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Abstract

Engineering Haptic Technologies for Interaction in Virtual and Augmented Reality
by

Bharat Chandrahas Dandu

A longstanding goal in engineering research has been to realize haptic displays for vir-
tual reality that allow their users to touch and manipulate virtual objects which feel realistic.
Despite decades of research, this goal remains far from being achieved. Motivated by the
challenges involved, this PhD contributes new research findings on perceptual and physical
mechanisms of human touch perception, and applies this knowledge for the engineering of
efficient haptic technologies for virtual and augmented reality.

The first part of the PhD is motivated by the active nature of haptic perception. During
haptic exploration of objects, proprioceptive information about movements of the hands and
fingers is integrated with tactile sensory information elicited via touch contact in order to facili-
tate perceptual judgements about object properties or events. Surprisingly little is known about
human abilities to spatially localize the fingers via proprioception. The first part of the disser-
tation presents findings from perceptual investigations using a novel virtual reality paradigm.
The results reveal that errors in spatial localization of the fingers are surprisingly large, aver-
aging several centimeters per finger, but are strongly refined by even partial visual cues about
the positions of adjacent fingers. The results also provide critical information that is needed
in order to specify performance requirements for virtual reality technologies, including hand
tracking systems.

The next part of this PhD addresses another key aspect in engineering haptic interactions:
that of furnishing touch sensations to the skin. A central challenge in haptic engineering is that

the skin is an extended sensory medium with high spatial resolution. While many prior haptic
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devices have been designed to use numerous actuators, such devices are too bulky, costly, and
complex for practical application. This PhD proposes a new design strategy that exploits the
physics of waves in the skin. First, findings from a study on the mechanics of the vibration
transmission in the skin reveal how the viscoelasticity of skin causes vibrations to attenuate in
a highly frequency-dependent manner with distance. This motivated the design of a new spec-
tral method for controlling the spatial transmission of haptic feedback. This method enables
even a single actuator to elicit spatially varying haptic sensations, as revealed in perceptual ex-
periments. These new effects also proved effective for enhancing engagement in virtual reality
interactions.

These findings motivated a next stage of PhD research aimed at engineering compact haptic
actuators with sufficient frequency bandwidth and control to reproduce haptic effects like those
described in the preceding section. Achieving this goal is challenging, due to fundamental lim-
itations arising from actuator mechanics and thermal processes. Overcoming these challenges
required the development of new fluidic electromagnetic actuators that encapsulate ferrofluid, a
functional material, within a multimaterial device. These actuators can outperform all existing
compact haptic actuators in several respects. They are capable of controlled reproduction of
mechanical signals over a frequency bandwidth from 0 Hz to more than 1000 Hz, spanning the
full range of human tactile sensitivity.

The final part of the PhD presents a new approach to providing haptic feedback to extended
areas of the skin via practical devices, with applications in augmented and virtual reality. It
proposes a new technique for delivering spatially programmable haptic feedback via projected
light, mediated by a novel optoelectronic layer worn on the skin. The resulting devices rep-
resent the first haptic virtual reality technology for enabling one to “see” optical patterns via
the skin. The efficiency of these devices could one day enable their practical application in

extended reality systems.
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ages of constructed actuator. One cent coin to scale. C) Free body diagram of

the moving mass of the actuator. F..;. denotes the net repulsive forces due to

the magnetic components. F,,.,, denotes the restoring force of the membrane.

Fepm and Fg,,, are the forces due to the current through the coil and the vis-

cous drag respectively. D1) Diagrams showing the moving mass at the top and

bottom of its stroke. D2) Images highlighting the top and bottom of the stroke

of the constructed actuator, when 1t 1s driven by a 1 A rms 0.5 Hz sinusoidal

signal. [. . . .. L
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Sample results from the numerical models of the actuator’s thermal perfor-

mance. Al) Temperature plot after 120 s of operation of the ferrofluid-filled

actuator at [ =1 A. A2) Time evolution of the numerically predicted temper-

atures 1n comparison to empirical measurements at the bottom of the canister
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regime takes hours to set in; a time limit of 120 seconds of continuous use 1s
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Characterization results. A) The dynamic response of the unloaded actuator,
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50 Hz, the ferrofluid actuator also exhibits larger accelerations when compared

to the air-filled prototype, due to the increase in magnetic permeability within

the actuator. B) Displacements of the moving mass of the ferrofluid actuator

for an 8.5 Hz, 1 A amplitude sinusoidal current imnput. At low frequencies,

the accelerations are limited by the displacement limits of the actuator. Peak

displacements (800 pm) fall in line with values predicted by the membrane

stiffness and force outputs. C) Step response of the actuators, with a 0.5 A

stepped current input. The step response of the air filled actuator 1s dominated

by its resonant frequency, and rise times average 12 ms. In contrast, the fer-

rofluid actuator exhibits a sub-2 ms rise time. D) Quasi-static loaded force

measurements of ferrofluid actuator vs direct current (DC). Error bar denotes

the standard deviation of the measurement at 1 A. We measure a force output

of 0.45 N/A from the actuator 1n the central region of its stroke. The force

values predicted by numerical simulations were highly dependent on the mate-

rial model used for the permalloy, we therefore present the range of predicted

force outputs for varied B-H curves of high-nickel steel alloys. Inset picture -

Actuator within the measurement fixture, placed under the force transducer. | .
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5.6

Analysis of fluid displacement feature and 1mpact on device performance. A)

To allow for an incompressible fluid to displace during the translation of the

moving mass, we ported the ferrofluid-filled actuator with a tube ($;p = 3

mm). The tube was clamped tightly to seal the system, with the resulting air

column acting primarily as a spring. B) Empirical unloaded dynamic response

for different lengths of the air column. The results vary only marginally (<

1dB) for different column lengths (2 vs. 5 cm), suggesting that a minimally

compact feature that allows for the ferrofluid volume to displace into it will

perform identically. |. . . . . . . ... o

Xviii

124



57

Evaluation of the designed actuator in a wearable setting. A) 3D model of the

wearable interface to place the actuator on the skin. A rigid plate extends along

the length of the finger, and maintains contact with 1t through the use of vel-

cro straps. A fixture 1s used to hold the actuator underneath the overhanging

plate. A lead screw 1s used to translate the position of the fixture. B) Image

of the actuator and interface worn on the index finger of the hand. C) Results

of the perceptual experiment. Participants consistently reported the designed

stimuli to be spatiotemporally varying, with this compact, highly portable ac-

tuator (median accuracy > 90%). D) In an example interactive application, the

ability to generate constant and low-frequency forces can be used to recreate

sensations of contact with virtual objects, 1n addition to vibrotactile feedback. | .

129

6.1

[llustrative application of the novel opto-electronic haptic display being pro-

posed. A) The haptic display conforms to the fingers, and 1s optically con-

trolled, allowing for a user to perceive virtual objects rendered by an aug-

mented reality headset. B) The haptic display consists of an array of electrodes.

‘Through careful alignment and programming of light fields, electrotactile stim-

ulation 1s applied at the rendered contact locations (shown 1n red), allowing for

the tactile 1dentification of the geometry of virtual objects. | . . . . . . . .. ..

6.2

Designed electrical circuits. A) Circuit diagram of a taxel. The presence of

light beyond a certain threshold value causes the photocurrent to turn the high

voltage transistor (HT) on, delivering voltage pulses to the load resistance. A

current regulating diode (CRD) limits the peak currents delivered to the load.

B) Compact driving circuit employed to generate pulsed high voltage signals

delivered to the skin-interfaced opto-electrotactile device. A pulse generator

controls the operation of a relay which connects the high voltage source to the

6.3

Results of numerical modeling of the in-vivo currents with the proposed tac-

tile array. A) Schematic diagram of operation. The voltage applied to the skin

results 1n currents penetrating through to the dermis of the skin, where they

stimulate the afferent nerves of the tactile system, resulting in sensations. B)

Results of a finite element stmulation of the skin with six activated electrodes,

showing current density at a plane 20 pym below the surface of the skin. C)

Cross-sectional view of the current density. Peak densities occur directly un-

derneath the electrodes. D) Enlarged view of the current density 700 pm 1nto

the skin, the depth at which a relevant class of tactile mechanoreceptors are

located. The asymmetric electrode layout, with the physically larger area of

ground electrodes, ensures that sensations are perceived close to the locations
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[6.4 Design and fabrication of the stretchable opto-electrotactile skin. A) Circuit

traces and active electronic components are embedded within layers of a soft,

stretchable substrate (PDMS). Three dimensional electrodes (spheres) extend

through the encapsulation to make contact with the skin. B) The device par-

tially through the fabrication process, showcasing the assembled electronic

components, and two grid layouts which we considered. C) Assembled de-

vice, Inset figure showcases the cross-section. D) Front and back views of one

functional unit (‘taxel’) of the device. E) Images showing the opto-electronic

skins conforming to and contacting the finger,| . . . . . . . ... ... ... ..
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Results of the characterization of a taxel with a fixed 100 k{2 load resistor. A)

Time resolved current through the load, for different illuminance values. Be-

yond 1000 Ix, currents exceed levels reported to cause perceptual sensations (1

mA). At large light intensities, the empirical measurements are 1n good agree-

ment with the simulation results. B) The time averaged current as a function of

1lluminance follows a logistic function between 0 and 2.2 mA, with 1t exceed-

g 1 mA at 1200 Ix, a level that 1s above typical indoor lighting. C) The time

averaged current as a function of input voltage, for various i1lluminance levels.

The mput voltage can be a useful control parameter to modify the intensity of
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[6.6 An examination of the in-vivo performance of the device. A) The numbered

[ locations of the skin at which in-vivo current measurements where taken. We |

attempted to obtain data from a wide range of positions along the finger, the

palm, wrist, and the dorsal surface of the hand. B) Time resolved currents at

various locations on the skin, for a fixed illuminance level (3000 Ix) and input

voltage (200 V). Results indicate that there 1s variability within the resistance

of the skin at various locations. C) Time resolved current at a single location
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Chapter 1

Introduction

The sense of touch is our primary mode of physically interacting with and perceiving our
surroundings, and plays an essential role in many day-to-day activities. For example, the simple
act of grasping and manipulating an object relies on tactile sensory input from the hand in order
to appropriately modulate grip forces to ensure grasp stability and accomplish task goals [8]].
Internal body maps, alongside position sensors within our joints, are essential in the planning
and control of the movement of our hands and feet [9]. Similarly, using the hands to identify
the shapes, materials, and textures of objects requires input from several tactile sub-modalities
that provide information about forces, displacements, and contact vibrations [10]. The term
haptics, derived from the Greek arr7irds (haptikos, “able to grasp or perceive”) is today used
to refer to the science and engineering of technologies related to the sense of touch.

During our interactions with the world, information from the sense of touch is used in
close conjunction with that obtained from other sensing modalities such as vision and audition,
to generate a more robust and holistic understanding of the environment. Despite significant
engineering efforts spanning several decades, current haptic technologies are far from being
able to reproduce the gamut of haptic signals that can perceived, or of being able to reproduce

the range of haptic signals that are felt in naturally occurring interactions. When compared
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with contemporary video and audio displays, haptic display technologies thus remain relatively
primitive in their capabilities. With touch being our primary means of interacting with the
world, this has led to an paucity of realistic human-computer-interaction methods. This gap in
the stimulation of the senses is further exacerbated within virtual and augmented reality (VR,
AR), where state-of-the-art devices have matured to provide extremely convincing renditions
of virtual environments and objects, with a notable drawback - without the capability to touch
these virtual objects, they can often feel artificial and lifeless.

A major challenge in the development of such haptic technologies is that the primary sen-
sory organ of touch — the skin — is the body’s largest, most distributed sensory organ, with a
total surface area approaching two squared meters. Further, the skin is a heterogeneous sensory
organ. It contains receptors for various sensing sub-modalities, such as pressure, vibrations,
strain, temperature, pain, and position, making it unique among the sensory organs. In addi-
tion, touch is an active sense, with the brain using knowledge about the position and movement
of the skin to infer additional information about the object being touched. This makes it ex-
tremely challenging to engineer a device that can furnish the range of tactile signals to the skin
that are felt when perceiving or interacting with common objects and surfaces. Thus, there is a
great need and opportunity to develop devices and methods that can stimulate specific aspects
of the sense of touch in a practical and efficient manner. Achieving this engineering goal would
provide many opportunities for enriching human-computer interactions within AR and VR by
enabling the rendering of complex and varied sensations that improve the quality of tactile in-
teractions. This could be used to either replicate real-world properties and behavior with virtual
objects and interfaces, or to explicitly facilitate greater information transfer through the haptic
modality.

This PhD dissertation presents several contributions toward this overarching goal of de-
signing methods to effectively and efficiently stimulate the skin. Because the field of haptics

involves a close interplay between gaining knowledge on touch perception and the develop-
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ment of technologies that effectively target the sense, the research required to achieve goals
is highly multi-disciplinary. Reflecting this, the research presented within the dissertation is
interdisciplinary, incorporating elements of sensing, psychophysics, skin biomechanics, and
haptic actuator design.

The dissertation integrates new findings about the brain’s capacity to infer the locations
of the fingers (Chapter 3). Information of this kind is valuable for specifying the engineering
requirements of hand sensing and tracking systems. This dissertation also includes investi-
gations of the until recently underappreciated role of soft tissue biomechanics in altering and
distributing tactile signals (Chapters 4). It applies the resulting knowledge to create new ren-
dering methods that generate tactile sensations over large spatial distances with just a single
actuator. The results motivated further research within this dissertation that yielded a new high-
fidelity haptic actuator capable of delivering complex tactile sensations across a wide range of
frequencies (Chapter 5). Finally, motivated by the impressive spatial and temporal resolution
of the skin, it presents a new haptic display technology that provides a practical means of gen-
erating controllable haptic feedback over arbitrarily large areas of the skin, which has been
a longstanding goal in haptics (Chapters 6). A more detailed summary of the contents and

contributions of the dissertation are provided in the following sections.

1.1 Overview

This dissertation is organized in several chapters describing key investigations that together
comprise this PhD research.

Following this introduction, Chapter 2 presents background knowledge about human touch
perception, explaining how external mechanical stimuli are transduced into neural signals,
which are then interpreted by the brain to result in tactile sensations. In addition, it provides
an overview of haptic actuation technologies, and a discussion of the current and proposed

3
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implementations of haptics in VR and AR. Additional background information and literature
is reviewed within the chapters describing each of the constituent projects of this dissertation.

Most meaningful manual interactions involve the integration of movement and associated
haptic sensing, with the brain using this information to generate a robust perception of touch.
Existing knowledge about an important element of this process, the fundamental ability of our
brain to infer the locations of our hands and fingers, is limited. Motivated by this, the first
research topic investigated in the dissertation explored this from a human factors perspective
in Chapter 3 (which is based on publication [[11]]), by studying the ability of humans to localize
their fingers within a virtual environment. Perceptual experiments were used to evaluate the er-
rors in the localization of multiple fingers. The localization was surprisingly error-prone, with
errors representing a significant fraction of both the length and range of motion of the finger. In
a follow-up experiment, I determined that contextual visual cues, such as the locations of any
un-occluded adjacent fingers, drastically reduce the errors in localization, suggesting that in-
formation from vision is used to refine position estimates. These findings help elucidate human
hand function, and inform requirements for hand tracking hardware and rendering methods for
virtual reality devices.

The dissertation next presents investigations on the generation of touch sensations. Recent
research has indicated that contrary to conventional assumptions about touch, perceptually rel-
evant information is captured at skin locations far away from the contact with an actuator or
object, however there has been limited research systematically studying the influence of skin
biomechanics on this effect. Motivated by this, Chapter 4 (which is based on publication [12]])
investigates the biomechanics with a study of mechanical wave propagation in the skin using
full-field vibrometry methods. The results of this study showcased that the viscoelastic nature
of human skin causes damping behavior to vibrational stimuli to be frequency dependent. The
analysis revealed a very consistent and powerful trend, namely, the damping varied monoton-

ically with frequency, with propagation distances decreasing rapidly with an increase in the
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frequency of stimulation. By exploiting this behavior, new haptic rendering methods were
developed by constructing waveforms with systematically varying frequency content. These
methods generate, with just a single actuator, perceptual sensations that are consistently re-
ported to expand or contract in spatial extent from the location where the stimuli is applied.
The spatiotemporally varying sensations were shown to result in significantly more engaging
interactions within a virtual reality setting. These findings demonstrate how the physics of
waves in skin can be utilized to generate spatiotemporal tactile effects over large surface areas
with a single actuator, in a manner that is both practical and effective.

The results of Chapter 4 show that a larger, more expressive class of haptic effects can be
generated using actuators with a wide frequency bandwidth. However, the current state-of-
the art of compact haptic actuation technologies are limited in their ability to generate wide-
bandwidth mechanical stimulation and large forces; due to resonance based effects and thermal
limitations. To address this shortcoming, Chapter 5 presents the design and evaluation of a new
type of haptic actuator. The design, which is based on voice coil technologies and the principle
of electromagnetism, utilizes two permanent magnets in conjunction with an conductive coil
and core assembly and a fabric reinforced membrane. An equivalent mass-spring element
contacts the skin and displaces as a function of the applied current. A viscous fluid with
suspended iron particles (ferrofluid) is incorporated into the system to increase the efficiency
of the magnetic circuit, improve thermal performance, and introduce damping to minimizes
the effects of mechanical resonance. The constructed prototype can generate sustained forces
of 0.5 N, transient forces of 10 N or beyond, and frequencies over a wide bandwidth from DC
to 1000 Hz. This actuator can therefore reproduce signals with high temporal resolution and
high dynamic range. I then constructed a wearable device utilizing this actuator, and show
through evaluation experiments that it can replicate the spatiotemporal tactile effects presented
in Chapter 4, from a physically much smaller form factor than previously utilized. This actuator

shows great promise for improving the fidelity of tactile sensations that can be obtained from
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wearable haptic displays for AR and VR.

The next chapter of the dissertation utilizes an innovative approach built upon recent ad-
vances in the fabrication of flexible electronics to create a soft and conformable haptic display
that can simultaneously deliver haptic feedback at multiple locations over large areas of the
skin, which is presented in Chapter 6. The device is constructed as an array of functional units
that consist of an electrical circuit utilizing surface mount electrical components embedded
within a flexible substrate, and electrodes that contact the skin to deliver safe, low intensity
current pulses that directly stimulate the sensory nerves. To address the challenges of con-
trolling the array and allow for scalability, each functional element (“taxel”) is designed to
independently deliver current to the skin when it is exposed to a specified amount of light. This
enables the device to be optically programmable, which allows for a controllable optical source
such as a projector to operate the display with light patterns, effectively allowing the skin “see”.
The proposed display as constructed is lightweight (< 8 gram for a 14 taxel array), and can
conform to the curvature of the finger, resulting in minimal encumbrance when compared with
electromagnetic actuation methods. This haptic display builds towards a longstanding goal of
developing practical devices that can effectively target the continuum of the skin with a high
spatial resolution.

Finally, Chapter 7 summarizes the research done in this PhD, synthesizes the findings, and

describes future research avenues and applications of this work.

1.2 Contributions

The key contributions of the research are summarized as follows:

1. It presents new information about human abilities to spatially localize the fingers via
haptics, and how these abilities are enhanced in the presence of partial visual information

(Chapter 3 and publication [[11] in the IEEE Transactions on Haptics). It shows that large
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random and systematic errors affect the proprioceptive localization of the fingers, gauged

relative to the size of the hand and range of motion of the finger.

2. The aforementioned finding also has important implications in the development of hand
tracking systems for virtual reality. It suggests large errors in absolute position estimation
might be tolerated without causing a reduction in the sense of immersion, provided the
relative positions of individual fingers are well represented. This work has influenced
research in several other groups, and the published paper [11] was awarded the Best
Journal Paper Award amongst papers published in the IEEE Transactions on Haptics

journal in the year 2020.

3. It presents new characterizations of touch elicited mechanical waves in the skin, and
shows that the damping of the medium, and therefore propagation distances of these
waves, are highly dependent on the frequency of vibratory excitation (Chapter 4 and
publication [12] in the IEEE Transactions on Haptics). This research expands on the
growing body of knowledge studying the influence of skin biomechanics on tactile per-
ception, and can inform the design of compact and efficient haptic sensing and actuation

methods.

4. Informed by the prior findings, this PhD proposes new methods for delivering spatially
varying haptic feedback over distributed areas of the skin (Chapter 4 and publication
[12]]). This feedback method is based on a controlling frequency content in the signals in
order to vary their spatial extent. Experiments revealed this approach to be effective, even
when used with a single actuator. This is the first single actuator method for generating
spatially varying haptic effects. These haptic effects significantly improved engagement
in virtual reality interactions. A demonstration of this method that I presented at the
World Haptics Conference 2019 was recognized as the Best Technical Demonstration

(rank 1/64 demonstrations) by a panel of experts in this research domain due to its highly
7



Introduction Chapter 1

effective perceptual nature. Further, the earlier conference version of this paper [13] was
a finalist for the Best Student Paper Award (rank 3/80 papers) at the same conference.
The simplicity and efficiency of this method makes it attractive for implementation in

resource constrained devices such as controllers for virtual reality.

5. This PhD presents the new methods for engineering compact electromagnetic haptic ac-
tuators that are able to reproduce mechanical signals over the entire frequency bandwidth
of the human sense of touch in a controlled manner (Chapter 5, parts of which are sub-
mitted to the journal Sensors and Actuators A: Physical). These actuators are compact
(order of 1 cm?), thermally efficient, can reproduce frequencies from DC to 1000 Hz,
and is capable of delivering large transient and sustained forces relative to its volume.
In performance, they compare favorably to previously investigated devices of this kind.
This high-fidelity actuator shows great promise for implementation within a wide variety

of wearable haptic applications.

