JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021
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Abstract—Haptic feedback has been employed to enhance
shape perception during grasp interactions, improving immersion
and task performance in extended reality (XR). Although wear-
able devices offer precise multi-phalangeal haptic feedback, their
bulkiness and complexity often hinder practicality. In addition,
fingertip-based tactile feedback often limits users’ ability to
perceive a continuous and sequential sensation across the finger
surfaces during power grasp. We present VibGrasp, a haptic
shape-rendering method and a supporting haptic glove that
synchronizes spatiotemporal vibrotactile feedback across multiple
phalanges with 1-DOF Kkinesthetic feedback. Using the funneling
illusion and duration-modulated vibration patterns, our approach
delivers sequential, continuous sensations along the finger to
render various shapes. We also develop a lightweight exoskeleton
glove with two dorsal-mounted vibration actuators designed to
transmit feedback to the ventral surfaces without obstructing
motion. Two perception studies demonstrated consistent shape
associations and clear preferences for specific patterns. A VR
user-experience study further showed that our method achieved
higher ratings for realism, satisfaction, and harmony than prior
approaches. These findings offer insights into improving immer-
sive and efficient haptic shape rendering in XR.

Index Terms—3D shape perception, funneling, phantom sen-
sation, haptic glove, virtual reality

I. INTRODUCTION

S extended reality (XR) technology advances, users
A increasingly demand realistic and immersive experi-
ences within the XR environment. Such facets are commonly
achieved by manual interactions with virtual objects. One
common example is grasping objects. During the interaction,
haptic feedback plays a key role in how humans perceive
the object properties, leading to enhanced immersion and im-
proved performance. Therefore, a number of devices have been
employed for realistic grasp by providing haptic feedback,
including force feedback [1], [2], [3] or tactile stimulation [4],
[5], [6] on fingertips, and by adjusting overall hand posture
through hand-held [7], [8] or wearable devices [9], [10].

To focus on the role of grasping in shape perception, users
commonly perceive object shape through two grasp types [11]:
precision grasps, which require fine fingertip manipulation,
and power grasps, which involve all phalanges to achieve a
robust grip [11], [12], [13]. The realistic reproduction of power
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Fig. 1. Proposed haptic rendering method utilizing spatiotemporal vibrotactile
patterns with tendon-based 1-DOF kinesthetic feedback for object shape
discrimination while grasping virtual objects.

grasp sensations through wearable haptic devices necessitates
feedback across multiple phalanges. Various wearable devices
providing multi-phalangeal sensation for virtual object manip-
ulation have been presented.

For delivering cutaneous feedback, prior work developed
a glove for distinguishing 3D shapes by vibrotactile feed-
back [14] with reduced performance. Since proprioceptive
cues strongly influence the perception of object shape and
size [15], several wearable devices have been developed to
deliver multi-phalanx kinesthetic feedback, such as linkage-
based exoskeletons [16], [17], pneumatic gloves [18], and
devices using reconfigurable materials [19]. However, grasp-
based shape perception relies on the integration of both
cutaneous and proprioceptive cues [2], [15], [20], rather than
either modality alone. More recent approaches have introduced
multi-phalanx and multimodal haptic gloves that combine
these cues, such as a tendon-driven mechanism providing
pressure on finger pads alongside multi-phalanx kinesthetic
feedback [21], and devices using electrostatic clutches for
multi-joint kinesthetic actuation with fingertip vibrotactile
feedback [22]. Their apporach enabled movement of individual
joints and phalanges, and cutaneous sensation on the fingertips
for a comprehensive VR object grasping experience. However,
as a key limitation, bulky hardware or the use of high voltage
may reduce wearability and comfort.

Most existing grasping devices deliver vibration only at the
position where the vibration motor is attached. For efficiency,
prior approaches have focused on collision-based fingertip-
only tactile feedback, while overlooking the broader range of
sensations experienced across the finger during natural grasp-
ing. An alternative and effective vibrotactile rendering method
like phantom sensation [23], [24] has been developed for
the smooth and continuous haptic experience. While several
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studies have applied this phenomenon to generate localized
or moving sensations along the fingers [25], [26], [27], no
work except [28] has integrated phantom-based vibrotactile
rendering with kinesthetic feedback. As kinesthetic feedback
induces hand movements over certain durations, combining it
with spatiotemporal vibrotactile cues may enhance kinesthetic
perception or produce novel integrated haptic experiences.
Moreover, the use of phantom sensations for 3D shape or
surface perception remains underexplored. By generating per-
ceived motion across a wider area with fewer actuators, phan-
tom sensations offer potential for rendering complex shapes
with appropriate algorithms.

In this paper, we propose VibGrasp, a novel haptic glove and
multimodal rendering method, which enriches the sensation of
grasping various shapes by delivering diverse vibration pat-
terns across phalanges with 1-DOF kinesthetic feedback (Fig-
ure 1). We explore the differences in object shape recognition
by reproducing the gradual tactile sensation from the proximal
phalanx (PP) to the distal phalanx (DP) during hand flexion
with the entire hand. The novel method exploits the human
perceptual system’s ability to integrate proprioceptive infor-
mation from hand movements with coordinated vibrotactile
feedback [29] to create convincing illusions of different object
shapes. The funneling illusion [23], also known as the phan-
tom sensation [24], generates stationary or motion patterns
by modulating the spatiotemporal dimension. We designed
and developed an exoskeleton glove, which incorporates two
haptic motors positioned above the dorsal side of the distal
and proximal phalanges. These actuators transmit vibration
through the structure and induce sensations on the ventral side
of the finger.

We hypothesize that vibrotactile patterns differing in du-
ration, stimulation area, and transition profiles can evoke the
sensation of grasping different object shapes when combined
with natural hand flexion. To examine this, two studies from
Shape Perception Study investigate how various tactile pat-
terns influence users’ shape selections. User Experience Study
evaluates the user experience of our method in a VR grasping
scenario compared to prior rendering techniques. Our main
contributions are as follows:

« A novel haptic shape rendering approach that synchro-
nizes multi-phalangeal spatiotemporal vibrotactile pat-
terns with active kinesthetic feedback during hand flexion.

o Development of an exoskeleton glove with dual dorsal
haptic motors to transmit vibration on the ventral finger
surface.

o An analysis of user studies validating shape perception
tendencies across haptic rendering patterns and evaluating
user experience of our method.

