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ABSTRACT

Haptic perception of physical sizes increases the realism and immer-
sion in Virtual Reality (VR). Prior work rendered sizes by exerting
pressure on the user’s fingertips or employing tangible, shape-
changing devices. These interfaces are constrained by the physical
shapes they can assume, making it challenging to simulate objects
growing larger or smaller than the perceived size of the interface.
Motivated by literature on pseudo-haptics describing the strong
influence of visuals over haptic perception, this work investigates
modulating the perception of size beyond this range. We developed
a fixed-sized VR controller leveraging finger-repositioning to create
a visuo-haptic illusion of dynamic size-change of handheld virtual
objects. Through two user studies, we found that with an accom-
panying size-changing visual context, users can perceive virtual
object sizes up to 44.2% smaller to 160.4% larger than the perceived
size of the device. Without the accompanying visuals, a constant
size (141.4% of device size) was perceived.
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1 INTRODUCTION

Just as we naturally interact with objects of varying sizes in our
everyday lives, Virtual Reality (VR) environments also present us
with objects that either maintain static sizes or undergo dynamic
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size-changes. This dynamic resizing of objects, such as water hoses,
bicep muscles, or small breathing creatures held in the hand, con-
tinuously provides haptic feedback regarding the object’s status,
enhancing the immersive experience in VR. Also, rendering the
size-changes of magical props or tools commonly seen in games
and entertainment contexts can immerse the user into fantasy VR
worlds as well. To simulate different sizes of virtual objects, previous
research has introduced various haptic interfaces. These interfaces
either physically mimic the size of the virtual object [16, 41, 46] or
utilize wearables [8, 9, 13] and exoskeletons [5, 17, 24] to restrict fin-
ger movements and simulate where the fingers would make contact
with the virtual object.

However, each of these approaches has its own limitations when
it comes to replicating the dynamic resizing of virtual objects. Most
physical shape displays, for instance, struggle to replicate the chang-
ing size of objects held in the hand, as they must contend with the
force of the user’s grip [16]. On the other hand, wearables and
exoskeletons that restrict finger movement face challenges as well.
Passive wearables, such as those utilizing braking mechanisms, can-
not effectively convey dynamically resizing objects [8, 9, 13, 38]. In
contrast, active devices capable of this simulation tend to be heavy,
power-intensive [10], and limited in the range of size changes they
can render [46].

To address the above issues, we propose a different approach to
rendering the dynamic size-change of handheld objects in VR: by
neither changing the physical size of the device nor by resisting
the user’s grip, but instead using finger-repositioning to provide
haptic cues in the hand. Using the finger-repositioning device we
developed, we propose stimulating both the proprioceptive cues of
finger joints and the tactile cues on the palm and volar side of the
fingers, which users interpret, given an appropriate visual repre-
sentation, as alteration of size of objects held in the hand. Based
on this intuition, we propose an alternate approach to rendering
virtual objects in the hand dynamically changing size in a wide
range at relatively quick speeds.

The contribution of this work is three-fold:
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(1) We propose a novel approach for rendering size-change of
virtual objects leveraging visuo-haptic illusion and corre-
sponding nger-repositioning.

(2) We detail the design and implementation of a xed-sized
nger-repositioning controller.

(3) We conducted two user studies evaluating the e ectiveness
of the technique in rendering di erent sizes, rst without a
size-changing visual context (static visuals), followed by a
study with a size-changing visual context (dynamic visuals).

To the best of our knowledge, the approach of rendering visuo-
haptic size-change illusion via nger-repositioning has not been
explored by prior work. We believe the ndings from our studies
can serve as an initial exploration of a more generalizable approach
that enables various new interactions in the VR environment.

2 RELATED WORK
2.1 Shape/Size-Displays
To render the haptic feedback of various virtual object forms, prior
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mechanical structures worn on the ngers, with most exoskeletons
focusing on rendering at the ngertips. However, their primary
drawback is their cumbersome form factor, which makes them
di cult to wear and increases the potential for collisions with the
user's environment.

