensation, we hypothesized
that lateral skin deformation alone can generate the illusory force
sensation and verified this hypothesis empirically. We used tape and
rubber bands as a method of generating only shear stimuli to the
skin. This is a simplified version of the method of Hamdan et al.
(2019); however, the stimuli are limited to skin shear, and pressure is
minimized. It is also similar to the original hanger reflex in that it
produces an illusory force sensation in the direction of rotation of a
body part (Figure 2 right). Therefore, we refer to the known
stimulation site of the hanger reflex as the body part to be
stimulated. In this study, we confirmed that the head rotation
lateral ~ skin
deformation stimuli are applied to the anterior temporal regions.

phenomenon can be generated when only
We also confirmed that this phenomenon can be generated at the
cheekbone regions. As both the anterior temporal and cheekbone
regions are in contact with the inner surface of the head-mounted
display (HMD), it is easy to incorporate our method into the HMD.
This study makes the following two main contributions.

o We show that a new illusory force sensation is generated by
lateral skin deformation.

o The correlation between the amount of skin shear
deformation and the intensity of the illusory force
sensation is determined, providing basic knowledge for
the application of this phenomenon.

Related work

In this section, we describe related studies on force
presentation and skin shear stimulus presentation to the head
and discuss their respective contributions.

Force presentation to the head by external
force

External forces applied to the head present directional
information directly from the actuator to the user
(Gugenheimer et al., 2016; Liu et al, 2020). Costes and
Lecuyer (2021) connected a grounded robotic arm to an
HMD to apply a highly flexible force to the head. However,
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the robot arm was large and grounded to the environment,
limiting the workspace. Hoppe et al. (2021) proposed a non-
grounded force presentation device that did not limit the
workspace by attaching a propeller mechanism to the HMD.
However, the loudness of the sound generated during the drive
was approximately 100 dB, requiring the use of hearing
protection or noise-canceling headphones.

Head actuation by electrical stimulation

Galvanic vestibular stimulation (GVS) and electrical muscle
stimulation (EMS) methods are used in studies of head actuation
by electrical stimulation. GVS induces a sense of acceleration by
presenting electrical stimulation to the human head (Sra et al.,
2019; Aoyama et al, 2017; Teo et al, 2020). The sense of
acceleration is generated by attaching electrodes around the
ears, which enables the presentation of inertial and other
forces and the generation of motion.

Tanaka et al. (2022) reported that EMS stimulation of the
neck muscles causes the head rotation in the yaw (left-right) and
pitch (up-down) axes. They showed that combining head
rotation with EMS and various VR/AR applications can
enable new interactions.

The GVS and EMS system can be easily integrated into a
variety of devices because of its small size. However, the sensation
has been associated with symptoms of discomfort in some
healthy users (Utz et al., 2011; Tanaka et al., 2022).

Force presentation to the head by hanger
reflex

The hanger reflex generates motion that is sufficiently strong
to move the body and has been proposed for a wide range of
applications, including medical care, gait navigation, and virtual
reality (VR) (Kon et al., 2018; Asahi et al., 2018; Kon et al., 2017).

Currently, devices that reproduce the hanger reflex
reproduce the pressure applied to two opposing points on the
head. However, the devices are rather large as they require a hard
outer frame around the body to maintain the vertical force during
the pressure presentation.

It has been reported that the direction of the rotational
motion of the hanger reflex is determined by the direction of
the lateral skin deformation (Sato et al., 2014) and that there is a
correlation between lateral skin deformation and the intensity of
the illusion in a single-user study (Miyakami et al., 2018). These
reports suggest that shear deformation of the skin significantly
contributes to the generation of the illusion. However, the effects
of skin shear stimulus changes with the illusory force intensity at
the same stimulus point and the correlation between the physical
lateral skin deformation and head rotation angle have not been
clarified.
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Skin shear stimulation

Several studies have proposed applications for skin shear
stimulation, typically as a directional cue for navigation
(Hamdan et al., 2019; Preechayasomboon et al., 2020; Clark
et al,, 2018; Colella et al., 2019; Kuang et al., 2022). Wang et al.
(2019) demonstrated a variety of applications by applying skin
shear stimuli to six points on the face. Their study is similar to
our present study in that it applied skin shear stimuli to the face,
including the anterior temporal and cheekbone regions.
However, it aimed only at presenting cutaneous sensations
and did not generate force sensations or motion, such as the
hanger reflex.

