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Figure 1: (a) A user can grasp and move a 3D object image. (b) The cross section of the finger is estimated. (c) The ultrasound
focus moves around the cross section and generates a pressure distribution on the finger surface.

ABSTRACT

In this study, we prototype and examine a system that al-
lows a user to manipulate a 3D virtual object with multiple
fingers without wearing any device. An autostereoscopic
display produces a 3D image and a depth sensor measures
the movement of the fingers. When a user touches a virtual
object, haptic feedback is provided by ultrasound phased
arrays. By estimating the cross section of the finger in con-
tact with the virtual object and by creating a force pattern
around it, it is possible for the user to recognize the position
of the surface relative to the finger. To evaluate our system,
we conducted two experiments to show that the proposed
feedback method is effective in recognizing the object sur-
face and thereby enables the user to grasp the object quickly
without seeing it.
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1 INTRODUCTION

Recently, with the development of 3D display and sens-
ing technology, interaction with stereoscopic images has
attracted much attention. A VR system that enables users to
touch and manipulate a 3D object image is not only used for
visualizing images in simulation, telexistence, or gaming, but
also for supporting a user as an intuitive interface system.
An interactive system that a user can operate naturally and
intuitively, as if manipulating a real object, can make various
operations easy and efficient. In particular, such a system
has a great potential to improve the operability of a task
in 3D modeling, which is unintuitive with a conventional
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2D display and pointing device. Haptic feedback is an indis-
pensable element in the system that fully utilizes the human
inherent ability for object handling.

In this study, we prototype and examine a system that al-
lows a user to manipulate a 3D virtual object using multiple
fingers without wearing any device. For example, as shown
in Figure 1 (a), a user can hold a 3D virtual object with two
fingers and move it freely with haptic feedback. The sys-
tem performs a physical simulation according to the hand
posture measured by depth sensors and makes the result
reflect on the image in the 3D display, which creates a visual
interaction. Simultaneously, haptic feedback is provided by
ultrasound phased arrays. By controlling the phase of each
transducer, an ultrasound focus can be created at an arbitrary
position in the air, so that the user can feel the tactile sensa-
tion at any contact point in the workspace without wearing
any device. Furthermore, this system can generate a pressure
distribution on the finger depending on its contact state with
the surface by moving the focal point of the ultrasound at a
high speed. In our algorithm, the cross section of the finger
penetrating the virtual object (Figure 1 (b)) is calculated and
the focus moves along the intersection line so that the user
can perceive a time-averaged pressure distribution spreading
on the finger surface (Figure 1 (c)). The pressure distribution
that spreads as the finger enters the object surface can make
the user feel an expansion of the contact area and recognize
the penetrating depth of the object surface. Accurate position
recognition of the virtual object surface can prevent exces-
sive penetration of the finger that causes unintended object
reactions in the physics simulation. As the result, it enables
the user to perform certain operations without seeing the
object, which is often necessary for an environment where
visual occlusion is an issue.

To evaluate the effectiveness of ultrasound haptic feed-
back quantitatively, we conducted experiments using the
prototype system. We compared the variable contact area
method, as explained above, with a nonvariable one. The
result of the first experiment shows that the former feedback
method improves the accuracy of the angle recognition of
the object surface. The result of the second experiment indi-
cates that it is possible to grab a virtual object quickly with
only tactile feedback, and that the former method enriches
the reality of objects.

This is the first system that enables a user to manipulate
a 3D object image with haptic feedback without wearing
any device. In addition, it is the first trial of a mid-air hap-
tics system that provides the pressure distribution on finger
surfaces according to the contact condition.
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2 RELATED WORKS
Interaction with 3D virtual objects

Many research efforts have been made to develop a system
that enables interaction with 3D images. Kim et al. proposed
a system for fingertip interaction [17]. In this system, the
fingertip is captured by two cameras and its position is deter-
mined by stereo geometry. A user can touch the 3D image,
reproduced by an integral 3D display, with fingertips. Butler
et al. presented Vermeer, which enables the user to interact
with a 360° viewable 3D display [4]. In this system, a 3D
image is reproduced by a spinning directional diffuser and
a high frame rate projector, and the touchable image is re-
constructed by a pair of parabolic mirrors facing each other.
Hilliges et al. proposed Holodesk, which is an interactive sys-
tem combining an optical see through display and a Kinect
camera [11]. In this system, a virtual image of a 3D scene is
rendered in accordance with the user’s head position, so that
the user can directly interact with the virtual object floating
in midair. Recently, a system in which a sensing device and
display are integrated has been proposed by Wang et al. [30]
[29]. Because an optical sensor array is embedded in an LCD,
this system does not require a registration between them.

