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Intuitive Directional Sense Presentation to the Torso
Using McKibben-Based Surface Haptic Sensation in
Immersive Space
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Abstract—In recent years, systems that utilize immersive space
have been developed in various fields. Immersive spaces often
contain considerable amounts of visual information; therefore,
users often fail to obtain their desired information. Therefore,
various methods have been developed to guide users toward haptic
sensations. However, many of these methods have limitations in
terms of the intuitive perception of haptic sensation and require
practice for familiarization with haptic sensation. Fabric actuators
are wearable haptic devices that combine fabric and McKibben
artificial muscles to provide wearers with surface haptic sensation.
These sensations can be provided to a wide area of the body with
intuitive perception, instead of only to a part of the body. This paper
presents a novel air pressure adjustment method for whole-body
motion guidance using surface haptic sensations provided by a
wearable fabric actuator. The proposed system can provide users
with a directional sense without visual information in an immersive
space. The effectiveness of the proposed system was evaluated
through subject experiments and statistical data analysis. Finally, a
directional sense presentation was conducted for users performing
micromanipulations in a mixed-reality space to demonstrate the
applicability of the proposed system for teleoperation.
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I. INTRODUCTION

ECENTLY, the demand for systems based on immersive
R spaces has increased [1]. In the medical field, immersive
spaces have been utilized in applications such as medical ed-
ucation [2], surgical planning [3], surgical guidance [4], and
assisted reproductive technology [5], [6]. Users in immersive
spaces can obtain rich visual information in all directions. How-
ever, excessive visual information may cause users to overlook
their desired information. This issue is especially prevalent
in unknown spaces, such as micro space, where users often
look in unintended directions owing to insufficient information
regarding the objects in the space.

To address this problem, guidance methods based on visual
information have been developed for immersive spaces [7], [8].
These methods guide user movements by adding or changing
visual information. Users of these methods must closely observe
visual information. However, as close observation of visual
guidance can interfere with the user’s work in an immersive
space, guidance methods that add or change visual information
are undesirable. Therefore, a directional guidance method that
does not require visual information is required.

This study aimed to provide directional guidance to users
without visual information. We focused on haptic sensation
instead of visual information as a means of directional guidance.
When humans move their gaze, their head and torso movements
are accordingly synchronized [9]. The torso movement is par-
ticularly important during large gaze movements. In addition,
when guiding the user’s gaze, the object that the user wants
to see must be placed in the central vision field, which is
30 deg in radius from the center of the viewpoint [10], [11].
Therefore, we propose a method to indirectly guide a user’s gaze
by changing the posture of the torso in an immersive space using
haptic sensation to place the object that the user wants to see in
the user’s central field of view. We selected McKibben-based
surface haptic sensations provided by wearable fabric actuators
to change the torso posture of the user. The fabric actuators are
composed of clothing and McKibben artificial muscles. The hap-
tic sensation is provided to the user by deforming clothing with
McKibben artificial muscles attached to fabric actuators [12].
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Fig. 1. Conceptual schematic of the directional sense presentation system. The
top and bottom are the immersive and physical spaces, respectively. The user is
immersed in the immersive space consisting of the operating environment and
performs operations.

This haptic sensation intuitively provides a user’s torso with four
kinesthetic perceptions: forward bending, backward bending,
left twist, and right twist.

Fig. 1 shows a schematic of the proposed system. The user
is immersed in an immersive space created by measured data
from the operated environment. The proposed system provides
surface haptic sensations to users based on their current and
target gaze directions to guide their gaze in an immersive space.
In this study, we propose a method for indirectly guiding a user’s
gaze by providing surface haptic sensations that induce torso
movement. The user alters the posture of the torso according
to the surface haptic sensation, and adjusts the head and eye
positions according to the torso posture. The proposed system
implements a novel method for adjusting air pressure based on
the user’s gaze direction and the target object that the user wishes
to see. We conducted a subject experiment to confirm whether
the proposed system could display the target object that the user
wanted to see in the central field of view. In addition, a subject
experiment was conducted to evaluate the perceived speed of
the surface haptic sensation. Finally, the proposed system was
demonstrated in a micromanipulation scenario conducted in an
actual immersive space.