6. The PhD also contributes a new approach to providing spatially programmable haptic
feedback to the skin via projected light (Chapter 6, work being prepared for submission
to a multidisciplinary journal). This technology is based on an efficient skin-interfaced
optoelectronic circuit design in which an array of functionally independent tactile pix-
els (“taxels”) furnish localized electrotactile feedback to the skin when activated with
locally incident light from an optical source. Unlike conventional approaches to con-
trolling electrotactile arrays, this design can scale to large surface areas or integration
densities without a commensurate increase in electronic complexity. It enables the dis-
tributed stimulation of many locations on the skin without need for additional processors

or multiplexing.

7. Finally, motivated by this new optical method for delivering haptic feedback, this PhD

presents knowledge and methods for the design and fabrication of stretchable skin-
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interfaced optoelectronic devices for stimulating the skin (Chapter 6). The fabricated
display is thin and light, conforms to the fingers, and can deliver optically programmable
haptic patterns to the skin with substantial spatial resolution. The stretchability of these
devices enables them to accommodate movements of the body with little restriction.

These attributes could makes this technology well suited for future applications in vir-

tual and augmented reality.



Chapter 2

Background

This chapter reviews prior knowledge and literature as general context for the research pre-
sented in this dissertation. Additional background literature appropriate for the different re-
search projects included in this dissertation is provided in background and introduction sections
of Chapters 3 through 6.

Haptics refers to the science and engineering that relates to the sense of touch. It concerns
“real and stimulated touch interactions between robots, humans, and real, remote, or simulated
environments, in various combinations” [[14]. It includes research that probes how humans
perceive information about the environment through touch and movement, and also the engi-
neering of technologies intended to stimulate the sense of touch. There has been an extensive
effort to study this sense through the years, leading to great improvements in our understand-
ing of varied aspects of the anatomy, neurophysiology and perception involved in this complex
sense.

It is a major engineering challenge to design and build devices that can stimulate the haptic
modality with high fidelity, particularly in comparison to the technologies that are tailored
towards the visual and auditory senses. Consider some consumer technology devices that are

increasingly prevalent in our day to day lives. Display screens on phones and computers have

10



Background Chapter 2

had their resolutions improve an extent that they are able to almost perfectly reproduce a visual
scene (such as a picture taken from a digital camera, or a virtual environment rendered for a
game). Similarly, high fidelity speakers and headphones allow for exceptional reproductions of
sounds and music, with new methods to obtain spatial audio that allows one to localize a virtual
sound source in the environment being increasingly adopted. No analogous technologies to
comprehensively stimulate the sense of touch exist.

In recent years, advances in visual and audio displays, computing, and rendering have
given rise to the rapid development of virtual reality (VR), augmented reality (AR), and mixed
reality (MR) head mounted displays (HMDs). These headsets serve to either immerse the
wearer in a virtual environment, or to introduce computer-rendered virtual elements into the
real world. New applications for such devices are regularly found in gaming, education and
task training, and engineering design [15, 116,17, (18, 19]. However, the virtual objects rendered
by these HMDs are often only echos of their real-life counterparts, in part due to their inability
to be reached out to and touched. A longstanding research goal has been to engineer haptic
interfaces for VR and AR that allow their users to perceive contact with virtual objects, and
identify object properties such as weight, surface textures, and temperatures [20, 21]]. This has
been a challenging problem due to several unique properties of the sense of touch.

The skin is far and away the largest and most distributed sensory organ. The sense is
generated by varied types of receptors embedded within the layers of the skin and tissue that
gather information about touch, pain, temperature, forces, and the position of limbs [1} 4].
These receptors are numerous, with estimates exceeding several hundred thousand, and are
distributed throughout the skin with varying innervation densities [/]. This presents complex
challenges for the design of devices and rendering methods that aim to reproduce the sensations
of interaction with real objects. The identification of methods to optimally and efficiently
stimulate the varied aspects of touch over its large surface area remains an open question.

Research within the domain of haptics requires a strong understanding of the anatomy and
11
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biomechanics of the human body and the psychophysics of the sense of touch, which has to be
paired with solid engineering principles for the construction of effective haptic technologies. In
this thesis, I present research studying the position sensing and vibrotactile perception aspects
of the human haptic sense, and showcase how the findings motivate and allow us to construct

new haptic devices and rendering algorithms.

2.1 Human haptics and the sense of touch

The sense of touch is a highly evolved system involving a large number of distributed re-
ceptors, with heterogeneous subtypes that preferentially detect specific classes of sensations.
The haptic information from the skin is often classified into two functional components, cuta-
neous touch and kinesthesia 22, 23]]. Cutaneous touch cues arise from the receptors within the
skin that detect, among others, pain, temperature, itch, and low-threshold mechanical stimuli
such as pressure and vibrations over a large range of frequencies [1l]. Kinesthetic information,
which incorporates the sense of proprioception, is obtained from sensors within the muscles,
tendons, joints and skin which signal the position and movement of the limb, and the forces
being generated by the muscles. Information from both these modalities are integrated and
combined with motion planning and coordination with the motor system to enable haptic ex-
plorations, with the active motion of the limbs being instrumental in the identification of shape,
texture, weight, and other properties of objects [24, 25].

The haptic receptors transduce stimuli by inducing potentials and eliciting spikes within
peripheral nerve fibres, which transmit information to the central nervous system [2]. As a
consequence of the high innervation densities and mechanical transmissions of energy arising
from skin biomechanics which we discuss further in Chapter 4 of this dissertation, even simple
touch events excite spikes in large populations of these peripheral nerves. The spikes ascend
neural pathways uninterrupted through the spinal cord, before interfacing with second order

12
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nerves of the central nervous system (CNS) within the cuneate nucleus of the brainstem [26),
27]. From here, the pathways ascend through the thalamus, and then into the sensory cortex
regions of the brain, with neural processing occuring at each connecting layer of synapses.
Prior research has identified ways in which information of spike timings [28, 29, 30], spatial
patterns [31] and firing rates [32, 33]] in the population responses shape tactile sensations. The
way in which information from the receptors is encoded and extracted to generate high level
features such as roughness or shape, within the CNS, remains a domain of active research
(34, 35].

The skin of humans and other primates comprises of both hairy and nonhairy / glabrous
skin, with each having a distinct distribution of receptors. Glabrous skin is primarily found on
the palmar side of our hands, and the soles of our feet, and is specialized for discriminative
touch. Hairy skin covers most of the remainder of the body, and it also serves a discriminative
touch role, but with considerably more limited acuity due to the lower number of embedded
receptors. Further, hairy skin is also strongly associated with affective, or pleasant touch.

Mechanical stimulation provided to the skin is transduced and sensed with mechanore-
ceptors, which are specialized end organs of the sense of touch that are innervated with tactile
sensory nerves. In glabrous skin, four types of low-threshold mechanoreceptors with fast nerve
conduction velocities (A3 LTMRs) have been identified, and which are of particular relevance
to cutaneous touch. They are distinguished by their morphology, innervation densities, fre-
quency sensitivities, and receptive field sizes [36, 37, [1, 38]] (Fig. @) The Merkel cells are
embedded within the epidermis, and are responsible for reporting quasi-static touch contacts.
The Meissner corpuscles are present in the folds of the dermis, and are sensitive to movements
across the skin and other transient contacts. The Pacinian corpuscles (PCs) are embedded
deep within the dermis, and are tuned to detecting vibrations over a wide frequency range.
The Ruffini corpuscles are embedded within the dermis, and are sensitive to skin stretch. The

Merkel cells and Meissner corpuscles are small in size, numerous, and have small receptive
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field sizes. The Pacinian corpuscles in contrast are large structures, measuring up to 4 mm in
length in adult human hands [39]. They are sparsely distributed, with only several hundred
estimated to be located in an adult hand, and have the largest receptive fields, with individual

Pacinians responding to vibrations presented in an area of 60 mm? around it.
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Figure 2.1: Low threshold mechanoreceptors embedded within glabrous skin. Reprinted with
permission from the American Association for the Advancement of Science (Zimmerman, Bai

and Ginty [11])), copyright (2014).

These mechanoreceptors are also alternately labelled based on their functional behavior of
the associated sensory nerves, as either slow adapting (SA) or fast adapting (FA), as follows -
SA-T (Merkel), SA-II (Ruffini), FA-I (Meissner) and FA-II (Pacinian) (Fig.[2.2] Slow adapting
receptors and nerves respond to constant and slowly varying skin deformations, and cause
nerve firing responses throughout the duration of the contact. In contrast, fast adapting nerves

respond to dynamic skin deformations, as they set off nerve spikes during the ramp and decay
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Figure 2.2: Classification of the mechanoreceptors and sensory nerves found in glabrous
skin based on functional behavior. Slowly adapting (SA) nerves respond to sustained stimuli,
while fast adapting (FA) nerves only fire at the edges of stimuli. Type I receptors and nerves
have small receptive fields, while the receptive fields of Type II are larger with more obscure
borders. Reprinted with permission from the Canadian Psychological Association (McGlone

etal. [2])), copyright (2007).

of the stimuli, while adapting to not generate a signal in the interim. The number in the above

designations denotes their respective field sizes, with Type I nerves (associated with Merkel

and Meissner receptors) having small fields, and those of Type II (associated with Pacinian

and Ruffini) having large fields as discussed above. Each sensory nerve can obtain information

from multiple mechanoreceptors. It has been observed that the Type I nerves are more densely

located near the fingertips, highlighting the evolutionary transformations that allow our fingers

to be exquisitely sensitive so as to improve their functionality of tactile exploration. While the

dense innervations imply that the receptive fields of the receptors overlap greatly, prior research

has shown how natural touch interactions are observed by multiple receptor types, and how
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information from varied sensory submodalities is combined through neural processing stages
before it reaches the somatosensory cortex [26].

Hairy skin contains similar sensory nerves as glabrous skin, but the mechanoreceptor end
effectors can vary [1,/7]. SA-I nerves are connected to Merkel cells, while SA-II nerves are less
observed and thought to connect to Ruffini corpuscles. However, Meissner corpuscles do not
exist in hairy skin, rather FA-I nerves terminate in receptors connected to the hair follicles. This
enables the hair to act as a sensing element. FA-II nerves exist and are connected to Pacinian
corpuscles, but they are rarer and are situated in deeper tissues as compared to glabrous skin.
In addition, there exists a type of nerve receptors called C tactile afferents that are present in
hairy skin but not in glabrous skin, and there is evidence that this neural pathway is used for

affective or emotional touch interactions, such as stroking [40, 41].
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Figure 2.3: Perceptual absolute detection threshold of vibrations at varying frequencies from
the FA-II (Pacinian Corpuscle) channel, for both glabrous skin at the thenar eminence (solid
line only) and hairy skin at the forearm (filled circles and solid line). The skin is most sensitive
at frequencies between 200 and 400 Hz. Hairy skin is an order of magnitude less sensitive as
compared to glabrous skin, which can detect displacements as small as a 100 nm. Reprinted
with permission from Taylor & Francis Ltd: Somatosensory & Motor Research (Bolanowski,
Gescheider and Verillo [3]]), copyright (1994).

The brain integrates spiking information from the population of sensory nerves across the
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body to generate perception. Different stimuli types are associated with a characteristic detec-
tion threshold, above which the stimuli is consistently perceivable. For vibrational stimuli, the
detection thresholds at which mechanical displacements become perceptible vary significantly
with frequency, with peak sensitivities between 200 and 350 Hz ([42, 3], Fig. 2.3). At these
frequencies, sinusoidal vibrations of peak-peak intensities as small as a few tens of nanometers
applied at the fingertip can be identified. For hairy skin, the corresponding detection thresholds
are at least ten times as large (i.e., less sensitive). These detection thresholds have also been
shown to depend on other factors, such as temperature [43] and contact conditions and forces
[44. 45]], to a smaller extent. The age of a person has also been reported to have an effect
[46]], which has been hypothesized to be in part due to a reduction in the number of functional

receptors as the skin ages.

No. of Innervation Density, Skin area, Slowly adapting (SA)
sensory nerves units/cm? cm? sensory nerves, %

Hand 16,500 90 184 43
Fingertips 5,061 241 21 42
Fingers 6,156 81 76 45
Palm 5,046 58 87 41
Foot sole 3,958 21 200 37
Face 46,000 69 675 65
Neck and scalp 8,625 17 516 55
Trunk 41,600 9 4,500 55
Arms 35,335 13 2,769 61
Legs 56,186 10 5,722 47
Total ~ 230,000 15 ~ 15,000 53

Table 2.1: Estimated number of sensory nerves in the skin. The fingertips and the hands
are the most densely innervated regions, indicating the capture of rich tactile information
from these locations. The total number of sensory nerves is of the order of 10°. Reprinted
under a Creative Commons 4.0 license| (Corniani and Saal [7]), copyright of the American
Physiological Society and the Authors (2020).

An estimation of the number of tactile sensory nerves across the body is given in Table. 2.1
The study of the sensory processing of the vast amount of data being generated by these nerves

remains an area of active research.
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While cutaneous touch receptors are primarily located in the skin, the specialized kines-
thetic receptors are primarily located within the muscle spindles, tendons and the joints ([47, 4],
Fig.[2.4). The receptors in the muscle spindles detect both the change, and the rate of change,
of the length of the muscle, providing a sensory pathway for the identification of the position
and movements of the limb. Signals from the Golgi tendon organs are used to identify tension,
and therefore identify forces and the weight of handled objects. The receptors in the joints

serve to detect the limits of motion.

v dynamic v static Primary la Capsule Secondary |l

Figure 2.4: Diagrammatic representation of sensory receptors and nerves in skeletal mus-
cle spindles. Specialized intrafusal fibers with multiple innervating nerve endings detect the
length of the muscle they are embedded within, enabling the judgement of the position of
the limb. Reprinted with permission from the American Physiological Society (Proske and
Gandevia [4])), copyright (2012).

In addition to these, the SA-II receptors in the skin can also deliver proprioceptive cues of
limb position [48]]. Information from these receptors may be particularly relevant in detecting
the positions of the fingertips, because the muscles that control the fingers are located at a
distant location in the forearm, and thus signals from it are likely to be ambiguous. A more

involved discussion of the proprioceptive localization of fingers is included in Chapter 3.

2.2 Skin Biomechanics

With the skin being the primary sensory organ for the detection of mechanical sensations

such as contact forces and vibrations, the role of the mechanical properties of the skin and its
18



Background Chapter 2

resultant influence on perception is of particular interest, and examined in Chapter 4 of this
dissertation.

The skin is a continuum surface, and its mechanical properties (in a simplified form) can be
approximated by a distributed array of mass spring dampers [49] with complex geometry and
boundary conditions. Thus, dynamic mechanical contact results in dynamically propagating
patterns of strain over the surface, which can excite neural responses from tactile receptors
at locations far away from the point of stimulation. There is significant recent evidence that
shows how vibrational signals captured at remote locations contains substantial information
[50L 1511 152] and can be perceptually significant [53,54]. However, even though well accepted,
this behaviour is rarely accounted for during the design of haptic devices [33].

The skin also exhibits several interesting mechanical properties such as viscoelasticity and
hyperelasticity [56, 57, 58], which further complicates its modelling. A simple way to demon-
strate the latter behavior is to apply pressure onto a finger, where one can observe that for
indentations beyond a couple of millimeters, the skin rapidly stiffens up. Over the years,
several finite element methods have been proposed which incorporate these complex prop-
erties to attempt to accurately model the behaviour of the skin during varied touch interactions
[59! 160, 61]. A further discussion of the viscoelastic nature of skin, and its impact on the

propagation of mechanical energy is provided in Chapter 4.

2.3 Tactile Illusions

The research presented in this dissertation investigates efficient and practical methods to
stimulate the skin. Tactile illusions arise when the perception through the sense of touch is not
in agreement with the physical stimuli, often in a surprising manner [62} 163, 64]. While not as
well-known as visual illusions, several tactile illusions have been identified and described over
the years, and these illusions have been utilized to generate efficient haptic display systems.
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A rigorous explanation for the origin of perceptual illusions typically arises from a study
of how the brain interprets information from the senses [65)]. In the context of touch, the
physical stimuli imparted to the skin is mediated by the biomechanical coupling to generate
the signals in the populations of sensory nerves, with each channel transmitting a subset of the
information. The task of the brain then, is to take these large collection of signals and generate
a percept. To help accomplish this task, the brain uses information from a wide range of senses
and sensory submodalities, and utilizes them in conjunction with prior expectations that have
been been constructed through experience.

In some cases, a Bayesian probabilistic model has been shown to accurately predict the
results of sensory integration [66, 67, 68]. Several studies have suggested that the existence of
probabilistic priors can explain varied tactile illusions, and provided direct evidence to support
this [63} 169, [/0]. For example, with the well known size-weight illusion, where a smaller
object is perceptually rated as heavier than a larger object of equal mass, Flanagan et. al [[71]
have shown how the effect can be inverted with a sufficiently long practice. A more detailed
investigation of sensory integration and priors that explain illusions is beyond the scope of
this review, but nonetheless, the identification and study of perceptual illusions have proven
invaluable in elucidating the functioning of the human perceptual system, and such illusions
have been utilized to construct evocative haptic rendering methods.

An interesting sub-class of tactile illusions involve patterns of transient or vibrotactile stim-
uli applied to the skin, which can result in a perception of motion, or cause errors in stimuli

localization. Some examples of such illusions are described in brief below.

* Tactile apparent motion - When a number of discrete taps are applied sequentially at
multiple locations on the skin, it is reported as a single stimulus moving across the skin
[72] (Fig.2.5). The optimal onset interval between subsequent stimuli is a function of

the duration of the stimuli. These effects have also been reported in a less robust manner
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when mechanical stimuli is applied across different body locations.

* Sensory funneling (phantom tactile) illusion - When brief stimuli are applied simulta-
neously at several closely located points on the skin, they are often perceived as a single
sensation at the center of the stimulus pattern, as if the stimuli are being funneled to a
central location (Fig. [2.5)). It is possible to move the perceived location of the stimuli
by adjusting the relative intensities of the constituent stimuli [73]. The maximum dis-
tance between stimulation locations that preserves the phantom sensations depends on

the location of the body [74].

* Sensory saltation (cutaneous rabbit) illusion - When a series (3-6) of short pulses
is applied successively at three different loci on the skin, it is perceived as a stimuli is
progressively moving, or "hopping’ from the first to the third location [[75]. An important
factor in the applicability of the illusion is the area of the skin over which the stimuli has
to be delivered. In regions of low innervation densities, the stimulation methods can be

placed further apart.

These tactile illusions have been proposed as a means to greatly reduce the number of actu-
ators required for wearable haptic displays, which is an application where the compactness and
efficiency of the device is of great importance [/6, 5, [77]. More recently, Park and Choi [78],
have closely investigated the information transmission through phantom sensations, showing
that phantom sensations of motion are more clearly identified as compared their stationary
counterparts, alongside other findings. Several studies have proposed utilizing the principles
of tactile illusions to obtain succinct sensations of motion that travel along the skin [[79], pene-
trate the body [80], and even extend beyond the body into regions without any actuators [81]].

The design of haptic effects is further discussed in Chapter 4, which utilizes knowledge of
biomechanics to present a new type of tactile illusion that is systematically generated through

the construction of patterns of spatial wave fields in the skin, wherein the user touches an
21



Background Chapter 2

|

A Apparent Tactile Motion

Act.1 [ d ]
~

SOA l
Act.2 @,

B Phantom Tactile Sensations

Act. 1 | I |A
Act.2 | | |A2

Time

Actuator 1/(’(_6\))

Pefceived

Actuat

or (@)

oo o

Figure 2.5: Previously discovered vibro-tactile illusions. Apparent tactile motion (A)
presents vibrational stimuli to two distinct locations on skin with a temporal offset between
the signals (Stimulus Onset Asynchrony, SOA), resulting in a perceived sensation of motion
between the actuators. Phantom tactile sensations (B) present temporally aligned stimuli to
two distinct locations on the skin, which results in a perceived sensation located at a region
of skin between the two actuators. (Adapted from Israr and Poupyrev [3])

actuator with their fingertip, but clearly perceives spatiotemporally varying sensations through

the length of the finger.

2.4 Haptic technologies

This dissertation investigates methods to develop wearable haptic displays for use with
virtual and augmented reality, specifically within Chapters 5 and 6. These displays consist
of constituent haptic actuators, alongside devices which integrate them, both of which are

discussed here.

2.4.1 Haptic actuation methods

Haptic actuators are transducers which convert input energy into mechanical or electrical

stimulation, and they serve as essential component for any haptic display aiming to provide
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sensations to the sense of touch [82]. The feedback from haptic actuators plays a important
role in many familiar objects, from the taps delivered on typing on the virtual keyboards of
smartphones, to the expressive patterns of vibrational feedback used to denote various classes
of notifications within smartwatches, and the vibrational rumble patterns designed to enhance
the immersion with video game controllers. Indeed, vibrotactile feedback is a dominant method
for delivering haptic sensations within commercial devices. Other classes of haptic devices
include those that deliver kinesthetic (force) feedback, such as those used in devices aiming
to simulate surgical training or driving; friction modulation devices, which aim to recreate the
textures of materials on flat surfaces such as touch screens; skin deformation devices providing
normal indentations, such as those used in refreshable braille displays; and mid-air ultrasound
devices, which provide a non-contact method of delivering low intensity normal indentations
to the skin. There have been several additional types of devices which have been proposed in
research over the years, but which have yet to be commercialized.

Historically, kinesthetic (force) feedback devices have had significant attention devoted to
them due to the motivation of recreating the feedback achieved from real-life tools, for appli-
cations in training and tele-robotics. The most commonly used class of such devices consist
of grounded desktop multi-link mechanisms that utilize electrical rotary motors, encoders, and
force sensors [83, [84]]. These can be programmed to apply three-dimensional physical forces
and torques to the user, relative the the operator’s ground [[14]].

