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Figure 1: We developed Reel Feel, a novel shoulder-worn haptic device that uses strings attached to the fingertips and motorized
reels to render a variety of haptic effects, including rigid geometry (A), haptic animations (B), impulsive force (C), compliance
(D), and texture (E). Here we show example interactions for each effect (top), and the fingertip force waveform (bottom).

Abstract
While many haptic systems have been demonstrated for use in vir-
tual and augmented reality, they most often enable a single category
of feedback (e.g., kinematic breaking, object compliance, texture).
Combining prior systems to achieve multi-dimensional effects is un-
wieldy, expensive, and often physically impossible. We believe this
is holding back the ubiquity of rich haptics in both the consumer
and industrial AR/VR/XR domains. In this work, we describe Reel
Feel, a novel, shoulder-worn haptic system capable of rendering
rigid geometry, object-bound haptic animations, impulsive forces,
surface compliance, and fine-grained spatial effects all in one uni-
fied, worn device. Our design aimed to minimize the weight on the
hands (<10 g), where a system’s mass is most felt, as many prior
systems are heavy gloves and exoskeletons. Finally, we sought to
keep the device practical, being self-contained, low-cost, and low
enough power to be feasible for consumer adoption with a high
degree of mobility. In a user evaluation, our device rated better than
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a conventional vibrotactile baseline for all qualitative measures (im-
mersion, realism, etc.) and allowed participants to more accurately
discern object compliance and fine-grained spatial effects.
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1 Introduction
Over the past decade, research and commercial development of aug-
mented and virtual reality (AR/VR) systems has advanced rapidly.
In 2024, there are systems on the market such as the Meta Quest 3
and Apple Vision Pro that provide convincing visuals and spatial
audio, all of which help to create immersive virtual experiences.
However, the ability to feel realistic haptic sensations when inter-
acting with virtual objects is still lacking in all mainstream systems.
Of course, haptic sensations of shape, weight, and texture are some

1

https://orcid.org/0000-0002-7498-2567
https://orcid.org/0000-0001-5312-3619
https://creativecommons.org/licenses/by-nc/4.0
https://creativecommons.org/licenses/by-nc/4.0
https://creativecommons.org/licenses/by-nc/4.0
https://doi.org/10.1145/3706598.3713615
https://doi.org/10.1145/3706598.3713615
https://doi.org/10.1145/3706598.3713615
http://crossmark.crossref.org/dialog/?doi=10.1145%2F3706598.3713615&domain=pdf&date_stamp=2025-04-25


CHI ’25, April 26–May 01, 2025, Yokohama, Japan DeVrio and Harrison

of our most important ways of reasoning about the world. A system
that can render such sensations could have a significant impact on
increasing realism and immersion.

Accordingly, with a problem of this importance, innumerable ap-
proaches have been explored in both academia and industry, which
have attempted to bridge the outstanding haptics gap between vir-
tual and real. A common theme is that systems tend to develop
a complex solution that can render only a single sensation (e.g.,
rigid geometry) [19, 20, 25, 32]. The few exceptions, such as the
commercial HaptX system [81], can render force across the hands at
different scales (macro and micro), but suffer from increased system
complexity, size, and cost that limits user comfort, mobility, and
ultimately widespread adoption. In addition, while some systems
for cutaneous sensations are unobtrusive enough to conceivably
be combined with systems for kinesthetic sensations (including
Reel Feel) [30, 64, 73, 86], kinesthetic-focused systems are often
bulky and cannot be combined to render more than one sensation
[18, 31, 37, 78, 79, 83, 85]. We see the high bulk and cost of existing
solutions, as well as their narrow palette of sensations, as a key
factor holding back VR haptics from becoming more ubiquitous.

The haptic device we describe in this work, which we call Reel
Feel, contributes an improvement on wearable haptic systems by of-
fering multiple haptic effect categories in a single system, while also
minimizing bulk, cost, and complexity. Reel Feel is a self-contained
device that is worn on the user’s shoulder and capable of being bat-
tery powered and portable. Haptic sensations are rendered through
a set of strings attached to each of the user’s fingers that extend back
to a shoulder device, where they are wound around a computer-
controlled, high-torque, brushless DC motor.

We create effects by programmatically changing the speed and
torque of our motors in a continuous manner. For example, by
continuously varying these forces, we can create sensations of
compliant objects, and by modulating them, we can render spatial
effects. By adjusting the programmatic inputs, our system is able
to render five different types of haptic sensations: rigid geometry,
haptic animations, impulsive forces, compliance, and fine-grained
spatial effects (Figure 1). In addition to operating on their own,
these sensations can be used as "building blocks" and combined to
make more complex haptic experiences.

In summary, Reel Feel offers a unique set of capabilities that
sets it apart from prior work. First and foremost, its reel design
allows the system to render much larger forces on the user’s hand
than other wearable systems of similar size. This enables haptic
effects that were not previously possible in this form factor. Second,
compared to other systems, our device can exert significantly more
output force relative to its low power. Finally, while many previous
systems from the literature have excelled at rendering single haptic
effects (see overview in Figure 2), Reel Feel improves upon them
by being able to render five unique categories at once, all while
retaining a practical form factor.

2 Literature Review
Creating convincing haptics for AR/VR has been a long standing
focus in the HCI and robotics literature. However, solutions for the
challenges involved in creating a device that is both practical and
convincing remain elusive. These challenges are even more severe

for wearable haptic systems like ours. As such, it is most common
for a system to focus on a single haptic sensation, such as object
compliance or texture.

In this section, we review a variety of systems that focused on
rendering each of the expressive categories that Reel Feel renders.
A summary of key systems and their advantages and disadvantages
compared to Reel Feel is provided in Figure 2. In our review, we
focus exclusively on wearable haptic systems because they are the
most similar to Reel Feel and suffer unique constraints in form
factor, power, and weight that grounded haptic systems do not. At
the end of this section, we will review systems (not exclusively
wearable) that use cable-driven haptic techniques.

2.1 Wearable Haptic Devices By Expressive
Category

2.1.1 Rigid Geometry. One of the most fundamental haptic sen-
sations is reaching out and feeling objects. Upon contact, users
might wish to explore the shape, contours, and edges. In this sub-
section, we include all of these properties under the category of
rigid geometry.

More than any other category, geometry has seen the most atten-
tion in past research. Although there have been waves of research
investigating this area since the 1990s, a modern wave of HCI
research began in the mid-2010s [6] and resulted in Wolverine, de-
veloped by Choi et al. and later improved upon by Grabity [19, 20].
Both systems used a simple design with unidirectional brakes at-
tached to the fingers to restrict motion and render shape. While
many systems have since improved upon this idea, the concept of
halting finger motion to render a rigid surface has remained.

A significant successor was DextrES, developed by Hinchet et al.
[32]. While Wolverine and Grabity were limited in that the entire
device was semi-rigid, DextrES significantly increased dexterity
by placing electrostatic brakes on the back of each finger. These
brakes were flexible, allowing the fingers to remain mobile, but
could also become rigid when powered. This is the basis for the
hand exoskeleton class of devices that also includes systems such as
the early CyberGrasp [8, 24, 66], and later Dexmo [29, 69], ELAXO
[90], RML Glove [53], Haptic PIVOT [46], HaptX [81], PalmEx [15],
and Son and Park’s device [68].

Hand exoskeletons have the advantage that they have to render
smaller normal forces because the fingers can exert less force than
in our case where forces are compounded from the wrist and arm
back up to the shoulder. The trade off is that exoskeletons put more
weight on the forearm, which will tire users, and can generally
only render gripped objects (but not world-grounded, whole-arm
kinesthetic effects, such as knocking on a door).

Beyond exoskeletons, other systems have used different actua-
tors to render geometry. CLAW by Choi et al. used a mechanized
servo arm on the index finger that could actively move to render
other sensations beyond shape, such as texture [21]. More experi-
mentally, Teng et al. used pneumatic inflatables to render geometry
[76], while Lopes et al. and Tanaka et al. used electrical muscle
stimulation (EMS) [52, 73]. Advantages of tactile systems using
EMS are that they may not require mechanically moving parts [39]
or direct skin attachment [73]. Finally, Wireality, developed by Fang
et al. [25], used a ratcheting cable mechanism, highly related to our
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system. We discuss this system in detail in the coming subsection
on cable-driven haptic devices.