II. RELATED WORK

Several devices have been developed to enable the presenta-
tion of haptic sensations instead of visual information in immer-
sive spaces [13]. Some haptic sensation methods in immersive
spaces use stationary devices such as friction, hardness, and

roughness [14], [15]. However, these devices have limitations
such as a lack of space for presentation because they are fixed at
one location. To address these issues, wearable and lightweight
haptic sensation devices have been developed recently [16].
Many of these wearable devices focus on the hands and fingers.
These devices improve the reality of the immersive space by
providing the sensations of softness [17], pressure [18], and
touch [19], [20], [21] via haptic sensation to the hand. However,
methods that focus on the hands and fingers provide limited
haptic information because of the limited areas of these parts.
To provide more haptic information to the user, approaches that
provide haptic sensations to various parts of the body are also
available. For example, haptic sensations can be provided to the
arms [22], feet [23], neck [24], [25], head [26], [27], face [28],
torso [29], and at various body locations [30].

Haptic sensations to various parts of the body enable tasks
such as navigation and guidance of movements in immersive
spaces, which are difficult with haptic presentation using only
the hands and fingers [23], [25], [28]. These methods use hap-
tic sensations to the face and neck to provide gaze guidance.
However, these methods do not consider the movement of the
torso, which significantly influences large gaze movements [9],
as described in the Introduction. Other similar approaches pro-
vide navigation and guidance through haptic sensation to the
user’s torso [31], [32], [33]. These methods enable navigation
by providing vibrotactile sensations to the torso. However, these
methods require prior instructions for the user on the vibrotactile
sensations that indicate a specific type of navigation, making
these systems less intuitive for first-time users. Additionally,
these methods are specialized for two-dimensional (2D) navi-
gation on horizontal maps, making their application to three-
dimensional (3D) gaze guidance difficult.

Unlike vibrotactile sensations, McKibben-based surface hap-
tic sensations provided by fabric actuators can present haptic
sensations to a wide area of the body using intuitive haptic
perception [12], [34], [35]. Such actuators use the deformation of
clothing by McKibben artificial muscles as a haptic sensation,
allowing the user to intuitively interpret the information that
the haptic sensation intends to provide. Our approach uses this
haptic sensation to enable 3D gaze guidance with intuitive haptic
perception.

III. PHYSICAL DIRECTIONAL SENSE PRESENTATION SYSTEM
USING A WEARABLE FABRIC ACTUATOR

Figs. 2 and 3 show the configuration and overview of the
physical directional sense presentation system using a wearable
fabric actuator, respectively. The user wears a fabric actuator
and mixed-reality device with a gaze-tracking function.
Information on the gaze direction from the mixed-reality
device is sent to the PC, which calculates the air pressure
command values necessary to guide the wearer’s gaze and
sends them to the air pressure controller. The proposed
system consists of a wearable fabric actuator, a computer
(Windows 10 Pro, 64-bit, CPU Intel (R) Core (TM) i7-11800H,
2.30 GHz, 16 GB RAM, GPU NVIDIA GeForce RTX
3060 Laptop), an air compressor (ACP-39SLA, TAKAGI
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Fig. 2. Configuration of the directional sense presentation system. The user
wears a mixed reality device with gaze tracking and our wearable fabric actuator.
The fabric actuator provides surface haptic sensations based on the user’s gaze
received by the mixed reality device.
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Overview of the directional sense presentation system.

Fig. 3.

Front side Back side

Fig. 4. Overview of wearable fabric actuator. The left and right images show
the front and back sides, respectively.

Corporation), an air pressure controller, and a mixed-reality
device (Hololens2, Microsoft). The air pressure controller
includes programmable logic controllers (007001001100,
Industrial ~ shields) and electric regulators (CRCB-
0135 W/0136 W, KOGANEI Corporation).

Fig. 4 presents an overview of the wearable fabric actuator.
It consists of 12 McKibben artificial muscles placed on the
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Fig.5. Placement of twelve McKibben artificial muscles. The left figure shows
the front side and the right figure shows the back side. Red, blue, green, and
orange lines indicate McKibben artificial muscles.

clothing, which are driven by the air pressure. The arrangement
of McKibben artificial muscles in the wearable fabric actuator
is illustrated in Fig. 5. The artificial muscles contracted by the
application of air pressure deform the wearable fabric actuator,
providing surface haptic sensation to the wearer. The intensity
of surface haptic sensations and magnitudes of the applied air
pressure and are positively correlated in the wearable fabric
actuator. By changing the combination of artificial muscles to
which air pressure is applied, the wearable fabric actuator can
provide the wearer’s torso with four sensations, i.e., forward
bending, backward bending, left twisting, and right twisting. The
application of air pressure to the artificial muscles, indicated by
red line (Fy, Fo, F3, F4), blue line (B, B2, B3, B4), orange line
(L1, L), and green line (R;, Ro) in Fig. 5, produced forward
bending, backward bending, left twist, and right twist, respec-
tively. A detailed description of the wearable fabric actuator,
including an evaluation of its basic performance, is presented
in [12].