More recently, a majority of research in the haptics community has focused on cutaneous
feedback, in part due to the compactness achievable with such devices. The haptic actuators
that are designed to deliver cutaneous (or tactile) sensations can be tuned to preferentially in-
fluence various sub-modalities of the sense of touch, such as skin vibrations, transient contacts,
skin deformations, lateral displacement patterns and skin stretch, with Culbertson et al. provid-
ing a recent review of the state of the art in haptic devices [85]. To better situate the research

presented within this thesis, a detailed discussion of vibrotactile actuators and electrotactile
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stimulation is provided, with other actuation methods being out of the scope of this review.

Vibrotactile actuators

The human skin can readily identify low amplitude displacements or forces that temporally
vary with high frequencies, with these stimuli commonly referred to as vibrations. During
natural interactions, these vibrations are regularly used to detect transient contacts with objects,
and information about surface textures and roughness. Many application areas for vibrational
stimulation in human computer interaction have been investigated due to the large amount of
information which can be delivered through this modality alongside the ease of integration of
vibrotactile actuators within devices, and many more are still emerging [85].

The role of vibrotactile actuators then, is to provide forces and therefore mechanical dis-
placements to the skin across a range of frequencies. In addition to the peak amplitudes, power
consumption, form factor, and the operating range of frequencies which the actuator can re-
produce, several other design considerations exist in the development of haptic actuators, as
follows. If the actuator has a flat response over its bandwidth, this proves advantageous for the
generation of high-fidelity haptic sensations without the need for equalization. If the frequency
bandwidth of the actuator extends down to 0 Hz, then the DC component can also serve to
provide constant skin deformations, and thus also stimulate the Merkel cells. Further, if the
actuator can be designed to have minimal start (onset/rise) and stop times, then vibrotactile
actuators can also be used to provide sensations of transient contact through impulsive signals.
The mechanism used to mount and interface vibrotactile actuators to the skin also deserves
careful design, to optimize the quality of the sensations.

Some of the commonly used types of vibrotactile actuators used in wearable haptic devices

are as follows, with Choi and Kuchenbecker [86] providing a more detailed review -

* Eccentric Rotating Mass (ERM) Motor - A relatively old technology, ERM motors
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use an off-center mass affixed to the shaft of a rotary DC electric motor. This design in-
herently couples the amplitude and frequency which this actuator can generate, because
applying a larger control signal results in the eccentric mass rotating at higher frequen-
cies, while also providing larger forces. This reduces the range of usable frequencies,
with a complete inability to generate forces at 0 Hz. Further, internal friction and inertia

result in large start times, typically around 30 ms.

* Voice coil - Voice coils are electromagnetic linear actuators that operate on a similar prin-
ciple to audio speakers. They either have an electromagnetic coil enclosing a movable
permanent magnet, or a movable coil adjacent to a fixed permanent magnet. A spring is
used along with bushings to hold the moving mass in place and allow it to return to the
central rest position. Several companies sell voice coils devices optimized for vibrotac-
tile rendering, with usable bandwidths from 80 Hz to 1000 Hz. These devices are either
intended to operate around their broad mechanical resonances [87], or at frequencies
above the resonant frequency [88]]. Start and stop times typically range from 15 to 20

ms. These devices cannot generate DC forces.

* Linear Resonant Actuator (LRA) - The technology used in most modern commercial
devices, LRAs are a subset of voice coil devices which are designed to have a very sharp
(high-Q) resonance [89]. This allows them to be extremely efficient when driven at
their resonant frequency, however it is difficult to obtain appreciable intensities at other
frequencies. The start and stop time for these actuators are typically around 5-10 ms
when used with custom driver ICs, which allows a haptic designer to generate transient
pulses and perform pulse width modulation. Nevertheless, these actuators do not have

full independent control of the frequency of stimulation.

* Piezoelectric Actuator - These actuators rely on the piezoelectric effect - where the

charge applied to a material results in a mechanical displacement. Stacks of piezoelec-
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tric materials are typically embedded in a cantilever beam configuration [90] or within a
cymbal structure [91] to amplify the mechanical displacements. These actuators have a
range of operating frequencies from DC to 500 Hz, and start and stop times of ~ 1 ms.
However, a primary disadvantage of these actuators is that they are hard to power, requir-
ing driving voltages of 150 V or higher to achieve appreciable deformations. Thermal

limitations also prevent them from generating frequencies beyond 500 Hz.

Electrotactile stimulation

An alternative method to providing cutaneous sensations is to bypass the mechanical trans-
ducers and directly stimulate the sensory nerves. This is done by providing low-intensity cur-
rents via electrodes to the skin, which propagate to subdermal regions and set off spiking poten-
tials within the nerves [92,93]], effectively bypassing the haptic mechanoreceptors. The typical
power draw of an electrotactile stimulator are an order of magnitude lower than a comparable
mechanical actuator. Because of the integration densities possible with electronic components
and electrode arrays, electrotactile devices have the distinct advantage of being more portable,
wearable, and efficient as compared to mechanical actuation, particularly when a large number
of actuators are to be used [94]]. The quality of the electrotactile sensation depends on parame-
ters such as the electrode dimensions, the duration, amplitude and frequency of the current, and
the thickness of the skin [93, 95,196, 97], with these parameters having to be carefully selected
to minimize any discomfort. To limit the possibility of adaptation and to preferentially excite
specific classes of nerves, currents are delivered through monophasic or biphasic square pulses
[96} 98], with specifically designed pulse widths and repetition frequencies. The electrodes are
constructed with skin compatible metals such as gold or stainless steel, or with soft hydrogels

[99]. A further discussion is presented within Chapter 6 of this dissertation.
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2.4.2 Haptic interfaces for VR, AR, and HCI

Within virtual and augmented reality systems, haptics can play an important role in the
generation of an immersive virtual environment that allows for interaction with virtual objects.
During the generation of realistic interactions, force feedback provides the user with informa-
tion about the hardness, weight and inertia of virtual objects. Cutaneous feedback is used to
provide the user with a sense of the contact geometry, smoothness, skin stretch and slip, and
temperature. Finally position sensing is essential for the identification of the body posture,
allowing for accurate recreations of the hands and fingers in the virtual world [20, [100].

Most haptic display devices utilize the fact that the sense of touch involves the integration
of multi-modal information, and are constructed using a combination of actuators that can
stimulate distinct modalities of touch (Fig. [6, 101} [102]]. Therefore, haptic displays for
kinesthetic and cutaneous feedback are usually developed independently, and integrated as
required. There are also several additional considerations involved in the design of haptic
devices for AR and VR - in addition to the optimization of performance, there is a preference
to have the device be wearable, light-weight, comfortable and low-cost. The devices should
ideally not impose additional kinematic constraints on the hand, and not encumber the fingertip,

allowing for free exploration of real-world objects.

Kinesthetic feedback devices

Grounded kinesthetic devices (Sec. are used for tool-mediated interactions in VR
such as tele-operation, surgical training and mechanical assembly, where large output forces
(> 10 N) are desired from desktop based systems [103} 104} [105]. More recently, with the
free-form haptic exploration interaction paradigm becoming more prevalent for virtual and
augmented reality, ungrounded and hold-able force feedback devices have seen significant re-

search efforts devoted to them [14]].
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Figure 2.6: Representative haptic multi-modal devices proposed for use in VR in various
form factors. Reprinted with permission from the IEEE (Wang, Ohnishi and Xu, 2019 [6]),
copyright (2019)

When designing a wearable haptic display, the positioning of the grounding location, where
the reaction forces are generated, has an large influence on its ability to generate kinesthetic
feedback. Perceivable forces are low when the grounding location is close to the point of appli-
cation of force [106, [107]]. One class of wearable kinesthetic devices are the exoskeletons with
either rigid links or cables [[108,[109] 11}, 112 113]), which are grounded at the limbs and
body. While exoskeleton based systems can provide large forces (> 5 N), they are often bulky,
complex and expensive. Several researchers have also proposed one-dimensional force feed-

back within hand-held controllers, where an electrostatic brake is used to restrict movement

and allow for the opposing region of the hand to provide the grounding force [[114] 116].
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A similar braking mechanism mediated through cables has been proposed to preferentially re-
strict movements of individual fingers [117]. Recently, direct stimulation of the muscles with
electrical currents has been proposed as an alternative method to provide kinesthetic sensations

of contact with virtual objects [[118, [119].

Cutaneous feedback devices

Cutaneous feedback devices rely on the delivery of cutaneous cues such as skin contact and
vibrations to provide information about virtual objects. Such devices are commonly utilized
in consumer applications in virtual and augmented reality, where minimizing the weight and
size of the haptic display is a priority. The research presented in this dissertation focuses on
developing methods to deliver cutaneous feedback through wearable devices, reflecting recent
trends within the field.

Pacchierotti et al. provide a comprehensive review of wearable displays for the fingertips
and hand [120]. Broadly, wearable haptic devices can be characterized as providing any of the

following -

* Vibrations - These devices allow for the delivery of sensations of textures and transient
contacts. Specific form factors include placing multiple vibrotactile actuators on the
hands and fingers using glove-like interfaces [108, 121} 122, 123} 124, 125]], band-based
approaches where the actuators are embedded along the circumference [126] 127, [128]],

or controller based and hand-held implementations [[129, [130].

* Normal indentations - These devices convey sensations of contact and pressure with
virtual objects. Wearable embodiments for VR and AR have been constructed using
movable platforms under the fingertips [[131} (132, [133] [134] and pin arrays [135} 133,
136} 1137].

* Lateral skin stretch - These devices reproduce sensations of slip and friction that com-
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monly arise during skin-object interactions. Wearable devices use electric motors [138,
139, 140, [141] or pneumatic actuation [[142] to displace an end effector that is firmly

contacting the skin.

* Electrical stimulation - Recent implementations of electrotactile devices for virtual re-
ality primarily consist of body-worn electrode arrays that aim to enhance the information

of contact with virtual objects [143} 144, 145/ 146].

Position sensing of the hands

The hand and fingers form a highly kinematically complex system with many mechanical
degrees of freedom, which facilitates its incredible dexterity. This nature of the hand makes
the accurate estimation of its pose a highly challenging problem, but successfully solving it to
create a registered hand representation within VR has obvious benefits in terms of significant
improvements in the immersion generated by the system [147, 1148, [149].

Through the years, several approaches have been proposed for tracking the pose of the
hand [150]. Discrete sensing solutions integrate flexural sensors [151} [152]], inertial measure-
ment units [153]], or a combination of the two [154], at multiple locations within a hand-worn
glove. Such devices often require calibration, and errors can arise from sensor drift, and due
to the differences between the implicit joint model used by the device and the structure of the
individual’s hands. However, these devices also tend to have the most robust tracking when
considering all possible poses of the hand.

Alternately, optical methods for hand tracking can be employed. These utilize computer
vision and machine learning approaches on data collected from stereoscopic cameras or depth
sensors to estimate the positions of keypoints on the hand [[155,156,157]. The most commonly
used device within the class is the Leap Motion sensor [[158], which uses two monochromatic

infrared cameras to recognize the pose of the hand. This device is inexpensive, and with the
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availability of mature plug-ins for game engines, easy to integrate within virtual reality applica-
tions. More recently, virtual reality headsets using inside-out tracking cameras have also used
optical methods to allow for controller-free interactions with virtual environments [[157, [159].
While optical methods do not encumber the user, they tend to require more precise position-
ing of the hands relative to the camera. They are also less robust with their tracking, with the
occlusion of hand regions from the view of the cameras (that regularly occurs during natural
motion) often resulting in large pose tracking errors.

Errors in hand tracking beyond the precision of proprioceptive localization can result in a
loss of immersion, and a reduction in the quality of haptic rendering due to errors introduced
to the feedback system of hand movement and touch sensing within the brain. In order to lead
to a better understanding of these effects, Chapter 3 of this dissertation presents an evaluation

of the inherent accuracy of human proprioceptive localization of the fingers.
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Proprioceptive Estimates of Finger
Location Are Coarse, Biased, and

Context-Sensitive

Haptic experiences arise from the integration of information about the movement of our hands
and body, and the resulting kinesthetic and cutaneous sensations. While there has been an
extensive body of work on studying the proprioceptive localization ability for the arms and
hands, the localization of individual fingers, which plays an invaluable role in most haptic in-
teractions, was far less understood. This chapter addresses this gap in knowledge through new
perceptual experiments using a virtual reality paradigm, which show that the inherent localiza-
tion errors are surprisingly large. However, the accuracy greatly improves when partial visual
cues about adjacent fingers are provided. The findings contribute to the goal of achieving high
fidelity haptic rendering for the whole hand within virtual reality by informing engineering re-
quirements for hand tracking systems, clarifying that the necessary spatial tracking precision

can be coarser than commonly thought.
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The content of Chapter 3 is adapted from the following reference [11] :
B. Dandu, I. A. Kuling and Y. Visell, "Proprioceptive Localization of the Fingers: Coarse,
Biased, and Context-Sensitive,” in IEEE Transactions on Haptics, vol. 13, no. 2, pp. 259-269,
1 April-June 2020, ©2020 IEEE.
Reproduced here with permission from the IEEE, doi: 10.1109/TOH.2019.2899302.

Abstract

The proprioceptive sense provides somatosensory information about positions of parts of
the body, information that is essential for guiding behavior and monitoring the body. Few
studies have investigated the perceptual localization of individual fingers, despite their impor-
tance for tactile exploration and fine manipulation. We present two experiments assessing the
performance of proprioceptive localization of multiple fingers, either alone or in combination
with visual cues. In the first experiment, we used a virtual reality paradigm to assess localiza-
tion of multiple fingers. Surprisingly, the errors averaged 3.7 cm per digit, which represents a
significant fraction of the range of motion of any finger. Both random and systematic errors
were large. The latter included participant-specific biases and participant-independent distor-
tions that evoked similar observations from prior studies of perceptual representations of hand
shape. In a second experiment, we introduced visual cues about positions of nearby fingers, and
observed that this contextual information could greatly decrease localization errors. The results
suggest that only coarse proprioceptive information is available through somatosensation, and
that finer information may not be necessary for fine motor behavior. These findings may help
elucidate human hand function, and inform new applications to the design of human-computer

interfaces or interactions in virtual reality.
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Proprioceptive Estimates of Finger Location Are Coarse, Biased, and Context-Sensitive
Chapter 3

3.1 Introduction

The proprioceptive sense provides us with information about the posture of our body. Sen-
sory afferent nerves terminating in muscles spindles, joints and skin convey information about
the configuration of the limbs and other body parts to the central nervous system (CNS) [47].
This information is also combined with input from vision and other sources [160], aiding senso-
rimotor coordination, and helping to maintain a body schema, an internal brain representation
about how the body is positioned. This information is also instrumental to the planning of
motor tasks [[161]], the perception of our body and the state of the environment around us.

The brain demonstrates considerable flexibility in integrating multisensory information
about the body. Prior research indicates that it can take ownership of a wide variety of hand
representations [148]], an idea that is particularly relevant for first-person virtual reality sim-
ulations that represent the hands and fingers. When immersed in virtual reality, users have
been reported to experience greater agency over simpler hand representations. This has been
attributed, in part, to the brain’s sensitivity to position errors in the display of virtual limbs
[148]. However, there is little direct evidence about how limb positions are perceived in the
presence of visual-proprioceptive mismatches. Because visual and proprioceptive information
is integrated in forming estimates of the position of parts of the body [161} 162, 163], it could
be deduced that such mismatches might decrease immersion. To date, however, it is unknown
how accurately the locations of each of the fingers can be perceived without the use of vision.

Several studies have explored proprioception for the arm by examining the errors that man-
ifest when the arm points to a displayed visual target [164], to a prior location of the hand
[165], or to the perceived location of the unseen other hand [[166]. All studies reveal large
errors in arm localization, in the order of several centimeters. Further studies that have ex-
amined proprioceptive errors for various types of visuo-haptic matching tasks show that the

observed errors generalize across various experimental designs [167]. Proprioceptive accuracy
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is improved if the muscles of the arm are actively engaged in movement [[168]], which has been
interpreted to imply that efferent signals, which command the muscles to move, can enhance
proprioceptive performance. Cutaneous manipulations, including skin stretch, have also been
shown to influence proprioceptive localization of the limb [169]. Proprioceptive reaching has
been shown to utilize both body and gaze-centered reference frames [[170]. The proprioceptive
map appears to be both idiosyncratic, varying from person to person, and stable, changing little
over time [[165, [171]. Proprioceptive localization errors for the hands (i.e., limb position) ex-
hibit systematic differences [[172,173]], and the errors vary with the posture of the limb [[173].
However, it is unknown if these results generalize to the localization of the fingers. None of
these studies have characterized the proprioceptive localization of individual fingers. Conse-
quently, other potentially salient factors, such as effects of hand pose on proprioceptive errors
in finger localization, have not been previously explored. The fingers are of particular interest
because of their important role in performing fine motor tasks, and proprioceptive information
in particular has been shown to be utilized in computing joint-based motor commands [174].
In order to characterize multi-digit proprioceptive localization, we designed a study in
which subjects reported the perceived positions of their fingertips without visual feedback,
using a virtual reality (VR) environment and multipoint tracking system. Several techniques
could be used to assess multi-digit proprioception — for example, by asking subjects to evaluate
the postural similarity between a virtual hand and their own, or by asking them to judge when
the two differed. Here, we assessed proprioceptive localization using a method that is similar
to those used in prior studies of limb proprioception [[173]. In it, subjects had their hand placed
on a table and selected the perceived location of an unseen digit or digits, by guiding a visual
cursor to the perceived location in a VR environment that was carefully calibrated to match the
real environment. This method was chosen because of its time efficiency, because it provides a
direct report of the location of each finger, and because it allowed us to exclude other potential

confounds, such as motor or perceptual errors from the contralateral hand. The use of the VR
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system provided flexibility in the design of experimental tasks, as evidenced by Experiment 2
below.

In addition to the somatosensory proprioceptive sense, vision also plays an important role
in providing information about the body position. Various studies have also explored the in-
tegration of visual and proprioceptive cues in the formation of whole limb position percepts
[175, 1162], or in motion planning and reaching [176, (177, [178], and such studies have in-
formed models for the integration of visual and proprioceptive information [162]]. Studies on
the rubber hand illusion [179, [180] have also shown that visual information in combination
with other cues can cause an adaptation of proprioceptive estimates.

In our daily lives, we routinely encounter situations in which multiple senses are combined.
Frequently, this occurs in contexts in which incomplete sensory information is available. For
example, a body part may be occluded from view (by the body or another object in the en-
vironment), while visual feedback of the adjoining body segments is still available. This is
commonly observed in the hand, due to occlusion of the fingers in many practical tasks. Prior
literature has provided limited insight into how visual context, in the form of visual cues as to
the location of adjacent body parts, affects localization of a visually occluded part, especially
for the fingers. In order to assess the influence of this indirect visual information on propri-
oceptive localization of the fingers, we designed a second study in which we measured how
subjects’ ability to localize their fingertips was affected by visual feedback about locations of
the other fingers.

In the sections that follow, we present a first experiment on the proprioceptive localization
of multiple fingers, and a second experiment in which we assess the effect of visual context on
proprioceptive localization, in the form of visual cues as to the locations of adjacent fingers.
We discuss the findings and their implications for understanding human haptic function, and

point toward open questions and potential applications.
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3.2 Experiment 1 : Proprioceptive Localization of Fingers

3.2.1 Methods

Subjects

Twelve subjects (8 male; 23 to 33 years of age) volunteered in this experiment. All subjects
were naive to the purpose of the experiment. All subjects had (corrected-to-) normal vision,
and gave their written informed consent. Two subjects self reported both hands to be dominant,
while the rest reported their right hand as the dominant hand. The experiment was approved

by the human subjects research review board of the University of California, Santa Barbara.

Apparatus

The experimental apparatus consisted of a computer, virtual reality headset, and multipoint
tracking system (Fig.[3.1)). Subjects were seated in front of a table and wore a stereoscopic head
mounted display (HMD) (Rift, Oculus VR Inc, Menlo Park, CA). The HMD provides stable
tracking of the headset in 3D space, accurate to within a millimeter. The HMD displayed a
calibrated version of the table in its virtual environment. A careful calibration of the real and
virtual environment was performed, by using sensors to select multiple points on corresponding
objects with identical dimensions and locations in the real and virtual spaces, and implementing
an affine transformation that superimposed the two. This ensured accurate dimensions and
placement to within 2 mm. Ground truth positions of the fingers were obtained through six
degree-of-freedom wired electromagnetic sensors for position and orientation (Micro Sensor
1.8 and Liberty tracker, Polhemus Inc., Colchester, VT) that were worn on all five fingers and
wrist of the left hand, and that were sampled at a frequency of 240 Hz. These sensors tracked
finger and wrist locations with sub-millimeter accuracy and without data loss or occlusion.

The sensors were attached by means of custom brackets and double sided prosthetic tape.
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Virtual Environment

Cursor

Wrist Rest

Figure 3.1: A) Experimental System. The subjects left hand was moved to specific hand poses
displayed on the table. Subjects used the computer mouse to report perceived positions of
their fingertips in the calibrated virtual environment. B) Left hand, showing sensors attached
holding a hand pose. C) Displayed Virtual Environment.
Slim, custom brackets were designed and selected to fit the fingernails of each subject and
positioned relative to standard anatomical features. Although forces due to the sensors were
low, the attachment of sensors to the fingernails via these brackets mitigated cutaneous cues
that might otherwise influence proprioceptive judgments [169].