II. RELATED WORKS
A. Vibrotactile Haptic Devices for Shape Perception

Cutaneous feedback on the ventral side of the finger plays
a key role in shape discrimination by providing immediate
tactile cues during object grasping [30]. Therefore, tactile
haptic devices providing sensation on the finger, especially
the fingertip, have been widely explored in prior works.

For example, FingerPrint by Zhakypov et al. [31], Lim et
al. [32], and Prattichizzo et al. [33] applied directional forces
to the fingertip using pneumatic actuation, shape memory
alloys (SMA), and DC motors, enabling users to perceive
object contours through slanted surface sensations. However,
while effective for precision grasp, fingertip-based feedback is
limited in representing whole-hand interaction.

To minimize hand obstruction while providing full hand
feedback, wrist-mounted mid-air ultrasonic devices [34] and
encounter-type devices [35], [36] have been explored, enabling
greater freedom of movement. However, these approaches
require consistent finger tracking to deliver stimulation at
specific locations and additional end-effector mechanisms to
render diverse haptic cues. Tanaka et al. [37] used electros-
timulation to evoke full-hand tactile sensations with simple
hardware, although such stimulation may introduce discomfort
for some users. Instead, vibrotactile gloves provide a practical
solution for delivering localized tactile cues with relatively
simple hardware. Martinez et al. [14] designed the glove sys-
tem for multi-phalangeal vibrotactile feedback, which enables
users to distinguish object shapes during grasping. However,
the lack of kinesthetic constraints increases mental workload
and task completion time. In addition, these systems usually
rely on collision-based triggering, applying brief vibrations
at the fingertip or the position where the vibration motor is
attached, as the hand collides.

In this work, we aim to enhance the effectiveness of multi-
phalangeal vibrotactile feedback by actively rendering using
a novel spatiotemporal rendering method with hand flexion,
rather than relying solely on collision-based triggers.

B. Kinesthetic Finger Haptic Device for Shape Perception

The perception of the orientation and motion of one’s limbs
and joints is referred to as proprioception [38]. Proprioceptive
feedback plays a critical role in the discrimination of object
shapes and sizes [15]. Concerning haptic representation,
providing kinesthetic feedback to restrict finger movement
at specific positions, or to guide the finger movement along
object contours, is essential for tasks involving object shape
discrimination. Various wearable devices have been developed
to control hand movement, employing mechanisms such as
pneumatic actuation [39], [40], wire-driven systems [9], [41],
[10], [42], motor-driven systems [43], and using an electro-
static brake [44]. Although these devices provide efficient
kinesthetic blocking during grasping, fingertip-focused feed-
back limits overall hand motion and the representation of
detailed geometric features like edge and contours.

For the case of power grasp, all three finger joints are braked
individually along with the object’s shape. More advanced de-
vices capable of providing high degrees of freedom (DOF) and
independent joint control have been introduced. These include
mechanisms that control multiple phalanges via linkage con-
trol through tendon-driven or motor-driven mechanisms [16],
[17], pneumatic actuators [18], and using reconfigurable mate-
rials [19]. These devices could control individual joint angles
precisely, thereby achieving high-resolution hand movement
and the intended hand pose.
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Fig. 2. The open-type exoskeleton glove for stable routing and efficient vibration transmission. (a) Ventral part and (b) Dorsal part of the glove. Two haptic
motors are mounted at the DP thimble and the PP units. (c), (d) Side and Perspective view of finger units. (e), (f) Exploded and Assembly view of the actuator.

However, shape perception during grasping relies on the
integration of both cutaneous and proprioceptive feedback
from distinct sensory receptors [15], [20], [2], rather than
on a single sensory modality. To achieve more realistic and
immersive interactions, multimodal haptic devices have since
been developed to combine cutaneous and kinesthetic feed-
back. For instance, EStatiG delivered an electrostatic brake to
individual joints while providing vibrotactile feedback at the
fingertips, enabling users to perform object shape recognition
tasks with a high subjective rating [22]. In addition, Baik et
al. [21] used a tendon-driven structure to control the metacar-
pophalangeal and interphalangeal joints independently, while
also applying pressure feedback at the distal interphalangeal
joint to simulate fingertip contact, thereby achieving a high
subjective rating. Despite these advancements, such devices
often remain bulky and heavy, require complex computation
to support high-DOF control, and suffer from design com-
plexity. Moreover, although multimodal feedback has been
explored, multiphalangeal cutaneous feedback, along with the
kinesthetic feedback, remains underexplored.

This paper investigates whether 1-DOF kinesthetic feedback
can sufficiently allow users to perceive and discriminate differ-
ent object shapes if provided in conjunction with vibrotactile
patterns across multiple finger joints.

C. Vibrotactile Haptic Rendering

Previous vibrotactile haptic rendering methods for grasping
virtual objects have primarily relied on collision-based trig-
gers, delivering feedback only to the position where actuators
are attached [45], [46]. However, during the grasping of real
objects, cutaneous sensations are distributed across multiple
phalanges. This requires not only activation beyond the spe-
cific locations where actuators are fixed, but also smooth and
continuous vibration across the finger.

To achieve a wider activation range while maintaining a
few actuators, researchers have developed an efficient haptic
rendering method like phantom sensation [23], [24], [47].
Funneling effect, in other words, phantom sensation, provides

an illusory sensation between a few actuators, which can be
both stationary or moving within that area [47], [48], [49].
The moving-like phantom sensation is widely referred to as
“apparent haptic motion [50], [51].” Several applications of
these phenomena were suggested to provide sensation across
the digits [25], [26], [27]. Nevertheless, these approaches have
typically been limited to static hand postures, where vibration
patterns are rendered while the hand remains fixed. Therefore,
lee et al. [28] has investigated the application of phantom
sensation-based vibrotactile patterns under kinesthetic feed-
back being actively provided. Also, the authors have explored
this approach for object shape discrimination tasks.