These systems provide only visual information for users
to recognize the spatial information of a 3D image. However,
haptic information is also important for spatial recognition.
Yoshida et al. proposed RePro 3D, which is a system that en-
ables haptic interaction with stereoscopic images displayed
by multiple projectors and retroreflective materials [31]. In
this system, haptic feedback is presented from hand-mounted
devices. Han et al. also proposed a system for interacting
with 3D images, projected in the same way as HoloDesk,
with haptic devices attached to the finger [8]. Generally, the
method of presenting haptic feedback by attaching a haptic
device to the human body has a problem that the device
affects the 3D image and the attachment impairs the conve-
nience of the interface.

Recently, several methods of presenting mid-air haptic
feedback have been proposed. Sodhi et al. proposed a tac-
tile display using a ring-shaped air flow called a vortex ring
[26]. Although this display has a simple mechanism and is
easy to create, the range and resolution of the tactile sen-
sation that can be presented is limited both spatially and
temporally. Iwamoto et al. proposed a device with a higher
spatial and temporal resolution using acoustic radiation pres-
sure of ultrasound waves called airborne ultrasound tactile
display [15]. Carter et al. also presented a method, named
Ultrahaptics, using ultrasound transducers [5].

Several previous works enable ultrasound haptic interac-
tion with a floating image. Haptomime [22] enables haptic
interaction with a floating 2D image reconstructed in the
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air using a special mirror device. Ultrasound haptic feed-
back is presented at the contact point, but an interaction
can be performed with only one finger because the image is
two-dimensional. Sand et al. proposed a system combining a
head-mounted display and an ultrasound transducer array
[25]. Although this system enables 3D tactile interaction, in
the experiment, only 2D interaction using a virtual keyboard
was performed. HaptoClone [21] realizes real-time interac-
tion with a floating 3D image. However, because the image is
an optical copy of a real object, it is impossible to freely create
3D images and interact with them. In these systems, haptic
feedback is provided by creating an ultrasound focus at the
contact position of the finger, but a pressure distribution on
the finger is not produced. Though users can understand that
their hand is touching the object, it is difficult to perceive
the relative positional relationship between their fingers and
the object surface. Therefore, a handling task with multiple
fingers has not been performed.

Displaying haptic objects

Haptic feedback is an important research field in interacting
with virtual objects, and many methods to display touchable
objects using ultrasound waves have been proposed. These
methods can be broadly classified into two categories.

The first one is to create a haptic image in midair. Gavrilov
proposed a method for generating a two-dimensional hap-
tic image in water by generating multiple focal points [6].
A method of using multiple focal points was also used by
Korres et al. to generate three-dimensional haptic objects
in midair [18]. In contrast, several methods for generating
spatial sound pressure distributions have been proposed.
Hasegawa et al. proposed a method to generate a three-
dimensional distribution with transducers located in a three-
dimensional disposition [10]. Inoue et al. also proposed a
method of creating a three-dimensional haptic shape by con-
trolling the ultrasound pressure distribution [12]. In these
methods, because a haptic image is created in advance, the
influence of the delay of hand sensing is less. However, the
resolution of the haptic image is low and it is difficult to
present the sharp pressure change the moment the finger
touches the object.

The other strategy for displaying haptic objects is to con-
trol the pressure of a finger based on prompt feedback from
the finger motion sensing. The method to generate a focus
at the contact point is categorized under this. Long et. al.
proposed a method of controlling the sound pressure at the
intersection of the object with the hand [20]. This method
enables to recognize the three-dimensional shape with the
palm, but it is difficult to apply this to a small area such as a
fingertip. Inoue et al. proposed a method of dividing the fin-
ger surface with a mesh and controlling the sound pressure
distribution on it [12]. Although this method can reproduce
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Figure 2: Configuration of proposed system

the pressure distribution of the finger surface that touches
the object, it is difficult to generate an accurate mesh model,
and the cost of numerical calculation is high. We propose
a feedback method with a low computational cost, which
can generate the pressure distribution of the fingertip corre-
sponding to the contact surface.