IV. ALGORITHM OF THE PHYSICAL DIRECTIONAL
SENSE PRESENTATION

A. Derivation of Equation Between Air Pressure and
Gaze Angle

The proposed system divides the gaze angles into two angles
on the horizontal (left and right) and vertical (up and down)
planes. When the proposed system guides the user’s gaze to
the left, the fabric actuator provides a surface haptic sensation
that induces a left twist of the torso. When the proposed system
guides the user’s gaze to the right, the fabric actuator provides
a surface haptic sensation that induces a right twist of the torso.
When the proposed system guides the user’s gaze upward, the
fabric actuator provides a surface haptic sensation that induces
backward bending of the torso. Similarly, when the proposed
system guides the user’s gaze downward, the fabric actuator
provides a surface haptic sensation that induces forward bending
of the torso. To achieve air pressure adjustment in surface
haptic sensation based on the user gaze angle, it is necessary to
determine an equation that relates the air pressure applied to the
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Algorithm 1: Algorithm of Approximate Equation Fitting.
Inmput: k. =1to4,n =110 10,0 < Py, Prio < Pyax,
Py, < Pkn—i—l
1: fori=1to4do
for j = 1to 10 do
Input air pressure commands of size P;; into the
artificial muscles.
Obtain the gaze angle.
0;; < newvalue
end for
Find an approximate equation for P;,
(n=1,...,10) and 0;,, (n = 1,...,10) using the
least squares method.
8: end for

AR A

fabric actuator to the gaze angle. This equation must establish a
one-to-one correspondence between air pressure and gaze angle,
as air pressure values for a target gaze angle cannot be deter-
mined without such a correspondence. Moreover, the equation
requires that the air pressure increases continuously as the gaze
angle increases since the surface haptic sensation increases as
the air pressure increases. Based on these two conditions and
Stevens’ power law [36], the relationship between air pressure
and gaze angle can be given by:

Py = fi(0) = axb? +cp (k=1,...,4), (1)

where ay, by, and ¢, are the coefficients. k = 1, 2, 3, and
4 denote left twist, right twist, forward bend, and backward
bend, respectively. Py, (k = 1,...,4) represents the air pressure
applied on the fabric actuator. 65 (k = 1,...,4) represent the
gaze angles in the left, right, down, and up directions.
Algorithm 1 is used to determine coefficients ay, by, and cj,
in Equation (1). The algorithm employs a systematic data col-
lection and fitting procedure. In this process, Pas 4 x denotes the
maximum air pressure, set at 375kPa in the proposed system. As
shown in Equation (1), the subscript k& denotes the torso move-
ments, while the subscript n represents the sequence number of
measurements (n = 1,...,10). For each movement k, the al-
gorithm collects a sequence of pressure—angle pairs ( Pk, Oxn ),
gradually increasing the applied pressure and recording the
corresponding gaze responses. These data points are then used
in the Levenberg—Marquardt method to determine the optimal
coefficients ay, by, and c; for each of the four movements:
left twist, right twist, forward bend, and backward bend. Fig. 6
illustrates the fitting procedure from the top. First, the initial gaze
vector of the wearer is recorded before fitting. Next, air pressure
Py is applied to the artificial muscle to guide it in the direction of
fitting ((1) in Fig. 6). Surface haptic sensations corresponding
to the air pressure are then applied to the wearer’s torso ((2)
in Fig. 6). The proposed system records angle j; between the
wearer’s gaze vector g and initial gaze vector gg, which changes
in response to surface haptic sensation from the wearable fabric
actuator ((3) in Fig. 6). After recording angle 6y, the following
magnitude of air pressure is applied to the artificial muscles ((4)
in Fig. 6). (2) to (4) in Fig. 6 are repeated 10 times to obtain the

9o Gaze movement
Input air pressure 1 P @)
P i=1 ki Input next
‘ air pressure
@ i=i+1
1