A video projector displayed target positions at computer-specified locations on the table
surface, enabling the experimenter to position the subject’s hand in each required posture (see
Procedure). A wrist rest was fabricated and attached to the table for subjects to place their wrist
on during the experiment. A detent in the wrist rest interlocked with a conical bit affixed to
the wrist ensuring consistent placement between trials. In all but one of the test conditions, the
wrist rest was displayed (at its corresponding location) in the virtual environment. Thus, both
visual and cutaneous information about the location of the wrist was available to subjects dur-
ing the experiment. Visual instructions were provided to subjects via the virtual environment,

and a computer mouse enabled them to select perceived fingertip locations.
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Target hand poses

Participants hands were positioned in one of five distinct hand poses (P1 to P5; Fig. [3.2),
so that we could examine the dependence of proprioceptive errors on finger locations. These
poses included a “relaxed” pose (P1), a pose in which all fingers were flexed (P4), and other
combinations of flexed and extended fingers. In pose PS5, the thumb was flexed inward, towards
the palm. The visual display of the wrist rest was included for all these conditions. To examine
effects of visual feedback about the wrist position on perceived fingertip location, we repeated
pose P1 while omitting the visual display of the wrist rest (P1 without wrist display). Each
pose was specified as a set of target positions on the table. These poses were chosen from a
subset of possible hand poses constructed by considering two distinct locations for each finger
and three distinct locations for the thumb. This choice of poses allowed us to efficiently study
the effect of changing the position of the thumb (P1 vs. PS5, P2 vs. P3), index finger (P1 vs.
P2), and the other fingers (P3 vs. P4).

Prior to the start of the experiment, the length of the subject’s hand, from the center of
the wrist to the tip of the middle finger, was measured, and the target positions were scaled
accordingly. This was done to ensure that subjects maintained similar hand shapes for each

pose. In what follows, we refer to the thumb as digit 1, and the little finger as digit 5.

Procedure

At the beginning of the experiment, subjects experienced a familiarization phase, in which
sensor data was used to animate a simple representation of the hand, with markers showing the
precise locations of the fingertips. Subjects were encouraged to move their fingers and famil-
iarize themselves with the virtual environment and the hand representation, and to convince
themselves that it provided an accurate representation of the table in front of them. When sub-

jects indicated they were acclimated, the experiment began. The hand was positioned with the

39



Proprioceptive Estimates of Finger Location Are Coarse, Biased, and Context-Sensitive
Chapter 3

Pose P1 Pose P2

Pose P4 Pose P5

Figure 3.2: Distinct target hand poses used in Experiment 1. P1: Natural resting pose, P2:
Index finger flexed, P3: Thumb and index finger flexed, P4: All digits flexed, P5: Thumb
flexed inwards. The black circles are the target positions for the fingertips. Dashed strokes
are used to represent occluded sections. Note that none of the fingers were touching each
other.

wrist on the wrist rest, and the simple hand representation disappeared.

During each trial of the experiment, the experimenter moved the subject’s fingers to the
hand pose with specified target positions that were automatically projected onto the table, after
which the subject held his or her hand at this location. The experimenter ensured that none
of the subject’s fingers were touching to limit the cutaneous cues available to the subject.
The ground truth finger positions were recorded at this stage. The subject could then input
a response. A cursor, in the form of a small sphere that was controlled by the mouse appeared
at a randomized location. Subjects were prompted to use the mouse and cursor to select and
click at the perceived location of each fingertip in sequence, from digit 1 (thumb) to digit 5
(little finger). The cursor was reset to a random location upon each click to prevent starting
position bias. Once all positions were reported, a new hand pose was selected, and the next

trial started.
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Each of the six hand poses was repeated 15 times, for a total of 90 trials per subject. The
poses were presented in block-randomized order, with each hand pose presented once within a
random ordering, before moving to the next block of six hand poses. The experiment lasted 75

minutes on average for each subject.

Control Experiment

The hand could not be seen during the main experiment, in which participants wore the
HMD displaying a virtual environment without any feedback about the positions of the fingers.
Thus, the use of proprioception was required in order to report finger position. This reporting
was performed within the virtual environment, so that the reported locations may be regarded
as proprioceptive estimates in the body frame of reference, translated into the visual frame of
reference [181]].

In order to rule out the possibility that the measured errors in the primary experiment could
be due to errors introduced by the HMD or the experimental design, such as sensor error, dis-
play distortion, input errors, scaling errors, object misalignment or other factors, we conducted
a control experiment. We quantified errors in a condition in which participants could see their
real hand location when reporting positions, by alternating between views of the real environ-
ment and calibrated virtual environment. Subjects accomplished this by raising and lowering
the HMD until they were satisfied with the reported positions. Four subjects participated in the
validation experiment, none of whom participated in the main experiment. Participants were
asked to accurately align the cursor in the virtual environment with their fingers. By analyzing
the reported finger locations, we determined that the magnitudes of the localization errors, as
defined in the analysis below, were small, averaging 0.9 cm. This was strikingly lower than the
errors reported in the main experiment, see below. There was no obvious pattern of bias to the
resulting data. The errors were similar for all fingers. The error magnitudes obtained in this

task were similar in magnitude to values that have been reported for visual estimation errors
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for nearby positions in virtual reality [182]].

Analysis

The analysis of data from the main experiment compared the reported and veridical po-
sitions of the fingertips for each subject in each pose. The veridical and reported positions
consisted of vectors in the two-dimensional plane of the surface, p;*  , and p;’; , ;, respec-
tively. Any errant input of a finger position, as self-reported by the subject during the trial
(accounting for < .5% of all trials), was removed from the analysis. For each subject, finger,
hand pose and trial (¢, f, s, t respectively), we computed the error vectors &; between veridical

and the reported positions.

6_’i,f,s,t = ﬁi,rf,s,t - ﬁ;‘?}f,s,t (3.1)

The error vectors between the reported and ground truth positions were then translated to ensure
that the veridical positions of each individual finger across the trials coincide, to account for
any minor differences in the placement of the finger by the experimenter between trials. The
errors were quantified by modelling the reported positions for each pose and finger with a
bivariate normal distribution. Proprioceptive localization errors can include both systematic
and random components. The magnitude of the displacement vector between the distribution

mean and the true finger position is defined as £ ¢ .

1 S S
Eife= ’ﬁt S B d — B 32)
t

E; ¢ s, which is also the magnitude of the mean error vector, reflects the systematic error, or bias
in the reported positions. The area of the 95% confidence ellipse, which is the smallest possible
ellipse that would be expected to contain 95% of the locations in the distribution, reflects the

random errors, or variability in the data [172,|173]]. The same error measures were used for the
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validation experiment.

The magnitude of the mean error vector was averaged across the poses and compared with
the mean errors obtained in the control experiment, using an independent-sample Student’s
t-test. The magnitude of mean error vector and the area of the confidence ellipse were com-
pared between the discrete hand poses (P1 to P5) and digits via 5 x 5 repeated measures
(RM) ANOVA tests. The normality of the data was evaluated using the Shapiro-Wilk test.
Greenhouse-Geisser corrections were employed when sphericity was violated, and Bonferroni
corrections were applied to the tests. By studying the effect of pose, it is possible to assess the
effect of finger position on proprioceptive localization. In these analyses, we assumed that the
reported positions for each finger are independent.

To compare the effect of visual information on the location of the wrist, we performed two
2 x 5 repeated measures ANOVA tests (Pose x Digit) on the magnitude of mean error vector
and the confidence ellipse area data of poses P1 and P1 without wrist display, which differed
only in the visual information that was provided about wrist location (via the displayed and felt
wrist marker and wrist rest, and interlocking features).

The digit-wrist distance was computed as the distance between the tip of the digit and the
center of the wrist, and we calculated the percentage differences between the reported and
actual digit-wrist distances. The inter-digit distance was also computed for adjacent digits, and

the reported distances were compared with the true distances.

3.2.2 Results

The reported positions and the confidence ellipses for all target positions for two subjects
are shown in Fig. [3.3] The observed errors were large, averaging 3.7 cm (range 0.4 to 8.6 cm),
and varied with the finger, pose and subject. The positions reported by six subjects for hand

pose P1 are shown in Fig. [3.4] Results for a representative subject are shown in Fig.[3.5]
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Subject 1 Subject 2

Pose P1 Pose P1 w/o wrist display

o Digit 1
« Digit 2
= Digit 3
+ Digit 4
«Digit 5

|
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Figure 3.3: Results for each hand pose for two subjects in Experiment 1. The solid circles
represent the ground truth positions of each finger, and the hatched rectangle represents the
location of the wrist. The reported locations for each individual digit over all trials are rep-
resented with a specific marker and color indicated in the legend. The ellipses are the 95%
confidence ellipses for the distribution of each digit. The data shows a noticeable bias in the
reported positions from the true position. The average error for Subject 1 across all fingers
and poses was 4.17 cm (range 2.1-6.6 cm); the average area of the confidence ellipses was 39
cm? (range 17-72.4 cm?). Results from subject 2 exhibited larger errors (mean 5.3 cm, range
2.5-7.8 cm), however localization is more precise than subject 1 (mean area of confidence
ellipse 15 cm?, range 3-50.6 cm?). Results from subject 1 exhibited a consistent leftward bias
in reported locations, whereas subject 2 reported the fingers to be more proximal to the wrist
than the veridical positions.

The errors observed in the primary experiment were significantly larger than those in the
validation task (p < 0.001), at more than 400% as large. This suggests that the observed errors

in the primary experiment were likely caused by proprioceptive sensing of finger locations.

Thus, the contributions of distortions due to the display, input method, sensing apparatus, and
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Figure 3.4: Results for hand pose P1 for six subjects in Experiment 1. Subjects 1 and 6 show
a consistent leftward bias in reported locations. Subjects 2 and 4 reported the fingers to be
more proximal to the wrist than the veridical positions, while subject 3 reported the finger to
be more distal. Each subject has a distinct error pattern, which illustrates the idiosyncratic
nature of proprioceptive localization.
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Figure 3.5: Per-finger errors for all distinct hand poses (P1 to P5) for one subject in Exper-
iment 1. The x axis indicates the digits of the hand. For most hand poses (P1 to P4), the
localization of the thumb and index finger was the most accurate (mean 2.96 cm and 3 cm
respectively), and the errors get progressively larger from digits 2 - 5, with the little finger hav-
ing the largest errors (mean 5.96 cm). We observed large errors (4.5 cm) in the localization
of the thumb in pose P5, when the thumb is placed in an extremely flexed position.

virtual environment calibration likely played a smaller role.

The mean errors for each discrete pose averaged across all subjects are shown in Fig. [3.6
The results of the 5 x 5 (hand poses P1 - PS5 x digits 1 - 5) repeated measures ANOVA on the er-
rors showed a significant main effect of the digit (F'(1.321, 14.533) = 15.42, p = 0.001). There
was no significant effect of the pose (p = 0.078) and no significant interaction between the digit
and pose (p = 0.19), which precludes within-factors analysis. The pairwise comparisons for
digits showed that the errors of the thumb, index and middle fingers were significantly lower
than those of the ring and little fingers. The errors of the middle finger were significantly higher
from that of the index finger. There were no other significant comparisons (all p’s > 0.125).

On comparing the errors for each digit averaged across all hand poses and subjects, we
observed that localizations of digits 1 and 2 are generally most accurate (mean error 2.89 cm
and 2.81 cm respectively) followed by that of digit 3 (mean error 3.66 cm), while localization
of digits 4 and 5 were least accurate (mean error 4.4 cm and 4.7 cm respectively).

The 5 x 5 repeated measures ANOVA on the area of the confidence ellipse showed no
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Figure 3.6: Errors for each discrete hand pose (P1 to P5) averaged across all subjects in
Experiment 1. The error bars show the Standard Error of the Mean (SEM) across subjects.
Error patterns similar to those in Fig. were observed, showing that they generalize across
subjects. The localization errors of the thumb and index finger were similar, as were the errors

of the ring and little fingers.
significant effect of either pose (p = 0.064) or digit (p = 0.14). There was no significant
interaction between the finger and pose (p = 0.594). Confidence ellipse areas were smallest
for pose P4 (mean 29 cm?), and largest for pose P1 (mean 43 cm?). The area of the ellipse was
smallest for digit 1 (mean 32 cm?), and largest for digit 3 (mean 39 cm?), but these results are
not statistically significant.

The errors and areas of the confidence ellipse for poses P1 and P1 without wrist display
are shown in Fig. The results of the 2 x 5 repeated measures ANOVA on the errors
of poses P1 and P1 without wrist display showed a significant main effect of both the pose
(F(1,11) = 12.346, p = 0.005) and digit (F'(1.809, 19.9) = 7.12, p = 0.006). There was no

significant interaction between the digit and pose (p = 0.417). The errors for pose P1 without

wrist display were on average approximately 1 cm larger than P1 for all fingers. We observed
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Figure 3.7: A) Errors and B) area of the confidence ellipse for poses P1 and P1 without wrist
display, averaged across all subjects in Experiment 1. The error bars show the standard error
of mean (SEM) across subjects. The errors for pose P1 without wrist display were on average

1 cm larger than that of pose P1 for each finger. The areas of the ellipse for pose P1 without
wrist display were on average 12 cm? larger than that of pose P1.

similar per-finger trends in error for Pose P1 without wrist display as the other poses. The
2 x 5 repeated measures ANOVA on area of the confidence ellipse showed an effect of the pose
(F(1,11) = 13.65, p = 0.004), but no significant effect of the finger (p = 0.176). There was

no significant interaction between the finger and pose (p = 0.059).
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3.3 Experiment 2 : Visuo-proprioceptive integration in lo-
calization of fingers

The results of Experiment 1, if taken at face value, suggest that proprioception may provide
location information that is too coarse, by itself, to accurately guide performance or learning
in normal fine motor tasks, which commonly involve movements coordinated closely between
multiple fingers. Thus, we sought to clarify how visual cues are integrated with proprioception
in the estimation of finger locations. We hypothesized, and confirmed via pilot testing, that
position estimates can be greatly improved if limited visual information about finger position
is available, in contrast to the no-vision condition of Experiment 1. Thus, in order to study
the integration of indirect visual cues and proprioceptive information in the localization of the
fingers, we adapted the method of experiment 1 for a new study in which subjects reported
the perceived positions of their fingertips with and without visual indicators as to locations of
the other fingers. We also asked subjects to report the estimated position of a fingertip when
visual indicators of adjacent fingertip locations were shown and no relevant proprioceptive
information was available to the subject (because their hand was placed elsewhere), in order
to assess the role of contextual visual information alone in estimating finger locations. In this
experiment, we restricted our attention to digits 1 and 2 (thumb and index finger), since they

are very commonly used to perform fine manipulation tasks in daily activities.

3.3.1 Methods
Subjects

Eight volunteers (6 male; 24 to 29 years of age) participated in the experiment. Four of them
also participated in Experiment 1. All subjects were naive to the purpose of the experiment,

had (corrected-to-) normal vision and gave their informed consent. One subject self-reported
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both hands to be dominant, with the others reporting their right hand to be dominant. The
experiment was approved by the human subjects research review board of the University of

California, Santa Barbara.

Apparatus

The experimental apparatus was identical to that used in Experiment 1, except that in Ex-
periment 2, additional visual indicators, in the form of virtual markers (diameter: 8 mm), could

be placed at the locations of fingertips.

Target hand Poses

A set of four unique hand poses (P1 to P4) was used (Fig.[3.8]A) to discourage memorization
of locations. The thumb and index finger were grouped as one unit, with other fingers grouped
into another unit. The poses consist of combinations of flexing and extending each unit. Poses

were specified as a set of fingertip positions, as in Experiment 1.

Procedure

During each trial of the experiment, the experimenter moved the subject’s fingers to the
hand pose with specified planar fingertip positions that were automatically projected onto the
table, after which the subject held his or her hand at this location. The experimenter ensured
that none of the subject’s fingers were touching the others to limit the cutaneous cues available
to the subject. The fingertip positions were recorded at this stage. A cursor, in the form of a
small sphere that was controlled by the mouse appeared at a randomized location. Subjects
were prompted to use the mouse and cursor to select the perceived location of the fingertip.
Once the position was reported, a new hand pose was selected, and the next trial started.

The experiment consisted of three conditions (P, V, P+V). In the P condition, the perceived

location of the fingertip was reported solely through proprioceptive information, and no visual
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A Pose P1 Pose P2
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location

Figure 3.8: A) Target Hand Poses used in Experiment 2. P1: Natural resting pose, P2: Thumb

and Index finger flexed, P3: Middle, Ring and Little fingers flexed, P4: All digits flexed. The

black circles are the target positions for the fingertips. Note that none of the fingers were

touching each other. B) Top view within the virtual environment during one block of the V

and P+V conditions, corresponding to Pose P1. The locations of the tips of digits 1, 3, 4,

and 5 are shown via the displayed markers. Participants selected a location representing the

missing digit. The wrist rest is shown at lower left.
cues are provided. In the V condition, the subject’s hand was placed about two feet away from
the table by fully extending the elbow joint, thus minimizing the role of proprioception in the
task. Visual cues corresponding to the locations of fingertips for a hand holding a pose on
the table were shown, with one fingertip location withheld (Fig. [3.8B). Subjects were asked
to report their best estimate of the location of the missing fingertip based on the information
provided to them. In the P+V condition, visual cues of the location of all other fingertips were
provided, and perceived positions were reported using a combination of visual and proprio-
ceptive information. In each block of trials, the subject reported the perceived location of one
of either the thumb or index finger per condition, for a total of six blocks (3 conditions x 2
digits). Each of the four hand poses was repeated 15 times in each of the six blocks of trials,
for a total of 360 trials per subject. Subjects received short breaks between each block of trials.

Within each block, the poses are presented in block-randomized order, with each hand pose

presented once within a random ordering, before moving to the next set of four hand poses.
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Figure 3.9: Results for all poses and conditions for one subject in Experiment 2. The reported
locations for the thumb and index finger for each pose and condition over all trials are overlaid
to the same figure and are represented with specified markers. The ellipses are the 95%
confidence ellipses. The error averaged over the two digits for the P condition was 7.38 cm,
and the average area of the ellipse was 21 cm?, For the P+V condition, average error was
1.31 cm, and average area of the ellipse was 3.9 cm?. The subject was able to localize their
fingertips more accurately when visual information of all the other fingertips locations were
provided (P+V condition).

The experiment lasted 90 minutes on average for each subject.

Analysis

As in Experiment 1, we computed the magnitude of the mean error vector and a 95%
confidence ellipse from each distribution of reported positions for the P and P+V conditions.
The area A of the confidence ellipse was used to measure the random errors in localization.
As multiple poses were utilized primarily to introduce variations in the task, and the results
for Experiment 1 did not show a significant effect for pose, the pose was not used a factor for
the analysis. The magnitude of mean error vector was averaged over all the poses (F; ¢) and

compared for the P and P+V conditions, for both the thumb and index finger, by performing a
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2 x 2 repeated measures ANOVA tests (Condition x Digit). Greenhouse-Geisser corrections
were employed when sphericity was violated, and Bonferroni corrections were applied for the
tests.

The V condition was used to study whether the distributions of finger positions with neg-
ligible proprioceptive information and only visual cues (V condition) are combined with the
distribution of finger positions obtained through proprioceptive cues (P condition) through lin-
ear multi-sensory integration models to obtain the combined percept (P+V condition). For this
condition, as the ground truth position of the finger was not well defined, the error magnitude
was not calculated. The area of the ellipse was computed in a similar fashion as the other con-
ditions. The area of the confidence ellipse, when averaged over all the poses, was compared for

all 3 conditions by performing a 3 x 2 repeated measures ANOVA tests (Condition x Digit).

3.3.2 Results

The reported positions and the confidence ellipses for all the conditions and target posi-
tions for one subject are shown in Fig.[3.9] The results for errors and confidence ellipse areas
averaged across all subjects are shown in Fig. Errors were significantly larger in the pro-
prioception (P) condition when compared to the P+V condition (mean error 5.9 cm vs 1.54 cm,
p = 0.001). The area of the ellipse was consistently larger for the P condition compared to the
P+V condition (mean 49.8 cm? vs 7.8 cm?, p = 0.002).

The results of the 2 x 2 repeated measures ANOVA test on the errors showed a signifi-
cant main effect of the condition (F(1,7) = 31.684, p = 0.001), and no significant effect of
the digit (p = 0.453). There was no significant interaction between the condition and digit
(p = 0.39), which precludes within-factor analysis. Post-hoc pairwise comparisons for the
condition showed that the errors for the P+V condition were significantly lower than those for

the P condition (p < 0.001).
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Figure 3.10: A) Errors for the P and P+V conditions, for thumb and index finger, for all
subjects in Experiment 2. B) Area of the confidence ellipse A for the P, V and P+V conditions,
for thumb and index finger, for all subjects in Experiment 2. Error bars show the standard
error of mean (SEM) across subjects. The localization accuracy in the P+V condition was
significantly better than that obtained through either vision or proprioception alone. The
random errors of localization in the P+V condition was significantly lower the P condition,
but not the V condition.

The results of the 3 x 2 repeated measures ANOVA test on the area of the confidence
ellipse showed a significant main effect of the condition (F'(2,6) = 27.1, p < 0.001), and
no significant effect of the digit (p = 0.097). There was no significant interaction between
the condition and digit (p = 0.41). Post-hoc pairwise comparisons for the condition shows

that the areas for the P+V condition were significantly lower than those for the P condition

(p = 0.002), but not significantly different from the V condition (p > 0.5). Further, the areas of
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the confidence ellipse for the V condition were significantly lower than those of the P condition

(p = 0.004).

3.4 Discussion

The goal of Experiment 1 was to investigate multi-finger proprioceptive localization. We
found the systematic errors (bias) and random errors in finger localizations to be large, implying
that proprioceptive localization is neither very accurate nor precise compared, for example,
with the typical length of the finger.

Our results suggest that the random errors of proprioceptive localization are similar for each
finger. The systematic errors were smallest in magnitude for digit 1 and 2 (the thumb and little
finger) and became progressively larger for subsequent digits, including digit 5 (little finger).
The thumb and index finger are highly individuated and frequently used in precision grasping
and manipulation. Consequently, it would appear that these estimates have developed to be
the most accurate. The origin of large biases in proprioceptive estimates of finger locations is
unclear. Plausibly, these positions could be calibrated through inputs from the visual system
[183,184], but it appears that large biases are allowed to persist.

