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Abstract—Haptic local features such as edge and surface cur-
vature are fundamental components that form haptic experiences.
Noncontact haptic displays using focused ultrasound can render
such local features by precisely controlling the focus position on
the finger pad. However, the workspace has been limited to the
vicinity of the phased array to secure the small focus on the
finger and reproduce local shapes such as edges. In this study,
to expand the workspace, we propose amplifying radiation force
and enhancing local shape expression using a passive wearable
attachment device based on a lever mechanism. The ultrasonic
focus controls the contact position between the finger pad and
the attachment device according to the finger’s movement in real
time, allowing the user to experience the amplified and enhanced
sensation of stroking edges and curved surfaces. The results of the
psychophysical experiment demonstrated that a curved surface
with a curvature radius of 26.7 mm and an edge with an angle
of 119.7 deg were presented at a position 500 mm away from the
phased array with a long side of 384 mm.

Index Terms—Edge, curved surface, passive haptic device,
ultrasound

I. INTRODUCTION

Haptic reproduction of real object shapes is one of the
key elements in haptic technology for realistic virtual reality
(VR) content. By touching objects, we perceive the shape
information that allows us to intuitively perform various
tasks, including typing on a keyboard, pressing buttons, and
manipulating objects. If characteristic object shapes such as
edges and surface curvature can be reproduced using haptic
devices, it enables efficient task performance through haptics
in VR environments and enhances the realism of the VR
experience. To that end, various shape presentation devices and
techniques have been proposed [1]-[4]. Benko et al. developed
a 3DoF controllable haptic disk. This device can control the
contact position to the finger pad, rendering various curvature
of curves [4].

Such local shapes can be displayed by ultrasound midair
haptics [5]-[12]. Focusing ultrasound using a phased array
generates a non-contact force by radiation pressure [13], which
creates a local contact shape. Somei et al. demonstrated that
moving the ultrasound focal point on a finger according to its
movement can reproduce the sensation of stroking a curved
surface [12]. This focus position was determined to replicate
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Fig. 1. Concept of the ultrasound-driven haptic device for presenting curved
surface and edge. When an ultrasound focus is presented to the device, the
device tilts, changing the contact position with the finger pad. By dynamically
changing the contact position in response to the user’s finger movements,
stroking sensations of edges and curved surfaces are reproduced.

the actual change in contact position between the finger and
a real curved surface. Since this method does not require the
user to wear a device, it enables the presentation of curved
surfaces without restricting the user’s natural body motion.

However, since the radiation force by focused ultrasound is
as weak as tens of millinewtons, the workspace for shape pre-
sentation using focus movement is limited to the proximity of
an ultrasound phased array to secure the minimum necessary
force. Furthermore, as the focus presentation distance exceeds
the aperture length of the phased array, the focus becomes
blurred, reducing its spatial resolution. With such weak and
blurred stimuli, haptic reproduction of object shapes, such as
curved surfaces, is difficult. To avoid this focus blur, Somei et
al. conducted shape rendering only near the phased array [12].
The focus distance was approximately equal to the aperture
length [12].

In this study, to expand the workspace for shape presen-
tation, we propose amplifying radiation force and enhancing
local shape expression using a passive wearable device based
on the lever mechanism. The proposed concept is illustrated
in Fig. 1. The attachment device on the finger is made of
plastic and lightweight at 1.86 g, keeping the physical burden
on the user low. Users wear this device so that a plastic
curved plate fits their fingertips. When an ultrasound focus is
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Fig. 2. Proposed device. When presenting ultrasound focus to the driving
disk, the disk and the stimulus curved plate are tilted.

presented to a disk connected to this curved plate, the curved
plate tilts, changing the contact position with the fingertip.
This disk acts as a lever, generating torque to drive the device
according to the applied position of the focus. By dynamically
changing the angle of the disk, i.e., the contact position of the
curved plate with the fingertip, in response to the user’s finger
movements, stroking sensations of virtual curved surfaces can
be reproduced.

In the experiment, we quantitatively evaluated that the de-
veloped haptic attachment device presents the stroking sensa-
tions of curved surfaces and sharp edges, even when positioned
500 mm (1.3 times the long side of the phased array) away
from the phased array. By controlling the disk angle between
-10 and 10 deg, a convex surface with a curvature radius of
26.7 mm was reproduced. Furthermore, by switching the angle
between two discrete values, -10 and 10 deg, an edge with a
119.7 deg angle was reproduced.