Surface haptic
sensation

@

Fig. 6.  Fitting procedure view from the top. (1): In the initial state where the
user is front facing, input the first air pressure into the wearable fabric actuator.
(2): The wearable fabric actuator provides surface haptic sensation. (3): The
user moves the gaze direction. Obtain the angle between the initial gaze vector
go and gaze vector g. (4): Input the next air pressure. Repeat steps (2) to (4)
to obtain the combination of Py, (n =1,...,10) and O, (n =1,...,10);
then, perform the least-squares method.

air pressure Py; (i = 1,...,10) applied to the artificial muscles
and the corresponding gaze angle 6y; (i = 1,...,10). In this
fitting procedure, participants are instructed to adjust their torso
posture and gaze direction following the haptic sensations and
their torso posture, respectively. Let Hy, x, and y; be defined
as follows:

ake,’i’; —+ Cp P
" axls + ci Zk Py N
k = . y Tk = k| Yk — . .
. ch :
ar0.i, + ck Pr1o

The coefficients (ay, by, and ci) can be estimated using the
Levenberg—Marquardt method, as follows:
2y = arg min (yg — Hk)2 . 3)
T
The proposed algorithm performed this fitting for four guiding
directions (forward, backward, left, and right) to obtain the

correlation between the air pressure and gaze angle in each
direction.

B. Air Pressure Adjustment Method for Surface Haptic
Sensations Based on Gaze Angle

Fig. 7 depicts the procedure of directional sense presentation
using the proposed system. For left-right guidance, the target
angles 0 and 0% are calculated from the projection of the
gaze vector and target position vector onto the xz plane. The
wearable fabric actuator provides surface haptic sensation using
the current gaze angles 6, or 6. For upward and downward
guidance, the target angles 6% and 6 are obtained from the
projection of vectors onto the yz plane. The wearable fabric
actuator provides surface haptic sensation using the current gaze
angles 03 or 0.

The proposed system calculates the target gaze angle to be
moved from the gaze and position vectors of the target object
relative to the user. The system then calculates the air pressure
value as the input from the approximate equation and calculated
angle. The current air pressure is fed back based on the user’s
current gaze angle to reduce disturbances and errors. The target
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Fig. 7.  (Left) Procedure for directional sense presentation using the proposed
system (top view). (Right) Procedure for directional sense presentation using
the proposed system (side view). The left-right directional sense presentation
is based on 65, 95, 01, and 5. The up—down directional sense presentation is
based on 0%, 0%, 03, and 0.

air pressures for the artificial muscles in the four directions (Pkf)
are derived as follows:

P+ G(fr(0}) — fr(0k)),

if (05 > 0 A L(0f — 0;) > 0)
P}, if (08 > 0A £(08 —0,) <0)’
0, if g <0

Pl =

“

where 6} is the target gaze angle and G is a constant value. The
output of surface haptic sensation changes only when the user’s
gaze moves away from the target gaze direction, and not when
it approaches the target gaze direction. We believe that when
the clothing deformation decreases, the user may misconstrue
the gaze angle at which the deformation decreases as the target
gaze. Therefore, we adopted an air pressure control algorithm
that provides feedback only when the error increases.

V. EXPERIMENT TO EVALUATE DIRECTIONAL SENSE
PRESENTATION ACCURACY

A. Experimental Setup

The first subject experiment was conducted to evaluate the
accuracy of directional presentation. Fig. 8 shows the appearance
of a subject during the experiment, who wore a mixed-reality de-
vice, wearable fabric actuator, neck speaker, and six McKibben
artificial muscles wrapped around each arm. The subjects sat on
a stool and placed a keyboard on their lap.

Before beginning the experiment, the subjects performed the
fitting procedure described in Section IV. At the beginning of
the experiment, the subject faced forward, and the target gaze
angle was randomly determined. It should be noted that the target
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Fig. 8. Overview of a subject in the experiment. The subject wears a mixed
reality device, a proposed wearable fabric actuator, and a neck speaker. The
subject also has three artificial muscles wrapped around each arm.

TABLE I
EXPERIMENTAL CONDITIONS

Condition Guidance method Air pressure adjustment
1 Surface haptic sensation With
2 Surface haptic sensation Without
3 Simple haptic sensation With
4 Synthesized speech Without

TABLE II
RELATIONSHIP BETWEEN THE GAZE GUIDANCE DIRECTION AND THE
CONTRACTED ARTIFICIAL MUSCLE IN CONDITION 3

Guiding direction | Contracted artificial muscle in Fig. 9
Upward (i) and (iv)
Downward (iii) and (vi)
Leftward (v)
Rightward (ii)

gaze angle was within 30 deg of the vertical angle and 60 deg
of the horizontal angle. The subjects changed their gaze angle
according to gaze guidance and pressed the keyboard when they
thought that the current gaze angle matched the target gaze angle.
The accuracy of gaze guidance was evaluated by measuring the
error between the target gaze angle and the subjects’ gaze angle
based on their keyboard input.