Based on the rendering method suggested by [28], this work
further advances the capabilities of employing various patterns
created by using phantom sensation, while integrating it with
1-DOF kinesthetic feedback for shape perception. The novel
method can sufficiently provide the sensation of a smooth and
gradual sensation that the user can feel while slowly power-
grasping the object, while maintaining a compact size and low
energy consumption.

III. GLOVE DESIGN

An open-type exoskeleton glove providing flexion kines-
thetic feedback along with vibrotactile feedback is de-
signed (Figure 2). The glove incorporates four haptic mo-
tors (AFDU1AO31A, Alps Alpine) and a tendon-driven kines-
thetic haptic module. We used Teensy 3.5 as a microcontroller,
and two TDA2822 dual-channel stereoscopic audio ampli-
fier modules (ELB060304, YwRobot) to operate two haptic
motors. H-bridge motor driver (2A L298N, SMG) precisely
controlled a micro metal gearmotor (#5227, Pololu), which
generates 5.0 kg - cm of stall torque at 0.75 A and 12 VDC.

The glove consists of two finger modules, a fabric glove
that covers the palm, and the actuator. The glove is designed
to enable finger flexion through anchor routing, leaving the
ventral side of the finger open to preserve natural tactile
sensation (Figure 2 (a)). The haptic motors are placed on
the dorsal side of the finger to allow unobstructed hand
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movement. A tendon routing design from the fingertip to
the metacarpophalangeal joint presented in prior work [52]
is adopted. Tendons of each finger pass all the anchors of
each finger module and are connected to the spool through
the tendon sheath. A Teflon tube with an inner diameter of
1.5 mm was used as the tendon sheath [53] to transmit the
force with minimized friction. In addition, the velcro strap on
the wrist firmly fixes the glove to prevent it from shifting when
the tendon is pulled, and to increase the stability of actuation.
The glove and wrist-worn actuator weigh 100.4 g (58.2 g for
the actuator), and the control circuit with its housing weighs
142 g, resulting in a total weight of 242.4 g.

A. Finger Modules

As described in Figure 2 (b), and (c), a single finger
module consists of five phalanx units, including two proximal
phalanx(PP) units, two interproximal phalanx (IP) units, and
one distal phalanx (DP) thimble, along with a unit centering
guide that aligns and connects all phalanx units. All phalanx
units are 3D printed using Polylactic Acid (PLA). Anchors
positioned at the end of each open ring and the underside
of the thimble guide the tendon along a designated path as
illustrated in Figure 2 (a), ensuring it is pulled downward.

To initiate vibrotactile feedback, two haptic motors are
mounted at the upper side of the PP units and the DP thimble.
As we aimed to provide phantom vibration on the IP, no motor
was attached to the IP units. Our design enables vibration to
be transmitted through the PP units and DP thimble, allowing
perception on the ventral surface of the fingertip while keeping
the skin unobstructed. According to the prior work, referred
phantom sensation suggests that low-frequency stimuli (104 -
133 Hz) applied to areas with fewer mechanoreceptors can
be perceived at adjacent regions with denser mechanoreceptor
distributions [54]. In addition, prior work demonstrated that
vibration around 122 Hz delivered to the finger’s lateral region
propagates structurally toward the finger pad [55], [56], and
also perceptually reported as being felt at the finger pad [57].

Building on these, we designed PP units and a DP thimble
that promote vibration perception at the finger pad as described
in Figure 2 (d). We combined limited dorsal contact, enhanced
vibration transmission to the lateral and ventral side, and the
perceptual effect of referred phantom sensation. A 0.8 mm
silicone-covered bridge at the inner top of the units reduces
dorsal contact and dampens vibration. The PP and DP units
wrap firmly around the lateral side of the finger to promote
efficient vibration transmission. The overall geometry follows
a secure finger-mounting design from prior works [52], [58],
[59], but we widened PP units around the lateral area to
increase contact area. The DP thimble includes an open region
to match the contact area of the PP units. The motors are
driven at approximately 122 Hz to induce deformation toward
the finger pad in accordance with prior findings [55].

The unit centering guide, which is 3D-printed with Thermo-
plastic Polyurethane (TPU), is designed in a honeycomb pat-
tern to enable elongation as the finger flexes. Each honeycomb
cell has a size of 5 mm x 2.5 mm (&= 0.8 mm). The guide
passes through the upper holes of the phalanx units, which

are designed to be 1 mm narrower than the guide, thereby
securing each unit in place. This ensures that the routing units
remain fixed in their designated positions for different hand
sizes and prevents unintended movement. For the experiment,
we prepared three sizes (small, medium, and large) to ensure
proper fit across different hand sizes.

B. Force Feedback Actuator for Fingers

The kinesthetic feedback actuator, comprising a gear motor
and a spool with a torsional spiral spring, is designed (Fig-
ure 2 (e),(f)). The actuator can be firmly mounted on the user’s
arm by two Velcro straps under the module. It has overall
dimensions of approximately 9 cm x 2 cm x 2.5 cm, while
the tendon spool exhibits diameters of 18 mm (index) and
16 mm (middle finger). When haptic rendering is activated
and the motor operates, a protrusion on the motor shaft cap
pushes the protrusion inside the spool, inducing spool rotation
and finger flexion. The torsional spiral spring connected to the
spool prevents tendon slack [10]. A 1024-PPR rotary encoder
(EMS22A50-M25-LD6, Bourns Inc.), mechanically coupled
to the spool, allows the real-time tracking of the hand flexion.
The required speed of 0.112 RPM is achieved through the PID
control. The index and middle finger tendons that exit from
the spool are connected to the respective fingers.