Although some previous studies have proposed a similar
approach, amplifying radiation force using passive mecha-
nism [14], [15], no study reproduced the stroking sensation of
curved surfaces and edges. Morisaki et al. amplified radiation
force using a lever and presented a strong force of 0.7 N
and low-frequency vibration below 30 Hz [14]. Kato et al.
amplified radiation force using a thin-film device with a small
pin [15], reproducing touch sensations of small protrusions.

Some studies have combined ultrasound phased array and
physical objects to extend the workspace of ultrasound haptic;
however, there is no study on local shape rendering. The use
of a large concave acoustic reflector [16] and a robot arm
manipulating a phased array [17], [18] have been proposed.

Actuators that are remotely driven using laser or magnetic
force have also been proposed [19]-[24]. These devices do
not focus on presenting haptic local shapes based on precise
control of stimulation positions as our device.

II. HAPTIC ATTACHMENT DEVICE RENDERING SHAPE

A. Device and Driving System

This section introduces an overview of the proposed haptic
display system. Fig. 2 shows a photograph and a schematic
diagram of the developed haptic attachment device. This disk
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Fig. 3. The ultrasound-driven attachment device and driving system setup.
Participants wore the attachment device on their index finger and placed it
so that the driving disk faced the ultrasound phased array. The depth camera
measured the device’s 3D position.

device consisted of the “stimulus curved plate,” a 25 mm-
wide curved plate with a curvature radius of 18.1 mm that
contacts the skin to provide haptic stimulus; the ’driving disk,”
a 40 mm-diameter disk, that receives ultrasound focus; and
a mounting part for attaching the device to a finger. The
driving disk was made of acrylic. The stimulus curved plate
and the mounting part were fabricated using an optical 3D
printer (Form3+, Formlabs). The material used for 3D printing
was a resin with Young’s modulus of 2.77 GPa (Formlabs
Resin V4). The stimulus curved plate and driving disk were
bonded rigidly. The driving disk and the mounting part were
joined by an elastic rubber membrane with a thinness of 0.5
mm, allowing control of the driving disk angle by applying
ultrasound focus.

Fig. 3 illustrates the driving system of the disk-shaped
device. This system consists of a depth camera (RealSense
D435, Intel) for tracking the 3D position of the haptic device
and an ultrasound phased array for generating ultrasound
focus [25] to drive the passive device. Color markers in red,
blue, and green were attached to the driving disk, and the
3D positions of these markers were detected using binary
color filters. The average of these 3D positions was treated
as a position of the haptic device. Ultrasound phased array
is an array of individually controllable ultrasound transducers.
By appropriately controlling these phases, ultrasound focus
is generated at arbitrary positions in midair, achieving the
presentation of radiation force to the driving disk of the haptic
device. In this study, 996 ultrasound transducers operating at
40 kHz were used [25].

B. Shape Rendering Method

The basic driving strategy of the attachment device is
controlling the applied focus position on the driving disk.
The angle of the stimulus curved plate changes by shifting
the focal position on the driving disk, assuming the angle is
proportional to the moment by the radiation pressure. As a
result, the contact position between the finger pad and stimulus
curved plate changes. Stroking sensation of curves and edges
are presented by adjusting this contact position according to
the movement of the finger in real time.
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Fig. 4. A focus control algorithm for rendering edge and curved surface.
Based on the relative position between a fingertip and a virtual surface, the
focus position is horizontally moved. (1) In curved surface rendering, the focal
point moves continuously in the opposite direction to the finger movements.
(2) In edge rendering, the focus position switches between two positions, and
the switch’s position is the center of the virtual edge.

1) Curved surface: Fig. 4-1 shows a schematic of the focal
position change pattern for presenting the stroking sensations
of a curved surface. When a finger strokes horizontally a real
curved surface, the contact position between the finger pad
and the surface moves in the opposite direction to the finger’s
movement. To reproduce this change in the contact position,
the focal position on the driving disk was moved opposite
to the finger’s movement. The angle of the stimulus curved
plate was then gradually changed, resulting in movement of
the contact position between the finger pad and the stimulus
curved plate.

The focus x-position zjg, in the ground coordinate with
respect to the finger x-position xg, is formulated as follows:

Lo = _&xﬁn + Zfin, (1)
Tfin
where r¢, and rg, are the total distance of focus movement
and finger movement. The rg, corresponds to the width of the
haptically rendered curved surface using the haptic attachment.
The zero of the x-position corresponds to the center of the
rendered curved surface.