2.1.2 Haptic Animations. Handheld devices that can render hap-
tic animations (e.g., motor vibrations, mechanical clicks from a
handheld weapon) are commonplace, with many existing VR con-
trollers integrating ERM or LRA motors for vibrotactile feedback
[22, 23]. In the academic literature, alternative techniques such as
synchronized arrays of ERMs and LRAs in controllers [10, 62] and
on wristbands [58] have been used to create spatially animated
effects. Other less conventional techniques include animated micro-
tactile arrays [43, 64], pneumatic bellows to dynamically squeeze
the wrist [88], a motorized lead screw [60], and hand sensations
using transcranial-magnetic-stimulation of the brain [72].

2.1.3 Impulsive Forces. Next we discuss haptic systems that focus
on rendering reactive, impulsive interactions, such as hitting a ten-
nis ball or firing a weapon. These impulsive forces are often large
in magnitude and short in duration (i.e., an impulse). In the past,
one category of systems has mounted force feedback devices on
VR controllers that were programmed to time forces with virtual
impulses. Examples of feedback devices that have been used include
propellers [31, 37], compressed air jets [18, 78, 83], solenoids [75],
voice coil actuators [71], weight shifting props [89], and flywheels
[85]. Compared with these techniques, Reel Feel is relatively com-
pact and can render similar forces without the need for air lines or
energy storage.

A separate category of systems includes some of the exoskeletons
discussed in the previous section on rigid geometry. Son and Park’s
exoskeleton and PalmEx had small motors on the back of the hand

that could not just arrest finger movement, but also actively pull
backwards to apply impulses [15, 68]. Haptic PIVOT, on the other
hand, used amotorizedmass which could swing into the user’s hand
to apply impulses, like catching a falling object [17]. These systems
had a form factor more similar to Reel Feel, however they differ in
that Reel Feel can render larger forces with its larger motors, and
can render impulses through the entire arm by being mounted to
the shoulder.

2.1.4 Texture and Spatial Surface Effects. Three common approaches
have been used in the past for rendering spatial effects, such as ob-
ject texture. The first of these involves rubbing an artificial surface
against the fingertip that is meant to mimic what the real surface
of the virtual object might feel like. The Haptic Revolver, by Whit-
mire et al. [84], did exactly this — spinning a textured disc beneath
the index finger to render micro-textures like rough surfaces and
macro-textures like larger bumps or holes.

A second, and more popular approach is to place a miniature
grid array of actuating elements beneath each fingertip that can
be moved to simulate texture. TextureTouch by Benko et al. [11],
HaptiVec by Chen et al. [17], Fluid Reality by Shen et al. [64], and
even the commercial HaptX gloves [81] all take this approach, albeit
with different actuation mechanisms. This technique is advanta-
geous because it allows for a nearly infinite amount of convincing
textures to be rendered by correctly programming the tactile array.
However, its primary drawback is that the associated actuation
mechanisms (either linear actuators or fluid pumps) are bulky, with
the exception of Fluid Reality.

The final approach is to generate haptic textures with a vibrotac-
tile actuator. Strohmeier et al. pioneered this technique where they

Figure 2: High-level overview of highly-related haptic systems. Comparable numbers drawn from published materials as best
possible, but please consult individual papers for specifics.
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placed the finger on a vibrotactile actuator and varied its feedback
when sliding it along an instrumented slider [70]. The first two
approaches render texture by presenting shapes to the fingertips
to vary normal forces within the finger pad. The third approach
is different in that it solely uses vibrotactile actuation; it is also
the most similar to how Reel Feel renders texture. We point to the
bodies of work referenced by Strohmeier et al. that show perception
of texture is linked to vibrations felt by the Meissner and Pacinian
corpuscles [12, 13, 44, 47, 70, 87]. The same arguments suggest Reel
Feel’s method of pulling the fingers at a high frequency can be
used to generate the perception of texture. However, we acknowl-
edge with one variable force per finger, our "texture-like" effects
are coarser than ones that can be rendered by systems with dense
arrays of haptic pixels [11, 64, 81].

2.1.5 Object Compliance. Of all categories, there have been the
least systems specifically focused on object compliance. Tao et
al. made a system with silicone pads on the fingertips like ours,
however their goal was to change perceived softness of real-world
objects, not create haptics for virtual ones [74]. More relevant ex-
amples are HapCube, developed by Kim et al. [41], and TORC,
developed by Lee et al. [48]. Both systems used a similar device,
held between the fingers in a pinch grip, that contained two flat
surfaces with a vibrating mass underneath. HapCube used oscillat-
ing magnets while TORC used motors. These systems were clever
in that they rendered compliance without directly rendering the
object’s normal forces while being squeezed. However, the particu-
lar grip the devices required meant it was challenging to adopt to
additional haptic use cases. This highlights two advantages of Reel
Feel in keeping the hands free and rendering multiple sensations
with a single actuator.

2.2 Cable-Driven Haptic Devices
In terms of actuation, the systems most similar to Reel Feel are
those that also use tension from cables to generate haptic effects.
Cable tension haptics were first realized in feedback systems for
virtual environments in the VIDET project from the late 1990s [9].
One of the systems from this project, WireMan, was even portable,
operating by pulling on the index finger using one or three cables
driven from a backpack device [14].

2.2.1 Caged Cable Haptics. Until recently, the most popular ap-
proaches for cable-driven haptics have placed the hands in rigid
cages and rendered 3D forces by pulling on the fingers with motors
mounted around the periphery [33, 42]. The most prolific project
using this technique, SPIDAR, explored numerous cage and cable
designs to render different types of sensations [36, 49, 51, 56, 57].

2.2.2 Wearable Cable Haptics. More recently, HCI research has
begun advancing lightweight, wearable, cable-driven haptics. The
first was Wang et al.’s system which mounted a fixed-length cable
to a VR headset and rendered surfaces at the end of the cable, where
tension feedback could be felt [82]. Wireality, developed by Fang et
al. [25] improved upon this idea with a mechanized approach. Their
system used cables from each of the fingers to a device worn on
the shoulder that could arrest the cables using a pawl and ratchet
design. In this way, all five fingers could freely move through space
unencumbered until they individually encountered a virtual object.

Wireality is the most similar system to Reel Feel, however, it was
only able to arrest the fingers and render rigid geometry using
tension, while our system can actively pull the fingers, enabling
four additional sensations. Furthermore, once the the ratchet locks,
there is no ability for the system to release the lock, meaning curved
and more complex surface geometries are not possible, nor are
textures, animations, impulsive fores or compliance. The ability
of Reel Feel to continuously vary string forces without locking,
thereby creating more diverse haptics, is its significant and central
advantage over Wireality.

More recently, Achberger et al. developed two cable systems
called STRIVE and STROE [3, 4]. STRIVE used a similar technique
to Wireality and improved the design by streamlining the hardware
and showing how its reels can also be anchored in the environment,
like a hybrid cage. STROE on the other hand strung a cable between
a VR controller and amotorized pulley on the foot to simulate object
weight in VR.

2.2.3 Wearable Elastic Haptics. A final class of "cable" haptics uses
elastic bands for compliance and impulsive forces. Achibet et al.
rendered compliance by tethering the palm to an elastic band on the
shoulder and modified perception using retargeting and illusions
[5]. ElasticVR by Tsai et al. used a retractable spool (much like
Wireality) on the palm and an elastic band, which can be tensioned
to change its compliance [79]. Finally, ExoInterfaces by Tsetserukou
et al. also attached an elastic band to the arm and wrist, and used
motors for retraction to render strong impulsive forces [80].

Compared to past cable-driven haptic devices, Reel Feel differen-
tiates itself by allowing users to feel a wide array of different haptic
sensations using a single self-contained device [3, 4, 25, 50]. The
most closely related work — Wireality — cannot render vibrations,
whole arm kinesthetic feedback, compliance, or textures. Compared
to SPIDAR and other mounted systems, Reel Feel also has a compact
and wearable form factor that enables portability [33, 42, 50] and
does not encumber the user’s movement [3, 4]. Finally, the disad-
vantage of many of these systems is that they are designed to only
work for a narrow set of interactions, like simulating weight [3] or
one force aligned with the arm (no fingers) [79]. In contrast, Reel
Feel enables a broad set of interactions with independent forces on
all fingers and a generous range of motion.

3 Implementation
Reel Feel required extensive iteration of both hardware and software
components. When combined, they enable a number of different

Figure 3: Close ups of the reel design for the initial single-
finger (left) and finalized five-finger prototypes (right).
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Figure 4: The final Reel Feel prototype in action, with rele-
vant dimensions provided. During use, the device is worn on
the shoulder, with the strings leading down to the hand.

haptic sensations that can be felt by the wearer. In this section we
detail their technical background and implementation.