Confirmation of head rotation
phenomenon by skin traction
stimulation

Experimental outline

In this experiment, we investigated the head rotation
generation phenomenon when skin shear stimulation using
tape was applied to the face. The stimulated body parts were
the anterior temporal and cheekbone regions, which are in
contact with the inner surface of the HMD when it is worn.
For each stimulus condition, we evaluated the subjective force
intensity using questionnaires and measured the physical
rotation angle.

Confirmation of head hanger reflex and
head rotation caused by skin traction
stimulation

Before investigating the head rotation phenomenon by skin
traction stimulation, we first investigated whether the head
hanger reflex and skin traction stimulation produced head
rotation.

For the head hanger reflex, the long side of a wire hanger was
attached to the anterior temporal region, the stimulation site
where the head rotation phenomenon has been observed. Skin
traction was applied to the anterior temporal and cheekbone
regions, respectively, using the same experimental device used in
the experiment described below in combination with Kinesio
tape and rubber bands. Although the traction intensity was not
measured, the experimenter visually confirmed that the skin was
sheared and deformed by the traction stimulus.

To reduce the experimental time, the experimenter visually
observed the subject’s head rotation. The subjects were also asked
to answer Yes or No to whether they felt a sense of force in the
direction of rotation to confirm the generation of an illusory
force.
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(cm)

FIGURE 3
The 2 x 2 cm Kinesio tape used in the experiment.
Retroreflective tapes were attached to the four corners.

Thirteen male participants (23-27 years old) participated in
the study. The experimenter confirmed that three out of the
13 participants experienced head rotation due to the head hanger
reflex but did not experience head rotation due to the traction
stimulus. Because head rotation occurred in both cases for the
rest of the participants, we conducted the main experiment with
the remaining 10 participants.

This study was reviewed and approved by the ethics
committee of the University of Electro Communications (No.
21074). All participants provided written informed consent to
participate.

Experimental conditions

The participants were the aforementioned 10 men
(23-27 years old). Skin shear stimulation was induced using
tape and rubber bands. The tape used was Kinesio tape,
which was also used in the skin shear deformation technique
by Hamdan et al. (2019) using a shape memory alloy. This tape
has high elasticity, and it deforms in accordance with the skin
deformation that occurs during skin traction stimulation. The
tape size was 2 x 2cm, which was the size at which the
phenomenon occurred most frequently in our preliminary
survey (Figure 3). A rubber band was placed in the center of
the nonadhesive side of the tape, and a 1 cm wide piece of tape
was glued over it to secure it in place. A 0.5 x 0.5 cm piece of
retroreflective tape was applied to each of the four corners of the
tape to measure skin deformation.

There were four conditions for traction force strength
(50 gf, 100 gf, 150 gf, and 200 gf), and two conditions for
stimulation site (the anterior temporal and cheekbone
regions), for eight conditions in total. The participants
were instructed to close their eyes during the measurement
of the head rotation angle and not to resist the perceived force
sensation. To measure the head angle, a retroreflective marker
was attached to the top of the head, and the head rotation
angle was measured using a motion capture system (Optitrack
Trio, Natural Point, Inc.) (Figure 4).
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FIGURE 4
A participant wearing the experimental device. (Fixation
devices are shown in red frames).

;
il

FIGURE 5

Procedure for determining the position of the tapes: (A) Use
hanger reflex to determine the position along the horizontal axis.
(B) Put on an HMD and determine the vertical position of the two
stimulation sites. (C) Apply the tape to each stimulation site.