Another approach is using a handheld controller that can limit
the nger's motion and prevent them from closing on a virtual
object or poking a nger into one. NormalTouch?] uses a motor-
ized platform that the index nger lies on, and whenever the nger
penetrates a virtual object, it pushes the ngertip back outside the
object. The CLAW controller 10, allows for applying force be-
tween the index nger and the thumb, representing a held object.
CLAW uses a strong and heavy motor to be able to resist the forces
applied by the user. CapstancruncBf replaces the motor with
a brake. While improving the weight and power consumption of
CLAW, it cannot change the angle between the ngers against the
user's force. FingerX42 uses an extending structure connected
to each nger and can render grounded penetration prevention
forces when the virtual objects lie close to physical surfaces such as

works have explored the usage of shape-changing displays. Shape 3 table. HapticBots4( uses autonomous small robots that move

displaysB2 39 are devices that can generate dynamic shapes and
surfaces, typically using a planar array of linearly-actuated pins
that move up and down to create a 2.5D surface. In the attempt of

along a physical surface such as a table and prevent ngertips from
penetrating spaces occupied by virtual geometry.
Other controllers have been developed to render skin shear over

reducing the size of table-top pin arrays, researchers have developed ngertips [ 27, 44, and simulate grounded forces such as graviéy,[

smaller handheld displays for shape rendering on the paléh[
index ngertip[ 2], and the edge of a mobile phon2}. However,
most shape displays remain bulky, complex, and limited in the area
they can cover.

inertia [28 37,47, drag [48, or propulsion [20, 23. While the user's
hand may feel the touch of an object in di erent parts of the ngers
and the palm, due to the mechanical complexity, most of these
devices provide haptic feedback primarily to ngertips. In contrast,

Several work attempted to create shape-displays to render objects oyr approach leverages nger-repositioning and consequent propri-

of di erent sizes in the hand. X-Ring4dlg has been designed as a

oception and tactile cues over a large portion of the hand to create

shape display that extrudes surfaces 360 degrees around a centralthe sensation of objects with dynamically adjusted sizes held in the

axis that can be grasped by the entire hand, but its capability to
render a dynamic change of shape is limited. In atable bladdgrs[

19 35 44 can render shapes in the user's hand. These bladders can

render a few xed shapes and di erent assistive forces by changing
the air pressure. PuPo®]] can change the rendering between a
few xed shapes by using multiple in atable bladders, and the
commercial HaptX devicd[d covers the skin of the palm with
tiny in atable bubbles that can simulate the skin touching dynamic
stimuli but not complete geometry. However, their use for dynamic
real-time haptic sensations is limited by their need for an additional
pneumatic or hydraulic pump and their few degrees of freedom.

Unlike prior shape-display works, we propose rendering various
shapes not by changing the form of the interface itself, but by
repositioning the ngers holding an interface with constant form.
Our proposed approach has the advantage of not being limited by
the actuation range of the device, but instead by the length of the
user's ngers, allowing for maximizing the dynamic movement
range of the ngers and the consequent range of expressible virtual
object sizes.

2.2 Constraining Hand movement

A limitation of shape-displays rendering the full shape of a virtual
object is that parts of the object that are not in touch with the user's
skin are not sensed and therefore may not be worth the resources
to render. As an alternate approach, haptic exoskeletdnS[9,

12 13 21, 24 provide kinesthetic feedback of rigid grasping using

palm.