3.1 Haptic Device Hardware
The core operation of Reel Feel involves attaching a string to each
finger and creating pulling forces to induce haptic sensations on the
fingertips. These pulling forces were created by winding each string
around a motorized spool, and programming the motor to wind to
produce a force. All five motor spools along with the associated
control electronics were housed in a case that was worn on the
shoulder via an adjustable harness. This harness consisted of a
curved, plastic plate that sat on the shoulder and was secured using
fabric straps around the torso.

We chose to use the shoulder as the mounting point for our
system due to its unobstructed path to the hands, so as to not
impede the strings. However, more importantly (and unlike most
other systems [11, 20, 21, 32, 41, 48, 84]), we also placed virtually
no mass on the hands or arms, improving user comfort. Over the
entire body, the shoulders have been shown to be one of the best
locations for placing wearables without excessive fatigue [27].

A photo of our initial, single-finger prototype is shown in Figure
3. In this early version, we used angle values frommotor encoders to
estimate finger position to knowwhen to render sensations.We also
experimentedwith a limit switchmechanism to determinewhen the
string was not taut and needed to be reeled in. Although functional,
the click of the switch activating introduced a noticeable tactile
bump that distracted from the smooth movement of the motors.
The switch was also only able to detect when reeling needed to
begin and not when to stop. Given these shortcomings, in our final
prototype, we kept the use of encoders, but removed the switches
and instead used fingertip tracking from cameras on the VR headset
to maintain proper tension and remove slack.

Photos of our final prototype are shown in Figures 3 and 4. This
version used nylon fishing string for cables, which were attached to
silicone finger caps. Each cable was measured two meters long, so
as not to inhibit any user’s field of reach. The cables were wound
around the hub of the motor and constrained using two 3D-printed
reel guards (shown in Figure 5a). The spool housing for each motor

was also 3D printed and contained a guiding hole for the cable. All
five motors, their spools, and the control electronics were housed
in a compact enclosure that weighed 710 g and was attached to a
shoulder harness. For our prototype, we built a device for one hand.
For a complete system, we envision twin devices being worn on
each shoulder to provide haptics for both hands.

3.2 Motor Selection
An important decision in designing the hardware of our system was
to decide what motor to use. In our prototype device we used three-
phase brushless DC (BLDC) "gimbal" motors. This type of motor is
most commonly used in camera stabilizers and drones. Compared to
other types of motors, the advantages of this class of BLDC motors
are that they have high efficiency, run very smoothly (i.e., low
cogging torque), and can deliver high torque. This comes from the
fact that the magnet and coil design allows such motors to operate
at maximum torque continuously throughout the entire rotation
of the rotor [61]. Gimbal motors are a subclass of BLDC motors
that have increased in popularity and availability (and reduced in
cost) over the past decade with growth in the high-tech camera
and drone markets. Compared to "standard" BLDC motors, such as
those used in RC planes, gimbal motors have stators wound with
many more turns which gives them a higher reactance. As a result,
they take a smaller current to produce a larger torque, especially at
low velocities [16]. This also means that even small BLDC motors
can deliver considerable power for their size. This was an ideal
property for our application since we wished to optimize the torque
to weight ratio through our motor choice.

During our design phase, we experimented with three different
motors, with torque values at a 1 A load ranging from 5.8 N·cm to
39.2 N·cm, and which weigh 39.5 g to 204 g, respectively [35, 77]. For
our final prototype, we selected the GM3506 BLDC gimbal motor,
which offers 14.7 N·cm torque at 1 A, and weighs 64 g each [34].
These can be purchased online for under $20 in single quantities,
and less in higher volumes. We found this motor’s ratio of torque to
weight to be a good balance, where the total weight of our prototype
(five motors per hand) was not too distracting for users, while still
delivering strong kinematic effects.

3.3 Motor Control Electronics
To drive the BLDC motors, we developed a custom control board
(shown in Figure 5b). At the heart of this board is a Teensy 4.1
microcontroller unit (MCU). The MCU is connected over USB to a
PC that is running the VR software from which it receives serial
commands. This MCU was chosen for its 625 MHz clock rate so
it can run the motor control loop fast, and because it fully utilizes
the 480 Mbit/s bandwith of USB 2.0. This allowed it to keep up all
of the serial commands we were outputting from our Unity demo
on the PC which was running at 70 FPS. On our board, the MCU
controls each motor using a DRV8313 which has three individually
controllable half-H-bridges to drive the three phases of the motor at
up to 12 V. Each motor also has its own AS5048A magnetic encoder
which are connected over SPI.
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(a) Exploded diagram of all Reel Feel hardware components.
(b) Our motor control board receives commands from a PC and is used
to drive the motors and receive data from their encoders.

Figure 5: Details of the shoulder-mounted Reel Feel hardware.

3.4 Prototype Cost
Our prototype cost ∼$240 in parts. By far, the most expensive com-
ponents are the BLDC motors and their encoders that account for
over 83% of the total cost. Other components, including the Teensy
MCU, motor driver chips, nylon string, and wires make up the rest.
If created at a mass scale, we would expect cost for all of these
components to be reduced, certainly under $200, and perhaps even
under $100.

3.5 Haptic Control Firmware
To control the haptic hardware that we created, we developed a
layer of control firmware that ran on the MCU. We used a closed-
loop PID control algorithm, adapted from the SimpleFOC library
[67], to set motor parameters. In more detail, the algorithmswe used
took encoder angles and a command for motor voltage as inputs
to a closed feedback loop to control first torque, then velocity. We
opted to use voltage instead of current as the input to our control
loop because although current is more accurate, it requires more
processing and thus would have led to a slower update rate [67].

As a part of our control firmware, we used pulse-width modula-
tion via the H-bridges to vary the effective voltage that drove each
motor. Drive voltage was linearly proportional to the output force
felt on the fingertip, thus whenever we wanted to render a stronger
sensation, we used a higher voltage. At a drive voltage of 7 V, motor
load current is maxed out, so the torque cannot be increased higher
than this. In our piloting, we also found the impulse forces at 7 V at
the limit of what could be felt without feeling jarring or too strong.
In order to generate any force, the motors needed at least 0.5 V
applied, thus our resultant range for haptic control was 0.5-7 V.

To simplify upstream development, we also created firmware
functions that took a waveform type (square, sine) and frequency as
arguments and rendered vibrations by pulsing the voltage driven to
the motors. These functions were used to render some sensations
of spatial effects and haptic animations in demos. All the other
sensation types were rendered by setting motor voltages in the
upstream software.

3.6 Maintaining Tension
An important requirement for our system is to keep the strings
under tension at all times to minimize latency for force interactions.
We do this automatically by using encoder values and tracking the
fingertip positions using the cameras on the front of the VR headset.
By default, we assume strings are tensioned and remain so when the
user pushes forwards. As a result, strings only become un-tensioned
when moving the hand back toward the torso. Using cameras, we
detect when this occurs independently for each fingertip and begin
reeling in with high speed, but low torque. Reeling stops when
we detect the encoder values stop changing (i.e., no more string is
reeling in).

3.7 Physical Material Modeling
To better understand how to render forces with our system, we
conducted an investigation modeling two example materials. In
Figure 6, we show a plot mapping motor voltage to output force
for a single string. For a single motorized string, the maximum
output force that can be applied to the finger is 5.7 N. Also in Figure
7, we show a mapping between the deformation of two example
compliant materials, a block of insulating foam and a pillow, and
the normal force applied to the pushing hand. The Young’s Moduli
of the materials were 8000 and 5600 𝑁 /𝑚2 for the foam and pillow
respectively.

In Figure 7, we combined the two plots from Figure 6 and also
included lines for the maximummotor force for one- and five-finger
strings to show the maximum material deformations that we can
simulate accurately. As expected, as the compliance of a material
increases, the maximum deformation we can accurately simulate
also increases. Additionally, while sometimes we cannot generate
enough force on a single fingertip to accurately simulate normal
forces at higher finger pressures (greater deformation), when mul-
tiple fingers are used, our range of physically accurate simulation
increases.

3.8 VR Software
Separate from the Reel Feel hardware, we also needed software to
interface with the VR headset (Meta Quest 2), render a virtual scene,
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Figure 6: Our setup for physical material modeling. Each
column is a matched photo and plot for an experiment. On
the left, we found a mapping between motor voltage and
output force. On the right, we found a mapping between
applied force and material deformation.