Preparation of the experiment

The following procedure was used to determine the stimulus
position for the experiment. The experimenter instructed the
participants to wear a wire hanger such that its long side was in
contact with their right anterior temporal region and confirm the
occurrence of the hanger reflex. Upon confirmation, a mark was
placed on the skin at the position where pressure was applied by
the long edge of the wire hanger (Figure 5A). Next, the
participants were instructed to wear the HMD in a position
where they could clearly see the image, and a mark was made at
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FIGURE 6
(A) 3-axis force sensor, (B) Fixation device

the intersection of the HMD’s contact area with the skin and the
perpendicular line from the mark made in the procedure using
the wire hanger (green dot in Figure 5B). Tapes were attached to
the marked positions (Figure 5C), and they were pulled by the
rubber. The traction force was measured by a triaxial force sensor
(DSA-03A, TecGihan) embedded in the fixation devices of the
rubber band attached with Velcro tape (Figure 6). The traction
force was adjusted by changing the position of the fixation device,
allowing an error of +10 gf.

Experimental procedures

Participants wore the experimental device on their heads and
sat in a position where their heads could be tracked by the optical
motion capture system. The experimenter presented stimuli at a
specified force using the aforementioned preparation. During the
preparation, the participants were instructed to keep their face
forward after the stimulus was applied, even if they felt a force
sensation. Subsequently, the participants sheared the skin of the
stimulation site using their hands in the direction opposite to the
direction of traction to cancel adaptation, and the measurement
of the head rotation angle started after releasing the hands. At
this time, the participants were instructed to close their eyes and
not resist the felt force. After the participants considered that the
head rotation was finished, the rotation angle was recorded as the
final angle of the head rotation. The participants were then asked
to rate the perceived force on a 7-point Likert scale, with 1 being
“no force felt” and 7 being “force felt very strongly”. The
correlation between the subjective force intensity and the head
rotation angle was observed to determine whether the head
rotation angle is a quantified physical quantity of subjective
force intensity. After the response, the experimenter removed
the rubber band from the stimulating fixation device, placed it on
the stimulating fixation device again under different conditions,
and repeated the stimulation. A total of eight trials were
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FIGURE 7

Relationship between head rotation angle and subjective
force strength (**: p < 0.01).
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FIGURE 8
Head rotation angle during the anterior part of the temporal
head stimulation (***: p < 0.001, *: p < 0.05).

conducted, one trial for each condition. The order of the
conditions was randomized.

Experimental results
Figure 7 shows the experimental results for the correlation

analysis of the participant’s head rotation angle and subjective
force intensity. The vertical and horizontal axes are the head
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rotation angle and subjective force intensity, respectively.
Spearman’s rank correlation analysis revealed a high positive
correlation between the head rotation angle and perceived force
intensity (ry = 0.796, p < 0.01). This confirms that the head
rotation angle can be treated as a quantification of subjective
force intensity. Consequently, we use the head rotation angle in
the following discussion.

Figure 8 shows the experimental results of the participant’s
head rotation angle when the traction stimulus was applied to the
anterior temporal and cheekbone regions. The vertical axis
represents the participant’s head rotation angle (positive is in
the right rotation direction), and the horizontal axis represents
the stimulus intensity condition. A two-way repeated measures
ANOVA was conducted to confirm the difference in head
rotation angle between the stimulus intensity conditions. The
results confirmed that the main effect of the stimulus intensity
condition was significant (F(3, 27) = 18.639, MSE = 97.235) and
that the main effect of the stimulus position condition was also
significant (F(1, 9) = 13.294, MSE = 271.872). No interaction
effects between stimulus intensity and stimulus position were
identified. Multiple comparisons (Bonferroni method) were
performed between stimulus sites to ascertain differences in
the head rotation angle for each stimulus site. The results of
the multiple comparisons showed significant differences between
the 50 gf and other stimulus intensity conditions.