While the dependence on pose was not significant, the mean errors and confidence ellipse
areas were lowest for pose P4, in which all fingers were flexed and the fingertips were closest
to the wrist. The errors for the thumb were largest when it is at its most extreme position in
pose P5. This suggests that, similar to proprioceptive localization of the whole limb [[164,|165]],
proprioceptive localization of the fingers is more accurate for fingers that are closer to the body.
An examination of the errors for pose P6 also shows that our effort to prevent accumulation of
errors in the reporting for subsequent digits by randomizing the cursor location was successful,
as the errors for digits 2 - 5 in this pose were not significantly influenced by the large errors of
the thumb. This suggests that the reporting of finger locations was not dependent on previously
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reported positions.

The observed patterns of the systematic errors appeared to be idiosyncratic, and to vary
across subjects, as illustrated in Fig. The reported positions for various subjects differed
both in error magnitude, and in the direction of the error patterns. We did not observe any
systemic drift in proprioceptive estimates of finger locations for any pose over the course of
either experiment (which lasted for a maximum of 100 minutes). In informal testing, we have
observed that the error patterns remain consistent over the course of several weeks. This sug-
gests that while the trial-to-trial variability in estimates is large, the proprioceptive map of the
entire hand may remain stable, although further research is needed. These findings are analo-
gous to those of prior studies that have shown that proprioceptive localization of the whole arm
is idiosyncratic and stable [1635} [171]. Informal testing also revealed similar patterns of errors
for other reporting methodologies and hand positions, including methods which did not use a
virtual environment.

The errors for all of the fingers were similar in magnitude to those that were reported for
proprioceptive localization of the whole arm (3 to 6 cm) [[164,(166,171]], even when the position
of the wrist was displayed and was felt at the same location; this was true for all poses except P1
without wrist display. We had hypothesized that when the location of the wrist was displayed,
the brain would be able to incorporate this knowledge to greatly aid the location estimates of
the fingertips, making them more accurate, as the location of the arm would not need to be
independently estimated. Based on the accuracy of fine motor behavior and that of various
perception tasks (such as precision grip aperture size estimation), we had expected these errors
to be on the millimeter scale. However, we observed that localization errors remained large (2.8
to 4.8 cm) when the wrist location was shown, and that the error patterns were similar to those
we observed without this information. The magnitudes of the errors are especially striking
when we consider that the average length of the hand is only 18 cm, and the average width only

10 cm. This could indicate that the brain does not use prior knowledge of parts of the body
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to directly refine proprioceptive estimates, suggesting that there exists in the CNS independent
body schemas obtained through vision and proprioception, information from which would be
combined to give position estimates, akin to the modular theory detailed by Tagliabue et al.
[[185]]. A statistical comparison of the results for poses P1 and P1 without wrist display, which
differ only in visual information about the wrist, does indicate that errors increased significantly
in magnitude (p = 0.005) when the wrist location was not shown, but those errors were only 1
cm larger on average. This difference is much smaller than the errors in localizing the wrist. We
hypothesize, based on post-experiment written reports of the subjects, that one of the reasons
why both the errors and the confidence ellipse areas of pose P1 were smaller than those in
P1 without wrist display was because subjects could notice that a proposed finger location
estimate was implausibly close to the displayed location of the wrist for pose P1, which could
affect their reported positions. In short, the effect of visual information about wrist location
was significant, but small, contrasting with the larger effects observed in Experiment 2, as
discussed below.

In Experiment 1, we also observed that the mean position estimates were more proximal to
the wrist than the veridical fingertip locations, with digit-wrist distances being underestimated
by 10% on average. The distances between the tips of digits 1 and 2 (thumb and index finger)
are underestimated by 12%, while the 2-3, 3-4, and 4-5 inter-digit distances are overestimated
by 28%, 46% and 13% respectively. This may suggest that the implicit map of the hand gener-
ated from proprioception is distorted from the true shape of the hand. The results are similar,
in this respect, to those reported by Longo and Haggard [186] who found that the implicit hand
representation for a single hand pose was widened (mean 67% overestimation of distance be-
tween knuckles) and shortened (mean 28% underestimation of finger length). From the results
of pose P5, we observe that the inter-digit distance may generally depend on the pose of the
hand. This distorted hand shape is also apparent when examining the results of many individ-

ual trials, possibly suggesting that an internal representation of the hand was employed in the
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perceptual task. This raises the question of whether proprioceptive estimates for each finger are
independent. We explored this question by computing the standard deviation of the inter-digit
distances across trials, the average of which was 1.2 cm. This result is larger than that expected
if the reported positions for each finger were fully correlated, but is only marginally larger
than the errors observed in our control experiment. This question would therefore necessitate
a more focused study than ours to conclusively answer.

In Experiment 2, we observed that the localization in the *“vision only” condition involves
very small random errors, which seems to indicate that our subjects had a very precise visual
estimate of where the finger could be positioned based on visual cues. The results for the
“proprioception + vision” condition show that visual cues indicating the positions of adjacent
fingers can greatly affect localization of unseen digits. Both random and systematic errors of
localization improved significantly when this indirect visual information was available. This
suggests that even partial visual information can greatly aid localization of the fingers. Such
partial visual information could be available in conditions in which some digits are occluded
from view, such as during object grasping and manipulation, or when visual attention is con-
strained. Thus, despite the limitations of proprioceptive sensing that this study brings to light,
it can be improved by indirect visual cues; in our experiment, the mean errors and confidence
ellipse areas declined to 1.54 cm and 7.8 cm? respectively with this information. This suggests
that proprioceptive information about finger position, however coarse, may aid manual activi-
ties, although further research is needed in order to assess this in more complex and dynamic
tasks, where proprioception may become more accurate, due to active movement.

As illustrated in Fig. the position estimates in the condition in which both propri-
oception and visual cues were available did not generally lie between the estimates obtained
separately in each unimodal condition. For this reason (as further reflected in our analyses), the
results observed would not be consistent with models of multisensory integration that involve

a weighted combination of unimodal estimates, such as simple linear weighted cue combina-
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tion models, or maximum likelihood models, although other models of cue integration may be
consistent with these findings. However, we note that in the “vision only” condition here, in
addition to vision, participants also had access to (conflicting) information from proprioception
from their hand, which was resting elsewhere. Thus, even though participants were instructed
to ignore this proprioceptive sensory input as “irrelevant”, it is unclear how it may have af-
fected their responses. Further research is needed in order to clarify the integration of direct or

indirect visual cues and proprioceptive information in the localization of the fingers.

3.5 Conclusion

In this study we investigated the proprioceptive localization of multiple fingers of the hand
using somatosensory information alone, and in combination with visual cues as to the locations
of the other digits. Proprioceptive position estimates exhibited large random and systematic er-
rors. The latter were on the order of several centimeters. This was true even when the location
of the wrist is displayed. Participants did not fare much better at locating their fingers relative
to their wrist than they have been reported to do at locating the wrist itself. The observed errors
were finger-dependent, with the localization of the thumb and index finger being most accu-
rate. The hand shape implied in the data would be compatible with an internal representation
that is biased and distorted, consistent with prior research, but which may be well maintained
over time. When visual cues as to the locations of adjacent fingers was available, the errors
decreased markedly. This suggests that the perceptual system is able to integrate bimodal in-
formation to improve position estimates even when body parts are occluded.

The results of this research suggest that the perceptual system can integrate discordant rep-
resentations of finger position. This may be important for the sensorimotor control of grasping.
It also suggests that in applications such as human-computer interaction or virtual reality, users
may be able to accommodate large visuo-haptic discrepancies in finger position, which may
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facilitate new interaction techniques, rendering methods for representing the hands, or other

interesting effects.
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Chapter 4

Rendering Spatiotemporal Haptic Effects

via the Physics of Waves in the Skin

In the domain of haptic engineering, there have been intense efforts to identify methods that
can stimulate the skin across its entire spatial extent. This chapter contributes to this body
of research by first presenting measurements which elucidate the distribution of mechanical
energy in skin when driven by haptic actuators, identifying a powerful concept: frequency-
dependent damping of propagating mechanical waves in the skin. These findings are used to
construct a new class of haptic feedback that utilizes spectral methods to control the spatial ex-
tent of sensations. These haptic effects are perceived as spatially varying over large regions of
the skin, even when presented using a single actuator. These effects are shown to result in more
engaging interactions when employed in a virtual reality setting. This research presents a par-

ticularly efficient method to stimulate large areas of the skin with a limited number of actuators.

The content of Chapter 4 is adapted from the following reference [12] :
B. Dandu, Y. Shao, and Y. Visell. "Rendering Spatiotemporal Haptic Effects Via the Physics of

Waves in the Skin.” in I[EEE Transactions on Haptics, vol. 14, no. 2, pp. 347-358, 1 April-June
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2021, ©2020 IEEE.
Reproduced here with permission from the IEEE, doi: 10.1109/TOH.2020.3029768.

Abstract

A major challenge in haptic engineering has been to design practical methods to efficiently
stimulate distributed areas of skin. Here, we show how to use a single actuator to generate vi-
brotactile stimuli which cause sensations of temporally varying spatial extent. Through optical
vibrometry methods, we show that vibrational stimuli applied at the fingertip elicit waves in
the finger that propagate proximally toward the hand and show how the frequency-dependent
damping behavior of skin causes propagation distances to decrease rapidly with increasing
frequency of stimulation. Utilizing these results, we design haptic stimuli applied through a
single actuator that produces wavefields that expand or contract in size. In a perception ex-
periment, participants accurately (median >95%) identified these stimuli as expanding or con-
tracting without prior exposure or training. As a potential application, we used these effects
as haptic cues for interactions in virtual reality. We show through a second experiment that
the spatiotemporal haptic stimuli were rated as significantly more engaging than conventional
vibrotactile stimuli. These findings demonstrate how the physics of waves in skin can be uti-
lized to excite spatiotemporal tactile effects over large surface areas with a single actuator, and

inform methods to utilize the effects in practical applications.

4.1 Introduction

Our skin is an exquisitely sensitive distributed sensory medium which provides a rich
source of information about the world around us. Tactile interactions excite the skin in a

complex fashion due to its intricate structure and many mechanical degrees of freedom, and
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this is then filtered by the perceptual system to ascribe a meaning to it. A major challenge in
haptic display engineering is to find methods for efficiently stimulating this large continuous
medium with practical devices containing a limited number of actuators.

It has long been observed that locally applied stimulation of the skin evokes distributed
mechanical waves [187, [188, 155] which propagate through the ridges in the epidermis and
multiple tissue layers in the dermis. These are then transducted by various classes of embed-
ded mechanoreceptors serving different perceptual functions, each with distinct distribution
densities, spatial and temporal resolutions, and sensitivity properties [189, [188]. In particular,
for the perception of vibrations, the Meissner and Pacinian corpuscles (FA-I and FA-II affer-
ents respectively) are of primary importance. Information from the receptors are translated by
the nervous system to synthesize what we feel[37]. The somatosensory specializations of the
receptors such as the large receptive fields associated with Pacinian Corpuscle (PC) afferents
[190, 36]] can be partly explained by these wave processes, which are an essential component
in the mechanism of touch perception.

While touch sensations are often assumed to be localized to the region of stimulation, ex-
cited mechanical waves in the skin can propagate to reach remote locations at amplitude levels
higher than perceptual thresholds [S1} 150, 191} [192]], and research has shown that these can
indeed be utilized by the perceptual system [53]. The extent of propagation is determined
primarily by the mechanical properties of human skin and its structure. Studies have shown
that the skin on the finger can be considered a linear propagation medium, except in irregu-
lar regions such as the folds of the joints [193]. Further, the glabrous skin on the hand has
been shown to have significant mechanical differences from hairy skin [S5]. In addition to the
anatomy and mechanics of the skin, the propagation of these waves has also been shown to
depend on the properties of touched objects, the locations of contact with the skin, posture of
the hand, contact force, and the frequency content of tactile inputs [50, 51,194, [195]. To date,

the influence of propagating waves on tactile perception is not fully understood. While the
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transmission of vibrations in the skin has been considered to affect the performance of haptic
devices [53]], there have been limited instances where they are accounted for, or utilized in the
design of devices [196, [197].

One sub-class of haptic display devices consists of those that generate tactile motion effects.
Spatiotemporally varying haptic motion effects have been previously been utilized as a means
to enhance user experiences and immersion in games and movies in conjunction with tightly
coupled visual cues of movement[, [198]]. Such effects can allow for improved information
transfer through the haptic modality, and have been used to provide haptic guidance and direc-
tional information [[199, |200]], enable rich notifications [201]], and to create a communication
method for the deaf-blind [122]].

Prior efforts to stimulate the skin to obtain spatiotemporal tactile effects have often fo-
cused on using dense arrays of actuators stimulating local regions of the skin, which require
significant bulk and complexity, and impose large barriers for adoption. Through the years,
several spatiotemporal vibrotactile perceptual phenomena, including apparent motion, salta-
tion, funneling, and contrast phenomena have been discovered, [202, 203, 204, 72, [75]], and
utilized to render smooth tactile motion effects on various regions of the body more efficiently
[205) 15, 206} 207]]. Such effects often reflect the spatiotemporal integration of cutaneous vi-
brotactile stimuli that are (in most cases) applied at multiple skin locations. However, such
rendering methods utilizing perceptual phenomena still require multiple actuators, and it re-
mains a challenge to achieve spatiotemporal effects over large areas of the skin with a single
actuator.

The present work is inspired by research on cochlear auditory processing for which von
Békésy received the 1967 Nobel Prize [208]]. Using methods analogous to those we employ
here, he combined optical measurements of basilar membrane vibrations with mechanical mod-
eling to deduce that the selective transmission of lower frequency waves to greater distances

provides a tonotopic spatial mapping in the basilar membrane. This mechanical process was
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shown to underly frequency encoding in early auditory processing. Analogously in the vi-
brotactile system, the frequency-dependence of the damping and wavespeeds of mechanical
waves in the skin have been deduced to give rise to distinct population responses in cutaneous
mechanoreceptors [S0] and consequently provide a frequency encoding method, but the full
implications of this frequency dependence for tactile perception are not yet fully understood.

Here, we present a new method for rendering spatiotemporal haptic effects via a single
vibrotactile actuator. Our method exploits the viscoelastic properties of skin, which cause
induced propagating vibrations to decay in a frequency-dependent manner. We hypothesized
that by varying the frequency content of locally applied vibrotactile signals, we could control
the spatial extent of propagating waves they excite in the skin. We then hypothesized that
using this method, vibrotactile stimuli provided by a single actuator could be designed to elicit
spatiotemporal haptic effects.

In the sections that follow, we first provide a physical description for the frequency-dependent
transmission of the mechanical waves in skin induced by vibrotactile stimulation. We then em-
pirically assess the propagation of these waves using in-vivo measurements captured via optical
vibrometry, and show that the frequency content of locally applied vibrotactile stimuli deter-
mines their spatial extent in the skin, with low frequencies propagating greater distances. To
demonstrate the utility of these results for haptic display engineering, we then design vibro-
tactile stimuli that excite spatially expanding or contracting fields of vibration in the skin. In
a perception experiment, we demonstrate that participants perceive these stimuli as expanding
or contracting, without prior exposure or training. We used these to design visuo-haptic effects
for virtual reality, and show through an evaluation experiment that the spatiotemporal haptic ef-
fects are rated to result in a more engaging experience over the use of conventional vibrotactile
stimulation. We then present some potential applications. These results expand the repertoire
of vibrotactile feedback that can be delivered by a single actuated degree-of-freedom, and sug-

gests new practical approaches for haptic virtual and augmented reality and new methods for
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haptic feedback in human-computer interaction.

4.2 Viscoelastic Waves in the Skin

Touch sensations arise from mechanical stresses and strains in the skin which are trans-
ducted via numerous cutaneous afferents situated within the dermis and subdermal connective
tissues. After the application of a tactile stimulus, the strains propagate through the medium.
An idealized physical model for the response of the system for a driving force field f(x, 1),
assuming the skin as a homogeneous medium and subject to boundary conditions, is given by

the elastic wave equation,

2

Flxt) = (— P (K + /399 +w2)s<x,t> @1

where £(x, t) is the time varying displacement vector field, x is position, ¢ is time, p is density
of the material, and K and p are the bulk and shear moduli respectively [209]. The solutions

for this equation may be expressed as expansions in harmonic plane waves,
£<X, t) — eg(k-xfwt)

where w = 27 f is the angular frequency and k is the wave vector. The wave velocity is
specified as by v=(w/|k|)k. The solutions can be further be decomposed into transverse (shear)
and longitudinal components. Shear waves &£7(x, t) satisfy k-&7 = 0, while longitudinal waves
&1 (x,t) satisfy k x & (2, t) = 0. Shear waves travel at speeds 7 = +/j1/p, while compression
waves travel at speeds given by ¢, = \/m For soft tissues, the shear wave speeds
(cr < 30 m/s), are much lower than those of compression waves (c¢;, > 1500 m/s) [[187,1210].
At vibrotactile frequencies (< 1000 Hz), mechanical transmissions in the bulk of the

medium occurs primarily via shear waves. Such waves appear to travel in soft tissues rather
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than via bone [31} [187], but the relative contribution of tissue types (including dermis, ten-
don, and muscle) is unclear. In contrast, compression waves are the dominant mode of energy
transmission at higher frequencies (f > 10* Hz).

Experimental observations [30, 51]] and mechanical considerations suggest that at most
stimulation frequencies near the skin surface, a mixing of shear and compression waves yields
surface waves (including Rayleigh and Love waves) with speeds similar to those of bulk shear
waves [211]]. These waves propagate exponentially with depth z, over a distance on the order
of one wavelength (wavelengths A of the order of 1 cm in skin for vibrotactile frequencies). In
contrast, they propagate more efficiently over long distances on the surface and outer layers of
the skin as compared to bulk waves.

The skin and soft tissues exhibit viscoelastic properties, and waves in such tissues are
damped and dispersive, yielding frequency-dependent damping 0(f) and wave-speeds c(f)
[211, 150, 212]. In biological tissues, damping can arise from thermal (absorption) and acoustic
(dissipation) processes, with the latter expected to dominate at vibrotactile frequencies. In a
linear viscoelastic model, damping imparts complex wavenumbers, k = k; + id, to harmonic
plane wave solutions, where ¢, is the damping factor, and k; = 27 f /c(f). The damping term &
can be considered a function of frequency § = «(f). Harmonic components in one dimension

thus satisfy

€f(x, t) = e—aNz gi2mf(z/e(f)—t) (4.2)

This describes an oscillating wave that decays exponentially with distance from the driven
location.

An arbitrary plane-polarized wave has a Fourier expansion,

£(z,t) = / T df o(f)eoDreims /et 4.3)
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Here, ¢(f) is the amplitude and phase of an individual frequency component f. Because the
amplitudes are small and the system is linear, there is no mixing between frequency compo-
nents. Each frequency component decays exponentially with distance, with the decay factor
being a function of frequency. The distance at with the energy of a frequency component wave
decays to a fixed percentage of the amplitude at z = 0 is specified by zp = (a(f))! Thus,
the relative weighting in ¢( f) of low and high frequency content in the solution determines the
distance that a propagating wave is expected to travel before attenuating. This suggests that the
spatial extent of vibrotactile stimuli is greatly affected by their frequency content. If damping
increases monotonically with frequency, da/df > 0, this would cause higher-frequency waves
to attenuate out over a shorter distance than lower frequency waves. We test this prediction

using vibrometry experiments, and use it to guide the design of spatiotemporal haptic effects.

4.3 In-Vivo Vibrometry Experiments

We assessed the frequency-dependence of the spatial propagation of vibrations in the hand
via time-resolved optical vibrometry. This provided non-contact measurements of skin vibra-
tions at numerous points on the glabrous hand surface in response to vibration inputs applied to
the distal end of the finger. We analyzed this data to relate the frequency content of the stimuli

to the spatial distribution of skin vibrations they excited in the hand.

4.3.1 Participants

7 participants volunteered for the experiment (5 male; 20 to 45 years of age). All gave their
informed, written consent. The experiment was approved by the Human Subjects Committee

of the University of California, Santa Barbara.
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Figure 4.1: A) Measurement Apparatus. Hands were positioned within the field of view of
the SLDV, which captured the velocity of skin vibrations across the entire volar hand surface
in response to stimuli applied at the tip of digit 2. B) The stimuli elicited propagating waves
in the skin. The data comprises of one trial for one participant, with the 80 Hz windowed
stimulus. C) The RMS velocity of skin oscillations illustrate the frequency-dependent spatial
extent of the wave fields elicited in the skin (shown here for one participant). Low frequencies
stimuli excited waves that extended farther in the finger.

4.3.2 Apparatus

We captured cutaneous vibrations via a 1-axis non-contact scanning laser doppler vibrom-
eter (SLDV; model PSV-500, Polytec, Inc., Irvine, CA). The right hand of each participant was
positioned within the SLDV field of view. The hand was stabilized in an open posture via cus-
tom 3D printed brackets affixed to five fingernails via adhesive tape (Figl4.T)). The arm, hand,
and brackets were supported via a pneumatically-isolated table. Participants were seated in a
reclined chair raised to a height at which their arm could remain relaxed.

Vibration stimuli were applied normal to the tip of digit 2 along the axis of the finger
via an electrodynamic actuator (Mini Shaker Type 4810, Briiel & Kjer, Denmark) driven by
a laboratory amplifier (PA-138, Labworks Inc.). Prior to the experiment, we measured the
frequency response of the amplifier-actuator system to be flat over the entire measurement
range (4 3 dB). The finger was attached to the actuator along a 49 mm? interface via adhesive

tape to prevent the skin from decoupling during actuator retraction.
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4.3.3 Stimuli

Two types of vibration stimuli were applied via the actuator: sinusoidal signals with lin-
early swept frequency variation, and windowed sinusoidal signals at discrete frequencies. The
driving signals were generated by the PSV-500 system, ensuring sample-accurate synchroniza-
tion of the driving signal with the measurement. The frequency sweep extended from 20 Hz
to 1000 Hz. The frequencies of the windowed sinusoidal signals ranged from 40 Hz to 640
Hz in steps of 40 Hz. To avoid transient artifacts, we applied a Hanning window function to
each sinusoid, with a duration of 10 cycles (thus, longer for low frequency signals). To avoid
interference between different stimuli, a pause of 150 ms was enforced between measurements
[S1]]. Amplitudes were selected to provide sufficient signal-to-noise ratio and to be comfortable

even during extended stimulation.