2.3 Pseudo-Haptics & Visuo-Haptic lllusion

The di culty of rendering a large variation of shapes and the need
to mold the shape against strong forces applied by the hand led us
to look for a di erent way to convey the haptic sensation of virtual
object's shape to the user, leveraging Pseudo-Haptats. [Existing
shape-displays and haptic controllers have used a combination of a
visual display that shows the desired motion and shape and a limited
haptic display to improve the perception of the haptic experience.
Abtahi et al. [l] used scaling and redirection of the user's hand
for manipulating hand-eye coordination to extend the perceived
resolution of a shape display, and Feick et dl4[used similar
techniques to map a xed-sized mechanical slider to a variety of
virtual sliders of di erent sizes and sliding speeds. Gonzalez et
al. [16 mapped the limited dynamic range of the X-Rings shape
display to objects of larger scale and geometry variation. All those
examples use the limited output of the haptic display and enhance
it using the dominance of visual sensing over the haptic sensations.
Yet, they do assume that the device renders the shape, and that the
user actually feels the haptic feedback [34].

A work conceptually close to the direction suggested in this
work is TORC B1]. Instead of rendering the shape of an elastic
object held between two ngers, as done by CLAX(, it renders
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a di erent signal connected semantically to the motion. TORC ren-
dered a vibrotactile cue triggered by the changing pressure applied
by the ngers that approximate friction inside the object's mate-
rial as pressure increases. The fusion of the visual stimuli showing
an object deforming under pressure and the synchronized haptic
vibrations generate a convincing experience of the object shape-
changing. Yet, the lack of proprioceptive sensing of movement of
the ngers holding the object prevents the experience from being
complete. Our work di erentiates from the above by focusing on
the sensation from the combined tactile and proprioception stimuli
to render di erent size-change e ects based on the accompanying
visual context.

Figure 1: Analogy of ball of di erent sizes (top rows of A
and B) mapped to proposed nger-repositioning technique
(bottom rows of A and B). (A) lllustrates the variation in
contact surface area when ball size is tting or smaller than
the hand, with corresponding nger-repositioning around

a cylinder that produces similar cues. Likewise, (B) illus-
trates the variation in proprioceptive cues and correspond-
ing nger-repositioning when the ball size is tting or larger
than the hand.
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3 PROPOSED INTERACTION CONCEPT

When interacting with objects with your hands, multiple tactile,
kinesthetic, and proprioceptive haptic cues simultaneously provide
a holistic perception of the object and its properties.

For example, when gently gripping a rigid sphere in your hand,
such as a cue ball from a pool table, as shown in Figure 1A, you can
notice that with your ngers wrapping around the ball, it lls your
grip completely, with large contact surface area in contact with
your skin, providing tactile stimulation to the palm and ngers.
Now keeping the ngertips in contact, if the cue ball were to slowly
shrink into the size of a golf ball, one can notice that the ball no
longer llIs the inside of the grip completely, with less surface in
contact with the skin, resulting in an increase of empty space in
your hand. Conversely, if the cue ball increases into the size of a
bowling ball Figure 1B, one can notice that the ngertips are pushed
back and as the ngers extend backwards.

In the above example, we draw attention to two main haptic
cues at play tactile cues (surface contact) and proprioceptive cues
('nger pose) both causing a perception of size-change, but each
applying to a di erent object size range (larger or smaller relative to
the hand). Thus, we speculate that appropriate haptic cues within
a visual context could obviate the necessity for physically altering
an object's size to discern a size change when held in the hand.

For instance, consider the scenario depicted in Figure 1, where an
individual grasps a cylinder of xed dimensions. As the ngertips
traverse the lateral surface of the cylinder, both the contact surface
area and the nger orientation change, akin to a situation where
the object itself undergoes a size alteration. Given the resemblance
between the haptic feedback generated by this nger repositioning
and that arising from an authentic size-altering object (Figure 1),
we hypothesize that these cues can be mapped to visuals of the
size-change of an object held in the hand, creating an illusion of
size alterations.

Therefore, in this paper, instead of changing the size of the ob-
ject itself or by limiting nger motion to match that of holding
a given object, we propose a method for rendering size-change
perception via nger-repositioning (i.e., wrapping and unwrapping

ngers) using a hardware controller with rotating rings of a xed
size, while providing a consonant visual context in VR. To investi-
gate our hypotheses, we developed two studies with two distinct
objectives. In the rst study, we investigate whether the proposed
nger-repositioning method alone elicits the perception of size-
change. In the second study, we investigate whether the range or
start/end points of nger-repositioning a ects the perceived size,
when accompanied by visuals that provide a size-changing context.