The subjects experimented with four conditions using dif-
ferent gaze guidance methods. Table I lists the gaze guidance
methods used in each experimental condition. In Conditions 1
and 2, the surface haptic sensation was used for gaze guidance;
the air pressure adjustment method described in Section IV-B
was implemented in Condition 1, but not in Condition 2. In
Condition 3, directional guidance was provided using the simple
haptic sensation. Under this condition, the same McKibben
artificial muscles as in Condition 1 (proposed system) were
attached to the arm instead of the torso for guidance. Fig. 9
illustrates the attachment of the artificial muscles to the arm.
Table II shows the mapping between gaze guidance directions
and the corresponding contracted artificial muscles illustrated
in Fig. 9 for Condition 3. The algorithm for determining the
magnitude of the air pressure applied to the artificial muscles
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Fig. 9. Arrangement diagram of artificial muscles attached to the arms. The
black line indicates the McKibben artificial muscle. These artificial muscles are
used to present simple haptic sensations during the experiment.

was the same as that for Condition 1 (proposed system), with
the initial input air pressure determined by Equation (1) and
the air pressure adjusted by Equation (4). In the air pressure
adjustment used for Conditions 1 and 3, the adjustment gain
G in Equation (4) was set to 0.05. Further, under Condition 4,
the synthesized speech was used for gaze guidance. Under this
condition, the subjects were guided by synthetic speech output
from a neck speaker worn by the subject, which provided the
target direction and the angle to the target angle. For example,
if the target direction is 36 deg to the right and 12 deg upward
from the subject’s gaze direction, the synthesized speech outputs
“36 to the right and 12 upward.” Speech synthesis was output
only once at the beginning of the experimental task. It should
be noted that Microsoft Azure was used for speech synthesis
in this study. Synthetic speech guidance is expected to have
the highest accuracy among these guidance methods, and a
specific limitation of the proposed approach can be obtained by
comparing the proposed system with synthetic speech guidance.
No training was conducted to familiarize the participants with
the conditions.

All 15 subjects were healthy individuals between the ages
of 21 and 25, with their BMI ranging between 17 and 26. Each
subject performed the experimental task ten times under all con-
ditions, and the order of conditions was determined randomly.

B. Experimental Results

Figs. 10 and 11 show the violin plots of the horizontal and
vertical errors per condition. To provide gaze guidance, it is
necessary to achieve an accuracy of 30 deg in radius from the
center of the viewpoint, called the central vision field, which
enables the accurate identification of the color and shape of an
object [10], [11]. In all four conditions, the mean and median
of the horizontal and vertical errors were less than 30 deg.
Therefore, it was found that all four guidance methods, including
the proposed method, were capable of guiding the gaze toward
the central vision field.

Condition 4, which used synthesized speech, had significantly
smaller horizontal and vertical errors than Conditions 1, 2,
and 3, which used haptic guidance (Friedman test with Dunn—
Bonferroni correction [37]: p < 0.001). Moreover, no significant
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Fig. 10.  Violin plot of the horizontal error. * * * represents significant differ-
ences estimated by a multiple comparison (Friedman test with Dunn—Bonferroni
correction [37]: p < 0.001).
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Fig. 11.  Violin plot of the vertical error. * * * represents significant differences

estimated by a multiple comparison (Friedman test with Dunn—Bonferroni
correction [37]: p < 0.001).

differences were observed in the horizontal and vertical errors
between Conditions 1, 2, and 3 with haptic guidance.

VI. EXPERIMENT TO EVALUATE THE SPEED OF
HAPTIC PERCEPTION

A. Experimental Setup

The second experiment was conducted to evaluate the speed
of haptic perception. The subjects wore a mixed-reality device, a
wearable fabric actuator, and a neck speaker, with six McKibben
artificial muscles wrapped around each arm, as described in
Section V. The subjects sat on a stool and placed a keyboard
on their lap during the experiment.
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Fig. 12.  View from the subject’s perspective during the experiment. The red
sphere is the target object and the pink spheres are dummy objects. A target
object was placed among 50 dummy objects.

