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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.