4.3.4 Procedure

After each participant was seated at the apparatus, a 3D scan of the volar hand surface was
performed via the integrated geometry scan unit of the SLDV. Vibrometry measured the veloc-
ity of skin motion normal to the volar hand surface at 300 points that were equally distributed
across the surface. We selected this spatial resolution because we estimated it to be approxi-
mately 10 finer than the wavelength of cutaneous vibrations in the tested frequency range. A
range setting of 250 mm/sec was used for the vibrometer, to ensure that high amplitude vibra-
tions at all points on the skin were measured without distortion. The measurement sampling
frequency was 20 kHz.

For each scanned measurement point, the finger was presented with all stimuli while data
was collected at the measurement point. The vibrometer captured the vibration velocity in
a direction normal to the volar hand surface. The experiment took a total of 80 minutes per

participant.
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4.3.5 Analysis

The data consisted of velocity signals describing skin vibrations at 300 measured locations
for each of the 16 signals and 7 participants. We analyzed skin vibrations at different fre-
quencies using the frequency sweep signals, which we used to reconstruct the time domain
mechanical response at different frequencies. We then computed root-mean-squared (RMS)
averages for each measurement trial, frequency, and participant. This yielded RMS velocities
v(x) at the 3D positions & = (x1, o, x3) of all measurement locations. To assess the spatial
extent of skin vibrations elicited for different stimulus frequencies, we evaluated the RMS ve-
locities v,.,,s along a straight line extending from the contact location of the actuator to the the
base of the hand. For each frequency, velocity values at 200 points on this line were computed
via interpolation. For each frequency f, we computed the median spatial extent of skin vibra-
tions as the the distance D(f) up to which the signal energy reached half of the total, averaged
across all participants. Due to the oscillatory nature of the measured waves, the median spatial
extent provided for a more accurate model of the decay of energy in the system. We fit D(f)

to a power law, D(f) = ¢; f~°, where ¢; and ¢, were the fitting parameters.

4.3.6 Results

The results indicate that stimulation at the fingertip elicited time-dependent wave fields that
reflected the stimulation frequency (Fig.[4.TIC, 4.2)) and extended proximally from the fingertip
(Fig.[4.1B), reaching the palmar surface within 10 ms.

Consistent with predictions from wave mechanics, the vibration-elicited waves typically
decayed with distance from the stimulation point, in a frequency-dependent manner (Fig. 4.2} [4.3).
For all participants, the highest frequency stimuli (f=640 Hz) elicited cutaneous waves of
greatest amplitude (velocity, m/s) near the point of application at the fingertip, decayed rapidly

over the course of 40 mm. Near the base of the finger, 80 mm distant, these vibration velocities
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Velocity (m/sec)

Figure 4.2: Time evolution of mechanical waves. One period of oscillation displayed for each
frequency. The skin appeared to exhibit quasi-modal behaviour on stimulation. The attenua-
tion of the waves along the spatial axis was observed to be frequency dependent. Distances
extend proximally along the midline of the finger into the palm.
were attenuated by an average of 95%. In contrast, low frequency stimuli were found to excite
large sections of the skin through the hand, with the lowest frequency stimuli (40 Hz) eliciting
cutaneous waves that initially increased in measured amplitude with distance, reaching a max-
ima near the base of the finger. We attributed this increase in amplitude to two factors. Firstly,
the model of wave propagation predicts the wave to have the form exp(—ax) exp(j(kz — wt)),

where k = 27/, with \ being the wavelength. With the presence of reflections and boundary

conditions, this can result in standing waves, akin to mechanical modes on a string. Indeed,
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Figure 4.3: The amplitude (normalized rms velocity v( f)/ maxy v(f)) of propagating waves
decreased with distance in a frequency-dependent manner. A) The magnitude of skin re-
sponses varied with distance from the location at which they were applied on the fingertip
and the frequency content of the stimulus. Distances extend proximally along the midline
of the finger to the location of the knuckle. B) The median spatial extent of vibrations de-
creased supralinearly with increasing frequency. This reflected the spatial decay and spatial
wavelength of the propagating wave. A power law fit D(f) = 436~ provided a good fit
(R? = .74) to the measurements. The shaded region represents the quartiles of distribution of
the measurements

the time evolution results (Fig. d.2) suggest that standing waves are set up on the skin when
driven by sinusoidal signals at most frequencies. At low frequencies, A is large (of the order
of ~10 cm), yielding a gradual increase over a wavelength, alongside the gradual decay with
distance. Second, while the stimuli was primarily applied normal to the skin surface at the tip
of the finger, the geometry of the finger results in the skin curving to conform to the shell of
the finger, and several boundary conditions are introduced at the locations of the joints. This
could result in a conversion of energy in one axis of propagation into another. Thus, the 1-axis
measurements may not fully capture all energy present in the fingertip at low frequencies. In
the following section, we present preliminary data from 3-axis vibrometry measurements to
better study this behaviour of skin.

As frequency increased from 40 Hz to the 640 Hz, the median spatial extent D(f) of
cutaneous waves continually decreased from more than 85 mm to less than 30 mm (Fig4.3B).
This was adequately captured by a power law fit D(f) = 436f~5 (R* = 0.74). This is

consistent with the theoretical predictions made in Sec. as D(f) specifies the distance as a
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function of frequency at which damping term specified in Eq. is constant, and thus -

e—(HID() _ .
From this, we derive that a f) = ¢/ f-°, where ¢ and ¢ are constant terms. This suggests that
the damping term increases supra-linearly with frequency, which signifies a monotonic relation
between damping and the frequency of excitation.
Results were similar for all participants. We attributed inter-subject differences to varia-
tions in hand geometry and contact conditions. Across participants, the standard deviation of
the normalized amplitude v(f)/ maxyv(f) was 0.03, underlining the uniformity of this ob-

served phenomenon.

4.3.7 3-axis vibrometry measurement

Oscillations normal to the skin surface increased in RMS amplitude with distance from the
vibration source. We hypothesized this to be due to coupling between strain direction compo-
nents produced by boundary interactions (Eq. {.1)). To further clarify this, we performed addi-
tional measurements of vectorial oscillations of the skin using a 3-axis scanning laser doppler
vibrometer system (PSV-500-3D, Polytec, Inc., Irvine, CA). This yielded a full 3-axis orthog-
onal set of measurements across the skin (Fig. 4.4]A). We captured these measurements from
one male hand using a frequency sweep method, as in the single axis measurements. We an-
alyzed this data to obtain the RMS velocity vectors at 200 points along the midline of the
finger (Fig. #.4B). To shed light on our observations about the magnitude of oscillations, we
computed a normalized inner product R( f) between the normal component of the velocity sig-

nal at each measurement point z, v, (z, f) and the magnitude |v(z, f)| of the vector vibration
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Figure 4.4: Three-axis vibrometry measurements. A) 3D SLDV apparatus, consisting of three
1-axis scanning vibrometers simultaneously capturing vibrations. B) Vibrotactile stimuli was
applied at the fingertip of digit 3. Velocity vectors computed at points on a line extending
from the fingertip to the wrist. The Z-axis corresponds to the direction normal to the surface
of the skin. The XY-axis corresponds to the direction parallel to the surface of the skin. C)
Measured in-plane, normal and absolute RMS velocities along the length of the finger for
sinusoidal stimuli at various frequencies. Normal measurements capture a large (> 73%)
portion of the magnitude of the velocity vector.

velocity signal for each frequency,

v, (e Plv(e, f)
> v )P 4

R(f) =

The results show that energy is present in both the normal (Z-axis) and in-plane (XY-axis)
vibration directions, and that the component magnitudes varied with position (Fig. 4.4C). At
low frequencies, the relative contribution of the normal and in-plane components varied greatly
with position, suggesting that coupling between the strain directions was pronounced at such
frequencies. At frequencies higher than 480 Hz, the normal velocity component was typically
larger than the in-plane component.

Consistent with our single-axis measurements, the median spatial extent, D(f), decreased

monotonically with frequency. Averaging across frequencies, the normal oscillation compo-
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nent (matching the direction captured in our 1-axis SLDV experiment) captured more than 73%
of the magnitude of the vibration vector. Together these findings support the conclusions we
drew based on the 1-axis measurements, but a more extensive theoretical and empirical inves-
tigation would be needed in order to fully characterize the role of strain component coupling

in vibrotactile transmission in the skin.

4.4 Design of Spatiotemporal Haptic Effects

Consistent with theoretical predictions, the in-vivo mechanical measurements reflected that
low frequency (f < 160 Hz) stimuli excited waves extending throughout the finger and into
the hand, while damping confined waves excited by high frequencies (f > 160 Hz) close to
their locus of application (Fig. @.T).

A portion of the vibration measurement procedure had entailed the successive application
of N brief sinusoidal stimuli with frequencies f; that increased monotonically, fy.1 > fi, k =
1,2,..., N — 1. This yielded skin vibrations that successively decreased in spatial extent.
Several participants independently reported that these increasing-frequency sequences elicited
the sensation that the spatial extent of vibrations was contracting over time. In contrast, when
we provided sinusoidal stimuli of any constant frequency, the spatial extent of skin vibrations
was difficult to discern without special attention.

Informed by these findings, we sought to design vibrational stimuli which could consis-
tently elicit spatiotemporal haptic perceptual effects. Our goal was a pattern of vibrations on
the skin which spatially expand or contract in area, which we hypothesized to cause an analo-
gous perceptual response of sensations of expansion or contraction on the skin.

We first observed that a simple frequency sweep stimulus, while causing a spatially varying
region of the skin getting vibrated over time, did not elicit such a perceptual response. As
vibratory stimuli has been shown to excite extended areas of the skin through a large frequency
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range, we hypothesize that effects of tactile masking [213} 214, 215]] over the continuum of
mechanoreceptors would interfere with the perception of these effects when a frequency sweep
is used as a stimulus.

Taking the effects of masking into consideration, we designed vibrational stimuli com-
prised of sequences of N short segments x(t), & = 1,2,..., N of successively increasing
or decreasing frequency content, separated by a pause time between segments. We designed
the changes in frequency to span a range from 12.5 Hz to 333 Hz, which matched the range
over which the spatial extent of skin vibrations changed most rapidly (Fig. [4.3[B). We first tried
sequences of sinusoidal segments of equal (constant) duration. However, we observed these
to elicit ancillary sensations of ascending or descending “tones” that were distracting, possibly
due to the linked temporal frequency channels of audition and touch [216]. Windowed band-
passed noise signals were similarly reported to provide sensations of tones, albeit to a lesser
degree. To avoid this, we instead designed signals z(¢) to consist of sequences of wavelet-like
segments z(t), whose energies were more broadly distributed in frequency (Figure . The

segments consisted of scaled window functions modulated by a fixed frequency sinusoid.

N
w(t) = Y a(t—rp), (4.5)
k;{l
— Z A, gp(t — i) sin(2m fo(t —71)). (4.6)
k=1

Here, T" = 100 ms is a short pause time between segments. We chose this value for the
pause time as it was larger than empirically observed decay and masking time estimates. A
is an empirically set gain factor that compensated for differences in the perceived magnitude
of the segment signals as determined by pilot testing. The onset time of segment £ is r, =
S (i + ).

The window function gi(¢) is a truncated Gaussian of duration 73 and standard deviation
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0 = CTg.

—¢2
gr(t) = rect(t/7y) exp (W) , O = CT} 4.7)
Go(f) = V2mosine(fr,) * e 20 (4.8)

where * denotes convolution in the frequency domain and G (f) = F(gx(t)) is the window
spectrum. We set the scale factor ¢ to 1/5 to ensure that the bandwidth of the window function
is approximately BW), = 1/7. The spectrum, X (f) = F(zx(t)), of each signal segment is
given by

Xilf) = AGrlf) * 5167 + fo) = 8(f = fo) (4.9)
It is centered at frequency fy Hz with a segment bandwidth of approximately f, = 1/74. This
choice of window function makes it possible to control the bandwidth of each segment by
modifying the window duration. The sinusoidal carrier (frequency f, = 25 Hz) ensures that
most of the signal energy is contained at frequencies that are salient to vibrotactile perception.

For the concentrating stimulus, we designed signals z(¢) with N segments having fre-
quency bandwidths f; that increased in a logarithmic series over time, from f; = 12.5 Hz to
fn = 333 Hz by controlling the segment duration 7. For the expanding stimulus, the sequence
was reversed. Stimuli used in the experiments had N = 10 segments. This stimulus resulted in
consistent perceptual effect, as confirmed through pilot studies.

These stimuli contain frequencies extending from DC to 600 Hz, as verified by analyzing
the spectrograms of the signals (Figld.5). Few vibrotactile actuators can reproduce such low
frequency signals without introducing distortion. Here we used the electrodynamic actuator
used for our vibrometry measurements (Mini Shaker Type 4810, Briiel & Kja&r, Denmark),
which was empirically verified to have a flat response for a large majority of the frequency

range of interest.
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Figure 4.5: The tactile effects were designed to elicit sensations of spatial expansion or con-
traction via sequences of segments with respectively increasing or decreasing frequency con-
tent. For contracting effects, the segments were wavelet-like signals (A) of decreasing dura-

tion, and (B) logarithmically increasing bandwidth. Segments were separated with 100ms of
pause time.

4.5 Perception of Spatiotemporal Haptic Effects

We hypothesized that our findings linking the frequency of stimuli signals to their spatial
extent of vibrations would be reflected in perception as a spatiotemporal haptic effect. To this
end, we designed a perceptual experiment in which participants classified either the wave-based

effects (described in the preceding section) or control signals as “expanding” or “contracting”.

4.5.1 Participants

Fifteen participants volunteered for the experiment (12 male; 19 to 30 years of age). All
participants were naive to the purpose of the experiment and gave their written informed con-
sent. The experiment was conducted according to the protocol approved by the UCSB Human

Subjects Committee.
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Figure 4.6: Perceptual experiment. A) Spectrograms of the designed stimuli that produce
contracting (CO) and expanding (EX) sensations and associated animations used. B) Spec-
trograms of the control stimuli, with permuted segments. C) Experiment setup. Participants
contacted the actuator with their right index finger. D) Results of the experiment The two
plots at the left show results for the two-alternative forced choice experiment involving when
the contracting stimulus vs. one of either of the two control stimuli. The two at the right show
those for the expanding stimulus. Participants consistently identified the designed stimuli.

4.5.2 Apparatus

Vibrotactile stimuli were applied to the distal end of the index finger using hardware identi-
cal to that used in the measurements. Participants were seated, with their index finger in contact
with a flat surface (diameter 15 mm) on the actuator (Fig. {.6(C). The finger was held at a 45°
angle and a contact force of 2 Newtons (a force gauge was used for comparison). Participants

wore foam earplugs (attenuation rating 33 dB) and circumaural headphones playing pink noise
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sufficiently loud to mask feedback from the actuator. The experiment was automated via a

computer’s graphical user interface.

4.5.3 Stimuli

The stimuli consisted of the designed “expanding” (EX) or “contracting” (CO) stimuli
described in the preceding section (Fig. .6]A). We also designed two different control stimuli
(Fig. ). The control stimuli were composed of sequences of the same signal segments x (%)
present in the EX and CO stimuli, as discussed in Sec. with the segments presented in a
permuted order. Because we hypothesized that the respectively decreasing or increasing trends
of frequency bandwidths over time of the EX or CO stimuli would cause them to be perceived
as expanding or contracting, we selected permutations of signal segments so that there was
no systematic increase or decrease in frequency extent over the course of each entire control

signal, or over the first or second half separately (Fig.[4.6B).

4.5.4 Procedure

The experiment was based on a two-alternative forced choice task in which participants
were presented with one designed stimulus (EX or CO) and one control stimulus. Participants
were also presented with an animated visual representation of “expansion” or “contraction”
at the fingertip matching the presented designed stimulus (Fig. [4.6A). We did not describe
what these animations represented, nor did we describe any association with the haptic stimuli,
which participants were naive to. In pre-testing, we determined that visual representations were
understood better than text labels. Participants were allowed to experience the two stimuli an
arbitrary number of times and asked to report the stimuli which caused a perceptual sensation
closest to what is indicated in the displayed visual animation. The stimuli were presented in

random order and their position was randomized on the computer screen. We selected one de-
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signed and one control stimulus at random for each trial, yielding four possible combinations.
Each of the designed or control stimulus was presented a total of 40 times, for a total of 80
trials per participant. In a post-experiment questionnaire participants were asked to describe
the strategy they used to respond. After the experiment, they felt the designed stimuli again

and were asked to describe them.

4.5.5 Analysis

We computed the percentage correct scores as the proportion of responses that assigned the
designed stimulus to the corresponding visual depiction across all presentations for each of the
four combinations, for each participant. The median percentage correct score was computed
across participants. We assigned a percentage correctness of 75% as the threshold for a posi-
tive effect relative to chance performance (50%). Because the distributions violated normality
assumptions, we used non-parametric one sample Wilcoxon signed rank tests. We tested the
null hypothesis that the median was less than or equal to 75%. We also assessed the effect of

the control stimulus choice using Mann Whitney U tests.

4.5.6 Results

Without training or prior exposure, participants consistently associated the designed EX
and CO stimuli with the visual representations of “expanding” or “contracting”. The designed
stimuli were selected with median probability 96.7% (CO stimuli: 97.5%, EX: 95%). The
control stimuli were selected with median probability 3.3%. The percentage correct scores
were significantly greater than a positive effect threshold of 75% (p = 0.0163 and p = 0.0039
for CO and EX). There was no significant effect of the choice of which control stimulus was

presented (p > 0.74 and p > 0.08 respectively).
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4.5.7 Discussion

The results indicate that the designed stimuli were consistently associated with the designed
visual depictions of expansion and contraction. This suggests that participants perceived the
stimuli as respectively expanding or contracting, consistent with predictions from theory and
mechanical observations, without any prior exposure or training. The high median accuracy
reflects the robustness of these associations. The associations were unaffected by the control
stimulus used for the comparison.

After repeated exposure to the stimuli, participants would have had little difficulty iden-
tifying either the designed or control stimuli, due to the differences in timing and frequency
content. Consequently, it could be hypothesized that they based their decisions on arbitrary
cognitive criteria. However, a priori, we would expect any such criteria to result in a bi-modal
response pattern, with an equal number of participants selecting both the designed and control
stimuli consistently. In our experiment, the control stimuli were selected with a very low me-
dian response rate (3.3%). Furthermore, no participant consistently inverted the associations
of the stimuli to the visual depictions of expansion and contraction. Together, these results
indicate that the effect was not bistable, and suggest that arbitrary criteria were not applied.

We conclude that the increasing or decreasing bandwidth of the designed stimuli caused
them to be perceived as spatially expanding or contracting. This conclusion is supported by
the questionnaires, in which participants spontaneously described sensations such as “concen-
trating to / spreading from the fingertip” or a “wave coming closer to / moving away from the
fingertip” or “radiating inwards / outwards” and proceeding “from bigger portion of the fin-
ger to smaller portion / vice versa”. Informal testing also suggests that the effects are similarly
perceived with altered mechanical configurations of the finger, and at various contact locations.

The designed stimuli were selected with greater frequency after the first few trials, with

percentage correct score increasing from 87.5% (median percentage for trials 1-4) to 100%
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(trials 5-20). Because participants did not feel any stimuli prior to trial 1, this could reflect
increasing familiarity with the protocol. It could also reflect strengthened associations after

repeated exposure, which was consistent with our informal observations.

4.5.8 Multi-actuator spatiotemporal effects

We investigated enhancements to the design space of haptic effects afforded through the
use of multiple actuators. In one example, we positioned fingertips separately on two actuators
(Fig.[4.7), and coupled the designed EX and CO stimuli by delivering them individually to each
actuator channel with a time offset between them. The offset was set at 1 s, to ensure a small
amount of spatiotemporal overlap in the regions of the skin that are stimulated through each
actuator. This resulted in sensations that were reported to travel from one fingertip into the
palm, and then back into the other fingertip in a single motion (as verified by experts from the
haptics community). Such haptic motion effects between pairs of actuators could previously
only be rendered over much smaller distances with conventional methods, as compared to the
> 15 cm distance which we achieve here. This showcases the potential for design of efficient
and evocative effects using spectral control based methods. We aim to further evaluate multi-

actuator effects in future work.

4.6 Evaluation of Visuo-Haptic Spatiotemporal Effects in Vir-
tual Reality

To explore potential applications and highlight the utility of the designed spatiotemporal
effects, we incorporated them alongside visual cues (which also vary in space and time) in
multi-modal interactions, with the aim of improving their perceived engagement and immer-

sion over the use of conventional vibrotactile stimuli. The haptic effect can, in this instance,
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Figure 4.7: A proposed multi-actuator extension to the effects discussed here involves actua-
tors presenting the EX and CO stimuli to distinct fingers with a time offset of 1 s. Empirically,
this resulted in sensations expanding from one fingertip into the palm, and then contracting to
the other fingertip, in one single, evocative, motion.

be delivered with a single actuator present in either a hand-held or grounded embodiment. To
study this, we designed a simple evaluation experiment in a virtual reality setting where partic-
ipants rated the spatiotemporal stimuli in conjunction with designed visual cues of expansion

and contraction, on various user experience metrics.