IV. HAPTIC RENDERING PATTERN DESIGN

We hypothesized that vibrotactile patterns with different
spatiotemporal properties would significantly influence object
shape discrimination when flexion trajectory and final hand
posture were held constant. To examine this, five vibrotactile
patterns with different spatiotemporal profiles are designed for
Study 1 from Shape Perception Study, and three vibrotactile
patterns with different transition profiles of the apparent haptic
motion for Study 2 (Figure 3). Those patterns are provided
along with kinesthetic feedback simultaneously. We aim to
provide a shape-like sensation mainly through the vibration
pattern. The role of kinesthetic feedback is to ensure that
vibrotactile patterns are consistently delivered with the same
flexion progression per activation.

A. Active Kinesthetic Feedback Design

The active kinesthetic feedback for flexion is identically
provided in every activation. The flexion is designed to start
from a flat hand and end when the DP reaches the start of
the PP phalanx, to represent a grasping-like hand shape. We
preliminarily recorded the rotary encoder value of each user
when the hand was flat and when the DP arrived at the target.
This calibration allows participants to perceive the vibration at
the same proportional point in the motion process. The motor
stops once the target rotary encoder value is reached. The total
time taken is labeled as the flexion duration in Figure 3.

B. Vibrotactile Patterns for Primitive Shape Perception Study

To generate vibration patterns with different durations and
area, algorithms of 1D stationary phantom sensation [48] and
1D apparent haptic motion [49] are adopted.



JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2021

o Primitive Shape Perception Study

o Cylindrical Shape Perception Study

Discrete Continuous Apparent Haptic Motion (AM)
‘\ — P End of . 2
-~ Flexion ~ Linear ]
B/0n/» 3 3 | E
Y/ M Y) 24 2z 4 Max = =
/| / g2 — 22 - I} Flexion Duration
| / / / 2g Activation £ g Activation o
C 0 2E : progress | & E| Progress ) .
- T > = -
Individual Activation (1) 1/2 of Flexion End of Flexion g2 PP 3 f
N E g Concentrated 2 :
L — - — 7
a| 5 SR Flexion Duration
\N /(N /T
(YY) ] B %z :
/ / / B g Activation | & 5 Activation —_— - DI £z :
o ( 8§ Progress 3 g Progress Actual Vibration PP motor Activation  goncentrated 2 f
Stationary T ) Phantom Sensation ivati H :
Phantom Sensation (SP) 1/4 of Flexion 1/2 of Flexion @ DP motor Activation . H

Fig. 3. Haptic rendering patterns for the Shape Perception Study, Study 1 and 2. (a) Vibrotactile pattern design varying the positional dimension, including
Individual activation (I), activation with Stationary phantom sensation (SP), and activation with Apparent haptic motion (AM). (b) Three vibrotactile patterns
using apparent haptic motion with different transition profiles to modulate the concentration of vibration on phalanges.

1) Rendering Equation: The 1D stationary phantom sen-
sation is generated by adjusting the relative amplitudes of
two haptic motors on the DP and PP, creating an interpolated
tactile stimulus on the IP. Intensity calibration is required
to ensure perceptual consistency of the vibration amplitude
with the proximal (App) and distal (App) phalanges due to
differences in mechanoreceptor density [30], [60]. To establish
a perceptual reference, the PP haptic motor is driven at its
maximum intensity, denoted as Ag¢. The intensity of the DP
haptic motor is then calibrated to produce a perceived vibration
that matches the reference. A perceptual compensation factor
« is empirically determined such that the amplitude of the DP
actuator is continuously scaled to match the perceived intensity
of the PP actuator, according to the relationship App = v App.
Here, the vibration amplitude is calculated as Equation 1:

d;
Ai = Aref (1 - D> (1)

where A; is the amplitude of vibration, d; is the distance
from vibration motor ¢ to the target location, and D is the total
distance between actuators. The vibration duration is adjusted
to control the duration of each stimulus to generate multiple
tactile patterns.

For the 1D apparent haptic motion, the linear transition of
perceived vibration from the PP to the DP over time is created
for Study 1. The actuator amplitudes are defined by:

App(t) = Apres (1 - ;) , App(t) = Arer (;) (2)

where 7' is the total transition duration. To ensure perceptual
consistency, the same intensity correction is applied only at
t = 0, allowing the linear transition to proceed naturally.

2) Vibrotactile Pattern Design: We followed the pattern
design that was adopted in our prior research [28]. Figure 3
illustrates the haptic patterns for Study 1. Three primary
vibration patterns were established based on the vibration
area: individual point activation (Individual), activation with
1D stationary phantom sensation (SP), and activation with
1D apparent haptic motion (AM). The Individual pattern
activates the PP and DP separately. The SP pattern induces
phantom sensations at the IP so that users can perceive distinct
sensations in the sequence of PP, IP, and DP. The AM pattern
creates a dynamic phantom sensation of simulating a shifting

vibration from PP to DP [47] linearly. Overall, the PP motor
activates at the start of the flexion, while DP always vibrates at
the end of the flexion. The IP vibration triggers at the midpoint
of the target rotary encoder value. We provided sinusoidal
vibration with a frequency of 122 Hz [55].

Next, we divided the Individual and SP patterns into
Discrete and Continuous subcategories based on vibration
continuity. Discrete patterns include pauses between vi-
brations, while Continuous patterns deliver individual vi-
brations to each phalanx sequentially without any break.
To summarize, vibrotactile patterns including Individual-
Discrete (I-Discrete), Individual-Continuous (I-Continuous),
Stationary-Discrete (SP-Discrete), Stationary-Continuous (SP-
Continuous), and Apparent Motion (AM), were utilized in
Study 1. Along with the flexion, the vibration starts when the
rotary encoder reaches a certain value and lasts for a certain
duration. Overall, each pattern was designed using a fixed five-
stage duration, while the ratio between vibration and break
within these stages varied across conditions.

C. Haptic Patterns for Cylindrical Shape Perception Study

To examine whether the transition profile between the two
actuators influences the perception of different cylindrical
shapes, we modulated the 1D apparent haptic motion to make
linear, DP Concentrated, and PP Concentrated profiles.