In this method, the curvature of the presented surface is
controlled with the total distance of focus movement r¢,. When
stroking a surface with a large curvature radius, the contact
position between the finger and the surface is largely moved
by a small finger movement. When the curvature radius is
small, this contact position displacement is small.

2) Edge: Fig. 4-2 shows a schematic of the focus position
change pattern to present the stroking sensation of an edge.
When stroking the edge horizontally with a finger, the contact
point between the finger pad and the surface changes only
when crossing the top of the edge. To reproduce this change
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Fig. 5. Measurement setup. (1) Setup for measurement variation of driving
disk angle. (2) Setup for measurement of the radiation force at focus. The
radiation force was 13 mN (1.3 gf).
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Fig. 6. Measurement result of driving disk angle variation with respect to
horizontal focus movement. This data indicates that the angle linearly varies
with respect to the focus position.

in contact position, the focus position switched in only two
stages: before and after crossing the edge.

The z¢, with respect to the xzg, for rendering edge is
formulated as follows:

" % + Tfin if zg, < Tedges )
fo = .
*% + i if Tan > Tedge-

where Zeqge is the top position of the rendered edge.
The edge angle, i.e., edge sharpness, is controlled with r¢,,
the distance of focus movement.

C. Physical Measurement

1) Driving disk angle: In this section, we measured the
actual angle variation of the driving disk when horizontally
moving the focus position.

Fig. 5-1 illustrates the experimental setup. The device was
attached to the author’s finger and positioned at the center
of the phased arrays. The distance between the device and the
phased arrays was 500 mm. To stabilize, the finger was placed
on a finger rest as shown in Fig. 3. A focus was presented at
Tfo = —15 mm, then horizontally shifted to z¢, = 15 mm by
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Fig. 7. Experimental setup for evaluating perceived curvature and edge
angle (sharpness). Participants experienced haptic stimulus and compared its
curvature/edge angle with a 2D illustration of a curved surface/edge.

0.1 mm every 10 ms. The disk angle was measured using the
depth camera.

The measurement result is shown in Fig. 6. We fitted a linear
function to the measurement data. The fitting result shows that
the driving disk angle 6 is described as follows:

0 = 0.73z¢ — 0.81. 3)

The R? coefficient of determination was 0.95.

The regression result indicated that the driving disk angle
was linearly changed for the focus movement.

2) Radiation force: We measured the radiation force at
the ultrasound focus and the force was 13 mN (1.3 gf). The
measurement setup is illustrated in Fig. 5-2. The focus was
created at the center of the phased array. The focus distance
from the phased array was 500 mm, which was the same as in
other experiments. A 16 mm diameter plastic disk was placed
at the focus position, and the applied force was measured by
a digital force gauge (ZTS-5N, IMADA). The disk size was
chosen to cover the entire focus.

III. EVALUATION OF HAPTIC SHAPE RENDERING

We evaluated the changes in the perceived curvature and
edge angle when the angle of the driving disc changes.

A. Curved surface

1) Procedure: In this experiment, we presented a stroking
sensation of curved surfaces using the attachment device
and evaluated the perceived curvature. The curvature was
quantified by comparing it with a 2D illustration of curved
surfaces. Seven males and a female (mean age: 25.6 years, 7
males, 1 female) participated in the experiment. All procedures
were performed in accordance with the Declaration of Helsinki
(2008), and participants provided written informed consent
prior to the commencement of the experiments.
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Fig. 8. Evaluation result of perceived curvature radius. The perceived
curvature radius has significantly decreased as the focus movement increased.

The experimental setup is shown in Fig. 7. First, participants
wore the passive haptic attachment display on their fingers and
positioned it 500 mm away from the phased array. They moved
their finger horizontally from x5, = 20 mm to zg, = —20
mm only once. A marker was displayed on the PC display
horizontally moving at 20 mm/s, and participants were in-
structed to move their fingers at the same speed as the marker.
The focus position for the finger position was calculated using
eq. 1 with the total focus movement r¢, = 30, 18,6 mm. The
three r¢, were used in random order. Next, an illustration of
a curved surface was visually shown to participants on a PC
display. We calibrated the PC display so that the illustration
was displayed at the desired size. The initial curvature radius
of the illustration was 21.3 mm. The illustrated curvature
was varied with the staircase method. The initial order was
ascending order. This initial curvature was empirically chosen
through preliminary experiments. Participants compared the
presented haptic stimulus with the illustration and answered
which had the higher curvature radius. If they answered that
the curvature radius of the haptic stimulus was high, the
curvature radius of the illustration was increased by 1.07 mm.
Afterward, the haptic stimulus was presented, and participants
compared it with the illustration again. This increased process
continued until the illustration’s curvature radius was higher,
i.e., the participant’s response was reversed. The curvature
radius was continuously decreased until the response reversed
again. These curvature comparison processes were repeated
until six response reversals were gained. The curvature radius
of the illustration at each reversal was recorded, and their
average was taken as the perceived curvature. All participants
successfully completed the task, and no experimental data
were excluded.

