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Abstract

We present DrivingVibe, which explores vibrotactile feedback designs
around the head to enhance VR driving motion experiences. Throughout
our design process, we completed three device design iterations and con-
ducted a series of formative and summative user studies with a combined
total of 66 participants. We arrived at two feedback pattern designs that use
a 360°vibrotactile headband: 1) mirroring and 2) 3D inertia-based patterns.
The mirroring design extends the vibrotactile patterns of the handheld con-
trollers to actuate the headband uniformly. The 3D inertia-based design pro-
vides directional vibration patterns corresponding to inertial forces, includ-
ing: 1) centrifugal forces, i1) horizontal acceleration/deceleration, and iii) ver-
tical motion due to rough terrain. We conducted a 24-person user experience
evaluation in both passive passenger mode and active driving mode, with the
active mode using handheld controllers with vibrotactile feedback. Study re-
sults showed that both DrivingVibe feedback designs significantly improved
realism, immersion, and enjoyment (p<.01) with large effect sizes. In terms
of overall preference, 88% of users preferred DrivingVibe, and among these
users, 67% preferred the 3D inertia-based design.

Keywords: Games/Play ; Haptic ; Virtual Reality ; Sensorimotor Con-

tingency ; Motion simulators ; Head Vibrations
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Chapter 1

Introduction

Direction of Inertia Force Cold Start Rough Terrain

_16LRAs

Wireless Control Board

7 Inertia Inertia \ ( 1 ..
YY) Lo

Figure 1.1: (a) The system of DrivingVibe can be integrated easily with VR headset and
produces (b) inertia-based feedback patterns corresponding to the motion events, including
turning, deceleration, cold start, and rough terrain shaking.

Haptic feedback enhances the realism, immersion, and enjoyment of virtual experi-
ences. To enhance motion experiences, such as driving and flying, traditional motion
platforms mechanically tilt and move the entire person, which requires large machinery.
Even with the significant space and cost requirements, interest in consumer motion plat-
forms has been growing rapidly along with VR headsets, particularly for driving and flight
simulation.

To address the limitations of motion platforms, researchers have explored more com-
pact designs and also wearable approaches to motion simulation. HapSeat [7] used three 3-
DOF motorized actuators attached to seats to independently move users’ heads and hands
instead of the entire body. HeadBlaster [31] introduced the first wearable motion sim-

ulator by using air propulsion jets integrated into VR headsets but requires external air
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compressors. Odin’s Helmet [[18] used head-mounted propellers instead of air jets, but it
is heavy and generates unsafe noise that exceeds 100dB. While these approaches eliminate
the need for extensive mechanical platforms, they still impose significant usability, space,
and cost barriers to consumer adoption.

Vibrotactile actuators, particularly Linear Resonant Actuators (LRAs), have been em-
bedded in VR controllers and smartphones to provide haptic feedback. They are compact
and lightweight and are starting to be integrated into VR headsets, such as the PlayStation
VR2 (expected 2023). Researchers have also explored using head-mounted vibrotactile
actuators with static and apparent tactile motion patterns to provide cues for navigation
guidance [23] and to simulate teleportation in VR [5].

We present DrivingVibe, which explores vibrotactile feedback designs around the head
to enhance VR driving experiences. Throughout our design process, we completed three
device design iterations, and we conducted a series of two formative studies and a sum-
mative user study with a combined total of 66 participants (excluding pilot studies). We
arrived at two feedback pattern designs using 360°vibrotactile headbands: 1) mirroring
and 2) 3D inertia-based designs. The mirroring design extends the vibrotactile patterns of
the handheld controllers to actuate the headband uniformly. The 3D inertia-based design
provides directional vibration patterns corresponding to the direction of inertial forces in
the X, Y, and Z axes.

Using a headband with 16 Linear Resonant Actuators (LRAs), we designed feed-
back patterns for the following four types of motion events: 1) turning, 2) accelera-
tion/deceleration, 3) cold start and 4) vertical motion due to rough terrain. These types
of motion events were selected as they were the most noticeable sensory events in driv-
ing experiences. Based on sensorimotor contingencies [9], which refers to the match-
ing of particular patterns from multisensory information to actions, we designed the 3D
inertia-based feedback for each motion event using the following two types of vibrotactile
patterns: 1) directional cues using a subset of LRAs, and 2) motion cues using apparent
tactile motion [5], as shown in Figure [I.1. While DrivingVibe does not physically tilt

users’ heads to simulate inertia forces, prior studies have shown that applying vibrations
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to the head can stimulate the vestibular system [38, 5§].

We conducted a 24-person user experience evaluation in both passive passenger mode
and the active driving mode, with the active mode using handheld controllers with vi-
brotactile feedback. Study results showed that both DrivingVibe designs significantly
improved realism, immersion, and enjoyment (p<.01) with large effect sizes. Also, par-
ticipants rated DrivingVibe to be more comfortable, though the improvement was not sta-
tistically significant (p>.05). Regarding overall preference, 88% of users preferred Driv-
ingVibe, and among these users, 67% preferred the 3D inertia-based design.

Furthermore, DrivingVibe is lightweight and compact, and the entire system can be
integrated into VR headsets, making it practical and suitable for consumer adoption. We
will open-source the entire software and hardware of DrivingVibe so that others can ex-
perience and build upon our progress. The rest of the paper first reviews related research
on motion simulation and applying haptic feedback to the head. We then discuss the vi-
bration pattern designs and implementation and present user experience evaluation and

discussion.
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Chapter 2

Related Work

Our work is clearly inspired by the rich body of prior work on motion simulation and

head-based haptic feedback.

2.1 Motion Simulation Techniques

Historically, motion platforms were originally invented at the beginning of the 1900s for
training pilots. Over time the actuation methods evolved from manual [17], to wind-
based [43], to linear actuators [50], and their number of supported degrees of freedom
(DoF) increased from 3-DoF (pitch, roll, and yaw) []1] to 6-DoF (rotational: pitch, roll,
and yaw, translational: surge, heave, and sway) [50]. While motion platforms continue to
be indispensable for training [2, 1 1], they have also become popular for entertainment [45]
and for personal VR experiences, particularly for driving and flight simulation.

To reduce the space and machinery required by large, mechanical motion platforms,
seat-based approaches such as HapSeat [[7] and vibrotactile actuators have been explored
for motion [|16, 46, 61, 6, 29] and terrain texture [30, 32] simulation.