Figure 7: A combined plot from both material modeling ex-
periments: maps from material deformation to normal force
for two materials. This mapping was used to inform a realis-
tic output force for each string.

and determine when to activate haptic sensations. At a high level,
this system’s purpose is to render a scene in VR featuring several
interactable objects, track the position of the user’s hands using the
Quest 2’s built-in cameras, and determine when a finger has collided
with a virtual object to trigger a haptic sensation. For fingertip
tracking, we used the Meta XR package in Unity, and tracking was
not diminished or disabled by the strings and silicone finger caps.
The first two parts of this software were relatively straightforward
using built-in Unity components. Determining when to trigger a
haptic sensation, and with what intensity, was a more challenging
problem. Our very first test involved rendering rigid objects. Here
we set up a collider on the surface of the virtual object, and when
the finger hit the collider, we triggered a closed-loop control to
keep the motor at that angle until the finger exited the collider.

This worked well for rigid objects, but was hard to adapt to com-
pliant ones. We initially tried rendering pulling forces as soon as

the finger entered the object, and increasing the force the further
the finger went in. This is actually how our first physical model
worked where we changed the force using a function mapping from
compression to motor voltage obtained empirically from the real-
world material (from subsection on Physical Material Modeling).
However, in practice, we found such an approach led to behavior
where the torque would drastically increase as soon as the finger
passed the object’s surface boundery. This caused the finger to jerk
backwards and exit the collider. Upon exiting, the applied force
was removed, causing the finger to jerk forwards, creating a oscilla-
tory effect. To counter this effect, we created an alternative model,
not based off real-world forces, where we increased a collider’s
bounds 1 cm beyond the object’s surface, and linearly increased
the force once entered. A visualization of this is shown in Figure
8. In this way, once the user’s finger reached the object’s surface,
the force had already built up in a more subtle, continuous manner.
This eliminated the previous force oscillations, and made the end-
user experience more comfortable and realistic. The slope value of
the linear function was determined based on the stiffness of the
material.

We note that all spatial interactions (rigid geometry & fine-
grained spatial effects) are triggered by tracking of hand keypoints.
As a result, haptic resolution is chiefly constrained by the resolu-
tion of the headset’s fingertip tracking and the resolution of the
collider/texture image used. Figure 8 shows a coarse convex collider
for clarity, however, higher-fidelity ones can be used to increase
perceived haptic resolution.

The compliant material model described above formed the foun-
dation for all other sensations. Rigid geometry was rendered by
using a model with a very high stiffness value. The other three
sensations (spatial effects, animations, and impulsive force) were
rendered by superpositioning additional voltage functions (such
as a square wave) characteristic of that sensation on top of the
compliant model.

3.9 Potential Challenges for Force Simulation
Reel Feel can render any force that can be represented by a ray
from the shoulder device. In practical use, some forces do not follow
this path. For example, a user does not always point their finger
perpendicular to a surface they are touching.When this path cannot
be traced precisely, Reel Feel will still render an appropriate force
providing a simulate of the sensation. In our studies, we found the
effect is convincing up to ∼45° misalignment. There are some less
common interactions, such as touching the backside of an object,
that Reel Feel cannot render. VR designers would need to note
such constraints when designing interactions with our system. We
discuss these cases and potential solutions further in the Limitations
and Future Work section.

3.9.1 Wire Tangling. A concern of our system’s design is that
fingers may cross over, causing the strings to tangle or knot. In
practice, this does not occur due to the physical anatomy of the
hand — if a user does cross their fingers, they have to reverse the
same path to uncross them, which causes the wires to uncross
(i.e., knots are not possible). Our system also constantly maintains
tension in the strings so they will not tangle from slack.
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Figure 8: Using custom colliders, motor pulling force increases linearly as a user approaches an object from a few centimeters
out so that the transition to full force is smooth by the time they contact the surface. This helps eliminate any jerky behavior.

3.9.2 Finger Curling. Two other uncommon situations could present
a challenge to our string-based system. One involves actions such
as making a fist to grab an object, or grabbing and rotating a door
handle. In these, the motion of curling fingers or a twisting arm
causes the strings to come into contact with the user’s skin. If the
strings briefly touch the skin, the user feels a stimulus that is not
represented in the virtual world. This is undesirable, however, the
sensation is small relative to the motor force, so the haptic illusion
is not significantly weakened. In the majority of normal use, fingers
are not curled and the strings never touch the skin.

3.9.3 Arms Crossing Over. Even less common is if the user is using
two Reel Feel devices, one on each hand, and crosses their arms
over. Although we could not find a study measuring how often this
exact behavior occurs during typical VR use, we reference a study
by Ahuja et al. [7] on the range of motion of handheld controllers
while playing popular VR games and highlight that less than 2.5%
of the time did even one arm cross the midpoint of a user’s torso.
This suggests crossed-arm interactions in AR/VR are relatively rare.
Despite all of this, even if the arms were to cross, given the strings
are always connected at two endpoints, they will not tangle unless
deliberately wrapped around the other arm.

3.10 System Performance
In this last subsection, we describe focused performance evaluations
of different properties of our system. All properties were measured
using the mentioned 0.5 - 7 V voltage range, and we provide addi-
tional information on our calculations where appropriate.

3.10.1 Actuation Force. The minimum and maximum forces we
can render on each fingertip are 0.5 and 5.7 N, respectively. Forces
were measured using an electronic load cell. When all five motors
are activated at maximum voltage, up to 28.5 N of force is applied
to the hand. For reference, humans typically apply a few newtons
of force when pressing a mechanical button (1 cm radius) with a
finger, and roughly 10 N of force when two-finger gripping and
lifting a heavy object (0.8 kg) [38]. Thus our system’s applied finger
forces covers a useful and practical range, without the ability to
harm the user.

3.10.2 Reeling speed. At the lowest voltage setting (0.5 V) the
strings are reeled in at a speed of 38.3 cm/s. If the motor voltage
is increased to the maximum (7 V), the spools can be reeled at a

max speed of 228.5 cm/s. All speeds were measured using motor
encoders. For comparison, the torsional springs used in Wireality
provide a 0.78 N retraction force [25]. Whenever we need to reel
in the strings, we use the max reel speed. The average length of
a person’s reach is ∼80 cm. Thus, if a person brought their hand
from max reach to their shoulder instantly, it would still only take
∼350 ms to tension. Given this latency, differences in arm length
do not noticeably affect the experience.

3.10.3 Latency. Latency was measured in four parts: (1) Quest
hand tracking, (2) Time from collider event to command sent to
Teensy, (3) USB serial speed, (4) Time from voltage commanded to
motor to value change on encoder. The Quest 2 hand tracking used
in our prototype offered a latency of under 27 ms [1, 55]. Latency
for the rest was 14 ms for Unity sending the Teensy command, 50
us for USB serial and ∼5 ms for the encoder to change leading to
an overall system latency of ∼46 ms. In rare cases where the user is
moving quickly and the motors need to catch up to tension, there
can be a few extra milliseconds of latency. This effect can be seen
in Figure 9, which shows latency for various system states.

3.10.4 Power Consumption. At maximum force, one finger (driver
+ motor) requires approximately 1.2 A @ 7 V (8.4 W). However, this
peak is only ever approached when rendering intense haptics that
are brief (e.g., rapidly decelerating a fast-moving arm colliding with
a virtual rigid surface). When actuating all fingers, more typical
haptic effects (e.g., medium strength touches to surfaces, tactile
exploring textures) consume around 21.6 W of power. In the default
state, motors are not powered on, and the device consumes < 0.1 W.

If we consider a hypothetical minute of VR interaction, with 10
haptic events rendered on all five fingers lasting one second each,
and where the reels are actively retracted during all intervening
periods. Each one-second haptic event consumes 6.0 mWh × of
power, while each second of reeling consumes 0.33 mWh of power,
for a total average power consumption of 6.0 mWh × 10 seconds +
0.3 mWh × 50 seconds = 76.67 mWh / minute. Thus, if our system
included two small lithium-ion cells (e.g., Samsung 25R 18650 [59],
each rated at 9 Wh with a maximum continuous discharge rate of
20 A), this would provide enough power for ∼3.9 hours of runtime.
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Figure 9: Measured force and encoder values plotted with commanded voltage for one motor. Traces are aligned vertically to
show latency. The sequence of events is: (A) extending arm with string at tension, (B) finger arrested on object contact, (C)
rendered force removed, (D) arm pulled back, (E) string tensioning engaged then complete, and (F) extending arm again.

4 Expressive Capabilities
In this section, we detail examples of VR interactions where Reel
Feel can be used to enhance the user experience. These interactions
are divided into five broad categories, based around the different
categories of sensations our system can render, along with a brief
discussion of combining multiple sensations together. Reference
Figure 10 for visualizations of what the output motor voltage signal
looks like for examples from each category.