2) Result: The evaluation results of the perceived curvature
radius are shown in Fig. 8. The median value of the perceived
curvature radius was 27.4, 27. 4, and 26.7 mm for total focus
movement ¢, of 6, 18, 30 mm.

We analyze the effect of r¢, with a significance level of

516



—
%
o

1601 H‘W

1404

as
£

-
N
o

.

1001 °

6 18 30
Total focus movement [mm]

Percived edge angle [deg]
=
w
o

-
=
o

Fig. 9. Evaluation result of perceived edge angle. The perceived edge angle
significantly decreased as the focus movement increased.

0.05. The Shapiro-Wilk test indicates that the curvature data
for r¢, = 30 mm was not normally distributed. Although
the data for r¢, = 6,18 mm were normally distributed,
we used nonparametric analysis. We applied the Friedman
test to the curvature data. The result indicated that the total
focus movement rg, has a significant effect on the perceived
curvature (p = 0.0087). As a post-hoc test, we applied the
Wilcoxon signed-rank test with Bonferroni-Holm Correction
to the data. The significant difference was observed in the r,
pair of [6 and 30 mm (p = 0.046)]. We also calculated effect
size r = —Z=, where z is the z statistic value and N is the
measurement number. The effect size r was 0.385, 0.592, and
0.385 of the r¢, pair of [6 and 18 mm], [6 and 30 mm], and
[18 and 30 mm], respectively.

The evaluation results and the statistical analysis indicated
that the perceived curvature radius was significantly decreased
as the total focus movement r¢, increased.

B. Edge

1) Procedure: We presented a stroking sensation of an edge
and evaluated its angle (sharpness). The participants in this
experiment were the same as the curved surface experiment.

The experimental setup and procedure are shown in Fig. 7.
The procedure was the same as the curved surface experiment.
The focus position for the finger position was calculated
using eq. 2 with the total focus movement ry, = 30,18,6
mm. The edge top position was ZTeqge = 0 mm. Participants
experienced a haptic stimulus and compared its sharpness
with that of the edge illustration shown on a PC display. The
sharpness (edge angle) of the illustration varied by 2 deg using
a staircase method. The initial angle was 120 deg, and the
initial order was ascending. The edge angle of the illustration
at each participant’s response reversal was recorded, and their
average was taken as the perceived edge angle. All participants
successfully completed the task, and no experimental data
were excluded.

2) Result: The evaluation results of the edge angle are
shown in Fig. 9. The median value of the perceived angle
was 144.7, 127.3, 119.7 for r¢, of 6, 18, 30 mm.

We analyze the effect of r¢, with a significance level of
0.05. Since the Shapiro-Wilk test indicates that all edge data
was normally distributed, we used parametric analysis. We
applied the repeated measures ANOVA to the edge data. The
result indicated that r¢, has a significant effect on the perceived
edge angle (p = 0.004). As a post-hoc test, we applied the
paired t-test to the data with Bonferroni-Holm Correction. The
significant difference was observed in the rg, pair of [6 and
18 mm (p = 0.033)], [6 and 30 mm (p = 0.006)], and [18
and 30 mm (p = 0.046)]. The effect size of Cohen’s d was
1.88, 2.33, and 0.58 of the r¢, pair of [6 and 18 mm)], [6 and
30 mm], and [18 and 30 mm], respectively.

The evaluation results and the statistical analysis indicated
that the perceived edge angle was significantly decreased as
the total focus movement 7, increased.

IV. DISCUSSION
A. Perceived shape

The experimental results indicated that the developed haptic
device can render a curved surface with a curvature radius
of 27.5 mm and an edge with an angle of 120 deg, even
at a distance of 500 mm from the phased array. The results
shown in Fig. 8 and Fig. 9 indicate that the perceived edge
angle and perceived curvature shifted according to the focal
movement distance, i.e., the driving disk angle. This suggests
that the participants perceived the edges and curved surfaces.
The analysis results also showed that the focus movement
distance 7, had a significant effect on the perceived curvature
and edge angle.