Measurement of skin deformation
during skin traction stimulation and
results analysis

Overview

This experiment and analysis aimed to determine the
correlation between the amount of skin shear deformation
and the angle of head rotation. For this purpose, we measured
the skin deformation when the skin shear stimulation using tape
was applied to the anterior temporal and cheekbone regions. We
then confirmed the correlation between the amount of physical
skin deformation and the head rotation angle obtained in the
previous experiment.

Experimental conditions

This analysis was performed with the same 10 participants as
the previous experiment to apply it to the experimental data in
the previous section. The position of the tapes and the strength of
the shear force were the same as in the previous experiment, and
measurements were conducted in the same eight conditions.
Three trials were conducted for each stimulus condition, for a
total of 24 trials. The four corner positions of the tapes were
measured using an optical motion capture system (Optitrack
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FIGURE 9
Measurement of skin deformation.
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FIGURE 10

Relationship between head rotation angle and skin
deformation (**: p < 0.01).

Trio, Natural Point, Inc., accuracy 0.5 mm), and the center
positions of the tapes were calculated to obtain skin
deformation. During the measurement, the face was placed on
a fixation device and the participants were instructed not to move
(Figure 9).

Results

The average of the three measurements of the skin
deformation for each stimulus condition was used for
correlation analysis.

Figure 10 shows the results of the correlation analysis
between the participant’s head rotation angle obtained in the
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previous experiment and the amount of skin deformation
this
correlation analysis showed a moderate positive correlation

obtained in measurement. Pearson’s product-rate
between head rotation angle and skin deformation (r = 0.575,
p < 0.01).

The respective average values of head rotation angle and skin
deformation for each stimulus intensity and stimulus position
were plotted on the same graph. It was observed that the traction
force above 100 gf did not significantly change the amount of
skin deformation, as well as head rotation angle, compared to the

100 gf traction force.

Discussion

Generation of illusory force sensation by
lateral skin deformation

The experimental results in Figure 8 show head rotation of
approximately 40 degrees in the anterior temporal region and
50 degrees in the cheekbone region. Compared with the result of
correlation analysis between the angle of head rotation and subjective
force intensity in Figure 7, these rotation angles correspond to 3-5 in
subjective force intensity, meaning that the participant felt a slight to
moderate sense of force sensation. Therefore, we consider that the
illusory force perception in the direction of rotation was generated
when only the lateral skin deformation was applied.

Correlation between illusory force
strength and the amount of skin shear
deformation

Because the head rotation angle changed between stimulus
intensities, we theorize that the illusory force intensity can also
be controlled by controlling the traction intensity using an actuator.
However, whereas significant differences in the head rotation angle
between stimulus intensities of 50 gf and other stimulus intensities
were observed, no significant differences were observed between
stimulus conditions of 100 gf or higher. We consider that there are
two possibilities. One is that the illusory force sensation perceived by
the participant reached its maximum and saturated. The other
possibility is that there was little difference in the amount of skin
deformation between the stimulus conditions of 100 gf or higher.
Miyakami et al. (2018) reported a correlation between the amount of
skin deformation and the intensity of the illusory force sensation,
and a similar relationship may be observed in this phenomenon.

An analysis of the head rotation angle and skin deformation
(Figure 10) confirmed a positive correlation. It was also observed
that the head rotation angle above 100 gf and the amount of skin
deformation did not change significantly under the respective
stimulus position conditions of the anterior temporal and
cheekbone regions. This leads us to believe that the head rotation
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angle did not change significantly at head rotation angles greater
than 100 gf because there was not much change in skin deformation
between stimulation conditions above 100 gf.

Application to VR experience

We believe that the proposed head rotation phenomenon
caused by facial skin shear deformation can be incorporated into
HMDs to improve the immersive experience of VR.