Front of the user

Front of the user

View from the top

View from the right side

Fig. 13. Display range of virtual objects. Target and dummy objects appear
within the gray regions.

Fig. 12 shows a mixed-reality space view from a subject
during the experiment. The subjects found as many target objects
as possible for 40 s under four conditions described in Table 1.
At the beginning of the experiment, the subjects faced forward
and the target object with 50 dummy objects appeared randomly
in the mixed-reality space. Under Conditions 1, 2, and 3, the air
pressure was determined using Equation (1) according to the
direction of the target object and the gaze angle of the subject.
Under Conditions 1 and 3, the air pressure was adjusted using
Equation (4) until the target object was located. Under Condition
2, the same air pressure was maintained until the target object
was located. Under Condition 4, speech synthesis was output
only once for each target object. The subjects searched for the
target object and pressed the keyboard upon finding it. When
the subject presses the keyboard, the error angle between the
subject’s gaze direction and the target direction is measured. If
this error angle is within 5 deg, the dummy object disappears
and the target object returns to the subject’s front.

The subject then had to go back gazing at the starting position,
the subject’s front. When the subject looks at the starting posi-
tion, the target object randomly moves again and dummy objects
appear. Fig. 13 shows the display range of the target and dummy
objects from the top and right sides of the subject. The virtual
objects were displayed within a horizontal angle of 60 deg to
the left or right, a vertical angle of 30 deg above or below, and a
distance of 0.5 to 3.0 m from the subject, denoted by gray areas in
Fig. 13. Both the target object and dummy objects were spheres
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Fig. 14.  Violin plot of identified target objects. * % x represents significant
differences by a multiple comparison (Friedman test with Dunn—-Bonferroni
correction [37]: p < 0.001). = represent significant differences by a multiple
comparison (Friedman test with Dunn—Bonferroni correction [37]: p < 0.05).

TABLE III
MEAN VALUE OF IDENTIFIED TARGET OBJECTS PER SUBJECT

Guidance method Surfape Surfa;e Simple Synthesized
haptic haptic haptic speech
Air pressure adjustment With Without With Without
A 7.1 8.7 7.8 6.5
B 11.8 11.8 8.3 7.8
C 10.8 9.3 10.0 8.7
D 11.3 12.0 11.2 8.8
E 15.3 11.5 14.7 9.5
F 10.7 10.0 10.0 8.7
G 7.2 6.2 52 8.0
H 10.7 10.0 43 6.5
I 10.5 8.0 8.5 8.3
J 8.0 7.1 5.8 7.5
K 10.3 6.7 8.7 8.2
L 13.5 9.0 13.3 10.5
M 14.5 16.2 13.2 10.7
N 8.7 7.8 9.2 8.7
O 9.7 7.7 8.2 7.3

with a diameter of 0.1 m; the color code of the target and dummy
objects was #FF0000 and #FFOOFF, respectively. In most of the
experimental tasks, the target object was not in the visual field
of the subject before guidance. Each guidance method assists
the subject by moving the subject’s central visual field and
placing the target object within it. Changing the color of the
target object allows participants to easily identify that the target
object has entered their central visual field. The experiment was
designed based on previous studies [8], [28]. The speed of haptic
perception was evaluated by measuring the number of identified
target objects.

All 15 subjects were healthy individuals between the ages
of 21 and 25, with their BMI ranging between 17 and 26, as
previously described in Section V. Each subject performed the
experimental task six times under all conditions, and the order
of conditions was randomly determined.

B. Experimental Results

Fig. 14 illustrates the violin plot of the number of identified
target objects per condition. The standard deviations of the
identified target objects under Conditions 1, 2, 3, and 4 were 3.0,
3.3,4.0, and 1.4, respectively. Table III presents the mean of the
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number of identified target objects per subject, respectively. In
this table, A through O represent each subject.

The proposed method (Condition 1) demonstrated the largest
mean among all four conditions. Under Condition 1 (the pro-
posed method), ten subjects had the largest mean. Under Con-
dition 2, four subjects had the largest mean. Under Condition 3,
one subject had the largest mean. Under Condition 4 one subject
had the largest mean.

Multiple comparison revealed that Condition 1 (the proposed
method) had significantly higher identified target objects than
Conditions 2, 3, and 4, (Friedman test with Dunn—-Bonferroni
correction [37]: p < 0.05). The results indicate that the proposed
method can guide the gaze direction at the highest speed among
all four conditions.