Headset-based motion simulation using compressed air jets, such as HeadBlaster [31]
and HeadWind [54] have been shown to increase realism and immersion of motion and
teleportation in VR, respectively. These approaches, however, require a source of com-
pressed air provided by air compressors or portable air tanks. Odin’s Helmet []18] uses

head-mounted propellers, which are heavy, and its noise level at >100dB may be unsafe.
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There have also been studies that aim to exploit illusory effects to induce a sense of
motion. Viljamade et al. [55] used auditory scene cues to create an illusory sense of user
movement relative to the source of the sound, while VMotion [49] used visual redirec-
tion to maintain an illusion of unconstrained walking in limited spaces. Pittera et al. [39]
explored if ultrasound haptics could induce an intermanual tactile illusion of movement.

This paper takes a different actuation approach to motion simulation by using vibrotac-
tile actuators that can be easily integrated into consumer VR headsets to explore feedback
designs that enhance motion experience. Despite vibrotactile actuators being limited in
power and fidelity compared to larger, heavier, and nosier actuators that are effective but
much less practical, we demonstrate that our approach and pattern designs can also sig-

nificantly enhance the driving motion experience.

2.2 Haptic Feedback on the Human Head

Kabuto [53] and GyroVR [[14] rendered impact and inertia through the use of head-worn
flywheels and their gyroscopic effects. VaiR [42], AmbioTherm [40], ThermEarhook [36]
and VWind [[19] increased sense of presence and immersion using head-focused thermal
and wind stimuli. Head-based force feedback [4], electrical-muscle-stimulation (EMS) [52,
51], lateral skin stretch [57]. Researchers have also explored feedback that focuses on the
face, such as FaceHaptics [59], Virtual Whiskers [35], HeadWind [54], and Mouth Hap-
tics [47]. While diverse in the types of haptic feedback these prior approaches can provide,
they generally require significant hardware to be mounted on the headset and have not ex-
plored haptic designs for continuous motion simulation, such as driving.

Moreover, studies have shown that humans can recognize around-the-head spatial vi-
brotactile patterns with high accuracy [8, 24] and indicate that, depending on the vibro-
tactile localization, the funneling illusion may be perceivable in areas of the head [26].
ProximityHat [33], HapticHead [22, 23, 25], TactiHelm [56] and MotionRing [5] lever-
age these perceptual capabilities to deliver around-the-head directional cues for navigation
in real world and virtual environments. While these approaches have explored vibrotactile
and directional cues, they have not explored haptic designs for inertia forces nor continu-
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ous motion simulation.
Inspired by these prior work, this paper contributes a deep design exploration using
practical, headset-integrated vibrotactile actuators to enhance motion experience, specifi-

cally driving.
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Chapter 3

Device Design and Implementation

We used an iterative design process for the device and for the vibrotactile pattern design.
We developed three iterations of our device (V1-V3) and conducted two formative studies
(n=24, 18) using V2 and V3 iterations of our devices. We improved the device and pattern
design based on the feedback collected. We present our device design iteration in this

section and vibrotactile feedback design iteration in the next section.

3.1 Device Design Iteration

We reviewed several types of vibrotactile actuators, including eccentric rotating mass
(ERM), linear resonant actuator (LRA), Dielectric elastomers actuators (DEA), and piezo-
electric actuators. ERM and LRA are the most commonly used actuators used in a gamepad
and VR controllers and prior research headset devices [38, §]; thus we selected them for

availability, low noise, low cost, and ease of integration into VR headsets.

3.1.1 Device: V1 (4 x ERM)

As shown in Figure B.1|(a), our first prototype consists of 4 ERM motors (Parallax, 12mm
coin type, 9000rpm) pressed into the sponge cushion of the Vive Pro HMD, controlled via
an Arduino Nano board on the front of the HMD. It supports vibrotactile feedback in 8

directions by actuating one or two of the motors.
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3.1.2 Device: V2 (16 x LRA)

To increase the number of actuators for higher haptic resolution, we referenced the findings
of MotionRing [5], which demonstrated that apparent tactile motion (ATM) is feasible
on both 12-LRA and 16-LRA headband designs. We chose to use a 16-LRA design for
higher haptic resolution, which has an angular spacing of 22.5°. We initially used the
same coin-type LRA as MotionRing but found that these LRAs often malfunctioned due
to overheating in our more extended usage scenario. Therefore, we switched to the LRAs
used by Nintendo Switch controllers (VL91022-170H, 22.6mm x-axis rect type), which
can sustain the extended actuation that we needed, and also has the benefit of an 11x larger
force magnitude of 2.3N (vs. 0.2N).

To make the LRAs easier to wear, we cut open an elastic sports headband and weaved
16 pockets inside the headband. Each actuator was then tucked into the pockets, such
that the individual shape and location of actuators are not perceivable by users, while the
vibrations are easily felt.

As shown in Figure B.1/(b), the 16 LRAs are controlled via 16 DRV2605L driver boards
by a NodeMCU-32S on a perfboard, which was encased in an acrylic case and attached
to the back of the VR headset. The LRA headband weighs 180g, while the board with the

case weighs 262g and has a volume of 17 x 9.5 x 3.5 cm?.

3.1.3 Device: V3 (Wireless)

Based on feedback from our formative studies, we made three key improvements to make
it easier to wear and operate, as shown in Figure B.1|(c) and also Figure [L.1j(a). First, we
reduced the weight and volume of the control board by more than 80% to 45g and more
than 70% to 10 x 7.5x 2 cm?, by custom designing a printed circuit board (PCB) to simplify
the wiring. Second, we made the system wirelessly controlled via Wi-Fi, enabling full user
mobility. Third, we improved the mounting of LRAs to the headband with double-sided
tape, preventing unintended rotation during wearing and usage, which sometimes caused
the LRA’s actuating axis to deviate from being perpendicular to the surface of the head

resulting in unpredictable intensity.
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Figure 3.1: (a) V1 prototype (b) V2 prototype; (c¢) V3 device used in user experience
evaluation; (d) Force output vs. input voltage for the LRA
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3.2 LRA Amplitude and Response Time

We controlled the LRA voltage from 0-5V [48] and measured the force output using a
IMADA ZTS-20N load cell, which can record data at 2000Hz at up to 20N and has a rated
accuracy of 0.2% full scale (0.04N). As shown in Figure B.1(d), the LRA generates force
amplitude at 1.5N per volt input (k2 = 0.999) from 0.2N up to 2.3N, which we use as the
controllable dynamic range of the system.