3 PROTOTYPE SYSTEM

Figure 2 shows the configuration of the prototype system.
An autostereoscopic display created by Kakeya et al. [16]
[32] generates a floating image. Depth sensors capture the
hand shape, and when the user touches the 3D object im-
age, ultrasound transducers provide haptic feedback at the
contact point.

Hand sensing

To interact with a virtual object, it is required to measure
the user’s hand shape. The prototype system uses RealSense
D415 and D435 (Intel Corporation) [2] to sense the user’s
hands moving. As shown in Figure 2, we set four RealSense
cameras to acquire the depth information of all sides of the
hand. These sensors use stereo vision to calculate the depth,
so that they do not interfere with each other. As shown
in Figure 3, the background is cut out from the raw depth
image acquired by RealSense, and subsequently smoothened
by a bilateral filter [23]. From the processed depth image, a
point cloud representing the shape of the hand is obtained by
reprojecting each pixel to the three-dimensional space using
the camera parameters. The point cloud is down-sampled
by a voxel grid filter to speed up subsequent processing
and equalize the point cloud density. We set the interval
of the grid to 0.5 mm in the prototype system. From the
down-sampled point cloud, the system performs a physics
simulation and reflects the result on the 3D image. In the
prototype system, the resolution of the depth image captured
by each depth sensor is 848 X 480, and the refresh rate is 30
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Figure 3: Excluding the background from raw depth im-
ages, smoothing them, and reprojecting them to the three-
dimensional space

Hz. The voxel grid filter is implemented with point cloud
library [24], which is an open source library for point cloud
processing.

Physics simulation

When the point cloud exists inside the virtual object, the
system regards that the hand is touching the object, and the
position and angle of the object are changed accordingly.
To enable operation with multiple fingers, the point cloud
inside the object is clustered based on the distance between
points. The centroid of each cluster is regarded as a fingertip
position, and a physical simulation is performed according to
its movement. The force applied to the object is determined
based on a method that uses a proxy, called a god-object
[33], which is mainly used for 3D pointing devices such as
Phantom [3]. As shown in Figure 4 (a), the god-object is
placed at the fingertip position when the finger penetrates
into the object for the first time. The position of the god-
object x4 € R? represents the contact position between the
finger and the object. Thereafter, until the finger leaves the
object, a force is applied to the object at x, as if it is connected
with a spring and damper to the fingertip. Let x € R? be the
current fingertip representative position. The applied force
f € R3 is calculated as

f:K(x—xg)+D()'(—)'(g),

where K is a proportionality constant to the distance, and
D is a proportionality constant to the relative velocity. The
component horizontal to the plane of this force represents
the frictional force. When it exceeds the maximum static
frictional force, the fingertip is considered to be sliding on
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Figure 4: (a) A god-object is generated at the position
touched by the finger, and then a force is added to the ob-
ject according to the fingertip position. (b) When the friction
force exceeds the maximum static friction, the god-object
moves.

the surface of the object and the god-object moves so that
the applied force becomes dynamic friction [9] as shown in
Figure 4 (a). Let ps and p14 be the coeflicients of static and
dynamic friction, respectively, and n € R3 and t € R3 be the
normal and tangential unit vectors, respectively. If

(x—xg)-t>pS (x—xg)~n,

then the position of the god-object is updated. In the above

stationary determination, the force that is proportional to

the velocity is ignored for the stability of the simulation. The

updated position of the god-object x; € R3 is calculated as
X, =Xg + ((x—xg) - t—pq (x—x4) -n)t.

Similar to the method proposed by Talvas et al. [28], by
putting multiple god-objects applying torque to the rotation
around the fingertip, the system enables the user to stably
grasp an object.