4 DESIGN & IMPLEMENTATION

Following the cylinder example above, we propose a mechanism of a
constant size that repositions the ngers to provide haptic cues that
can be interpreted as size-change perception. Using four stacked
rings that rotate around a common central axis held in the hand,
the device repositions the index, middle, ring, and little ngers each
around the central axis (Figure 3). As a result of repositioning, the
tactile and proprioceptive cues of each nger are modulated. With
appropriate visuals providing context, these cues can be interpreted
as the size-change of the object in hand.
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4.1 Finger-Repositioning System

The hardware of this prototype consists of three primary com-
ponents: four rotating rings, a palm guard, and a VR tracker, as
depicted in Figure 2. At its core, the device features four rings,
stacked atop one another, all capable of rotation around a shared
central axis within the core housing. This rotation is made possible
by four bearings securely attached to the core housing for each
ring. These bearings permit rotation exclusively around the central
axis, ensuring smooth movement with minimal friction.

Figure 2: The nger-repositioning device (left). An exploded
view of its assembled components (right).

The rings have a diameter of 55 millimeters and a width of
20 millimeters. Within each ring, a neodymium coin magnet, 10
millimeters in diameter and 3 millimeters thick, is securely xed
beneath the lateral surface at the midpoint. Additionally, a circular
depression measuring 10 millimeters in diameter can be found
on the lateral surface, directly above the underlying magnet. This
design facilitates the placement of the user's ngertips.

Figure 3: Example of nger-repositioning via ring mecha-
nism, ranging from wrapped (left) to unwrapped (right) n-
ger pose states.

To further enhance the user experience, a palm guard is incor-
porated into the device. This palm guard e ectively prevents any
unintended contact between the user's palm and the rotating rings,
ensuring that undesired tactile cues are avoided when the device
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Table 1: Hardware speci cations

Property Value

Weight (w/o VIVE tracker) 3299(2569
Dimensions 77 70 272mm
Ring Diameter 55mm

Ring Height 20mm

Motor Gear Ratio 98641 : 1

Drive Gear to Ring Internal Gear Ratio 20 : 38

Encoder Counts per Revolution (CPR) 12

Magnet Slot Diameter 10mm

Maximum Movement Range (Arc Length)96'3 mm

Maximum Ring Rotation Speed Limit 6000 % % (
Maximum Ring Revolutions per Minute 0267%"
Maximum Ring Rotation Surface Speed 461 mms 1
Maximum Torque at Maximum Speed 07N m

the Magnetic Encoder Pair Kit with Top-Entry Connector for Micro
Metal Gearmotors, o ering 12 CPR, e ectively reads the motor's
speed and position, contributing to precise control and feedback
within the system. Internal gears leverage a herringbone gear teeth
design for higher grip.

The driving motors are controlled with two RoboClaw 2x7A
Motor Controllers, interface with Unity via a serial connection
(460800 baudrate, maximum possible for the RoboClaw). Communi-
cating with the RoboClaw controllers from Unity was done through
the RoboClaw C# Class LibraryThe built-in closed-loop position
control of the RoboClaws was used to control the rings. The motor
controllers were supplied witt¥’5+ through a DC-regulated power

supply.

4.2 Technical Evaluation of Device

Real time motor position, speed, and current draw values are acces-
sible through the RoboClaw controllers. However, to understand the
torqueapplied on the user's ngers by the rings, a setup speci cally
for measuring motor stall torque was constructed (Figure 18).