The response time of the LRA to reach maximum amplitude is 10ms. The system
updates the vibration state of the headband at a rate of 25Hz, resulting in a maximum total
response time of 50ms, which is much faster than the 100ms tactile simultaneity threshold

so that no latency would be perceived by users [[10, 41]].

3.3 Motion Telemetry API

Games support motion platforms by exporting motion information in real-time via teleme-
try API so that motion platforms can react accordingly. Because we are effectively build-
ing a wearable motion simulator, we use the same mechanism to read the in-game motion
data through the telemetry API via a UDP port [31]]. We developed a Unity3D program
(2019.4.10f) that reads acceleration, suspension information, and controller feedback in-
tensity to compute the corresponding vibration pattern in either of our designs, converts
the pattern to binary data that specifies the output intensity of each of the 16 LRAs, and

sends the data to the control board via Wi-Fi.
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The telemetry data is processed at a rate of 25 Hz, so any subtle change in the applica-
tion can be spotted immediately. However, such an update rate could raise the sensitivity
to how noisy the data is. While the acceleration reading is rather stable, the suspension
height data is quite noisy, and the issue gets worse when we take a derivative to it. Hence
we applied the moving average filter of 100 ms window size to the signal of tire suspension
height for denoising.

To access the feedback intensity in the controller, which is usually hidden from the
user, we implement the Virtual Gamepad Emulation Framework [37] into our listener pro-
gram. The framework creates a virtual controller connecting to the computer and provides
several APIs to fake input or fetch feedback events. We used the virtual controller as the
middle layer between the physical controller and the game application: we replicate all
the inputs from the physical controller to the virtual one and assign the feedback intensity
fetched from the virtual controller to the physical one. The player would notice nothing
abnormal during the playthrough, and we may access the controller feedback intensity

used in our [9] feedback design.

3.4 LRA Calibration

Because the actuators are placed around the head, the same LRA intensity may be per-
ceived differently due to factors such as hair and curvature [34]. Furthermore, even the
same batch of LRAs will have slight variances in their output. To ensure that each LRA is
perceived to have identical intensity by the user, we developed a calibration process and
iteratively improved it through our two formative studies.

Our current calibration process uses a 2-phase design. In the first phase, the front
center LRA 1is used as the baseline, and users use an Xbox wireless controller’s D-pad
to move the target LRA to be calibrated (left/right) and adjust its intensity (up/down) to
match the baseline. The baseline LRA and the target LRA would alternatingly vibrate for
0.5 seconds, ensuring that users can clearly perceive each LRA’s intensity. The second
phase is verification. The system iterates through all LRAs for users to double-check their

calibration, and users can adjust as necessary.
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After completing calibration, we record all the intensity adjustments for each LRA.
The adjustments are then normalized by dividing each by the maximum and then stored
as percentage weights that will be multiplied when computing the final output. The cali-

bration process typically takes 3-5 minutes and only needs to be performed once per user.
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Chapter 4

Vibrotactile Pattern Design

4.1 Design Process

We explored and iteratively refined our vibrotactile designs based on feedback from two
formative studies. We will briefly summarize the design iterations but will focus on de-
scribing the current pattern design in detail in the rest of the section. Based on feedback
from the first formative study, we removed vibration that corresponded to current speed,
and increased the intensity of directional cues. Based on feedback from the second for-
mative study, we applied low-pass filters to rough terrain, removed tactile motion from

all acceleration and only used it for cold start, and added the mirroring approach.

4.2 Mirroring Approach

Haptic feedback is essential for immersive VR experiences; thus game designers and de-
velopers create well-designed controller-based haptic feedback. We propose a mirroring
approach that takes existing controller haptic feedback and actuates the DrivingVibe head-
band accordingly. This allows games that do not support telemetry motion API, to support
headset-based vibrotactile feedback.

Using one of the top-rated VR racing games, Assetto Corsa i as an example, we

describe how we map its gamepad haptic feedback into feedback patterns for the headband.

! Assetto Corsa on SteamVR https://store.steampowered.com /app/244210/Assetto_ Corsa/
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4.2.1 Gamepad Haptic in Racing Games

Modern gamepad and VR controllers use two embedded vibrotactile actuators to deliver
a richer haptic experience than a single actuator. For example, Xbox ONE controllers use
two ERM motors, DualSense™ wireless controllers use two LRA motors, and both HTC
Vive controllers and Nintendo Switch Joy-Con controllers have a LRA in each of the left-
and right-hand controllers. Since most controllers have haptic motors installed in a left-
right manner, applications can create haptic events by simply specifying the intensity of
the left or right motor without the need for customization to the controller type.

Although the algorithms to produce haptic feedback in a game are unknown outside
of the game developers, we can still make some observations. The Assetto Corsa game is
highly rated for its advanced physics engine and realistic visuals, and we analyze how it
actuates the motors in the Xbox ONE controller, which has a low-frequency ERM motor
on the left side and a high-frequency one on the right side.

From the subjective feeling, it seems that the game would actuate the low-frequency
motor when the vehicle goes outside the track and the high-frequency one when the vehicle
is accelerating, decelerating, or turning. This conjecture becomes more trustworthy when
we combine the vibration intensity with in-game telemetry data. (Figure H.1(a)(b))

While the intensity of the right motor reflects the magnitude of the G-force, the left
motor is actuated either with 0% or 100% intensity (note that both intensity signals are

convoluted with some wave signals).