4.1 Rigid Geometry
In a typical VR scene, in addition to interactable items and char-
acters, there are often many static objects that make up the back-
ground environment such as walls, handles, furniture, and more.
Normally, such objects are either placed out of the way, or provide
no feedback when a user’s tracked hands run into one. Reel Feel
changes this by allowing the user to feel simulated normal forces
on their hand, just like what they would expect if touching similar
objects in the real world. Due to its ability to render independent
forces on each fingertip, our system is capable of simulating not
only flat surfaces, but also curvature and intricate surface features.

4.1.1 Surface Interactions. The primary category of rigid feedback
in VR is interactions with surfaces. Here, surfaces include not just
large flat objects like tables and walls but also furniture, trees,
rocks, and other static environmental features. Examples scenes
showcasing these interactions for a bookcase and columns are
shown in Figure 11.

4.1.2 Object-Mediated Surface Interactions. The second type of
rigid surface capability involves situations where users interact with
virtual surfaces through an intermediate object or tool. Example
interactions of this typemight include striking a nail with a hammer,
swinging a bat and hitting a baseball, and writing on a whiteboard

with a marker. A demo of a hammer strike can be seen in the Video
Figure.

4.2 Haptic Animations
Reel Feel can also render haptic animations, when a user picks up or
interacts with a virtual object. Unique from the previous sensations
which are confined to surfaces, these animated effects move with
the hand in 3D space and can add life to otherwise static objects.

4.2.1 Object-Bound Haptic Animations. One use case is attaching
haptic animations to objects in VR, such as a running washing
machine, a beating heart, and an orbital power sander (all shown
in Figure 11).

4.2.2 "Clicks" and Other UI Widget feedback. A more specialized,
but high-value use case is attaching confirmatory haptic feedback
to interactive widgets, such as buttons, keys, sliders, switches, etc.
In the Video Figure, we show a demo of the tactile "click" of a
mechanical keyboard.

4.3 Impulsive Forces
While haptic animations can cover many cyclic virtual effects that
exert forces on the hand, there are other times when an object hits
the hand or a handheld object creates a reactive force. In these cases,
our system is able to render strong and instantaneous impulse forces.
For instance, we can create sensations like catching a basketball
pass, holding a door closed to prevent a monster from getting into
a room, and recoil from a plasma blaster (examples scenes shown
in Figure 11).

4.4 Compliance
While a large portion of virtual objects often have rigid geometries,
many other objects that are compliant in the real world would feel
jarring and unbelievable if rendered in a rigid manner. Reel Feel
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Figure 10: Output motor force for a single finger while rendering all five expressive capabilities. The examples shown represent
all haptic demos used in our Evaluation. Beyond these, our system is capable of rendering many more demos within each
expressive category.

allows such objects to be rendered by continuously adjusting the
normal force feedback as the fingers press into the surface. This
capability allows for more realistic interaction with many types of
compliant object not possible with a rigid-only system. Examples
scenes for a pillow and sponge are shown in the Video Figure.

4.5 Fine-Grained Spatial Effects
By modulating drive voltage in quick succession, Reel Feel can
render vibrotactile sensations on the fingertips and thus simulate
various surface effects and even coarse textures. As illustrated in
Figures 1 and 10, these are often higher frequency than our other
effects. In the Related Work section, we discussed prior evidence
for how whole-finger vibrations alone can be perceived by humans
as texture, even without dense arrays of actuators.

We note this category is related to the previous category of Hap-
tic Animations, which also employed a similar frequency range.
However, whereas our Haptic Animations varied in time, this cate-
gory’s haptic effects vary in space, specifically as a user translates
their fingers across a surface.

We implemented fine-grained spatial effects by assigning virtual
objects not only a visual (conventional) texture, but also an invisible
"haptic texture". The latter is a 2D grayscale image that maps pixel
brightness to motor torque. As the user translates their fingers
across a surface, we continually lookup where the finger keypoint
lies in the haptic texture, and then command that motor’s torque
according to that pixel’s grayscale value. In this way, each finger
can receive spatially coherent haptic feedback. We constructed the
grayscale images for each texture by taking the color image and
transforming it such that bright and dark spots correspond to high
and low areas of the texture, respectively. Output from this process
for textures we tested are shown in Figure 12.

How "fine-grained" our spatial sensations were depended on
the resolution of the image texture used and the speed of finger
translation. In typical use, image resolution could be so high that
it was not a limiting factor. Finger speed did matter because our
Unity backend had an update rate of 70 FPS. This meant we could
only render textures while the finger traveled less than 70 pixels
a second before pixels were skipped. Meissner’s corpuscles in the
skin respond to vibrations between ∼30-80 Hz, and thus were well
activated [70]. Pacinian corpuscles, on the other hand, respond to
vibrations between∼250-350 Hz [70]. Although we did not test such
high-frequency effects in our demos, our electronics are capable of
rendering up to 200 Hz vibrations if programmed directly.

4.6 Combining Sensations
Finally, while all of Reel Feel’s expressive capabilities can enable
interesting use cases on their own, they can also be creatively com-
bined to create new types of interactions. Notably, until the voltage
limit of amotor is reached, all of the sensations can be superimposed
on top of one another. We built an example scene demonstrating
such combinations, shown in the Video Figure. In this scene, a user
is on a mountain bike and feels smaller continuous bumps/vibration
from riding on a gravel path, then sudden impulsive jerks of the
handlebars when they hit boulders.

5 Evaluation Procedure
To evaluate how users perceived our systems haptic sensations, we
conducted a user evaluation consisting of two studies. Our first
study evaluated all five of Reel Feel’s haptic categories (versus
a controller-based vibrotactile baseline), capturing questionnaire
responses from participants. Our second study focused on object
properties and the discriminability of our haptic stimuli, where user
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Figure 11: Demos used for each of the haptic categories in our
user study. For geometry, animations, and impulsive forces
(on the left), we created three exemplary demos to showcase
each sensation (numbered 1-3 in each row). For compliance
and spatial effects (on the right), we had participants com-
plete tasks that consisted of a training and test phase.

Figure 12: Visuals used in the spatial effects task alongside
their corresponding grayscale "haptic texture" images used
for rendering force.

accuracy could be assessed. Briefly here, our goal was to investigate
the following research questions:
(RQ1): How well do our individual haptic categories rate in re-

gards to realism, immersion, fun, and preference over a
conventional vibrotactile baseline?

(RQ2): Howwell does overall the haptic experience rate on the five
measures of harmony, expressivity, autotelics, immersion,
and realism?

(RQ3): Can Reel Feel render differentiable and orderable object
compliances (i.e., soft to firm)?

(RQ4): CanReel Feel provide distinct and differentiable fine-grained
spatial effects, especially vs. a vibrotactile baseline?

Both studies were conducted back-to-back, with a break in be-
tween, which we conducted with 10 participants (mean age 27.7,
7 male, 3 female). Six of our participants reported having prior
experience in VR and three of them had used a dedicated haptic
device in VR before. The entire session lasted one hour and paid
$25 in compensation. The studies were conducted in a typical office
space where participants stood in the center of a 2 × 2 m2 open
area. Participants wore the Reel Feel device on their right shoulder
and a Meta Quest 2 headset, which we also used for hand tracking.

5.1 Baseline Selection
To provide a point of reference for our system’s performance, we
also ran our studies on a baseline haptic device. For our baseline,
we used the Touch Controllers included with the Meta Quest 2. The
controller uses an internal vibrotactile motor to generate haptic
effects, which is controllable through an API [54]. This baseline was
chosen because of its ubiquity and familiarity as the "standard" hap-
tic experience in mainstream VR. The vibrotactile motor can only
reasonably render one haptic dimension (vibrations/animations).
However, we were able to use it to approximate the other four
categories by changing the vibration intensity and timing, allowing
it to be used for all five experiments.

Other baselines that we considered were bare hands (mid air,
no haptics) and an emulation of Wireality [25]. Bare hands were
a poor choice, because in lacking haptics, meaningful results for
any of the test tasks could not be collected, and for the survey ques-
tions the contrast between feeling haptics and not when measuring
properties such as realism and immersion would make our system’s
superior rating a straw man comparison. We also considered using
Reel Feel to emulate the behavior of Wireality, the closest compar-
ison system, as a baseline. However, Wireality only renders rigid
geometry, so as a baseline it would be inappropriate for evaluating
4 out of 5 categories. For rigid geometry, the way we would emu-
late touch contact (by rendering max force upon object contact) is
functionally the same as Reel Feel’s implementation, and thus the
two systems would be the same. Thus, we determined this baseline
was also not meaningful. Of the options available, controllers with
vibrotactile feedback offered the most feasible and useful point of
comparison.