VII. DEMONSTRATION OF PROPOSED SYSTEM IN IMMERSIVE
MICROMANIPULATION SYSTEM

A demonstration was conducted to confirm the application of
directional sense presentation using a wearable fabric actuator
to an actual immersive manipulation system. In this demon-
stration, we implemented directional sense presentation using
a wearable fabric actuator in a mixed-reality-based immersive
micromanipulation system proposed by our research group [6],
[38] and confirmed whether the system can smoothly perform
micromanipulation. This immersive micromanipulation system
enabled the operator to perform micro-manipulation by moving
virtual pipettes. By properly mapping the micropipettes and
micro-objects onto a macro 3D immersive space, this system
allows the user to perform micromanipulation with hand move-
ments 1000 times larger than the actual micromanipulation task.
Therefore, users can perform micromanipulation as if the tasks
were performed in the macro world. However, the user may lose
sight of the micropipettes and micro-objects to be manipulated
because the user is immersed in an immersive space. The pro-
posed guidance system is then used to guide the user to the
location of micropipettes or micro-object.

Fig. 15 shows a demonstration of the proposed system in
micromanipulation tasks. At the beginning of the demonstra-
tion, the operator did not see the virtual holding pipette or
microbeads to be manipulated. Therefore, the wearable fabric
actuator guided the operator to find the virtual holding pipette
(Time = 0-3 s in Fig. 15). The operator smoothly found the
virtual holding pipette and microbeads and manipulated them
using his hand (Time = 3-12 s in Fig. 15). The operator then
wanted to manipulate the injection pipette but could not see the
virtual injection pipette. Therefore, the wearable fabric actuator
provided the operator with the direction of the virtual injection
pipette (Time = 12—-15 sin Fig. 15). Then, the operator smoothly
found and manipulated the virtual injection pipette (Time = 15—
30 s in Fig. 15).

This demonstration confirmed that the proposed directional
sense presentation system can be implemented in an actual
immersive manipulation system.

Time User View from user

Microscopic image

Fig. 15. Demonstration of the directional sense presentation in an immersive
micromanipulation system. The user wears a wearable fabric actuator and a
mixed-reality device. Mixed reality device displays virtual objects to the user.
The virtual objects are a holding pipette, an injection pipette, and a microbead,
and the user performs micromanipulation by operating the virtual pipettes. Based
on the position of the operated virtual pipettes, the actual pipettes in microscopy
are operated.

VIII. DISCUSSION

In the proposed derivation method of an equation between air
pressure and gaze angle, air pressure is applied to the wearable
fabric actuator in the order of smallest to largest. However, the
hysteresis of surface haptic sensation produced by the wearable
fabric actuator may cause users to move differently from the
directional presentation that is actually performed in an im-
mersive space. Therefore, we implemented an air adjustment
algorithm that gradually changes, as in the derivation process,
the air pressure when users make an incorrect move to improve
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the directional guidance performance. The experiment for evalu-
ating the speed of directional sense presentation confirmed that
the adjustment algorithm significantly increased the speed of
directional sense presentation using surface haptic sensation.
It is known that the human perception of haptic sensation is
relative [39]; therefore, changes in the intensity of surface haptic
sensation by the adjustment algorithm may have helped users to
perceive the intensity of surface haptic sensation more easily,
thereby increasing the directional guidance speed of surface
haptic sensation.

The proposed method also had a significantly higher speed
of directional guidance than simple haptic sensation, however,
there is no significant difference in the speed between surface
haptic sensation without air pressure adjustment and simple
haptic sensation with the adjustment. This result suggests that
the proposed air pressure adjustment method only affected the
surface haptic sensation of the wearable fabric actuator. Since
the surface haptic sensation generated by the wearable fabric
actuator followed body movements, the wearer experienced
greater resistance than that in a simple haptic sensation when
performing a movement different from the guided movement.
The proposed air pressure adjustment changes the intensity of
surface haptic sensation when the wearer makes a movement
different from the guided movement, and the wearer experiences
greater resistance earlier than without the air pressure adjustment
method. Itis believed that the large resistance increased the speed
of directional sense presentation by making the wearer quickly
recognize that the movement was different from the guided
movement. The intensity of haptic sensation can be perceived us-
ing a simple haptic sensation; however, it is difficult to perceive
resistance when the user makes a movement that is different from
the guided movement; thus, air pressure adjustment may be less
effective for simple haptic sensation. This sense of resistance
makes it easier for subjects to recognize when they have made a
large error in their movements, therefore the standard deviation
for the conditions using surface haptic sensation were lower than
that for the simple haptic sensation condition in the experiment
evaluating the speed of directional sense presentation.