4.2.2 Headband Intensity Mapping

Since we have the intensities of the actuators in the controller, we may just set the inten-
sities of the headband motors with the same number. It might be intuitive to use the left
motor’s intensity to actuate the motors in the left half of the band, and so did the right half.
However, we noticed that the actuators in the controller do not induce the feeling of di-
rectionality: it creates vibration throughout the whole chassis no matter which actuator is
vibrating. Hence we decided to average the two intensities and broadcast to all the motors

in the headband to mimic such sensation:
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Figure 4.1: Different feedback designs gave the same driving behavior. (a) The profile
of the magnitude of the inertia throughout the course. (b) The corresponding controller
feedback intensity is built into the game. The right motor reacts to inertia, and the left
motor reacts to the terrain. (c) The corresponding headband motor intensity in the mir-
roring approach. (d) The corresponding headband motor intensity in the approach. To
show the directionality of this approach, we list the average intensity of the four quarters
individually. The last part shows how 3D inertia-based pattern reacts to rough terrains.
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Using this intensity mapping, the headband is literally a mirrored entity of the con-
troller haptic (Figure H.1(b)(c)). The major advantage of such mapping method is the
universality, as it can also be used on most games, whenever there is the support of con-

troller haptic feedback.

4.3 3D Inertia-based Approach

While the mirroring approach possess several advantages, it lacks directionality which
has been shown to be effective in various scenarios [38, 31, 54, 5]. So we introduced a
3D inertia-based approach that focuses on creating directional vibrotactile feedback. The
goal of the feedback pattern design is to generate vibration information that can easily
associate with motion events to enact sensorimotor contingency. Sensorimotor contin-
gencies refer to a match of particular patterns from multisensory information caused by
changed actions. For example, when the visual image of clapping fake hands is accom-
panied immediately by a tactile sensation in the hands, the multisensory impressions are
closely correlated. Then the sensorimotor contingencies can be registered and result in
rubber-hand illusion. Empirical evidence shows that subjects could experience ownership
of virtual arms even with three times longer length than the real arm when the visuotactile
congruence was built. [27] Sabine et al. further point out that augmenting non-realistic
sensation in the body can also generate sensorimotor contingency. [28] They built a vi-
bration belt that gives orientation information about the direction of magnetic north via
vibrotactile stimulation on users’ waists. Even the vibrotactile feedback is not an exist-
ing sensation in the body. After long-term training, users can utilize the belt’s vibration
as a body compass and increase users’ navigational ability. Since the head vibration is
also a non-realistic sensation, we will seek a more consistent and meaningful vibration
pattern for our feedback design. This section detailed the motion event we chose and the

algorithm to generate the vibrotactile patterns.
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4.3.1 Motion Events

The sense of acceleration, or inertia, is the most crucial component in the motion ex-
perience. Although humans can process inertia signals with the otolithic organs in the
vestibular system [[12], a further interpretation of the signals is acknowledged instead. It
can be seen from previous research that users tend to associate haptic feedback with spe-
cific events such as accelerating or turning [31]]. This gives the motivation to define motion
events. Motion events are certain states that humans perceive and remember the most in
motion experiences. For example, the most critical motion event in boating experiences
might be the boat heaving.

To define the motion events for VR driving experiences, we listed the most vital sce-
narios based on human perception (Figure [L.1}). In the prototype version, we first in-
cluded turnings, decelerations, and accelerations which are the most common and fre-
quent events in driving scenarios. In addition, we then chose car bumping due to rough
terrain as our next candidate of events, as the whole vehicle body would shake drasti-
cally in the situation. Finally, we wish to utilize the apparent tactile motion to improve
the pattern. After a process of deploying apparent tactile motion in several scenarios, we
chose to apply it at the timing of cold start, which is the moment when the vehicle starts

accelerating from being static.

4.3.2 Pattern Design

Prototype Asaproofof concept, we first try to implement the feedback pattern of inertia
events, which are turnings, decelerations, and accelerations, with the four ERM motors
in the prototype stage (Figure B.1j(a)). In these events, we actuated the two motors, which
represented the direction that the inertia pushed towards. For example, when in sudden
braking, a huge forward inertia force would push the driver to the front. So the front two
motors were actuated in decelerations, the back two motors were for accelerations, and the
left / right two motors were for right / left turnings. To validate the choice of direction, we
had an in-group pilot study that implemented the feedback as well as the inverse version

into a racing track model made in Unity3D. All six participants agreed that the original
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version fits their expectations more and created more realism and immersion. Given the
success of the prototype version, we extended the actuator count to 16 (Figure B.I[(b)(c))

and attempted to further explore a more sophisticated vibrotactile feedback design.

Directional Cue Design First, we wished to extend the prototype pattern that reflects
several inertia events. Since decelerations, accelerations, and turnings can all be inter-
preted as the perceived inertia with different directions and magnitudes, we may directly
associate the vibration pattern with the inertia vector. It is possible to render the direction
of the inertia vector with 16 motors surrounding the head. HapticHead used 3-point head
vibration to render the position of surrounding objects [23]. We first adapted this idea and
used 2-point vibration. However, condensed vibration between two points would induce
discomfort with high intensity. If we lower the intensity, the vibration is hard to notice
instead. Thus we try to increase the vibration area and modify the intensities of each vi-
brator by linear mapping. After our pilot testing for different ranges of area, we found that
90°of width is both strong enough and comfortable.

For algorithm details, the explicit formula of intensity I at any moment is given by:

Gnow - G ower i 9 s 45°
L,.otor = max | 0%, min ( 100% , L « | 100% — min(|6| )
Gupper - Glower 45°

0%
Figure 4.2: Schematic diagram of the directional cue design.

Glower and Gy, stand for the lower threshold and the upper threshold to the magni-
tude of inertia, and 6 stands for the angular distance from any certain motor to the direction

of the inertia vector. We set a lower threshold of 0.1 g (=~ 0.98m/s?) and an upper thresh-
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old of 1.3 g (=~ 12.74m/s?). These thresholds were decided by the dynamic ranges of the
inertia observed in the application. While the upper threshold defined when to max out
the feedback intensity, the lower threshold could screen out the subtle noise to prevent
overstimulation caused by overly frequent actuating. We used linear interpolation when
the inertia was at intermediate values. The vibrators with an angular distance less than
45° will be activated with another interpolation on the intensity according to their angular
distance to the direction of the inertia vector. The closer the vibrator is to the inertia, the

higher intensity will be set. (Figure §.2)

Rough Terrain Rendering Design We examined most of the physical parameters used
in racing games to render the sensation of driving on rough terrains such as gravel roads
or grass fields. First, we tried using the vertical acceleration of the vehicle, but it did not
reflect the terrain condition well. Also, we observed that the vehicle would be severely
shaking or tilting on rough terrains due to the unstable contact between the vehicle and the
surface. Therefore we put our focus on the vehicle tires, which took just the roles of the
contact points. It turned out that the suspension heights of the four tires can reflect terrain
conditions the best. Suspension height is the distance between the tire touching ground
and the underside of the vehicle chassis. Since the vehicle would be vertically unstable
due to the coarse surface, the suspension height varies up and down drastically. Thus we
used the derivative of the suspension height as the parameter representing the roughness
of the road terrain.