In the prototype system, all physical operations including
applying gravity, collision processing with other objects, etc.
are implemented with bullet physics [1], which is an open
source physics engine. The physics simulation is done at
60 Hz, while the hand tracking refresh rate is 30 Hz. The
position of the virtual object is updated twice by a set of
point clouds.
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Haptic feedback

Haptic feedback is added to the contact points of fingers
with virtual objects. As shown in Figure 2, ultrasound trans-
ducers are arranged around the operation area, and the
phase of each transducer is controlled to create the focal
points of ultrasound waves. When a focal point is blocked by
the human body surface, vibrotactile sensation is generated
based on the acoustic radiation pressure. We use a simple
summation method to generate multiple focal points. Let
xn, € R3,n={1,---, N} be the position of each focal point
and x,, € R3,m = {1,--- , M} be the position of each trans-
ducer. The complex amplitude of each transducer g, € C
can be calculated as

N
- Z %0 — Xmlle 271 L {|xn X |
n=1

where c is the speed of sound and f is the frequency of the
ultrasound waves, and for this system f = 40000 Hz. Humans
can only feel the vibrations of frequencies up to 1 kHz [19],
not those of ultrasound waves. In previous systems [22]
[25] [21], a perceptible vibrotactile sensation was generated
by applying an amplitude modulation of about 100-250 Hz
because this method has a low acoustic power efficiency.
Recently, it has been reported that a stronger stimulation
is perceived by vibrating the focus position along the skin
while keeping the acoustic power constant [27]. By moving
the focal points around the contact surfaces of the finger
and the object, our system efficiently generates a perceptible
vibrotactile sensation and pressure pattern on the finger
surface according to the shape of the contact surface. As
shown in Figure 5 (a), the points whose distance to the object
plane is less than a certain threshold value are extracted and
approximated by an ellipse to estimate the sectional shape
of the finger and the object. For an ellipse regression, we use
the method proposed by Halir et al. [7]. By moving the focal
points along the ellipses as shown in Figure 5 (b), the user
can perceive a time-averaged pressure distribution spreading
on the finger surface and thereby recognize the position of
the object surface relative to the finger.

As described in the previous subsection, the prototype
system clusters a point cloud within the virtual object by
gathering points at distances within a certain threshold and
regards each cluster as a finger. Because an ellipse regression
is performed for each cluster, it is possible to generate pres-
sure distributions on multiple fingers. If two nearby fingers
touch a virtual object, they may be recognized as one, and
one pressure ellipse is generated on their contact surface.

The architecture of the ultrasound transducer array used
in the system is that proposed by Inoue et al. [14]. Because
the phase and amplitude of the ultrasound transducers are
switched at a constant period, the focal point moves over
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Figure 5: (a) The points close to the object surface (red) is ap-
proximated by an ellipse (blue) and the cross section shape
of the finger is estimated. (b) The ultrasound focus revolves
around the cross section of the finger.

several points on the ellipse discretely and sequentially. The
focal position update rate is limited (up to 1000 Hz), so that
there is a trade-off between the spatial smoothness of the
pressure distribution generated on a fingertip and the simul-
taneity of the stimuli. The larger the number of points at
which the focus is generated, the smoother the distribution,
but the frequency of revolving around the ellipse decreases
and the stimuli become less simultaneous. The current sys-
tem provides 10 pressure points at 100 Hz to maintain a
balance between the two.

Simulation of pressure pattern

We conducted a numerical simulation of the acoustic radia-
tion pressure distribution of the finger surface based on the
boundary element method (BEM). We used a mesh model 5
cm from the tip of the finger, which consists of 4322 meshes.
Figure 6 shows the coordinate system and arrangement of the
ultrasound transducers in the prototype system. The vertices
of the mesh model were regarded as a point cloud obtained
from a depth sensor, and our feedback method determined
10 focus positions and the output of each transducer when
the finger touched the surface. Then, based on the BEM, the
acoustic radiation pressure distribution on the finger sur-
face is calculated. The numerical calculation method is the
same as that used by Inoue et al. [13]. Figure 7 shows an
example of the average of the pressure distributions, each
of which occurs when one of the ten focal points is created.
A pressure pattern conforming to the sectional shape of the
finger is generated. Although the transducers are arranged
surrounding the finger, no significant pressure is generated
on the back of the finger because of interference. The spatial
resolution (approximately 5 mm) seems higher than when a
finger is irradiated only by a single panel of the phased array
facing the finger.