The proposed system was confirmed to have outstanding
speed in presenting a directional sense. However, when the
proposed system was used in the experiment to evaluate the
speed of directional sense presentation, five of the 15 subjects did
not have the highest mean of the identified target objects. A few
subjects did not obtain a good surface haptic sensation because
the proposed wearable fabric actuator did not match their body
size. In this study, the wearable fabric actuator was available in
only one size; therefore, it may have been too large for some
of the subjects. Although the calibration steps proposed in this
study can address differences in the subject’s sensitivity to haptic
sensations, they cannot address differences in the subject’s body
size. In future, we plan to develop fabric actuators of various
sizes to address the body size of the wearer. Additionally, in
the subject experiments, the adjustment gain value was kept
constants for all subjects. However, the adjustment gain that
maximized the adjustment effect differed among the subjects,
and the performance of the proposed system may be further im-
proved by adjusting the adjustment gain of each user. Moreover,
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for subject safety, the magnitude of air pressure applied to the ar-
tificial muscles was limited to 375 kPa in the subject experiment.
The air pressure did not change when the air pressure adjustment
calculation results were higher than 375 kPa. Therefore, subjects
insensitive to surface haptic sensation would not improve the
speed of directional sense presentation because the air pressure
reached the upper limit and did not change.

In the evaluation of directional presentation accuracy, the
accuracy of directional guidance using haptic sensations were
significantly lower than that using synthesized speech. There-
fore, the synthesized speech was less misleading to users and
facilitated the understanding of the direction of guidance in
comparison to haptic sensations. This result may be because
humans communicate using speech daily and are used to trans-
forming speech into directional information; however, they are
not familiar with transforming haptic sensation into directional
information. For this reason, in the experiment evaluating the
speed of directional sense presentation, the standard deviation
in conditions using synthesized speech was lower than that in
conditions using haptic sensation. If humans become familiar
with transforming haptic sensation into directional informa-
tion, the accuracy of haptic-based directional presentation may
improve.

The speed of haptic perception using the proposed method was
significantly higher than using synthesized speech. Furthermore,
in the evaluation of directional presentation speed, the mean
values of identified target objects using synthesized speech was
lower than the values using haptic sensations. The results could
be explained by the fact that synthesized speech requires more
time to receive information and transform the information into
direction than haptic sensation.

In the evaluation of directional presentation accuracy, there
were no combinations with significant differences between the
conditions using haptic sensations. This result suggests that
the proposed air pressure adjustment method does not have a
significant effect on the accuracy of haptic directional sense
presentation. In addition, the location of the haptic sensation
may have no significant effect on accuracy if the magnitude of
the haptic sensation remains the same.

This study proposed an air pressure adjustment algorithm for
the directional guidance of static targets; therefore, the proposed
system cannot be directly applied to the directional guidance of
moving targets. However, the proposed system can be applied to
moving targets by developing an algorithm that adjusts the air
pressure according to the movement of the target.

IX. CONCLUSION

In this study, we proposed a directional sense presentation sys-
tem in an immersive space using a wearable fabric actuator. The
proposed system guides the user’s direction by providing surface
haptic sensation to the user according to the user’s direction.
Furthermore, a novel air pressure adjustment method for surface
haptic sensation based on human motion was implemented in
the proposed system. We conducted experiments to verify the
effectiveness of the proposed system, which confirmed that the
proposed system can provide directional guidance significantly
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faster than synthesized speech guidance and simple haptic
sensation. The experimental results also indicate that the
proposed air pressure adjustment method for surface haptic
sensation improved the speed of haptic perception. Finally, we
demonstrated the proposed system using a mixed-reality-based
micromanipulation system to confirm that it can be implemented
in an actual immersive manipulation system.

The directional presentation by surface haptic sensation could
be adapted to other immersive systems and could dramatically
increase the speed of work in immersive spaces without disturb-
ing the user’s movement in the immersive space. Future research
objectives include verifying the correlation between users’ fa-
miliarity with the wearable fabric actuator and the efficiency
of directional guidance, as well as developing a surface haptic
sensation presentation method for motion guidance in other parts
of the body.
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