We wish to mimic the sensation of instability in the tires, so we split the actuators
into four regions, where the front-right corner corresponds to the front-right tire (Figure
[1.1}(b)) and so on. The four actuators at the exact front, back, left, and right are excluded
to prevent the regions from overlapping and the whole band vibrating in certain situations
so that the users may discriminate between the four tires.

For algorithm details, the explicit formula for intensity is given by:

ae _ Hlower
Lotor = max | 0%, min | 100% , —%
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Figure 4.3: Schematic diagram of the directional cue design

Similar to the Directional Cue design, Hjpyer and H,p,., stand for the thresholds to
prevent overstimulation and set the max intensity. These values are found by observing
the dynamic ranges in the application. By setting the lower threshold to 0.02 m/s, the
actuators stay static when driving on the smooth track and start vibrating when driving on
rough terrains such as grass fields. The intensity is again linearly interpolated for those

between the two thresholds. (Figure §.3)

Deploying Apparent Tactile Motion In the final stage of our pattern design, we decided
to utilize the Apparent Tactile Motion (ATM) to further improve the experience. ATM is
a tactile illusion created by controlling the time relations of two sequential tactile stimuli
presented at separate locations on the skin to produce an illusion of a tactile movement
between two points. [3] ATM had been shown to have the potential to create the sensation
of wind pressure, and Chu et al. also suggested simulating air drag by continuous and
multi-point vibration patterns [5]. This is similar to the special effects such as motion blur
or speed lines that are added when the player accelerates in most racing games.

Two parameters can summarize the characteristic of ATM: 1) interstimulus onset in-
terval (ISOI), which defines the delay between the start-up time of adjacent actuators [J],
and 2) duration, which is how long a single actuator is stopped after its start-up. ISOI
affects the traversing speed of ATM, and its value needs to lie in a specific interval, or the

tactile illusion is destroyed. We adopted the symmetrical design and added in the property
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of continuity and multi-point, so multiple ATM would be produced continuously on both
sides, creating the sensation of wind flowing.

To deploy ATM into VR driving experiences, we first considered several scenarios
that coincided with high speed or accelerations. These attempts consisted of inducing
ATMs when the driver is at a state of high velocity, high engine RPM, or acceleration.
However, while these attempts did improve the experience at first, they started to cause
overstimulation after long exposure to such feedback. “It just felt so busy on the head”,
said a participant in our pilot testing. We also observed that ATM is hard to be related to
physical parameters, as it acted like a special or unnatural effect. We conclude that ATM
is more suitable for descriptive moments such as completing a lap, using power-ups, and
accelerating from static. Finally, we decided to deploy ATM at the moment of cold start,
which is the starting of the engine at a low temperature. We defined the cold start event
as the short period when the vehicle starts accelerating from being static. Applying ATM
at the start of the acceleration also improved the experience of acceleration since the users
expect it to be a big moment, but the actual inertia is low (Figure &.1(d)).

For algorithm details, we defined the cold start event by giving an acceleration of more
than half-throttle when the velocity is less than 5 m/s. We set the ISOI at 100 ms according
to the perceptual model [J], resulting in an angular speed of 0.625 rps. The duration is set
to 300 ms or three-motor overlap in a single stroke of ATM. When the cold start events
are detected, ATMs would be constantly produced at a rate of twice per second, or every
500 ms, from the front center and traverse through both sides of the head. We defined
the interval by specifying the angular gap between two consecutive ATMs, so 500 ms
resulted in a 45°gap or two motors of spacing. The interval can’t be lower than 300ms, or
two ATMs would be inseparable, destroying the feeling. We tried different intervals and
500ms gives the best experience. There would be about six motors vibrating at the same
time, so we set the intensity of each actuating motor at 40%.

Since we proposed three patterns in the 3D inertia-based design, there would be mul-
tiple patterns operating at the same time. If a motor is responsible for multiple patterns,

each pattern’s intensity would be summed up for the final output.
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Chapter 5

User Experience Evaluation

To evaluate the user experience of DrivingVibe designs, we selected one of the top rated
VR racing game, Assetto Corsa U that supports telemetry API, has realistic audio-visual
and physics, and has well designed haptic feedback. The built-in controller vibration will

be used as a well-designed baseline, as well as the input source for the mirroring mode.

5.1 Experimental Design

This study uses a within-subject experimental design to compare the user experiences of
three conditions: two DrivingVibe feedback patterns, mirroring and 3D inertia-based de-
signs, vs. a baseline. The baseline condition is the built-in controller vibration in driver
mode, and no haptic feedback in passenger mode, as users are passive observers and con-
trollers are not used.

We created a total of four tasks. The first three tasks are designed for users to expe-
rience specific types of motion events: 1) acceleration and deceleration (including cold
start), 2) turning, and 3) rough terrain. These three are designed to be in passenger mode,
in order to carefully control that all users experience the exact same motion experience.
The fourth task is active free play in driver mode, when users freely drive around the
course.

For each task, users experience the 3 feedback conditions, in counter-balanced order-

! Assetto Corsa on SteamVR https://store.steampowered.com/app/244210/Assetto Corsa/
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ing. After each condition, users rated its immersion, realism, enjoyment, and comfort on
a 7-point Likert scale. Specifically, the immersion and realism questions were adapted
from the Presence Questionnaire (version 3)’s [60] questions 18 and 8.

At completing all conditions for all tasks, users chose their most preferred condition
for immersion, realism, enjoyment, and overall preference. We prepared semi-structured
interview questions to understand how the two pattern designs did or did not meet their
expectations. We also asked them about the influence of the motor sound and whether

they noticed the directionality feedback and tactile motion patterns.

5.1.1 Tasks 1-3: Passenger Mode

We implemented the passenger experience by using prerecorded clips with the replay func-
tion supported by the game. All 3 tasks started with the car being stationary and ended
with braking to complete stop. The duration was chosen to be one minute to minimize

motion sickness.