4.6.1 Visual cue design

We designed visual cues of expansion and contraction to accompany the press of a button
in virtual or augmented reality. We chose to vary the size of a visually seen virtual object over

time, which we hypothesized would supplement the evolving perceived spatial extent of the
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Figure 4.8: Visual cues presented with the spatiotemporal haptic stimulus in virtual reality.
A) Visual cues in the virtual environment as used in the evaluation experiment. In the ex-
periment, participants hold a VR controller and contact the actuator with the index finger of
their right hand (inset figure). The controller enables a registered hand representation in VR,
where the hand is shown to contact a surface. For the expansion cue (V-EX), a translucent
ovoidal object is positioned at the fingertip that expands in volume over the stimulus duration
to cover the entirety of the finger. The contracting visual cue reverses this over time. B) The
expanding haptic stimulus applied in conjunction with the visual cue C) An example of an
alternate visual cue which we observed to be enhanced by the spatiotemporal haptic effects.
A series of particles are emitted from the contacted surface which expand to cover the finger.

designed haptic effects to result in a greater sense of engagement.

One visual effect consisted of a direct representation of increasingly larger or smaller areas
of the skin getting excited. A translucent ovoidal object (similar to a bubble) was overlaid
onto the length of a virtual representation of the index finger of the hand, which increased or
decreased in size over time (Fig.[4.8JA), with the object occupying the entire length of the finger
at its largest size, while being centered at the tip of the finger at its smallest size. The duration

of the visual cue was set to be exactly the same duration as the designed haptic cue. We used

this visual cue for the evaluation experiment discussed subsequently.
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In a similar fashion, we also explored alternate visual cues, one example of which was a
stream of particles being shown to be emitted on pressing a the button, which we chose to be
paired with the “expanding” haptic stimuli (Fig. 4.8[C). Another alternate cue consisted of the

hand representation shrinking or expanding in size over time.

4.6.2 Participants

Nine participants volunteered for the experiment (5 male; 21 to 33 years of age). All par-
ticipants were naive to the purpose of the experiment and gave their written informed consent.
Participants reported (corrected-to-) normal eyesight and no neurological conditions that could
affect their sense of touch. The experiment was conducted according to the protocol approved

by the UCSB Human Subjects Committee.

4.6.3 Apparatus

The experimental apparatus consisted of a virtual reality (VR) headset with associated con-
trollers (Rift with Touch Controllers, Oculus VR Inc, Menlo Park, CA) and a vibrational actu-
ator identical to that used in the measurements and prior experiment. Participants were seated
in front of a table, with their hands grasping the controllers, and the index finger of their right
hand in contact with a flat surface (surface area 36 mm?) on the actuator (Fig. ). Partici-
pants were asked to use a fully extended index finger to contact the actuator and to use gentle
pressure to maintain contact. No further restrictions on contact angle or contact force were im-
posed. The VR headset displayed a calibrated version of the table, and the VR controllers were
used to render co-located representations of the hands in the virtual space. A virtual button was

displayed at the registered position of the actuator.
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4.6.4 Stimuli

The stimuli consisted of a combination of visual and haptic cues. The visual cues used in
the experiment consisted of representations of “expansion” (V-EX) or “contraction” (V-CO),
which were achieved with a translucent object as previously discussed, which increased or
decreased in size over a duration of time respectively (Fig.[4.8B). The haptic cues comprised the
spatiotemporal expanding and contracting stimuli (S-T.H.), described in the preceding sections
(Sec. Fig. .6/A), which were paired with the corresponding visual cue. The control haptic
stimulus (C.H.) was constructed as a continuous 200 Hz vibration. This stimulus was chosen
as a control because sinusoidal vibrations of frequencies between 200 and 250 Hz are often
used in commercial devices to deliver haptic feedback [86]. The durations of the visual and

haptic cues were set to be identical.

4.6.5 Procedure

During each trial of the experiment, participants pressed a button on the controller to allow
them to experience the stimulus. They were then asked one of three questions, which were as

follows
* Rate the interaction on how engaging it felt
* Rate how congruent the vibrations you felt were with the visual cue
* Rate to what extent you felt the vibrations enhanced the visual cue

Participants provided a rating for these performance metrics on a 15 point discrete scale, with
extrema being labelled “Not at all” and “Very”. Participants were allowed to experience the
stimulus any number of times before providing their rating.

As a control condition, we introduced trials in which the visual cue was presented without

any accompanying haptic stimulus (N.H.), to obtain baseline ratings for how engaging the
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visual cue was perceived. Thus, there were a total of 14 distinct trials (2 visual x 2 haptic x 3
questions + 2 visual x 1 question). The stimuli were presented in a block-randomized fashion.
There were a total of seven repetitions for each block of trials in the experiment, leading to
a total of 98 trials per participant. In a post-experiment questionnaire participants described
how many different vibrational stimuli they perceived, the strategies they used when rating the

stimuli, and provided free-form comments on the stimuli they perceived.

4.6.6 Analysis

The first block of trials for each participant was considered as a practice block and their
reports were discarded from the analysis. This allowed for more consistency in the results as the
participants would have experienced all trials in the first block and formulated a rating strategy
for the reminder of the experiment. One participant did not follow the reporting instructions
and was excluded from the analysis. We computed the average of the ratings for the expanding
and contracting visual cue, and computed the mean and standard deviations across trials for
each performance metric for each stimulus for each participant. The normality of the data was
evaluated with the Pearson’s chi-squared goodness of fit test. Pairwise comparisons for the

means of the performance metrics were performed with two sample ¢-tests.

4.6.7 Results

Participants consistently rated the interactions with both the spatiotemporal haptics and the
control haptics stimuli to be significantly more engaging than without haptics (Fig.d.9), when
presented with the visual cue (p < 1077 and p = .001 respectively) . Interactions with the
spatiotemporal haptic stimulus were rated as more engaging than those with control haptics
than (t(14) = 2.7,p = 0.018) at the 5% significance level. The spatiotemporal stimuli was

found to be significantly more congruent with the visual cue (£(14) = 2.4,p = .034), and
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Figure 4.9: Results of the evaluation experiment. A) Ratings for perceived engagement of
interaction, for the No Haptics (N.H.), Control Haptics (C.H.) and Spatio-temporal Haptics
(S-T.H.) conditions. B) Ratings for congruence of haptics with visual cue, and (C) enhance-
ment of visual cue through haptics, for the C.H. and S-T.H. conditions. Results averaged
across both visual cues and all participants . Error bars indicate standard deviations. Partic-
ipants consistently rated the spatiotemporal haptic stimuli to result in the most engaging in-
teraction. Further, the spatiotemporal effects were rated to better enhance the provided visual
cue and be more congruent with its varying nature, when compared with a single frequency
vibrational stimuli (For comparisons, x = p < .05, xx = p < .01, * x x = p < .001).
the spatiotemporal stimuli was rated to significantly enhance the visual cue over the control

stimulus (t(14) = 2.8, p = .014). Normality assumptions held for all distributions.

4.6.8 Discussion

In the visual only (N.H.) conditions, participants pressed a button and saw the visual anima-
tion without haptic feedback. Adding either form of haptics greatly and significantly increased
how engaging participants perceived the interaction to be. In addition, the spatiotemporal hap-
tic stimulus was perceived as significantly more engaging than the control stimulus. Based on
these results, the spatiotemporal haptic effects were found to be more perceptually engaging
over the use of single frequency haptic stimulation when combined with the designed visual
clues. This was also borne out in the written responses of participants in the post-experiment
questionnaire, who reported the spatiotemporal haptic effects to be more compelling and their
preference for it.

The designed spatiotemporal haptic stimulus was rated to be significantly more congruent
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with the visual cue than the single frequency vibrational stimulus was. This suggests that
participants identified the perceived spatially expanding or contracting sensations on of the
skin to be harmonized with the displayed visual cues which showed increasingly larger or
smaller regions on the finger being enveloped by a bubble over time. The spatiotemporal
haptic stimulus was also found to significantly enhance the designed visual feedback in this
visuo-haptic feedback scenario.

On averaging the computed standard deviations across the three performance metrics, we
observe that there was a large variability in the ratings for the control stimuli (0 = 3.8), which
was twice as large as the variability for the spatiotemporal stimuli (0 = 1.8). This suggests

that the spatiotemporal stimuli resulted in a more consistent experience across participants.

4.6.9 Applications

In addition to the aforementioned visuo-haptic effects based on a bubble metaphor, we
designed other visuo-haptic effects combining our vibrotactile rendering method with graphics
effects such as particle clouds (Fig. 4.8C). Informal testing revealed that these multisensory
effects were likewise appreciated as eliciting sensations of expansion or contraction. This
suggests that there are many opportunities for using the methods proposed here to enhance
experiences in VR and HCI applications. Beyond the rendering methods described here, we
have also explored interations with virtual control interface elements, such as buttons or sliders.
In the latter case, we found it possible to produce a sense of mechanical resistance during
operation of such a virtual slider. Thus, the effects proposed here hold promise for being
integrated in a variety of interfaces in augmented and virtual reality. Because our methods
afford dynamic control over spatial properties of haptic stimuli using even a single actuator,
they may also prove useful for providing directional cues, such as in navigation devices or

assistive technologies for individuals with visual impairments.
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4.7 Conclusions

In this work, we show how a single actuator may be used to generate vibrotactile stim-
uli with dynamically controlled spatial extent. Our method exploits the frequency-dependent
damping of cutaneous wave propagation. We used theoretical analysis and experiments us-
ing optical vibrometry to reveal that the frequency content of applied vibrations determines
the spatial extent of vibrations in the skin. We combined these findings with properties of vi-
brotactile perception to design vibrotactile stimuli that can be delivered via a single actuator
in order to produce haptic effects of expansion or contraction in the skin in regions near the
locus of actuation. A perceptual experiment revealed that these stimuli were consistently per-
ceived as respectively expanding or contracting, consistent with predictions from theory and
our mechanical experiments.

To show how these phenomena may be applied to generate evocative multisensory effects,
we designed rendered graphics effects that matched the haptic effects. A user study revealed the
resulting visuo-haptic cues of expansion or contraction to be more engaging when compared
with conventional vibrotactile stimuli. These methods hold promise for improving applications
in virtual reality and human-computer interaction. Our findings demonstrate how the physics
of waves in the skin can be exploited to design methods for spatiotemporal haptic feedback
that are both practically effective and perceptually evocative.

While the conditions of our experiment addressed stimuli applied at the fingertip, the phys-
ical and perceptual phenomena that enabled them are general. We have informally observed
these effects to be reproducible at other body locations. Our results show how a single actuator
is already sufficient for producing evocative spatiotemporal effects. They also suggest that it is
interesting to apply these methods in multi-actuator configurations that provide greater control
over the spatiotemporal haptic effects that are produced. Examples of such phenomena include

tactile apparent motion effects. The advantage of our methods for producing haptic effects to
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be delivered to extended areas of the skin is that they may provide extensive spatial control
with small numbers of actuators. We intend to explore these opportunities further in future

work.
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Chapter 5

A Fluidic Electromagnetic Actuator for

High-Fidelity Haptic Feedback

In the design of haptic displays for virtual and augmented reality, the miniaturization of compo-
nents to make devices wearable and portable is a major requirement. The findings from Chap-
ter 4 demonstrates that an expanded design space of haptic effects can be achieved through
controlling the spectrum of the stimuli, highlighting the utility of actuators that can reproduce
signals with high dynamic range across a wide range of frequencies. However, the current
state-of-the-art of compact haptic actuators are limited in this regard, both due to thermal
constraints and mechanical limitations that force their operation to a narrow range of frequen-
cies. Inspired by this need, Chapter 5 presents the design of a new type of small form-factor,
high-fidelity (wide bandwidth) actuator operating on electromagnetic principles. The design
employs ferrofluid, a functional material, to optimize the device performance. The assembled
prototype is compact, thermally efficient, and has an exceptionally flat frequency response. The
actuator will allow for the creation of new controller-based or wearable displays that can gen-

erate rich haptic sensations.
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Abstract

Engineering high-fidelity haptic actuators is challenging due to the capabilities of the hu-
man sense of touch. Tactile sensing via the skin operates within a wide frequency bandwidth,
with high spatial resolution and dynamic range. These sensing capabilities cannot be matched
by existing haptic feedback devices. Electromagnetic haptic actuators are widely used for
delivering vibrations to the skin, especially in handheld and wearable devices, due to their
robustness and the relative ease and efficiency with which they can be designed and driven.
However, existing actuators can only reproduce a limited subset of perceptually significant
tactile signals. Compact haptic actuators are needed in many applications, but such actuators
are rarely capable of furnishing sustained forces or low-frequency vibrations. This limitation is
due in part to thermal constraints that grow rapidly as actuator dimensions are decreased. Here,
we present a compact fluidic electromagnetic actuator for high-fidelity haptic feedback. This
thermally efficient actuator integrates a permanent magnet within a fabric-reinforced elastic
membrane coupled to a ferrofluid-encapsulating magnetic circuit. Using theoretical modeling,
simulations, and experiments, we show how a compact actuator may be designed to produce
both sustained indentations of the skin and vibrations and to generate transient forces of 10

Newtons or more. This design approach could increase the fidelity of haptic actuators in many
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wearable or handheld devices.

5.1 Introduction

Haptic actuators are electronic devices for mechanically stimulating the skin in the range
of human touch sensitivity. Such actuators are widely used in mobile computing devices,
game controllers, wearable electronics, virtual reality interfaces, and other devices [[86]]. Haptic
actuators are also being widely investigated for augmented and virtual reality, robotic surgical
interfaces, surgical simulators, prosthetics, and other domains [[100, 217].

The skin, the sensory organ of touch, integrates many thousands of tactile receptors, and
multiple receptor types, that enable it to capture mechanical signals over a wide frequency
range, from O to 1000 Hz [22]. Near frequencies of 200 to 300 Hz, vibrations with amplitudes
smaller than 10 nanometers can be felt, surface textures on the scale of tens of nanometers
can be discriminated, and locations of light touch contact can be discriminated with millimeter
precision; See [218] for a recent review discussion. The dynamic range of perceivable forces
is also impressive, extending from approximately 1073 to 10?> Newtons. No existing haptic
device is capable of generating mechanical signals across the breadth of this range of frequency,
spatial resolution, and dynamic range [218,219]]. The large disparity between haptic perceptual
abilities and the capabilities of haptic actuators has motivated substantial research efforts, but
no technologies yet demonstrated can even approximately match perceptual capabilities [220),
22112221 223]].

Among the most common technologies for stimulating the skin are electromagnetic (EM)
actuators. In both commercial products and in engineering research, the great majority of elec-
tromagnetic haptic actuators are of inertial linear voice-coil type. Examples include narrow-
bandwidth linear resonant actuators and wider-bandwidth Lorentz force actuators [86, 224!,
221]]. Such devices comprise an assembly including a permanent magnet (or magnets) and
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voice coil coupled within a casing via springs or elastic members. Such actuators can be de-
signed to directly displace the skin, although inertial configurations are more commonly used.
When driven, the coil produces an electromagnetic force causing the magnet to oscillate. The
resulting oscillating motions are transferred to the skin (or other surface), via conservation of
momentum. Such devices can be designed to be inexpensive, and are often simple to drive at
low voltages with commodity electronics, similar in both respects to inexpensive loudspeakers.
However, the practical bandwidth of such devices is limited to a single frequency, if driven at
the mechanical resonant frequency f, = 27 \/k:/_m, where m is the moving mass and k& the
spring stiffness, or to frequencies greater than f; if wider bandwidth operation is needed [225].
Consequently, such devices are unable to deliver sustained or low frequency forces or displace-
ments to the skin. Such stimuli are commonly felt during sustained or transient contact with
familiar objects and surfaces.

Several devices have been designed to overcome these limitations [226, 227, 228, 229].
However, most are limited in dynamic range or in their ability to generate high-frequency vi-
brations. A haptic actuator capable of reproducing both sustained and oscillating forces or
displacements with high dynamic range and temporal precision would have many potential ap-
plications. Such actuators could more readily reproduce touch sensations like those felt during
naturally occurring touch interactions, including texture vibrations [230]], transient forces, or
sustained skin indentations. In applications, such actuators could be used to produce evoca-
tive haptic effects [231, 232], such as those described in recent publications of the authors
[12} 233]. However, it is challenging to design compact actuators with such properties, due
to mechanical resonance effects and thermal limitations. Indeed, due to thermal limitations,
the maximum force F' that can be produced by a permanent magnet electromagnetic actuator
scales F' o< [?, where [ is a length scale parameter [234]]. Thus, thermal effects fundamentally
limit the dynamic range of forces that can be produced by such actuators.

In this work, we present a compact actuator capable of producing quasi-static indentations,
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and low and high frequency vibrations with high dynamic range across the entire frequency
range that is perceivable via touch. This performance is achieved via thermal and electrome-
chanical design specializations, including a ferrofluid encapsulated within a low magnetic re-
luctance circuit. The design leverages features that are used in high-performance loudspeaker
designs [235! 236]. The properties of the ferrofluid aid in thermal management and provide
viscosity that facilitates control over the device dynamics. The performance and compact form
factor of this actuator make it particularly suitable for use in wearable haptic applications for

augmented reality, virtual reality, mobile computing, and human-computer interaction.

5.2 Design Concept and Operating Principle

The aforementioned considerations led us to identify design objectives for a compact elec-
tromagnetic haptic actuator. To facilitate use in wearable haptic systems, our goal was to
achieve dimensions comparable to the size of a fingertip. We used a moving-magnet voice-coil
configuration in which the magnet assembly is placed in contact with the skin surface. Due
to fundamental thermal limitations summarized in the foregoing, achieving our goals required
that the thermal performance of the device be optimized through the use and arrangement of
thermally conductive materials, including ferrofluid and thermal epoxy resins. Motivated by
the frequency bandwidth associated with human tactile sensitivity, we aimed to engineer the
device to be capable of reproducing frequencies from DC (0 Hz) up to nearly 1 kHz, a range
that includes both quasi-static forces or displacements, and higher frequency vibrations. To
ensure a useable frequency bandwidth spanning this range, we designed the device to mini-
mize mechanical resonances across this frequency range. This was facilitated, in part, by the
damping characteristics of the encapsulated ferrofluid. The range of forces that could be pro-

duced was augmented by the use of a paramagnetic core within the electromagnet. We offset
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the attractive force between the moving magnet and core via a magnetic bearing implemented
via a second permanent magnet in the magnetic circuit. These features, and optimizations of
the geometry and assembled configuration, together maximized the feasible dynamic range of

forces and displacements that could be delivered to the skin via the actuator.
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Figure 5.1: The compact fluidic EM haptic actuator design resulted from our theoretical
modeling, numerical simulations, analyses, and fabrication process. A) Schematic drawing
of the actuator. Cross-section with the following components. A: Filling and wiring ports.
B: Bearing. C: Permanent magnet. D: High magnetic permeability plate. E: Fiber-reinforced
membrane diaphragm. F: Fluid displacement feature. G: High magnetic permeability hous-
ing. H: High magnetic permeability electromagnet core. J: Fixed permanent magnet. K:
Copper electromagnet coil. Dimensions of the actuator are listed. B) Images of constructed
actuator. One cent coin to scale. C) Free body diagram of the moving mass of the actuator.
Flsiatic denotes the net repulsive forces due to the magnetic components. Fj,.,, denotes the
restoring force of the membrane. Ft,, and Fy,,, are the forces due to the current through
the coil and the viscous drag respectively. D1) Diagrams showing the moving mass at the
top and bottom of its stroke. D2) Images highlighting the top and bottom of the stroke of the
constructed actuator, when it is driven by a 1 A rms 0.5 Hz sinusoidal signal.

The actuator is constructed using two axially aligned permanent neodymium magnets (parts

C and J; refer to Fig. [5.2]A for the design and part labels), which have their like poles facing
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each other, resulting in a static repulsive force Fj;.¢;c between them. One of the magnets is
embedded within the ferromagnetic actuator housing (G), while the other is suspended at the
far end of the actuator within a fiber reinforced membrane diaphragm (E). A copper coil (K)
wound around a ferromagnetic core (H) is placed in the region between the two magnets, such
that it contacts the embedded, fixed magnet (J) and has some clearance with the suspended,
floating magnet (C). The application of current / to the coil results in additional magnetic flux
through the system, which interacts with the suspended magnet to apply added electromagnetic
forces F,,,(I) to it. The membrane in the annular region between the magnet and the actuator
housing acts as a spring that provides a restoring force F,.,,(d) with imposed displacements ¢,
and can thus return the moving mass assembly to a zero position when the currents are turned
off. To improve the efficiency of the magnetic circuit, a small top plate (D) is introduced into
the moving mass assembly. A linear bearing comprising a miniature shaft within the core,
and bearing (B) is introduced to limit displacements in the radial direction and out-of-plane
rotations. This feature could introduce additional drag forces [,.,4, which are minimized in
our design through the use of a hollow bearing shaft. The actuator is filled with ferrofluid
to further improve the magnetic performance, as well as to introduce damping to the system,
thereby limiting the impact of resonance. A picture of the constructed prototype with no input
current shown in Fig. [5.2B.

The moving mass of the actuator is designed to directly contact the skin. With the moving
magnet assembly coupled to skin, a quasi-static analysis yields the resultant normal force that

the actuator provides to the skin (Fig.[5.2C), which is given by

Fact(I) :Fem([)+Fstatic_Fm6m_Fdrag (51)

The magnetic bearing results from repulsive forces between the magnets. We selected the

magnet geometries to ensure that the nominal position of the moving magnet was at the center
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of the range of its motion even when lightly loaded. In the absence of external loading of the
moving magnet, the moving magnet displaces until the restoring force of the membrane is bal-
anced by the those due to the electromagnet, membrane, and magnetic bearing. The clearance
specified in the design between the moving mass assembly and the core serves as a hard limit
to the displacement at the bottom of the stroke of motion, when large negative currents are
driven through the coil (values reflecting the performance of our device are reported below).
The displacement at the top of the stroke is constrained, at the largest excursions, by the mem-
brane hyperelasticity (Fig.[5.2D). We empirically identified the approximately linear range of

motion as a function of current within the displacement extremes.