To generate non-linear transition profiles between the PP
and DP actuators, we employed a power-law function that
produces either an early or late increase of vibration intensity
depending on the direction of the transition. By applying the
power-law term (t/7T)” and its time-reversed counterpart 1 -
(1 - t/T)P, we created two distinct profiles: PP concentrated
transitions, where the perceived high intensity remains longer
near PP before shifting to the DP actuator, and DP concen-
trated transitions, where the high intensity remains longer near
the DP actuator. We empirically selected the exponent 8 = 6
to achieve a perceptually salient yet smooth transition between
the PP and DP actuators. The actuator amplitudes for PP
Concentrated profile are defined by:

t t

B B
App(t) = Arer |1 - (T) , App(t) = Arer (T) ;
3)
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and the actuator amplitudes for DP Concentrated profile are
defined by:

n B
ADP(t) - Arcf 1- (1 - T) )
4)

t B
App(t) = Aret <1 - T> .

The Figure 3 illustrates the 3 patterns for cylindrical shape
perception studies.

V. SHAPE PERCEPTION STUDY

Shape Perception Study aims to investigate how spatiotem-
poral vibrotactile patterns along with kinesthetic feedback
influence participants’ perception of object shapes.

In the first study, three primitive shapes were provided to
evaluate whether specific haptic patterns converged toward
particular shapes. Next, our previous work evaluated that
apparent haptic motion provided with kinesthetic feedback
tended to be perceived as grasping a curved surface [28].
Therefore, we altered the transition profile of AM and provided
three patterns in the second study. We offered three different
cylindrical surfaces as options to determine whether each
distinct haptic motion transition profile converged to a specific
elliptical shape. The study was approved by the Institutional
Review Board (KAISTIRB-2025-124).

A. Study 1 : Primitive Shape Perception Study

During the Study 1, the tendency to select three different
shapes under five different haptic patterns was analyzed. In
addition, participants’ responses regarding the timing and
location of perceived vibrations were collected to determine
how the interaction between proprioception of hand movement
and vibration affects the identification of stimulated locations.

1) Design & Procedure: We recruited 18 right-handed
participants (9 men, 9 women; M = 26.67 years, SD = 3.69).
Study 1 consisted of two within-subject experiments (Fig-
ure 4). All participants completed the perceived vibration
duration/ area selection task followed by the shape selection

task. In each experiment, the five haptic patterns (Figure 3 (a))
were presented once per repetition across five repetitions, with
the order randomly selected from the possible permutations of
the five conditions. Each participant experienced five distinct
permutations of conditions. Both tasks began with five training
trials followed by 20 experimental trials. Participants were
informed that the kinesthetic feedback would remain iden-
tical across conditions, while the accompanying vibrotactile
patterns would vary.

We first explained the study’s purpose and calibrated the
glove’s kinesthetic and vibrotactile parameters. Vibrotactile
intensities were calibrated to ensure consistent perception
between PP and DP. Participants then confirmed their ability to
distinguish vibrations at three phalanges. They were instructed
to imagine grasping the object slowly, making contact from
the right side to the top. During the first task, participants
identified the moments of perceived vibration across five hand-
flexion stages and indicated the phalanges where vibration was
felt. Multiple phalanx selections were allowed, and a “Grada-
tion” option was provided for gradually shifting sensations. In
the subsequent shape-selection task, participants chose among
an Octagonal Prism, a Cylinder, and a Quadrangular Prism,
selected based on the power-grasp taxonomy [61]. White noise
and a curtain prevented inference from auditory or visual cues.
After completing both tasks, we conducted a brief interview to
collect qualitative insights on shape-selection strategies. Also,
participants identified the location of perceived vibration (ven-
tral, dorsal, lateral sides, or whole finger) to verify vibration
transmission to the ventral side.

2) Result 1 : Vibration Duration and Area Perception:
Three participants were excluded because they reported relying
on kinesthetic cues rather than vibration to judge object shape.
We summarized the vibrated area reported at each flexion stage
and converted it into percentage distributions. Figure 5 shows
a heatmap of the percentage distribution for all area-stage com-
binations. Each column sums to 100%, and red-outlined cells
indicate the blocks where vibration was actually delivered.
The y-axis lists all possible phalanx selections including the
actually activated area (PP, PP-IP, IP, IP-DP, DP), “No” for no
vibration (break), and responses considered as errors such as
“DP-PP” or “All” (perceiving vibration across all phalanges
simultaneously at a single stage). When a gradation was
selected, we interpolated between the first and last reported
phalanges according to the number of stages. For example,
gradation from PP, IP, to DP across five stages was mapped
to PP, PP-IP, IP, IP-DP, and DP; a gradation from PP to IP
across four stages was mapped to PP, PP-IP, PP-IP, and IP.
As we instructed that all experimental patterns were designed
to progress from PP toward DP, “Gradation” responses were
always mapped from proximal to distal.

Participants’ most frequent responses at each stage closely
followed the actual activation area-stage blocks in the I-
Discrete, AM, and SP-Discrete patterns. In these patterns, par-
ticipants predominantly reported vibration at the phalanx that
matched the stimulation actually delivered at each stage. The
SP-Discrete pattern showed the highest correspondence, with
accuracy rates ranging from 68.3% to 81.7%. In contrast, the I-
Continuous pattern showed markedly poor correspondence: no
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intermediate block between the first and last stages exceeded
30% accuracy. The blocks with the highest answer rate at each
stage show the trend to shift gradually upward from PP toward
DP, even though vibration was provided only at PP. A similar
upward-shift bias was observed in the SP-Continuous pattern,
where the highest reported phalanx at each stage tends to be
more distal than the actual activated phalanx.

Across patterns where vibration was intended at the IP, the
accuracy of the IP was generally lower than the PP and DP.
This aligns with the interview, in which 13 of 18 participants
reported difficulty precisely discriminating IP vibration. The
result is also attributable to the fact that IP stimulation was
rendered via phantom sensations rather than direct actuation.