The top row of Figure 8 shows the transition of the pres-
sure distribution when the position of the surface changes.
As the finger touches the surface, the pressure distribution
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Figure 6: The coordinate system and the arrangement of the
ultrasound transducers in the prototype system
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Figure 7: An example of a time-averaged acoustic radiation
pressure distribution on the finger (left: finger pad, right:
back). The asterisks represent positions of 10 focal points
on the estimated ellipse. The distribution is normalized by
the maximum value.

of the finger surface spreads (Figure 8 (1a)-(1c)). It is consid-
ered that the expansion of the pressure pattern makes the
user feel an increase of contact surface than when touch-
ing the actual object, as a result, the reality of the object is
enhanced. Furthermore, from the expansion of the pressure
pattern according to the sectional shape of the finger, the
user can recognize the position of the face relative to the
finger. It is important to determine the position of the surface
if the finger penetrates deep (Figure 8 (1d)), which can cause
unintended object reactions in the physics simulation. We
conducted experiments to examine the effect of ultrasound
haptic feedback on the reality of an object and the position
recognition of its surface. Furthermore, in the experiments,
we compared our method of focus revolving around the esti-
mated ellipse (hereinafter called dynamic focus method) to
the method of generating only one focal point at the center
of the ellipse (hereinafter called static focus method). The
bottom row of Figure 8 shows the transition of the pressure
distribution in the static focus method. The pressure distri-
bution does not spread according to the entry of the finger,
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and when the finger penetrates deep, a high-pressure region
is generated off the virtual object surface.

4 USERSTUDY

To evaluate the effectiveness of ultrasound haptic feedback
and compare feedback methods quantitatively, we conducted
two experiments In these experiments, participants repeat-
edly perform tasks sitting in front of the prototype system
as shown in Figure 9.

Experiment 1

We conducted an experiment in which participants were
asked to estimate the angle and position of the object sur-
face only from the haptic sensation. The purpose of this
experiment is to find out how effective ultrasound haptic
presentation is in recognizing the angle and position of the
object surface.

Procedure. First, the face was displayed on the 3D display
as shown in Figure 10 (a) and the participants were given
time to get accustomed to the haptic feedback generated
while touching the face for about 2 min. During this time,
the participants could freely change the angle and position
of the face using the keyboard, and perceive a change in the
corresponding haptic feedback. Then, the subject repeatedly
estimated the position and angle of the face using the tac-
tile information only. As shown in Figure 10 (b), the surface
that could be touched (haptic surface) and the surface that
could be viewed (visual surface) were presented at different
positions. The participants changed the position and angle
of the visual surface to match the haptic feedback by key-
board operations. The participants continued this operation
until the positions and angles of the two surfaces matched.
The difference between the two surfaces after the operation
was used to evaluate the extent to which the surfaces were
recognized. The participants wore headphones during the
experiment to prevent the influence of noise generated dur-
ing the haptic feedback presentation. The visual surface was
a square of side 5 cm. The tactile surface was a circle with
radius 1 cm, and haptic feedback was presented only when
the center of the ellipse was inside this circle. The above
procedure was performed 20 times each during the dynamic
and static methods. Six of the eleven participants performed
the experiment with the dynamic focus method first and
five performed the experiment with the static method first.
Changes in the angle of the surface were limited to the roll
direction with respect to the line of sight, and the angle of
the haptic surface was randomly varied between —45 - 45
degree in each task. The participants could change the angle
by 0.5 degree by one keyboard operation. The position of the
haptic surface was limited to the movement in the vertical
direction, and it was randomly changed in the range of 2 cm
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Figure 8: The transition of pressure distribution when the position of the surface changes. In the proposed method (top row),
the value is the average of the distributions generated by 10 focal points at the positions marked by asterisks. In the static
focus method (bottom row), the distribution is generated by a single focal point at the centroid of the asterisks.

Figure 9: The participants perform the experiment sitting in
front of the prototype system

Visual Surface

in each task. The participants could change the position by
0.5 mm with one keyboard operation.