* Acceleration/Deceleration: was recorded on the Drag 2000m track. It included two
full-throttle acceleration, two half-throttle acceleration, two full-brake deceleration,

and two half brake deceleration.

* Turning: was recorded on the Vallelunga - Club track. It included two right turns

and three left turns, spending about 33% of the time in the turns.

* Rough Terrain: was recorded on the Mugello Circuit track. The car was driving
onto the grass field and then back on the road for four times, spending about 50%

of the time on the grass field.

5.1.2 Task 4: Driver Mode

For free driving, we selected the Mugello Circuit track which has 15 turns and a long
straight section, and the Lotus Elise SC car in gamer mode. An sample VR scene is shown

in Figure .1/(c), and to reflect typical gaming experience, the controller vibration feed-
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Figure 5.1: Passenger mode: (a) perspective in VR and (b) user; Driver mode: (c) per-
spective in VR and (d) user with controller.
back is on for all conditions. The task duration was extended to two minutes to allow

participants time to experience different driving motions.

5.2 Participants and Procedure

We recruited 24 participants, 14 males and 10 females with age 20-43 (mean =24.6, SD =
4.5), with Motion Sickness Susceptibility Questionnaire (MSSQ) scores below 70, which
is the 80th percentile [[13] to ensure that participants could finish the experiment without
dropping out due of motion sickness. Participants all had normal or corrected-to-normal
vision and had at least five real-world driving experiences in the past year. The experiment
took approximately one hour and each participant received the equivalent of USD$6.5
compensation.

Upon participants’ arrival, we explained the study procedure and measured their in-
terpupillary distance (IPD) for HMD adjustment. We assisted participants to put on the
Oculus Quest 2 HMD and the vibrotactile headband, in a seated position, as shown in Fig-
ure B.1|(b)(d). The driving game ran on a PC with an i5-11300H CPU, NVIDIA GeForce
RTX 3060 Laptop GPU, and 24GB RAM. The study was conducted with the game’s de-
fault sound effects without no background music to ensure that the experiment was close
to a real driving experience.

Participants completed the calibration process, and could optionally reduce the overall
intensity to 90% or 80% based on personal preference. After calibration, participants
completed all four tasks, each consisted of three conditions in counter-balanced ordering.

Participants rested for a few minutes between each condition to make sure that they felt no
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discomfort before the next trial. Participants could terminate the experiment at any time

due to discomfort.

5.3 Analysis of Results

To compare the Likert ratings across three conditions, we first performed Friedman test
then with Wilcoxon tests for pairwise post hoc analysis, with Bonferroni correction ap-

plied. Effect size of each comparison is calculated as r = \/LN [44].

Average of All Tasks N g-gf Preference: All Tasks
p<0.
7
6
5 Realism 42% 58%
4
3
2 Overall  13% 29% 58%
3.05.0 2845¢ 3.15.0 40447
@ Immersion Realism Enjoyment Comfort @ 0% 20% 40% 60% 80% 100%

Baseline Mirroring  ® 3D Inertia-based

Figure 5.2: (a) Average scores of immersion, realism, enjoyment, and comfort on a 7-
point Likert scale. This figure shows the scores averaged from the four tasks. Error bars
represent SEM. (b) Preference rankings among all the tasks. The two feedback designs
are preferred by at least 88% of the participants among comfort, realism, enjoyment, and

immersion. The 3D inertia-based condition is the most preferable.
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Figure 5.3: Average scores of immersion, realism, enjoyment, and comfort on a 7-point

Likert scale in the four tasks. Error bars represent SEM.
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5.3.1 Likert-scale Ratings: Overall

Figure 5.2)(a) shows the 7-point Likert-scale ratings averaged across all 4 tasks, showing
that DrivingVibe designs have much higher ratings than the baseline for immersion, re-
alism, and enjoyment. The 3D inertia-based design had the highest ratings for all four
dimensions, followed by the mirroring design, followed by the baseline.

Friedman tests show statistically significant differences between all the conditions in
terms of immersion, realism, and enjoyment (p < .00001 for all), but no significance
for comfort. Pair-wise comparison showed significant improvement for both DrivingVibe
designs vs. baseline for immersion, realism, and enjoyment (p < .01 for all) with large
effect sizes. However, no significant difference was found between the two DrivingVibe

designs.

5.3.2 Likert-scale Ratings: By Task

Figure 5.3 shows the Likert-scale ratings for each of the 4 tasks. The statistically signifi-
cant findings are generally consistent with the overall finding, that there was a significant
improvement for both DrivingVibe designs vs. baseline for immersion, realism, and en-
joyment (p < .01 for all) with large effect sizes.

Interestingly, it also shows that for the Rough Terrain task, the 3D inertia-based design
significantly improved immersion, realism, and comfort vs. the mirroring design (p < .05

for all), all with large effect sizes.

5.3.3 Preference across All Tasks

At the end of the study, after completing all tasks and conditions, participants were asked
for their most preferred condition. As shown in 5.2(b), all participants preferred Driv-
ingVibe over the baseline for realism (100%), with 96% for immersion and enjoyment,
and 88% overall. Among those who preferred DrivingVibe, the 3D inertia-based design
was preferred for immersion (74%), realism (58%) and enjoyment (74%), and overall

(66%).
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Chapter 6

Discussion

6.1 Connection between Vibration Feedback and Past Ex-
perience

All participants in our study have real-life driving experience, and most participants who
rated higher realism in the DrivingVibe designs reported that they could associate vibration
patterns with their past experience. All participants reported that the force feedback they
received felt like real life driving experience in most driving events.

Although DrivingVibe designs can significantly improve the experience for most par-
ticipants, some participants do not find differences between mirroring and 3D inertia-
based designs. Some participants reported “I think mirroring and 3D inertia-based are
similar” (P1/3/5/6/13) in at least one driving event. Some participants relied on the feed-
back intensity to evaluate the vibrotactile feedback. “The intensity of mirroring/3D inertia-
based is too big/small, so I think the other one is more realistic.” (P1/12/17/18/19/22/24) is
reported by part of the participants, but there was no trend on whether the design delivers
more perceived intensity.