3) Result 2 : Primitive Shape Perception: We analyzed
15 participants’ shape selection behavior by performing a
frequency analysis and conducting pairwise Chi-Square tests
with Bonferroni-adjusted p-values. The graph of the frequency
analysis result is shown in Figure 6. A chi-square analysis
revealed a strong relationship between pattern type and object
shape selection (x?(8) = 164.63, p < .001). Bonferroni-
corrected pairwise comparisons revealed distinct tendencies in

object-shape selection across the different vibrotactile patterns.
The SP-Discrete pattern yielded significantly higher selections
of Octagonal prism compared to all other patterns (p < .001).
For the Cylinder, the AM pattern showed a higher tendency
to choose it compared to the other conditions (I-Discrete, SP-
Discrete, SP-Continuous : p < .001, I-Continuous : p = .005).
For the Quadrangular prism, I-Discrete pattern exhibited a sig-
nificantly higher selection rate relative to other patterns (AM,
SP-Discrete, SP-Continuous : p < .001, I-Continuous :p =
.002).

Additional analyses were conducted by regrouping the pat-
terns according to vibration continuity and funneling type.
Within the same phantom sensation type, perceptual outcomes
significantly differed: Apparent haptic motion strongly in-
creased cylinder selections (p < .001), No phantom sensation
increased quadrangular prism selections (p < .01), and Sta-
tionary Phantom sensation increased octagonal-prism selec-
tions (p < .001). Within the same vibration-continuity group,
Discrete patterns produced significantly higher selections of
quadrangular or octagonal prisms (both p < .001), whereas
Continuous patterns showed no significant differences across
the three shapes. Overall, the findings support the hypothesis
that spatiotemporal differences in vibrotactile cues directly
shape the perceived object geometry.

B. Study 2 : Cylindrical Shape Perception Study

Study 2 investigated whether participants could discriminate
cylindrical shapes based on different apparent haptic motion
transition profiles, evaluating the tendency to select specific
cylindrical shapes under different haptic patterns.

1) Design & Procedure: Three haptic patterns, which are
Linear, PP Concentrated, and DP Concentrated patterns, were
provided in a randomized order with five repetitions, for a
total of 15 trials. The same participants from Study 1 took
part in this experiment. Participants selected one of three
cylindrical shapes which are a prolate cylinder, a cylinder, or
an oblate cylinder. Before the study, we presented a baseline
stimulus, which is a linear transition profile of the apparent
haptic motion. Participants were instructed to choose the shape
that best matched their perception, and to select the normal
cylinder if they were unable to discriminate among the options.
A brief interview was conducted to gather their reason for
each selection. White noise and a curtain were used to reduce
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haptic motion pattern (AM) for associating three cylindrical shapes.

auditory and visual cues. Participants were also informed that
only the vibrotactile patterns varied across conditions, while
the kinesthetic feedback remained constant.

2) Result: 15 participants’ data were used for analysis due
to the same reason as in Study 1. A chi-square test of inde-
pendence found a significant relationship between pattern type
and shape selection (x?(4) = 27.76, p < .001). Bonferroni-
corrected pairwise comparisons revealed distinct tendencies
for each pattern (Figure 7. For the Linear pattern, participants
selected the normal cylinder significantly more often than both
the prolate (p = .005) and oblate (p = .028) cylinders. For
the PP Concentrated pattern, only the contrast between the
prolate and normal cylinder reached significance (p = .002),
with the normal cylinder being chosen most frequently. For the
DP Concentrated pattern, participants showed a significantly
higher tendency to select the prolate cylinder compared with
the normal cylinder (p = .011), and oblate selections followed
prolate selections in frequency. Overall, the Linear pattern
showed the strongest preference for the baseline cylinder. The
PP Concentrated pattern led participants to choose the baseline
cylinder most frequently as well. Although not statistically
significant, participants showed a slightly higher preference for
oblate over prolate shapes. In contrast, the DP Concentrated
pattern induced a tendency toward the prolate shape.

VI. USER EXPERIENCE STUDY

User Experience Study evaluated our novel active haptic-
rendering method and device by comparing it with three haptic
methods and devices from prior works to assess user expe-
rience during VR grasping. Based on the Shape Perception
Study which revealed shape selection tendencies associated
with specific vibration patterns, we hypothesized that the our
rendering method (VibGrasp) would offer enhanced effective-
ness in both object shape identification and user experience
during object manipulation in VR. To compare with VibGrasp,
the three conditions for comparison were prepared: (1) Three
phalanges passive kinesthetic condition (Kin), applying resis-
tance to the contacted phalanges; (2) Two phalanges passive
vibration condition (Vib), delivering vibration to the PP and
DP upon collision; and (3) Combined three phalanges passive
kinesthetic + two phalanges vibration condition (Kin+Vib),
providing both resistance and vibration.

To render passive kinesthetic feedback at all three pha-
langes, we built a glove for the experiment with dorsal

User Experience Study

Glove of VibGrasp

f'f‘-—{)' ﬂ?‘n—g’ (ra—#

Fig. 8. User Experience Study setups. Four haptic conditions, including
VibGrasp rendering method, were compared grasping three virtual objects.

routing anchors and tendons attached to the PP, IP, and
DP units (Figure 8). Tendon extension was controlled by
custom actuators using three micro gearmotors (Pololu #5227).
Before contact, tendons could move freely. Upon collision,
a rotating protrusion on each motor’s shaft blocked tendon
motion, generating passive resistance to respective phalanges.
Vibrotactile motors at PP and DP provided localized vibration
without inducing phantom sensations at IP. A Manus hand-
tracking module (Quantum Gloves, Manus Meta) was mounted
dorsally, and visual and auditory cues were blocked.