5.2 Study 1: Qualitative Feedback on Reel Feel
Interactions

In the first study, users explored virtual interactions from all five
haptic categories while using the Reel Feel device. To recap, these
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categories included (1) rigid geometry, (2) haptic animations,
(3) impulsive forces, (4) compliance, and (5) spatial effects.
The categories were specifically chosen to represent the array of
different haptic sensations that our system could render in VR. For
categories 1-3, we developed three demo interactions for users to
play with and explore what kind of sensations our system could
render for that interaction type. For categories 4 and 5, participants
provided qualitative feedback after completing the tasks in Study
2. Descriptions and images of the demo interactions are shown in
Figure 11; the interactions were presented in the same fixed order (1-
3 in Figure 10) for all participants. Plots showing the force functions
experienced in each interaction, including waveform, frequency,
and duty cycle where appropriate, are shown separately in Figure 10.
While experiencing the demos, we also asked participants to speak
aloud their thoughts on each interaction and we share excerpts in
our Results section.

5.2.1 Questionnaire 1.1 — Category-Specific Feedback. The first
questionnaire we used in this study investigated our second re-
search question. We used seven questions modeled from Fang and
Harrison [26] and Shen et al. [65]. The questions consisted of 1) The
controller feedback examples felt realistic; 2) The string feedback
examples felt realistic; 3) The controller feedback examples made
me feel more immersed in the scene; 4) The string feedback exam-
ples made me feel more immersed in the scene; 5) The controller
feedback examples were fun; 6) The string feedback examples were
fun; and 7) I preferred the controller feedback over string feedback
examples. Like when used in the past [65], to mitigate order ef-
fects, we counterbalanced ordering of the "controller" and "string"
feedback conditions between participants.

All questionnaire items were rated on a 7-point Likert scale
ranging from -3 (strongly disagree) to +3 (strongly agree); see [28]
for more details on this measure. We asked this questionnaire after
users experienced all three demos or the object property task for
both the "controller" and "string" device. The order that participants
used the controller or Reel Feel to experience the demos or complete
the property tasks (controller first, Reel Feel second, or vice-versa)
was changed between participants to mitigate order effects.

5.2.2 Questionnaire 1.2 — Pan-Category Feedback. The second
questionnaire used in this study investigated our first research
question. After participants experienced the demos and completed
property tasks for all five categories, we asked them this question-
naire about their overall experience using the haptic devices.

Our driving inspiration behind the second questionnaire was the
Haptic Experience (HX) Model developed by Kim et al. [40]. This
model is used to evaluate the user experience of a haptic system
using five constructs, including: harmony, expressivity, autotelics
(purposeful), immersion, and realism. Harmony measures how well
a sensation fits with other senses, expressivity measures distinction
between effects, autotelics measures how "good" a sensation feels
in and of itself, immersion measures how immersed the user is, and
realism measures how similar to real life a sensation feels. Work by
Sathiyamurthy et al. has shown the validity of this model [63] and in
the broader literature it has become a popular and accepted model
for evaluating systems such as ours [64]. It is for these reasons
that we decided the five factors of the HX model were appropriate
measures to evaluate the performance of the Reel Feel experience.

We used twenty-two questions taken directly from Sathiyamurthy
et al. (Figure 3) [63] that evaluated each of the HX factors. The
full question list can be found in the Appendix. For each question,
it was asked first for the "controller" device, then for the "string"
device. Like before, all questionnaire items were rated on a 7-point
Likert scale, and the ordering of "controller" and "string" questions
was flipped between participants.

5.3 Study 2: Object Property Tasks
In our second study, we were interested in answering our third and
fourth research questions, namely, how well does our device allow
users to discern and differentiate different properties of virtual ob-
jects, specifically object compliance and fine-grained spatial effects
on object surfaces. These two categories were particularly expres-
sive and thus were appropriate for stimuli ordering/recognition
tasks. In addition, we specifically wanted to understand how much
advantage Reel Feel might provide over a vibrotactile controller
baseline. The objective of the tasks in Study 2 was to measure how
discernible the sensations were from one another, such that it could
enable ordering or recognition. Although the objective was not to
measure how closely the properties matched the real world, this
was captured separately through the HX questionnaire at the end
of the task (and in Study 1; realism measures).

5.3.1 Study Task 2.1 — Compliance. The compliance task began
with a brief orientation where participants could familiarize them-
selves with the task and the haptic feedback. Our procedure closely
matches that used in recent work by Shen et al. [64], which also
evaluated object compliance haptics. More specifically, during the
orientation, participants were shown four cubes with increasingly
dark shades of red. The darker the color, the firmer the object. See
Figure 11 for an image of this setup. The virtual Young’s Moduli
for the four cubes tested were (in order) 19.6, 39.3, 78.5, and 157.0
𝑘𝑁 /𝑚2. These specific compliance values were chosen to maximize
the difference between different felt compliances and remain within
the max force our system could render. The force functions used
for each cube are shown in Figure 10.

After the participant felt confident they had a sense of the haptic
effect, the experiment moved into the testing phase and the scene
was reloaded, this time with all cubes the same color and the com-
pliance ordering randomized. Participants could then feel all four
cubes and we asked them to verbally rank the cubes in order from
most to least firm. The visual effect for each cube was identical, and
only compressed in a direct 1:1 mapping to 3D fingertip position.
In this way, the cube visual did not reveal any information.

This entire task was completed using one device (either con-
troller baseline or Reel Feel), before switching to the other. Like
with Study 1, the starting order the devices was flipped between par-
ticipants to mitigate order effects. At the end of the compliance task,
participants were given a short verbal questionnaire (not requir-
ing them to remove the VR headset) with the following questions
drawn from the HX model [63]: E1, E2, H2, A4, which can be found
in the Appendix. The use of these specific questions was inspired by
same question set used by Shen et al. [64] in their similar studies of
compliance and texture. For each question, we asked the question
first for either the "controller" baseline or "string" device, based
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Figure 13: Mean Likert scores for the category-specific questionnaire in Study 1 using questions from Fang and Harrison [26].
Results are broken out for each haptic category. The final question on preference between Reel Feel and the controller baseline
was only asked once and is only shown as a positive preference for Reel Feel. Error bars are standard deviation.

on which the participant experienced first, then asked the other
condition.

5.3.2 Study Task 2.2 — Fine-Grained Spatial Effects. This task fol-
lowed a structure similar to our compliance study task. In the
orientation phase, participants were shown six cubes with different
visual textures and fine-grained haptic effects that varied over space.
A legend was also provided; setup seen in Figure 11, bottom left.
Participants were allowed to familiarize themselves with the task
and haptic effects. Our stimuli included punched leather, corduroy,
metal grating, wood grain, sand, and foam. Four of these textures
were inspired by those used by Shen et al. [64] in their texture task,
and we created two new ones (sand and foam). As discussed in
Section 3, the haptic patterns for each textured object were created
by setting up an invisible grayscale "texture image" and using this
akin to a lookup table mapping pixel intensity to motor force.

Following the orientation, participants moved to the test phase. A
cube was placed directly in front of participants with a random fine-
grained spatial haptic effect assigned per trial. Participants could
cycle between the different visual textures using arrow buttons
shown in VR. Their task was to find the visual texture that matched
to the underlying fine-grained spatial haptic effect. A visual legend
was provided in the back of the scene, but it was out of reach and
participants could not consult it haptically. We note this procedure
is nearly identical to the texture matching study procedure in Shen
et al. [64]. Once satisfied, participants locked in their selection with
a button press and the task moved to the next trial. In total, all
six fine-grained spatial effects were presented two times each, in a
random order, for a total of 12 trials.

Same as in our compliance task, participants completed the task
first with one device condition, and then the other; the presentation
of the conditions was counterbalanced between participants to mit-
igate order effects. At the end of the spatial effects task, participants
were given the same verbal questionnaire as the compliance task.

6 Results & Discussion
In this section, we detail the results from our evaluation. For each
study, we also examine whether the research questions of inter-
est we outlined in the previous section were met. To conclude
the section, we provide a brief general discussion on themes and
trends we observed from participant feedback. Full results from our
questionnaires are provided in the Appendix.

6.1 Study 1 Results
6.1.1 Category-SpecificQuestionnaire. To evaluate the results from
our first study, we performed two separate analyses. First, we took
the category-specific questions asked after participants interacted
with each demo in a category and averaged the scores across all
participants. These results are shown in Figure 13. The average
score for Reel Feel was 2.31 (STD=0.29). All scores were greater
than 1.7 (somewhat agree/agree), and were on average 2.31 points
better than the average baseline score.