It was also shown that edges were perceived more clearly
than curved surfaces. In the curved surface presentation, the
variance in perceived curvature was large, and only one
Tt pair had significant differences. In contrast, in the edge
presentation, significant differences were observed between
all conditions. The stability of edge perception would be
achieved by using a simple two-step focal movement for
edge presentation. The curved surface presentation required
continuous focal movement, which may have made perception
more difficult.

B. Simulation of rendered shape

This section simulated the curvature radius of curved sur-
faces and the angles of edges that the haptic attachment device
can render.

The simulation setup is shown in Fig 10-1. The stimulus
curved plate was modeled as an arc. The chord length was
25 mm and the curvature radius was 18.1 mm, matching the
actual experimental setup. A finger was modeled as a circle
with a radius of rg; = 10, 12, and 14 mm. The maximum
radius of 14 mm was chosen to simulate a situation where the
finger fits well with the stimulus curved plate.

The simulation procedure is shown in Fig 10-1. First, the arc
was placed 10 mm below the circle. Then, the arc was rotated
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Fig. 10. Simulation of rendered curved surface and edge. (1) Simulation setup. A finger was modeled as a circle with a radius of 10, 12, and 14 mm. The
curved stimulus plate was modeled as an arc with a curvature of 18.1 mm. (2) Simulation results and schematic of calculating curvature radius. The arc angle

was varied from -10 deg to 10 deg.

around its center, and the y-position of the arc was increased
by 0.01 mm until it came into contact with the circle. For
contact detection, the arc was sampled at 0.35 um intervals.
The distance between the sampled points and the center of the
circle was calculated in each movement step of the arc. All
sampled points where the calculated distance was less than
0.1 mm were gained and the average of the gained points was
finally considered as the contact point.

Fig. 10-2 shows the variation in the contact position and
the simulated curvature radius. The curvature radius was 56.1,
30.6, and 8.2 mm for rg; = 10,12, 14 mm, respectively. The
arc rotated from -10 to 10 deg. The curvature radius rso was
calculated as follows:

L

sin 6

“4)

T's2 = T's1,

where L is half of the horizontal movement distance of the
finger (circle), set to 20 mm as in the experiment. 65 is the
angle between the contact point and the y-axis at the arc angle
of -10 deg.

Fig. 10-2 shows the simulated edge angle. The angle was
134.5, 118.2, and 96.8 deg for ry; = 10,12, 14 mm, respec-
tively. First, the tangent at the contact point with the arc angle
of -10 deg was calculated. The simulated edge angle was twice
as much as the angle between the tangent and y-axis.

These simulation results indicated that our haptic attachment
device was appropriately driven with a device-finger roughly
fit condition. The middle value of the simulated curvature
radius was 30.4 mm, matching the perceived minimum radius
of 26.7 mm. The middle value of the simulated edge angle was
118.2 deg, matching the perceived minimum angle of 119.7
deg.

C. Limitation and Future work

We did not evaluate the actual shapes the participants
perceived. We will ask participants to draw a perceived shape.

The driving algorithm of the haptic attachment using Eq. 1
and 2 was limited to rendering a simple curved surface and
edge. We will extend the driving algorithm to render more
complex shapes, such as multiple curved surfaces.

In the curvature evaluation, a significant difference was
detected in only one 7¢, pair. This is because the effect size
was medium and lower than we expected. We will redesign
the sample size based on this effect size.

V. CONCLUSION

In this study, we proposed an ultrasound-driven haptic shape
display and demonstrated that the device can render edges and
curved surfaces even at a distance from an ultrasound phased
array. This device rendered these shapes by dynamically
changing the contact angle between the finger pad and a plastic
curved plate according to the finger movement. Its driving
force was the ultrasound radiation force amplified by a lever,
achieving the large workspace of shape rendering.

In the experiment, we quantified the perceived curvature
and edge angles. This evaluation was conducted 500 mm away
from a phased array with a long side of 384 mm. The smallest
perceived curvature radius was 26.7 mm, and the sharpest
perceived edge angle was 119.7 deg.

In future works, we will present haptic textures using the
ultrasound-driven haptic display by rendering multiple aligned
edges or curved surfaces.
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