A. Study Design & Procedure

A within-subject experiment was conducted in which all
participants experienced four haptic-rendering conditions: Kin,
Vib, Kin+Vib, and VibGrasp. Seventeen right-handed partic-
ipants (8 men, 9 women; M = 25.88 years, SD = 2.66)
were recruited. Different actuator modules were used for
each condition: a three-motor kinesthetic module for Kin and
Kin+Vib, our lightweight active actuator for VibGrasp, and no
kinesthetic module for Vib. Actuator modules were physically
exchanged between conditions by the experimenter. A Unity
scene was designed to display a hand grasping the same three
objects used in the Shape Perception Study. The virtual hand
was anchored at the wrist near the object.

The passive and active conditions operated through different
interaction mechanisms. For the comparison conditions which
all operate in a passive way, participants moved their hands
freely and received haptic feedback only during collisions
between the virtual hand and object. In contrast, for VibGrasp,
the hand automatically flexed and delivered predetermined
haptic feedback upon entering a predefined interaction region.
Based on findings from the Shape Perception Study, I-Discrete
feedback was assigned to the Quadrangular Prism, SP-Discrete
to the Octagonal Prism, and AM to the Cylinder. After
feedback delivery, the motors rewound the tendons to restore
free movement.

The haptic conditions were presented in a randomized order.
After grasping all three objects, participants rated their VR
haptic experience across five categories (Realism, Immersion,
Satisfaction, Comfort, and Harmony [10], [28], [62]) using a
7-point Likert scale. Participants could revisit any condition
and revise previous responses as the study progressed.
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Fig. 9. Result of User Experience Study. Five subjective rating categories
(Realism, Immersion, Satisfaction, Comfort, and Harmony) are compared.

B. Result

We conducted a Friedman Test across the four haptic
conditions, followed by Wilcoxon signed-rank tests for post
hoc pairwise comparison. The graph of the result is described
in Figure 9. We found a significant effect of the condition for
Realism (x%(2) = 16.29, p = .001), Immersion (x?(2) =
9.16, p = .027), Satisfaction (x%(2) = 9.26, p = .026),
and Harmony (x?(2) = 15.11, p = .002). For Comfort, no
significant difference was found among the four conditions.

The following post hoc Wilcoxon signed-rank test with
Bonferroni correction revealed significant pairwise differences
across conditions. For Realism, we found significant differ-
ences between VibGrasp and Kin (p = .007) and between
Kin+Vib and Kin (p = .020). For Satisfaction, a significant
difference was found between VibGrasp and Kin (p = .016).
For Harmony, VibGrasp showed a significant difference be-
tween Kin (p = .010) and Vib (p = .023). No significant
differences were observed for Immersion after the correction.
In 3 out of 5 categories, VibGrasp outperformed the Kin con-
dition. No conditions showed a significant difference between
VibGrasp and Kin+Vib.

VII. DISCUSSION
A. Shape Selection in Relation to Haptic Pattern Perception

In Study 1 from the Shape Perception Study, we examined
how different haptic feedback patterns influence shape per-
ception during grasping, and found clear selection tendencies.
SP-Discrete was associated with the Octagonal Prism, AM and
I-Continuous patterns with the Cylinder, and the I-Discrete
pattern with the Quadrangular Prism. Interview responses also
supported these trends. Particularly, all participants reported
that the sensation of continuous vibration moving across all
phalanges led them to choose the Cylinder. Eleven partici-
pants reported perceiving the clear sensation on individual
phalanges and the shift across them led to identification
of angular shapes. To differentiate the Quadrangular and
Octagonal Prisms, some participants used the number of
perceived breaks, interpreting one break as the Quadrangular
Prism and two as the Octagonal Prism. Others mentioned
that they distinguished the Octagonal Prism when they felt

a clear sensation, specifically at the IP. These results indicate
that participants used both the number of discontinuities and
phalanx-specific cues to judge shape, suggesting future work
to explore more influential cue types. In addition, we [28]
found that participants preferred continuous patterns when
visual cues were present in VR, as visual information amplifies
tactile perception [63], [64], making discrete patterns feel
comparatively awkward. To preserve the natural sensation
of continuous patterns while improving their discriminability,
future work could evaluate a minimal break duration that users
can reliably perceive as distinct shapes.

We also investigated how the perceived vibrated area
and timing related to participants’ shape selections. Patterns
that matched our intended perception in Study 1 showed a
clear tendency toward specific shape selections. For the I-
Continuous, the highest vibration perception percentage at
each stage showed a gradual shifting trend, moving distally
between PP and DP despite no activation in that area. This
result aligns with the result from [28], which interpreted based
on the sensory integration model [65]. Human perception
assigns weights to sensory inputs based on their reliability.
Prior studies also have shown that hand posture affects the
perception of tactile stimuli [29], [66], indicating that tactile
perception is not absolute when integrated with proprioceptive
information. In our case, the stable and reliable proprioceptive
cues from kinesthetic feedback may have overshadowed the
more dynamic and less reliable vibrotactile cues, biasing the
perceived area toward the more flexed phalanx. This proprio-
ceptive dominance likely contributed to participants’ tendency
to perceive the vibration as following a curved trajectory,
which may explain the preference for curved surfaces over
angled shapes under the I-Continuous pattern. Future research
on the phantom sensation algorithm regarding kinesthetic vari-
ables should account for sensory error and provide feedback
at the exact intended position while flexing the hand. Further
investigation could also include stimuli with varying motion
directions and lengths to better evaluate spatial localization
performance.

B. Cylindrical Shape Rendering

Post-study interviews were conducted to investigate the
tendency to select the cylindrical shape observed in Study
2. Nine participants reported difficulty distinguishing the PP
Concentrated pattern from the Linear pattern. Consistent with
Study 1, sustained stimulation at PP was perceived as traveling
distally during hand flexion, likely due to sensory integration
with forward-moving kinesthetic cues [28]. Consequently,
participants often misinterpreted the PP pattern as Linear and
selected the normal cylinder more frequently.