Regarding the 3D inertia-based design, directionality is an essential factor that affects
the experience. 15 out of 24 participants noticed the directionality with the 3D inertia-
based design, and all of them thought the directionality improves the experience. Some

participants found the vibration pattern and reported that “It feels like the feeling of iner-
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tia.” (P2/9). “Directionality makes me more comfortable.” (P2/3) and“Directional vibra-
tion makes me turn my head.” (P2, P10) are also notable replies. It shows that the inertia
feedback might also be a cue to tell participants the turning directions.

Except for the first two tasks where inertia took the main part, directional feedback
also provides benefits in simulating driving on rough terrain. For instance, “I can clearly
feel the vibration of a single tire entering the grass field.” (P6/7) and “I can feel the
bumpiness in different directions.” (P9/10) are reported in the interviews regarding 3D
inertia-based design, showing how directionality affects the user experiences. Direction-
ality also allows us to give participants a more detailed haptic experience. In the two
feedback designs, the vibration will occur continuously when the participants drive on
rough terrains. We restrain the feedback area to the four corners in the 3D inertia-based
design, while in the mirroring design, the participants will withstand long-term vibrations
all over the head. “I received excessive vibration when the car passes slightly over the
rough terrain.” (P5/12/17/18), “I received vibration around the head, but the constant vi-
bration on the forehead is uncomfortable and unwarranted” (P22/23) and “The vibration
is intermittent and weird.” (P19/21) are reported in mirroring condition. With directional

feedback design, we can create more detailed feedback and improve user experiences.

6.2 Vibration Noise in VR Driving

Since we put high-frequency motors around the head, caution was taken towards the vi-
bration noise produced by the actuator. In the final interview, we asked the participants
whether they heard any sound outside of the application and whether the sound would
affect the experience. 11 out of 24 participants noticed the motor sound in the first place,
and a total of 17 participants reported hearing the sound when we mentioned the motor
sound, which is about 70% of the participants. Of the participants who noticed the vibra-
tion sounds, two participants reported “I think the vibration sound acts like the sound of
a racing car.” (P7/15), one participant reported “I think the vibration sound matches the
sound of the game.” (P9) and 7 participants reported that the vibration does not affect their
experience negatively or some of them even neglect the sound when they start focusing
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on the VR experience. But there are still 7 participants who think the vibration sound is
an interference, although such opinions do not affect their Likert score of comfort.

Based on the user feedback, we know that the motor noise would not destroy the expe-
rience when the sound is unnoticeable or matches the experience. Although our design did
not take the motor noise into consideration, some participants have already rationalized
motor noise in the game. Since vibration noise is practically inevitable, making it mentally
acceptable is a reasonable approach. In most driving scenarios, motion events are usually
accompanied by the engine or mechanical sounds. So if we could design the sound effects
of the applications to be somewhat in harmony with the vibration noise, it might make the
players tend to interpret the noise as a part of the game’s sound effect. We proposed this

idea to tackle the issue of actuator noise when implementing haptic feedback.

6.3 Improving Vibration Patterns

Although most of the feedback towards 3D inertia-based design is positive, the perfor-
mance of apparent tactile motion used in the cold start event did not meet our expectations.
Only 4 out of 24 participants reported that they did feel the ATM throughout the user study.
The other 9 participants just noticed something special but could not interpret it. We think
that it might be because that ATM is a rather complicated vibrotactile feedback, and it
needs more time or exposure for them to acknowledge the pattern. For improvement, we
can try to improve the experience by deploying ATM in a more common event rather than
once per drive-through.

We used linear mappings in the computation of intensity and frequency. However, the
perception of motion signals are not likely to be linear but rather a more complex curve.
For example, if a logistic curve that emphasizes the low level more is considered, the users
may better feel the dynamic when the inertia is at an intermediate level.

To conclude, although no participant mentioned these slight differences in the study,

there is still room for modification in the feedback pattern design.
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6.4 Extending DrivingVibe to Other VR Experiences

While significant improvement of motion sensation in driving experience was shown in
this work, applications of other scenarios (e.g., skiing or skateboarding) could benefit
from our feedback design. Combining our inertia-based event detection algorithm and a
16-LRA device, we can adapt our pattern design for other virtual motion experiences and
improve realism. The motion events we explored are the most common in rapid-moving
circumstances, while some scenarios like ski jumping, performing skateboard tricks, or
riding a roller coaster contains events that involve vertical locomotion or self-rotation.

The in-depth pattern design for these events is worth discussing.

6.5 Extending DrivingVibe to Other Parts of the Body

Three participants in the driver experience evaluation expected the vibrotactile feedback
to be extended to different body parts, on the torso or the arms. Motion platforms can
provide full-body motion simulation and thus obtain a high degree of immersion and re-
alism. Previous works have explored the effect of tactile motion on various parts of the
body, like back [21], 20], wrist [[L5], or forearm [20]. With prior knowledge of vibrotactile
feedback on different body parts, expanding the stimulation area might be a method to
further enhance the motion experience of DrivingVibe. For example, if the annular vibra-
tor configuration is implemented on a belt, the same inertia-based pattern design can be
replicated and provide motion cues around the waist. We used the derivative of suspen-
sion height to simulate the sensation of driving on rough terrain. Applying tactile motion
vertically might also improve the experience of hitting road bumps. This can be achieved
by extending the device down to the neck or the torso, providing more degrees of freedom

of the tactile feedback.
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Chapter 7

Conclusion

We present DrivingVibe with two vibrotactile feedback patterns around the head to en-
hance VR driving experiences. We investigated whether our designed patterns can im-
prove the realism, immersion, enjoyment, and comfort of the VR driving experience. The
user experience evaluation showed that our patterns might successfully enact sensorimotor
contingency to elicit an immersive and entertaining experience in a VR racing game and
a 360° riding video. Furthermore, our vibration patterns do not reduce the user’s comfort
compared to the non-vibrotactile experience. On the contrary, we found the 3D inertia-
based approach provide the best comfort in rough terrain scenario. We will investigate its
effectiveness in reducing motion sickness in the future. To the best of our knowledge, this
work is the first study on designing head vibrotactile patterns for VR racing games. The
result could be used for further reference in designing haptic feedback for other gaming

experiences.
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Appendix A

A.1 Details of the User Study Results

This appendix includes the analysis statistics in all the pairwise comparison as well as the
preferences rankings collected in each of the task in the user experience evaluation study.
For Friedman tests, we reported the p-value as well as the Kendall’s W value (W =

Z .
Ty as the effect size. Both

effect size use the same interpretation guidelines of 0.1 ~ 0.3 (small effect), 0.3 ~ 0.5

1\/(;(<—i1)) as the effect size. For Wilcoxon tests, we used r =

(moderate effect), and > 0.5 (large effect)

Table 1: Statistics of the analysis with the average scores among all tasks.