Tanaka et al. (2022) proposed VR situations using head
rotation, for example, when punching in a VR scenario,
subject comments confirm that the head rotation of the user
being punched improves the immersion of the experience. Kon
et al. (2018) also proposed various VR situations that use head
rotation, such as an application to support exploration by head
rotation in the direction of an object when exploring objects in a
VR space. Overall, although the current head rotation is only one
degree of freedom of rotation, there are many situations where it
can be used to improve the user experience, including
immersion, in applications that use head rotation in VR
environments, such as boxing and object exploration assistance.

Currently, the skin shear deformation required to generate
the head rotation phenomenon is presented using a combination
of rubber bands and tape. However, this method cannot
dynamically change the traction force, making it difficult to
apply to VR using HMDs.

Therefore, we believe that an HMD-integrated force presentation
device that enables force-sensing presentation in the direction of
rotation can be realized by using a dynamic skin stretching technology
with skin traction using a motor, as proposed by Chasm and Masque
(Preechayasomboon et al.,, 2020; Wang et al., 2019), to reproduce the
head rotation phenomenon.

Limitations

This study has several limitations. First, owing to the design
of the size of the rubber band fixation device used, it was difficult
to present a traction force of less than 50 gf. To confirm whether
it is possible to control the illusory force sensation with higher
resolution, it is necessary to measure the head rotation angle
under stimulus conditions from 0 to 50 gf.

Second, a 7-point Likert scale was used in this study to
quantify  the this
questionnaire method was used in this study to shorten the

subjective  force intensity. Although
experimental time, it is preferable to use a ratio scale when
conducting correlation analysis with continuous variables such as
the head rotation angle. We plan to quantify subjective force
intensity in the future by using a magnitude estimation method
that can be measured on a ratio scale.

Third, we presented a stimulus of traction with a rubber band

on a tape attached to the participant’s skin. Apparently, the
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direction of the stimulus was limited to the tangential direction
only, and we believe that this setup minimizes pressure (vertical
force) against the skin. However, we did not directly measure the
vertical force against the skin. Therefore, we plan to measure the
vertical force using a pressure sensor or similar device.

Finally, the selection of subjects for the experiment is a
limitation. The subjects in this experiment were only relatively
young men, which is not common in human perception studies.
Since different populations may perceive illusions differently, we
need to recruit women in our next step.

Conclusion

This study confirmed the generation of an illusory force
sensation by skin shear stimulation on the face and showed that it
is possible to control its intensity. Traction stimuli of different
intensities were presented. Consequently, a head rotation
phenomenon of approximately 40 degrees in the anterior
temporal region and approximately 50 degrees in the
cheekbone region was generated, confirming an illusory force
sensation in the direction of rotation. The head rotation angle
was also changed by changing the stimulation intensity,
confirming the controllability of the illusory force sensation
intensity. The results of correlation analysis between the
amount of skin shear deformation measured during traction
stimulation and the angle of head rotation confirmed a positive
correlation in both the anterior temporal and the cheekbone
regions, suggesting that the amount of skin deformation is
important for the generation of this phenomenon. Although
the importance of lateral skin deformation has been discussed in
previous studies, this is the first time that a correlation between
skin deformation and head rotation angle has been confirmed in
a situation where only lateral skin deformation of different
intensities was applied at the same site.

The following are possible applications of the illusory force
sensation presentation using this method. The first is to
incorporate a mechanism that reproduces skin shear
deformation into the HMD. Since both the anterior temporal
and cheek regions are in contact with the inner surface of the
HMD, it is considered to be easily incorporated into the HMD.
Second, a mechanism that reproduces skin shear deformation
could be incorporated into respiratory masks. Recent change of
society due to the COVID-19 pandemic requires that people wear
masks daily. The illusory force sensation using skin shear
stimulation to the cheek region could be used as a navigation
interface built into (and hidden by) the mask.

In future, we will develop a system that can control skin
traction strength with high resolution using motors, shape
memory alloys, or other actuators and investigate in detail the
generation of illusory force sensation when the amount of lateral
skin deformation is further changed.
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