We used only .One ‘?lepth se.nsor (RealSense S,R390) to detect Figure 10: (a) The participants touched the surface on the
the hand shape in this experiment as shown in Figure 10 (a), 3D display and got accustomed to the haptic feedback. (b)
whose setup is different from that described in the previous The participants estimated the position and angle of the face
section. Because the participants touched the virtual surface from the haptic feedback and manipulated the face on the
only from above, it was possible to measure the shape of the 3D display to match it.
finger with only one depth sensor placed at the bottom of
the virtual surface.
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Figure 11: Mean and standard deviation of angle estimation
error
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Figure 12: Mean and standard deviation of position estima-
tion error

Result. In this experiment, there were 11 participants (six
male and five female) aged between 21 and 26 and all right-
handed. The mean and standard deviation of the estimation
error are shown in Figure 11 and 12. For angle estimation,
the average value using the dynamic focus method is smaller
than that using the static focus method, and a paired t-test
yielded a significant difference between them (p < 0.05).
However, for position estimation, the difference between the
dynamic and static focus methods is small, and there is no
significant difference in the paired t-test (p > 0.05).

Discussion. The result of the angle estimation shows that
ultrasound haptic feedback is effective in recognizing the
angle of the surface, and in particular, the dynamic focus
method gives the angle information to the user with a higher
accuracy (error of about 9 degrees). In the position estima-
tion, no significant difference was obtained between the two
methods, but both estimation errors were about 4.5 mm, in-
dicating that the position of the surface can be estimated
using any of the feedback methods. An accurate recognition
of the position of the surface only from tactile sensation
makes it possible to grasp the object without looking at it.
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Figure 13: (a) A cube is displayed. The participants repeat-
edly performed the task of grasping and lifting it. (b) The
operation area was covered with invisible walls. (c) The par-
ticipants cannot see the cube behind the wall.

In this experiment, a change of only one degree of freedom
is estimated for both the angle and position. However, even
if we can recognize a change of only one degree of freedom,
we can grab the cubes that are hidden from our view. For
example, if the user knows the plane on which the bottom
of the cube is placed, it is possible to estimate the state of
the cube by recognizing the position and angle of the face
with the first touch.

Experiment 2

For the second experiment, the participants performed the
task of lifting the cubes with the condition that they can or
cannot see it. We evaluated the operability of each feedback
method from the time required for the operation. In addition,
the participants answered a questionnaire and evaluated
the subjective operability and reality of the object in each
feedback method.

Procedure 1. A cube is displayed, as shown in the Figure 13
(a), and the participants repeatedly performed the task of
grasping and lifting it under one of the three feedback con-
ditions (dynamic focus, static focus, and no haptic feedback).
When the cube was lifted by 5 cm or more for 1.5 s, one task
was completed. We evaluated the operability of the system
from the time of the first touch on the cube to the comple-
tion of the task. Three tasks under each of the three feedback
conditions were regarded as one set and the participants
performed twenty-five sets of tasks (total seventy-five tasks).
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The order of the feedback conditions in one set was ran-
dom. The participants wore headphones while performing
the tasks to prevent the influence of noise generated during
the haptic feedback presentation. The operation area was
covered with invisible walls as shown in Figure 13 (b), so the
cube never went out of that area. The initial position and
angle of the cube were randomly determined in the opera-
tion area for each task. The side length of the cube was also
random between 3 and 5 cm. After completing 75 tasks, the
participants answered a questionnaire with the following
questions:

(Q1) Were you able to lift the cube as you desired?

(Q2) Did you feel that the actual cube was present?

The participants answered these questions for each feed-
back condition by assigning a number from 1 to 7, where 1
meant "definitely no" and 7 meant "definitely yes."

Procedure 2. The participants performed the same tasks as
in Procedure 1 with the wall in front of the operation area,
as shown in Figure 13 (c); hence, they did not know the ac-
tual location of the cube. Although the wall is visible, haptic
feedback is not generated while touching it. In the prototype
system, because the height of the wall was 10 cm, the par-
ticipants could not see the cube from above the wall. Lifting
the cube made it possible to see it above the wall. Two tasks
under each of the two feedback conditions (our method and
static focus) were regarded as one set and the participants
performed twenty-five sets of tasks (total fifty tasks). Then,
they answered the same questionnaire, as in Procedure 1, for
each of the two feedback methods.