To evaluate significance, we ran a post-hoc Wilcoxon signed
rank test on the effect of positive change in surveyed results from
the baseline device to Reel Feel. For the category-specific question-
naire, we found all questions to be statistically significant (p < 0.05).
The worst performing — though still significant — categories were
immersion and fun for the haptic animations category. This was not
surprising given haptic sensations between the controller baseline
and Reel Feel are the most similar for haptic animations specifically.

Overall, participants gave the highest Reel Feel scores for impul-
sive forces (mean=2.45, STD=0.80). These high scores were fairly
well distributed across the four dimensions. Participants strongly
agreed that the impulsive force demos were the most fun (mean=2.8,
STD=0.4), rating this the highest among all dimensions in all haptic
categories. For the plasma blaster, which was consistently received
well, players thought the strong recoil feedback was realistic and
fun (P3, P4, P6, P7, P8, P10). The monster door was also well re-
ceived, but users felt it was less realistic and immersive as "the
sudden feeling I get interrupts your gameplay if you’re in a game"
(P10). Overall, users said this category was fun (P3, P6), felt good
(P1, P3, P7, P9), and enjoyed when it felt more like a game (P1, P6).

The second highest-rated category, haptic animations, also had
high scores for Reel Feel, similar to animations, but was less con-
sistent (mean=2.43, STD=1.16). Many participants remarked that
the washing machine and sander demos were the most realistic
out of the entire study (P3, P4, P6, P7, P8, P9, P10). A large factor
in the positive response to these demos was their high-frequency
vibrations, with a participant remarking that "vibrations in the ob-
jects felt very similar to what they should feel like in reality" (P2).
Although not a designed feature, rendering larger forces for ani-
mations also allowed users to feel some feedback in their shoulder,
which they enjoyed and said increased realism (P6).

For the remaining three categories, participants gave very simi-
lar, but slightly lower average Reel Feel scores for rigid geometry
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Figure 14: Mean Likert scores for the pan-category questionnaire asked at the end of Study 1 after participants had experienced
all haptic categories. Questions are from the HX questionnaire used by Sathiyamurthy et al. [63] and are broken out by HX
construct. Negatively loaded questions are marked with dashed boxes and were inverted for easier comprehension. Error bars
are standard deviation.

(mean=2.20, STD=0.95), compliance (mean=2.23, STD=0.87), and
texture (mean=2.20, STD=0.93). Compliance and texture will be
discussed more in Study 2. For rigid geometry, realism received the
lowest score (mean=1.7, STD=1.1). Notably, the variance was high,
with some users enjoying the rigid sensations much more than
others. Most participants mentioned they liked the columns the
best, and said they could feel the curvature when touching them
(P5, P7, P8, P10). Speaking on this, P7 said, "I like the big curve feel-
ing on the column more than the little curves on the lion". Other
participants also echoed that larger features felt better than smaller
ones (P5, P7). One reason the realism and immersion scores for this
category were dragged down had to do with the way we rendered
collisions. In the example of the bookcase, if a user put their hand
into shelf then collided with the side of a wall, the system would
register their fingers as deep in the wall and strongly pull on them
to return them to the surface. Multiple users felt this broke the
realism and immersion (P9, P10).

Compared to the baseline, our device excelled in all dimensions
for all five haptic categories. On average, the Reel Feel prototype
scored 81.4% better for rigid geometry, 60.3% better for haptic anima-
tions, 74.1% better for impulsive forces, 39.3% better for compliance,
and 72.0% better for texture. These results demonstrate that Reel
Feel provides a significant advantage in realism, immersion, and
fun compared to a vibrotactile controller and is the preferred haptic
device. This answers RQ1. We also believe these results validate our
string-based continuous force rendering approach and the benefit
it provides.

Lookingmore broadly, we observed that participants rated haptic
animations and impulsive forces the highest and spatial effects
the lowest. This aligned with our expectations that our system,
which can render one large, dynamic force per finger, was better at
animations and impulses than fine-grained effects like texture. The
lowest-rated Reel Feel device question was realism for geometry.
Based on comments participants shared, we believe this was tied
to how our software allowed users to (1) clip through geometry if
they pressed too hard and (2) how their fingers were sharply pulled
to the surface if they entered the side of an object. In the future,
these issues could be remedied in software by locking finger visuals
on surfaces and limiting strong haptics on the sides of objects.

6.1.2 Pan-Category Questionnaire. For our second analysis, we
averaged scores from the larger HX questionnaire asked at the end
of the user study. These results are shown in Figure 20. Wilcoxon
results showed the positive effect of Reel Feel on survey answers
was significant (W < 2, p < 0.01). When broken out individually, the
only question that did not meet the threshold for significance was
I1 (n = 6, W = 2.5, p > 0.05).

In general, all average scores for the Reel Feel device were
greater than 1.3 (somewhat agree) and were on average 42.2% bet-
ter than the average baseline score (vibrotactile controller condi-
tion), answering RQ2. Our system scored highest for the metrics
of expressivity (mean=2.68, STD=0.57) and immersion (mean=2.42,
STD=0.70), and the lowest for realism (mean=1.93, STD=0.82). The
well-received questions for expressivity asked participants if feed-
back felt adequately variable and not too similar, while those for
immersion asked participants if they felt the feedback increased
their engagement and involvement with what they were doing.

Average scores for expressivity and immersion were above 2.0
for all categories, indicating that despite users finding some de-
mos less immersive, that when considering the feedback in general,
they believed it was very immersive (and expressive). Questions
for realism asked if the feedback was believable and matched their
expectations. This category also scored the lowest. Based on partici-
pant feedback, this was likely due to occasional sudden forces when
not interacting with objects head on. Although tied to a limitation
of our system’s force direction, this was also an interaction we did
not fully account for in our rendering software. Nevertheless, we
believe through better tracking of the fingertip direction, this could
be smoothed in the future.

6.2 Study 2 Results
6.2.1 Compliance Ordering Task. The results for the test phases of
the compliance and spatial effects tasks are shown in Figures 15 and
16, respectively. Participants did extremely well on the compliance
test and found it to be easier compared to the texture matching task.
For each stiffness level of the cubes, we calculated an accuracy for
how often that level was assigned the correct ranking position. The
average accuracy was 95% (STD=15%) for the baseline controller
ondition and 100% (STD=0%) for our Reel Feel device, with only
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Figure 15: Confusion matrices for the compliance ordering
task for the controller baseline (left) and Reel Feel (right).

Figure 16: Confusion matrices for the texture matching task
for the controller baseline (left) and Reel Feel device (right).

one participant incurring an error on the baseline for the middle
two stiffness cubes.

Overall, these results confirm the ability of our system to render
objects of different compliances well. Reel Feel performed slightly
better than the baseline vibrotactile controller, confirming RQ3,
however the difference was small. For a more meaningful compari-
son, we refer back to the results of the per-category questionnaire
in Study 1. Here compliance scored on average 2.1 points better
for realism and 2.6 points better for immersion compared to the
baseline vibrotactile controller. These results show that although
the controller’s "emulation" of compliance using vibrations allowed
users to complete the ordering task, vibrations only were not im-
mersive and did not feel like real soft and hard objects in the way
Reel Feel did.

6.2.2 Texture Matching Task. Compared to the compliance task,
participants found the texture matching task more challenging. For
the vibrotactile controller baseline, participants only achieved a
mediocre mean accuracy of 56.6% (STD=18.7%). With our Reel Feel
system, participants did noticeably better and achieved a mean
accuracy of 76.6% (STD=14.0%). Importantly, when switching from
the baseline to Reel Feel, participants on average improved by 20.0%.
This positive result confirms RQ4.

With Reel Feel, participants did the best for the high-frequency
"bumpy" textures including corduroy,metal grating, and wood grain.
Notably, these were also the worst performing textures for the
baseline device. On the other hand, Reel Feel had the weakest

Figure 17: Mean Likert scores for the post-task questionnaire
asked after each Study 2 task. Questions were drawn from
the questionnaire from Shen et al. [64]. Scores for the fourth
question ("I would prefer the system without haptic feed-
back") were inverted. Error bars are standard deviation.

performance in the the lower-frequency "wavy" textures, including
sand and foam, often confusing them for each other. This behavior
also occurred with the baseline, and despite the confusion, Reel
Feel still performed better for both on average.

Observing our participants’ behavior during the task, we found
most users preferred exploring textures with fast sweeping motions.
This may partially explain the performance breakdown for "bumpy"
and "wavy" textures. Referencing the grayscale textures images in
Figure 12, when using a fast swipe, bumpy textures feel distinct
depending on the direction and spacing of bumps. On the other
hand, when moving fast over the "wavy" textures in the same
direction, both feel similar. Participants who slowed down and used
the continuous force feedback of Reel Feel to explore the gray areas
of the images between waves tended to do better.