The torque produced by a single ring was measured via a custom
apparatus modi ed from the prototype. A three-axis force sensor
(FSE10% measured the torque of a custom lever arm extending
5(< from the center of the device. With the voltage xed at
75+, current was applied fron@02 to 03 in 002 intervals. At
each input current498force measurements were recorded2&tHz
sampling rate. To assess tpeed and responsivenashe rings, a
ring was set to movésOmm at 6000 quadrature pulses per second
(QPPS) and its speed recordedlad Hz

is held. It provides coverage over a surface spanning 150 degrees4.2.1 Result§he mean torque measurements in newton-meters

around the rings. An adjustable strap is used to secure the device
rmly in the hand.

The motors responsible for driving this mechanism are the 1000:1
Micro Metal Gearmotor HP 6V with Extended Motor Shaft, while

of all three axes plotted against input current in amperes is shown

Lhttps://www.basicmicro.com/Roboclaw-2x7A-Motor-Controller_p_55.html
2https://downloads.basicmicro.com/code/RoboclawClassLib.zip
Shttps://variense.com/product/fse103/
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in Figure 4A. A linear trend line ofy = 19391 | 0"1378with
' 2= 0'9918was observed. The recorded speed and position of the
rings is shown in Figure 4B . The motor rise time wag71 ms
Referring to PoCoP oA that operated against user's grip, the
device could exert an output force @5 N and move the pins at
467mms 1. Our device delivere@43N mat015A or86N. Ata
maximum of0"30 A the device can deliver up 872N mor 144 N.
The maximum speed of nger-repositioning as shown in Table 1 is
461mms L.

Figure 4: (A) The motor current-torque evaluation plot with
dashed trend line. (B) Motor speed evaluation plot with an-
notated rise time.

These results combined suggest that our device is su ciently
responsive and strong for operation. The large torque value shows
that the motors are unlikely to stop or slow their rotation during
normal usage. Nonetheless, to prevent unintended surges of cur-
rents and motor damage due to mechanical blocking, a stall current
limit of 0”15 Awas set via a script.

5 USER STUDIES

We conducted two user studies to understand the e ect of our
proposed technique on virtual object size perception. In the rst
study, we investigated the e ect of nger-repositioningrior to
showing a static virtual object. In the second study, we investigated
the e ect of nger-repositioning during showing a size-changing
virtual object.

5.1 Study 1: Perceived Size when Fingers are
Repositioned Prior to Showing a Static
Virtual Object
Our proposed technique involves nger-repositioning while pro-
viding an accompanying visual context. However, as prior works

have well-demonstrated the e ects of visual dominance over haptic
sensation when determining size8,[43, we found the need to rst
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investigate whether nger-repositioning alone without an accom-
panying visual context elicits size-change perception. Due to the
need of measuring participants' perceived size data, we used visuals
of a virtual cylinder to which the participants were to compare the
size they perceived with their repositioned ngers. However, we de-
signed Study 1 to always reposition the participant's ngebogfore
showing the virtual object and asking for a size judgement. Study
1 therefore determines the perceived size of the virtual object im-
mediately subsequent to di erent nger-repositioning conditions.

Figure 5: Finger start/end points and nger-repositioning
sequences. Three start/end points were de ned (top row): (A)
Wrapped, (B) Mid-wrap, and (C) Unwrapped. Six sequences
with di erent start/end point combinations were de ned
(bottom rows). Sequence diagrams are illustrated as if view-
ing the prototype held in the right hand from the top.

5.1.1 Experimental Desidio limit the variations of nger-repo-
sitioning conditions to investigate, we rst de ned three possible
start/end points (Figure 5)Vrapped UnwrappedandMid-wrap
each corresponding to the two ends of the nger-repositioning
range and the midpoint in-between. We then de ned six nger-
repositioning sequences based on di erent combinatio8s (2) of
start and end points.

Following prior shape-display works4[, 46, the one-up-one-
down double-random adaptive staircase meth@d[was used to
determine the visual size acceptance range (i.e. the range of visual
sizes that are perceived as equal to the size perceived through
haptic senses) for each nger-repositioning sequence. Staircase
parameters of initial visual cylinder diameters based on device
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