For the DP Concentrated pattern, twelve participants re-
ported that it produced a clearly distinguishable sensation fo-
cused on DP, and the study results showed a strong preference
for the prolate cylinder. Six participants mentioned that the
resistance felt at the fingertip when the finger was only slightly
flexed gave the impression of touching a wall, which led
them to select the prolate cylinder. However, five participants
reported that prolonged vibration at the fingertip gave the
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impression of prolonged contact with the top. This produced a
sensation of touching the extended top surface, leading them to
select the oblate cylinder. This contrary interpretation explains
the reason for the lack of a significant difference between a
prolate and an oblate cylinder.

Taken together, these findings suggest several practical
guidelines for rendering cylindrical shape via VibGrasp for
VR interaction. The Linear pattern would be appropriate for
rendering a cylinder effectively, both with and without visual
cues, as participants reliably distinguished it. To render a
prolate cylinder, the DP Concentrated pattern appears most
suitable. However, effective perception requires that finger
flexion, visual cues of grasping the shape, and the timing of
vibrotactile transitions be synchronized and delivered simulta-
neously.

C. Comparison of User Experience in VR

Overall, the User Experience Study showed that the Kin
condition received the lowest mean scores across all met-
rics. Three participants reported difficulty perceiving passive
kinesthetic feedback during object collisions in the Kin and
Kin+Vib conditions. We observed that when tendon unwinding
was blocked, some participants extended their fingers back-
ward at the MCP joint and flexed within the shortened tendon
range, reducing the perceived resistance at the phalanges. One
participant also noted that the braking force applied to the
dorsal side of the finger reduced realism in the Kin and
Kin+Vib. In contrast, VibGrasp rendering method allows full
finger flexion, stopping at the exact position, with sufficient
tactile feedback, leading participants to perceive a more natural
grasp. The result also indicates that the tactile cue plays a
critical role in the sensation of grasping.

Comfort showed no significant differences across condi-
tions, partly because the hand tracking device itself introduced
weight and discomfort, as three participants mentioned. How-
ever, the other three participants indicated increased comfort
with VibGrasp due to its lighter actuator (58.2 g) compared
to the three motor comparison module (134.8 g). This suggest
that comparable or improved performance and usability can
be achieved with lower device weight and computational
demand. Future work could further evaluate usability using
less intrusive vision based hand tracking methods [67].

Harmony showed the largest mean score differences, with
significant differences between VibGrasp and the two single-
modality conditions. Four participants found VibGrasp easiest
for shape discrimination due to shape-specific haptic patterns
rather than collision-based feedback, while three reported
lower scores due to constrained finger movement from prede-
fined actuation. These results suggest that VibGrasp is suitable
for scenarios that require accurate shape discrimination or
limited visual information, such as hand occlusion. Future
work should explore adaptive actuation or hybrid approaches
with collision-based passive haptics.

D. Glove Design and Vibration Transmission

We developed a lightweight hardware system that com-
bines 1-DoF kinesthetic feedback with a minimal number of

vibrators to deliver multi-location tactile cues during grasp-
ing. Compared to conventional linkage-based exoskeletons
or wrist-mounted devices, the system is lighter and allows
greater freedom of finger movement while also providing rich
multimodal sensations. Placing the vibrators on the dorsal side
of the fingers keeps the finger pad unobstructed, enabling
more natural interaction with both real and virtual objects, po-
tentially improving practicality for everyday VR interactions.
However, the exoskeleton may cause occlusion in vision-based
hand tracking when the dorsal side faces the camera, requiring
additional pose sensing. In addition, the 3D-printed structure
can introduce extra weight and discomfort. Future work would
address these limitations by integrating compact pose sensors
or exploring softer, transparent materials for the exoskeleton.

For vibration transmission, 14 of 18 participants (including
those excluded from the Shape Perception Study) perceived
vibration on the ventral side of the finger, indicating effective
transmission to the intended region. However, three reported
dorsal-side perception, and one reported lateral perception.
These variations were mainly due to hand-size differences, as
some participants did not fit the available glove sizes precisely,
resulting in insufficient lateral contact. Compared with the
inconsistent transmission on the lateral side, the dorsal side
consistently remained in contact because of gravity and the
reaction force produced as the tendon pulls the module inward
during the flexion. This likely contributed to the dorsal per-
ception by several participants. Future hardware improvements
should ensure reliable transmission across different hand sizes.
Vibration-damping structures could reduce unintended dorsal
transmission, while mechanisms stabilizing ventral contact,
such as torsion-spring-based structures, may improve fit. In-
corporating thumb actuation would also be beneficial, given
its key role in perceiving object shapes and sizes [11].

E. Future Works

To further demonstrate the adaptability of VibGrasp system
across diverse grasping scenarios, future work would evaluate
a broader range of object shapes, including asymmetric and
irregular forms. Exploring additional rendering parameters,
such as kinesthetic feedback length and force, as well as
vibration duration, location, and amplitude, could enable richer
reproduction of diverse object shapes. An adaptive rendering
framework that adjusts these parameters based on detected
object geometry could support teleoperation scenarios where
shapes identified by a robot hand are conveyed to the user.
Integrating robot-side sensing (e.g., grasp position and contact
state) with user-side sensing, such as an FSR on the dorsal
side of the thimble [68] to detect finger extension intent and
transmit user commands to the robot, would enable intention-
aware closed-loop control for realistic grasping interactions.
Lastly, future studies with more participants may provide
greater statistical power and reveal significant effects.

VIII. CONCLUSION

We propose a novel haptic shape rendering method and
a glove that enhances shape perception during grasping
by varying spatiotemporal vibration parameters through the
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phantom sensation, providing with 1-DOF kinesthetic flexion
feedback. The User Study results indicate that participants
tend to associate Continuous and Apparent Motion patterns
with Cylindrical perceptions, whereas Discrete patterns were
perceived as angled shapes. Also, participants tend to perceive
the Linear AM pattern as the cylinder, while DP Concentrated
AM pattern as the prolate cylinder. In VR, VibGrasp showed
higher subjective ratings for some categories of the user
experience compared to prior methods. This work emphasizes
the potential for better providing the sensation of diverse object
shapes, enhancing interaction in VR for various applications.
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