Overall, the results of the texture matching task show that Reel
Feel provided a significant improvement in discerning different
spatial effects using haptic feedback. In addition, when examining
results of the per-category questionnaire from Study 1, users also
rated the greatest score improvement of all haptic categories for
realism (+111%) and immersion (+75%) when moving from the con-
troller baseline to Reel Feel. This highlights that not only did Reel
Feel make virtual textures easier to tell apart and match, but did so
by making them feel more realistic and immersive.

6.2.3 Post-Task Questionnaire. As an additional component of this
study, we had participants answer a short verbal questionnaire.
The goal of this questionnaire was to understand for each task
how differentiable the sensations were, whether they adequately
varied, how much they liked the haptics, and finally how much
they preferred the system’s haptics compared to none at all. Our
second goal was to measure the effect that Reel Feel had on the
questions compared to the controller baseline.

Results for the questionnaire are shown in Figure 17. We again
ran a Wilcoxon test to see if the positive effect of Reel Feel on
survey questions was significant. All questions were statistically
significant (W = 0, p < 0.01) except for differentiable (n = 7, W = 3.5,
p > 0.05) and adequately varied (n = 8, W = 7.5, p > 0.05) questions
for compliance and the preferred without (n = 6, W = 4, p > 0.05)
question for spatial effects which were all not significant.
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Analyzing the Reel Feel device results, we see that the differen-
tiable and likeable measures scored higher for compliance (mean
2.70, STD=0.46) than spatial effects (mean 2.5, STD=0.87), however
the controller baseline also scored decent for compliance (mean
1.85, STD=0.91). This means that although Reel Feel haptics were
more differentiable and likable for compliance, the improvement
over the controller baseline was greater for spatial effects. Looking
back at the test accuracies, this is not surprising. In the tests, partic-
ipants also performed better in compliance for both the controller
baseline and Reel Feel, and the gap between the two was larger for
spatial effects.

In sum, the results of this questionnaire are positive. For com-
pliance, participants rated a mean score of 2.40 (STD=0.83) and
for spatial effects a mean score of 2.43 (STD=0.80), showing they
liked and preferred having the Reel Feel haptics and felt the varied
sensations made objects more differentiable. Comparing Reel Feel
results between compliance and spatial effects, we also observed
participants liked compliance haptics more and found them more
differentiable, but less adequately varied. In fact, adequately varied
for compliance was the lowest-rated question. This was an interest-
ing finding and we believe may be due to the fact that compliance
effects felt more recognizably differentiable (between hard and
soft), but compared to spatial textures, the haptic forces had far less
variations.

6.3 General Discussion
To conclude this section, we share general findings that arose from
participant feedback during the studies. First, we believe user ex-
pectations had an effect on how well the haptic sensations were
received. For example, demos with high-frequency vibrations or
large surface geometries were rated better than those with low-
frequency vibrations or intricate surface features since users had
higher expectations for the sensations to align with what they saw
in VR (P5, P7, P9, P10). Second, users reported that sound effects
increased the realism of sensations, and helped ease the burden of
aligning sensations with visual movements (P3, P6). This matches
with the well-known phenomena of audio-haptic and visuo-haptic
illusions which can bridge gaps in perception. Third, since the effect
of our system’s forces weakens the more they point away from the
body, demos that aligned their forces with the arm felt better (P2,
P7, P9). This is a limitation, which we discuss in the next section.
Fourth and finally, users found Reel Feel to be more fun, enjoyable,
and immersive when paired with gamified demos such as those in
the impulsive forces category (P1, P6). We believe gamified demos
improved the Reel Feel experience because users had something to
focus on to frame the sensation they were feeling.

7 Limitations & Future Work
While Reel Feel enabled many new types of sensations compared to
comparable systems in a compact and wearable form factor, there
were nevertheless some tradeoffs made in its design.

First, compared to other wearable haptic techniques, particu-
larly those that arrest the hand using electrical brakes, Reel Feel
consumes more more power (∼1 W) and is slightly heavier (710 g,
albeit on the shoulder). This tradeoff has long existed in the hap-
tics literature as a price to pay for using motors that can render

much stronger active forces. Power consumption and user comfort
are factors we have considered throughout our design and there
is certainly room for improvement (some users suggested more
cushioning). However, studies have shown sessions with VR head-
sets should not exceed 70 minutes to avoid negative VR-induced
symptoms [45], thus our goalposts need not necessarily be all-day
battery life and wearability.

Second, the maximum feedback force we can render (28.5 N) is
limited by the torque of our motors. If a user exerts more force
than the motors can provide, it will cause the reels to unspool. In
practice, this is not as common or serious as it seems because a user
must push aggressively hard. It also becomes harder to overcome
the more fingers are actuated as the arm force only occurs once,
not for each finger.

To increase rendered force, larger gimbal motors could be used
that can output 10-20x the torque, trading off for size and weight. A
second solution would be to integrate an actuated arresting gear for
our wire spools, similar to Wireality’s technique [25]. This would
give our system the best of both worlds by rendering pulling forces
and allowing the user to feel their own human-scale forces by
physically locking the strings.

Finally, our system best renders forces that are parallel to a ray
that can be drawn back to the shoulder (i.e., along the cable). For the
best experience, VR designers would want to craft interactions that
stay near this ray. Forces deviating from the ray, like on the sides of
objects, are less physically accurate, but are still convincing up to 45
degree misalignment. The “magic” of visuo-haptic fusion provides a
lot of latitude, as noted in much prior work [2]. Hand exoskeletons,
like DextrES and HaptX [32, 81], are an obvious comparison that
can render such shear forces. This advantage cannot be denied, but
we emphasize that we render whole arm kinesthetic feedback that
exoskeletons cannot (e.g. catching a baseball). To render both types
of feedback, the systems could be used together.

8 Conclusion
In this paper, we presented our work on Reel Feel, a shoulder-
mounted haptic device for rendering continuous forces in VR using
a series of motorized string spools attached to the fingers. Compared
to prior wearable cable systems, our use of motorized spools enables
more haptic categories and more fluid rendering. In total, our sys-
tem was able to render five categories of sensations including rigid
geometry, haptic animations, impulsive forces, compliance, and spa-
tial effects. Moreover, these sensations can be combined to create
complex haptic effects. All of this was enabled by a compact and
wearable prototype device that supported mobile use. In our user
studies, participants strongly rated the system in all five measures
of immersive, realistic, harmonious, purposeful, and expressive and
our system rated on average 42.2% better for these measures com-
pared to a conventional, vibrotactile controller baseline. Users were
also able to successfully complete tasks to discern different sensa-
tions of compliance and spatial effects. Overall, Reel Feel expands
the repertoire of haptic sensations available in one, practical device
like no comparable system, and in doing so, improves accessibility
to diverse and dynamic XR haptic experiences.
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A HX Questionnaire Questions
These questions were drawn from the HX model from Sathiya-
murthy et al. [63] and are presented in the same order.

H2 I like having the haptic feedback as part of the experi-
ence

A2 I like how the haptic feedback itself feels, regardless of
its role in the system

A3 I disliked the haptic feedback
A4 I would prefer the system without the haptic feedback
A1 The haptic feedback felt satisfying
E2 I felt adequate variations in the haptic feedback
E4 The haptic feedback changes depending on how things

change in the scene
E5 The haptic feedback reflects varying inputs and events
E1 The haptic feedback all felt the same
I4 The haptic feedback increased my involvement in the

task
I3 The haptic feedback helped me focus on the task
E3 The haptic feedback helps me distinguish what was

going on
I2 I felt engagedwith the system due to the haptic feedback
H1 The haptic feedback fits well with the other senses
R1 The haptic feedback was realistic
R2 The haptic feedback was believable
R3 The haptic feedback was convincing
R4 The haptic feedback matched my expectation
H3 The haptic feedback felt disconnected from the rest of

the experience
H5 The haptic feedback felt out of place
I1 The haptic feedback distracted me from the task
H4 The haptic feedback felt appropriate when and where I

felt it
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A Complete Questionnaire Results

Figure 18: Full participant responses (-3 to +3) of the category-specific questionnaire from Study 1.

Figure 19: Full participant responses (-3 to +3) of the pan-category questionnaire from Study 1. Scores for negative questions
(marked with dashed boxes) were inverted.

Figure 20: Full participant responses (-3 to +3) of the post-task questionnaire from Study 2.
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