2, p-value W Pairwise Comparison A p-value r

Baseline < Mirroring | -4.29 | <0.00001 ** | 0.87

Immersion | 39.52 | <0.00001 ** | 0.82 | Baseline < Inertia -4.29 | <0.00001 ** | 0.87
Mirroring < Inertia -2.03 | 0.02118 0.44

Baseline < Mirroring | -4.14 | <0.00001 ** | 0.85

Realism | 31.00 | 0.00001 ** | 0.65 | Baseline < Inertia -3.84 | 0.00006 ** | 0.78
Mirroring < Inertia -0.65 | 0.25785 0.14

Baseline < Mirroring | -4.19 | <0.00001 ** | 0.85

Enjoyment | 31.58 | <0.00001 ** | 0.66 | Baseline < Inertia -4.23 | <0.00001 ** | 0.86
Mirroring < Inertia -1.47 | 0.07078 0.30

Baseline < Mirroring - - -

Comfort 3 0.22313 0.06 | Baseline < Inertia - - -
Mirroring < Inertia - - -
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Table 2:

Statistics of the analysis in task 1

2, p-value w Pairwise Comparison A p-value r

Baseline < Mirroring | -3.92 | 0.00004 = ** | 0.88

Immersion | 27.15 | <0.00001 ** | 0.57 | Baseline < Inertia -4.01 | <0.00001 **| 0.88
Mirroring < Inertia -1.52 | 0.06426 0.36

Baseline < Mirroring | -3.21 | 0.00066 ** | 0.66

Realism | 18.15 | 0.00011 ** | 0.38 | Baseline < Inertia -2.69 | 0.00357 * | 0.57
Mirroring < Inertia -0.40 | 0.34458 0.10

Baseline < Mirroring | -4.01 | <0.00001 ** | 0.88

Enjoyment | 28.31 | <0.00001 ** | 0.59 | Baseline < Inertia -4.01 | <0.00001 ** | 0.88
Mirroring < Inertia -0.93 | 0.17619 0.23

Baseline < Mirroring | — - -

Comfort | 2.90 | 0.23506 0.06 | Baseline < Inertia - - -
Mirroring < Inertia - - -

Table 3: Statistics of the analysis in task 2

2, p-value %4 Pairwise Comparison A p-value r

Baseline < Mirroring | -3.92 | 0.00004 ** | 0.88

Immersion | 25.52 | <0.00001 ** | 0.53 | Baseline < Inertia -3.96 | 0.00004 ** | 0.84
Mirroring < Inertia -0.58 | 0.28096 0.13

Baseline < Mirroring | -3.72 | 0.0001  ** | 0.88

Realism | 17.15 | 0.00019 ** | 0.36 | Baseline < Inertia -3.16 | 0.00079 ** | 0.69
Mirroring < Inertia -0.57 | 0.28434 0.13

Baseline < Mirroring | -4.01 | <0.00001 ** | 0.88

Enjoyment | 26.69 | <0.00001 ** | 0.56 | Baseline < Inertia -3.92 | 0.00004 ** | 0.88
Mirroring < Inertia -0.18 | 0.42858 0.04

Baseline < Mirroring - - -

Comfort 1.08 | 0.58178 0.02 | Baseline < Inertia - - -
Mirroring < Inertia - - -

Table 4: Statistics of the analysis in task 3

2, p-value W Pairwise Comparison A p-value r

Baseline < Mirroring | -3.38 | 0.00036 ** | 0.72

Immersion | 28.15 | <0.00001 ** | 0.59 | Baseline < Inertia -4.08 | <0.00001 ** | 0.88
Mirroring < Inertia -2.62 | 0.0044 * 10.60

Baseline < Mirroring | -3.06 | 0.00111 ** | 0.64

Realism | 19.31 | 0.00006 ** | 0.38 | Baseline < Inertia -3.71 | 0.0001  ** | 0.83
Mirroring < Inertia -2.27 | 0.0116 * |0.52

Baseline < Mirroring | -3.08 | 0.00104 ** | 0.69

Enjoyment | 16.90 | 0.00021 ** | 0.59 | Baseline < Inertia -3.67 | 0.00012  ** | 0.80
Mirroring < Inertia -2.07 | 0.01923 0.52

Baseline < Mirroring | -0.82 | 0.20611 0.18

Comfort 7.75 | 0.02075 * | 0.16 | Baseline < Inertia -2.00 | 0.02275 0.44
Mirroring < Inertia -2.30 | 0.01072 * | 0.59
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Table 5:

Statistics of the analysis in task 4

2, p-value W Pairwise Comparison A p-value r
Baseline < Mirroring | -3.99 | 0.00003 ** | 0.85
Immersion | 25.52 | <0.00001 ** | 0.53 | Baseline < Inertia -3.61 | 0.00015 ** | 0.74
Mirroring < Inertia -1.22 | 0.11123 0.34
Baseline < Mirroring | -4.01 | <0.00001 ** | 0.88
Realism | 25.52 | <0.00001 ** | 0.53 | Baseline < Inertia -3.77 | 0.00008 ** | 0.79
Mirroring < Inertia -0.75 | 0.22663 0.19
Baseline < Mirroring | -3.36 | 0.00039  ** | 0.75
Enjoyment | 14.58 | 0.00068 ** | 0.30 | Baseline < Inertia -2.91 | 0.00181 ** | 0.65
Mirroring < Inertia -1.35 | 0.08851 0.32
Baseline < Mirroring - - -
Comfort 1.75 | 0.41686 0.04 | Baseline < Inertia - - -
Mirroring < Inertia — - -
Acceleration & Deceleration Turning
0% 20%  40%  60%  80%  100% 0% 20%  40%  60% 80%  100%
Rough Terrain Active Driving
0% 20%  40% 60%  80%  100% 0% 20%  40%  60% 80%  100%

" Baseline = Mirroring  ® 3D Inertia-based

Figure 1: Preference rankings of immersion, realism, enjoyment, and overall in each of
the task.
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