Result. In this experiment, 10 people (three male and seven
female), aged between 21 and 25, and all right-handed, par-
ticipated. Figures 14 and 15 show the results of Procedure 1.
Regarding the time taken to perform the task, a one-way re-
peated measures ANOVA yielded no significant differences
between the three feedback conditions. However, for the
questionnaire score, a Friedman test yielded significant dif-
ferences between the three feedback conditions (p < 0.05). A
Wilcoxon signed-rank test (Bonferroni corrected), performed
as a post hoc test, showed a significant difference between
all combinations of feedback conditions (p < 0.05).

The results of procedure 2 are shown in Figure 16 and 17.
Regarding the time taken to perform the task, a paired t-test
yielded a significant deference between the two conditions
(p < 0.05). Regarding the questionnaire score, a Wilcoxon
signed-rank test also showed a significant difference (p <0.05).

Discussion. Considering that the mean value contains 1.5
s to keep the cube, the result of Procedure 1 suggests that
in the system, a user can grasp and lift a cube easily using
only visual information. Irrespective of whether haptic feed-
back was generated or not, the time taken for the task was
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Dynamic focus Static focus w/o feedback

Figure 14: Mean and standard deviation of the time taken
for performing a task with visual information
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Figure 15: Box-and-whisker plot of question scores under
the condition when the cube is visible

almost the same. The question scores show that the haptic
feedback increased the ease of the subjective operation of
the user. In particular, the dynamic focus method led to high
operability. The same is true for subjective reality, therefore,
it is suggested that the spread of the pressure distribution
according to the increased contact area enhances the reality
of the object.

The result of Procedure 2 shows that dynamic focus method
is effective in grasping and lifting cubes that are not visible.
In the system, users cannot lift a cube unless they grab the
two faces on the opposite sides of the cube. Considering
the results of Experiment 1, it is suggested that the angle
recognition of the surface using dynamic focus method en-
ables a fast operation. When performing operations such
as 3D modeling, the occlusion problem is inevitable, but if
the user can move the object using only tactile sensation,
this problem can be solved without operating the view point.
The question scores of Procedure 2 show that the user can
feel high operability and reality of the object from haptic
sensation, even if the object is not visible.
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Static focus

Dynamic focus

Figure 16: Mean and standard deviation of the time taken
for performing a task without visual information
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Figure 17: Box-and-whisker plot of question scores under
the condition when the cube is hidden

5 LIMITATIONS

Ultrasound tactile presentation in the current system has
several limitations. The displayed object seems very elastic
owing to the upper limit of the force presented to the fin-
gertip, and it is difficult to express the edges and corners of
objects because of the limited resolution of the generated
ultrasound distribution. Although the total force limit may
be theoretical, there remains much room for improvement
of haptic experiences. Our next step is to improve the spatial
resolution of the tactile display, which can increase the per-
ceived intensity under the total force limitation and widen
the variety of tactile feeling. Hand sensing also faces a lim-
itation. The depth sensors are arranged so that the fingers
are always visible at least for typical hand postures. How-
ever, there still exist dead zones for certain postures (e.g.,
grasping a small object). This problem may be solved by
estimating the shape of the hand from the obtained point
cloud and complementing the hidden part. In that case, more
advanced acoustic rendering will be necessary considering
the interference of the hand with the finger surface.
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6 CONCLUSIONS

In this study, we proposed and examined a new interactive
system that enables a user to manipulate 3D object images
with multiple bare fingers receiving haptic feedback. By es-
timating the cross section of the finger and the object, and
moving the ultrasound focus around it, the system generates
a pressure distribution on the finger surface according to the
positional relationship between the finger and the surface.
This pressure distribution increases the reality of the 3D ob-
ject image and consequently helps the user to recognize the
position of the object surface.

To evaluate the effectiveness of the ultrasound haptic feed-
back, we conducted two experiments comparing the dynamic
and static focus methods. The result of the first experiment
shows that the dynamic focus method improves the accuracy
of the angle recognition of the object surface. The result of
the second experiment shows that the dynamic focus method
enables the user to hold and move the object easily even if it
is not visible, and enhances the reality of the 3D object.
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