5.3 Electro-magnetic modeling

The forces generated from this electromagnetic actuator design are determined primarily
by the resultant forces on the moving magnet assembly, which we model both analytically and

with numerical simulations.

5.3.1 Analytical modeling

The resultant force on the moving magnet can be decomposed into the static repulsive force
between the two permanent magnets and the electromagnetic force between the coil and the
suspended magnet element. Each of these were modelled separately.

The forces on a permanent magnet with magnetization M in an external magnetic field B
can be derived by considering a differential volume inside it with a magnetic moment m =
MdV'. The total force F is computed using the electric current loop model in the absence of

electrical currents within the magnetic volume, and integrating the differential forces [237,238]]
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F:/V(m-B)dV (52)
Vv

The exact solutions for the forces depends on the geometry of the system. Accurate expres-
sions can often only be computed for simplified geometries in free space. For the purposes of
identifying analytical expressions for the forces experienced by the suspended magnet, we first
neglected the effect of the ferromagnetic components (parts D, G, H in Fig. [5.2).

The axial force F. ,,,, between the two coaxial cylindrical magnets (i.e. the fixed and sus-
pended magnet) was approximated by computing elliptic integrals arising from this geometry,
using a low-order approximation for the Bessel function terms that arise. The approximation
that is entailed is valid under the assumption that the magnets are far from each other relative

to their geometry [239]. Computation yields

1

Fypm & EWOM%A > (=)™ (5.3)
s Y " (dmm + it1 + jt2)? '

1,7=0

Here, M = By/ 1 is the saturation magnetization of the permanent magnets, B is the residual
flux density d,,,, is the distance between the poles, r,, is the common radius of the magnets,
and t1, ¢, are the heights of the individual magnets. In the remainder, we omit the subscript 2
and consider all forces to be in the axial direction unless otherwise noted.

To compute the axial force between the electromagnetic coil and the suspended magnet
F.,., we used an equivalent current-carrying coil representation of the permanent magnet. We
obtain an expression for the force between the two by computing their mutual inductance,

under the assumption that the magnet is smaller than the coil and the field lines from the coil
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are nearly parallel to the magnetic moment of the magnet [240]. This yielded

oA pons [ Mrr?, " e +ts + 1t
T2 e + b+ )2 12
dmc _|_ tS dmc _|_ tm dmc

- +
Vdwe +15)2 472 \/(dme + )2+ 72 J/d2e + 12

where n; is the number of turns per unit length of the coil, I is the current, r,, t; are the
radius and length of the coil respectively, ¢,, is the height of the magnet, and d,,,. is the axial
distance between the closest ends of the coil and magnet. If axial symmetry is maintained, the
net torque on the suspended magnet due to the magnetic field of either the fixed magnet or the
electromagnetic coil is zero.

We obtained specific solutions using geometrical parameters from the fabricated actuator,
described in further detail in sections that follow. The analytical model provides a static force
Fm of 0.59 N when the pole to pole distance d,,, is 7 mm. The model yields an electromag-
netic force F,,, of 0.21 N when the current is 1 A, for d,,,c = dpm — ts = 2.5 mm. This force
scales linearly with current.

The addition of the ferrofluid, and the ferromagnetic core, shield and top plate increase the
efficiency of the electromagnetic circuit (and thus force magnitude) by reducing the magnetic
reluctance, which increases the flux density B. However, these elements also alter the mag-
netic flux paths, causing them to curve more than when these elements are not included, thus
slightly reducing forces, due to the dot product between m and B in Eq.[5.2] The presence of
the ferromagnetic materials also introduces an additional interaction force Fj,,; which can be
decomposed to forces between the suspended magnet and the core, and smaller forces between
the fixed magnet and top plate, and between the suspended magnet and shield. This reduces
the static repulsive force experienced by the moving mass, Fsuric = Frm — Fine. An ana-
lytical expression for Fj,; is difficult to compute, but can be assumed to be small, due to the

small cross-sectional area of the core relative to the flux paths of the magnet. We accounted for
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these effects using numerical simulations, from which we obtained values of Fi;.;. and F,, as

driving current is varied.

5.3.2 Numerical simulations

We simulated the forces generated by the actuator using finite element analysis (FEA;
COMSOL AB, Stockholm, Sweden). We developed an axisymmetric model of the actuator,
and evaluated the axial magnetic force. The geometry and materials were specified to match the
fabricated device (Sec.[5.6), with the dimensions as shown in Fig.[5.2JA. The coil was modeled
as a homogenized multi-turn structure. The ferromagnetic materials were configured as Nickel
Steel Permalloy NGO, as defined within the COMSOL material library. The ferromagnetic ma-
terials were modeled with a BH curve relation. The ferrofluid was modelled as a homogeneous
material with a relative permeability u, of 2, consistent with reported values. Representative
surface plots of the magnetic flux densities through the cross-section of the actuator are shown
in Fig.[5.2A.

When the electromagnet was not driven, the net force, Fiuic = Frm — Fint, On the moving
magnet was due to the opposing forces F,,,, due to the magnetic bearing formed from the
oppositely poled permanent magnets and F},,; due to the attraction between the moving magnet
and the core. The simulations predict that F;,;;. decreases monotonically with the magnet-
magnet distance d,,,, (Fig.[5.2B). The relationship was approximately linear for distances 6 <
dmm < 7.5 mm, attaining a value of 1.45 N for d,,,, = 7 mm.

With d,,,. held constant, the electromagnetic force on the moving mass F,,, increased with
the current (Fig. [5.2C). The relationship was nearly linear, notwithstanding potential flux sat-
uration effects within the core, with a slope of 0.87 N/A for d,,,. = 2.5 mm. This force was
nearly four times larger than predicted from our simplified analytical model, highlighting the

increase in the efficiency of the magnetic circuit achieved through the use of the ferromagnetic
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elements. We also simulated forces for a configuration in which the ferrofluid was replaced
with air. This configuration yielded smaller forces of 0.62 N/A. Thus, a 35% increase in forces
was produced due to the greater magnetic permeability of the integrated ferrofluid.

To validate the previously considered analytical models, we performed simulations where
we specified the physics model of all materials to utilize a relative permeability equation, and
artificially set the magnetic permeability of the ferromagnetic components and ferrofluid to be
1. The modified FEA simulations subsequently predicted F;,,,, = 0.32 N, and F,,, = .2 N/A.
The electromagnetic force F.,, predicted by the simulation is in excellent agreement with the
analytical model. The analytical model overestimates the repulsive forces between magnets
Em by 85% when compared to simulations, which we hypothesize to be due to the far-field
assumptions made in the derivation of the analytical expressions not being fully met.

To investigate effects of lateral displacement of the moving magnet, we simulated config-
urations in which the magnet center was offset from the axis of the electromagnet. While the
magnet position is constrained, in practice, by the membrane, the simulation revealed that it is
positioned in unstable equilibrium in the radial directions. A radial offset of 1 mm introduced
a radial force F). of 1.3 N, and also yielded a net torque of 2 x 10~* Nm. Such effects can yield
ancillary linear or torsional oscillations in the absence of constraining features. We revised our
design to minimize such effects via a guide bearing formed by extending an aluminum shaft
from the magnet into a hollow region of the core (Part B in Fig.[5.2]A). The shaft and bearing
did not modify the electromagnetic performance, but modestly affected the dynamics of the

system, as described in the following section.

5.4 Mechanical modeling

We constructed an analytical model capturing the static and dynamic behavior of the actu-
ator. The actuator performance depends on several factors, including the membrane elasticity,
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inertia of the moving elements, and dissipative forces caused by the viscous fluid within the

actuator.

5.4.1 Static Forces

The forces acting on the moving magnet assembly include the force F,, produced by the
electromagnet, the repulsive force Fj;,;. between the permanent magnets, the force F,,,,, due
to membrane deformation, and the viscous force Fy,,, due to the encapsuated fluid. A free
body diagram of forces on the moving mass is shown in Fig.[5.2C.

When the coil is not energized, if the system is in static equilibrium, then Fiu4;. — Frnem = 0
and F,, = Fy. = 0. Applying an additional static load force [}, to the surface of the
moving magnet assembly will displace it from this equilibrium. For sufficiently small static

load forces, a new equilibrium is reached, satisfying

Fstatic - Fmem - and - Fem (55)

The force due to gravity is far smaller, due to the low mass of the moving magnet assembly,

and thus may be neglected.

5.4.2 Membrane Model

The actuator is designed to accommodate application-dependent pre-loading of the mem-
brane and mass via fluidic pressure or external forces. We omit this effect in a first analysis.
Thus, the membrane displaces by an amount ¢ such that the membrane restoring force, F,ep,
is equal to the net force exerted on the magnet by the electromagnetic circuit to reach static

equilibrium.
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Figure 5.2: Modeling and simulation results utilized in the design of the actuator. A) Nu-
merical predictions of magnetic flux densities within the actuator for varying current levels
within its operating range. When driven at a DC current of 1 A, the ferromagnetic material in
the core approaches its magnetic saturation. B) The static repulsive force experienced by the
moving magnet Flsq4i. decreases monotonically with the the magnet-magnet distance. When
coupled with the restoring force of the membrane, the representative magnet-magnet distance
dmm equals 7 mm for the moving mass in static equilibrium. C) The scaling of electromag-
netic force F,, with current is approximately linear with a slope of 0.87 N/A. The scaling
is computed to be sub-linear at large positive currents once magnetic saturation is reached.
D) A plot of the deflection at the center of the diaphragm ¢ is shown as a function of force
produced by the magnet assembly F, for A = 0.5 mm. The membrane performance can be

optimized by varying dimensions a, b, and h. For the designed dimensions of the actuator,
the predicted stiffness value is 1.25 N/mm.

Material Model

We adopted a linear material model for the membrane, which is reasonable because of
the in-plane membrane strain is less than 50% across the range of operation. In principle, be-
cause the membrane is a fiber-reinforced elastomer, models of Kelvin-Voigt or Helmholtz types
would be appropriate. However, manufacturing tolerances and unknown parameters governing
the fiber alignment and concentricity of the assembly are challenging to obtain for laboratory
produced devices such as ours, for which manufacturing tolerances are substantial. Addition-
ally, the material properties of the elastomer matrix of the membrane can vary modestly from
batch-to-batch. Thus, we adopted a simpler homogenized model of the elastomer membrane

mechanics. The effects of fiber reinforcement are nonetheless important to capture, as our ac-
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tuator was designed to take advantage of the beneficial effects they confer in limiting in-plane
strains. Indeed, our primary objective was to model the more substantial out-of-plane displace-
ments of the driven magnet. Based on representative values for the materials we designed
the actuator to utilize, we adopted a value &£ = 11.4 MPa for the linear elastic modulus and
v = 0.5 for the Poisson ratio. We determined these properties from laboratory tensile testing

with rectangular samples of an elastomer material that we used in prototype fabrication.

Membrane Deformation

The geometry of the membrane was determined analytically for a circular membrane with
a rigid center and a force acting at the center along the axis (Fig. [5.2D) [241]]. The maximum

deflection ¢ at the center of the membrane is given by

_ Fa?3(1 — v?) (a/b)* — 1 B log(a/b)*

g ER3 7 4(a/b)? (a/b)? —1

(5.6)

Where F'is the net force on the moving magnet, E and v are the elastic modulus and Pois-
son’s ratio of the membrane material respectively, and a, b, and h are geometric dimensions
shown in Fig. [5.2D. An approximation for the effective spring constant of the membrane can

be computed from Eq.[5.6|as kg = dF'/d0.

5.4.3 Viscous Effects

The encapsulated ferrofluid augments the performance of the actuator by improving ther-
mal transport, by reducing the magnetic reluctance of the electromagnetic circuit (thus ampli-
fying forces), and by furnishing damping that reduces the Q-factor of mechanical resonances
in the system. Damping of this form is often desirable in haptics, since it can increase an actu-
ator’s usable frequency bandwidth, which is typically constrained by the high-Q resonances in

the system [225] 242].
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A full fluid dynamics description of ferrofluid damping effects would be beyond the scope
of the present contribution. A lumped parameter model may be obtained by regarding the com-
bination of the guide shaft bearing and moving assembly (Fig.[5.2]C) as comprising a dashpot,
yielding a force

dz

Firay = ¢ (5.7)

Here, z(t) is the displacement of the moving mass attached to the diaphragm, and c is the
effective damping coefficient. For a fluidic piston-cylinder dashpot with clearance gap d, piston
diameter D, piston length L, and dynamic fluid viscosity u, the damping coefficient is given
by

B 3 LuD?

=" (1+2d/D) (5.8)

For the parameter values describing our fabricated device (Sec.[5.6.2), Equation[5.§]yields a
damping coefficient of approximately ¢ = 9.8 Ns/m when the actuator is filled with ferrofluid.
In contrast, if the same actuator is filled with air rather than ferrofluid, ¢ = 1.2 x 1072 Ns/m,

which is four orders of magnitude smaller.

5.4.4 Dynamic Forces

When the coil in energized and the system is unloaded, the motion of the moving magnet
system was modeled as a damped harmonic oscillator with a driving force F,,(¢) generated by
the electromagnetic circuit,

d*z dz

e — = 5.9
mos F...(t) 7 kz (5.9)

where z and m is the normal displacement and mass of the moving mass element (bearing,
moving magnet, and top plate; parts B, C and D in Fig. respectively, c is the damping
coefficient (Eq. (5.8)), and & is the stiffness of the membrane (Sec. [5.4.2)).
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The solution to (5.9) can be identified in the Fourier domain, with the undamped (¢ = 0)

natural frequency of the system being denoted as wy = /k/m:

Fom () (m(w§ — w?) — jew)

S(w) = 5.10
Aw) m?(w? — wg)? + Aw? 10
For sinusoidal driving signals, F,, = A cos(wt), the solution is:
A
2(t) = cos(wt — ¢)
Vm2(w? — w)? + c2w? 5.11)

¢ = arctan <;u—02)>

m(w? — wg

When ¢/m >> 1, the system is dominated by the damping, and the effect of the mechanical
resonance is minimized. Such a system exhibits several properties that are desirable for a
haptic actuator, with the acceleration d?z/dt? being uniform across frequencies, and the system

possessing a linear phase response.

5.4.5 Optimization of geometry

The results and insights from the electromagnetic and mechanical modeling were used to
optimize the geometry of our fabricated device shown in Fig.[5.2] The actuator dimensions
were specified in order to allow it to supply haptic feedback to the human fingertip. The
diameter of the actuator was selected to be 18.5 mm, which is slightly wider than the average
width of a typical adult index finger.

The diaphragm thickness h of the membrane could only be varied in manufacturing by 0.5
mm increments, based on the fixed thickness of the fabric reinforcement layer. In order to
maximize the displacement, the minimum thickness of 0.5 mm was used. Without the rein-
forcement layer, lateral forces produced by the magnet assembly location being outside of the

minimum concentricity tolerance cause the membrane to buckle and the magnet assembly to
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rotate out-of-plane.

The dimension a was specified as 7.75 mm based on manufacturing and electro-mechanical
considerations regarding the minimum thickness of the actuator housing. The dimension b was
specified to obtain a membrane stiffness of approximately 1 N/mm, to ensure deformations
within the displacement limits of the bearing, upon the application of forces. Based on this
constraint and the available dimensions of commercially available rare-earth magnets, we se-
lected the value of radius of all elements within the moving mass assembly b to be 3.97 mm.
This resulted in a predicted stiffness of ket = 1.25 N/mm (5.2)).

The fixed magnet placed at the bottom of the actuator was made as wide as possible to
provide consistent static forces, even under the introduction of small radial offsets within man-
ufacturing tolerances. Further, the thickness of this magnet was chosen to be the smallest
available to minimize the magnetic reluctance it imposes in the flux path.

The coil was chosen to be wound with a wire of conductor diameter 0.255 mm (30 AWG),
which imposes a steady state current limitation with its rating of 0.86 A. The bearing dimen-
sions such as the clearance gap, and piston length (Sec.[5.4.3)) were specified based on machin-
ing and fluid transport constraints.

We then considered the length of the core/coil assembly, the outer diameter of the core, the
thickness of the moving magnet, the thickness of the top plate, and the distance between the
moving magnet and core as free parameters, and optimized the geometry by running parameter
sweeps with step sizes of .25 mm within our FEA numerical models. We identified the con-
figuration that produces the largest electromagnetic force F.,,. We also imposed an additional
constraint during this process to verify that during regular operation within current limits, the
sum Fa. + Fopn 1s always positive. This ensured that the force never turned attractive dur-
ing regular operating conditions, which would have caused the moving mass to adhere to the

ferromagnetic core and introduce significant non-linearities.
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5.5 Thermal modeling

The robustness of the proposed actuator depends on its thermal properties in addition to
the electromechanical design. Compact electromagnetic actuators typically experience high
temperatures due to the combination of resistive and induction heating with a small mass. As
a result, thermal considerations often limit the utility of these compact actuators. We therefore

carefully evaluated the thermal behavior of the actuator.

5.5.1 Actuator Features and Thermal Characteristics

Several design decisions shape the thermal characteristics of the actuator. The spacing be-
tween the suspended elements and the coil and the inclusion of a dashpot cylinder are justified
by their impact on the mechanical performance of the device but introduce appreciable thermal
effects. In particular, the aluminum linear bearing introduces a new conductive thermal path
from the coil to the moving magnet. However, we explicitly introduced several measures to
enhance the ability of the device to transfer the heat generated at the coil. Specifically, the in-
ternal cavity increases the heat capacity of the actuator, thus mitigating the rise in temperature
due to heat generation. This feature also introduces the possibility of including a coolant liquid
with a greater heat capacity than air, a role taken up by the added ferrofluid.

We identified three relevant temperature-dependent constraints for the device: the melting
of the insulating coating of the coil wire, the demagnetization of the permanent magnets, and

the degradation of the device’s performance past the Curie temperature of Permalloy-80.

5.5.2 Thermal Behavior and Simulations

To examine the thermal response of the proposed design, we begin with a generalized

description of the heat transfer problem for the actuator:

112



A Fluidic Electromagnetic Actuator for High-Fidelity Haptic Feedback Chapter 5

oT
pCpﬁ +pCou- VT +V - q=Q + Qtea (5.12)

where 7' is temperature, ¢ is time, p is the material density, C,, is the specific heat at constant
pressure, u is translational velocity vector, q is the conductive flux, @ is the heat received from
additional sources, and () is the heat dissipated through mechanical stress. To apply this gov-
erning equation to the intricate geometry of the actuator, we carried out a set of axisymmetric
FEA heat transfer simulations in COMSOL. These numerical studies implement transient mod-
els of the device after two minutes of continuous operation. We used time-dependent solutions
because the device’s sealed configuration prevents it from reaching steady-state until after a
few hours of operation. This figure is outside of the device’s intended operational conditions,
so we incorporated a time frame appropriate in the context of haptics.

The heat transfer models used the material properties listed in Table. [5.I] To account for
the range of commercially available materials, we created two simulations to represent best
and worst-case scenarios in terms of time to failure. We modeled the electromagnetic coil as a
single material to eliminate the computational cost associated with its detailed geometry. To do
so, we established an equivalent value of thermal conductivity for the coil using results from
an auxiliary simulation [243]]. The equation

Q

Gcon —rad — 5.13
¢ ¢ Tmar - Twall ( )

was used to calculate the effective coil conductance from this auxiliary simulation which only
featured the coil, where G.yn4—raq 18 the radial conductance of the coil, Q is dissipated heat
flux, 7}, 1s the maximum temperature domain, and 7, is the temperature imposed at the
coil’s upper edge. Equivalent radial conductivity ()\;,) was then derived from the following

expression
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r Gcond—rad * €
A, = N (5.14)

where S, and e, are the coil width and half-length, respectively. Additionally, the specific heat
capacity of the coil was set to that of the wire insulator since it effectively limited the rise in
temperature by surrounding the copper conductor.

In a preliminary analysis, we used an effective model of eddy current losses in wires [244]
to determine that the heat generated within the bearing and the ferromagnetic components as
fabricated was less than 0.1 W at 1000 Hz excitation, the highest frequency at which haptic
actuators are driven. This analysis suggested that Joule heating in the coil was the dominant
mechanism of heat production heat in the system.

We performed simulations with resistive heat generation at the coil and modeled natural
external convection using Nusselt-number correlations for flat plates. Finally, we imposed
appropriate thermal contact resistances at metallic interfaces using approximate surface rough-
ness values and an interstitial air layer.

We repeated the analysis with currents varying from 0-6 A for configurations without a
coolant and with ferrofluid. Preliminary results suggested that failure due to the demagne-
tization of the neodymium magnets is far more likely than the other modes. Subsequently,
we shifted the focus of the simulations to this constraining factor. Representative results are
included in figure [5.3] We defined the safety parameters with respect to the critical tempera-
ture for demagnetization (Tpermissivie/ Timaz)- Subsequently, values less than 1 indicate potential
failure. The simulations predict that at 1 A of input current (intended operational condition), no
failure should occur within 2 minutes of continuous usage. The device is capable of handling
greater currents over progressively shorter intervals of time (Fig. [5.3B). Finally, Fig. [5.3]A2
juxtaposes the simulated temperatures to empirical results. This comparison validates the ef-

fectiveness of the simulations in predicting the device’s thermal response. We carried out
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Figure 5.3: Sample results from the numerical models of the actuator’s thermal performance.
Al) Temperature plot after 120 s of operation of the ferrofluid-filled actuator at [ = 1 A.
A2) Time evolution of the numerically predicted temperatures in comparison to empirical
measurements at the bottom of the canister for I = 1 A. B) Safety parameter at varying input
currents plotted after 120 s of continuous operation. The sealed configuration means that
the steady-state regime takes hours to set in; a time limit of 120 seconds of continuous use is
implemented as a reasonable sustained operational condition in a haptics experimental setting.
The results suggests that 1 of current can be driven through the actuator for more than two

minutes, and larger current values can be safely used for shorter durations.

further testing on the individual coil to confirm the accuracy of the assumptions made about

material properties. The results of our thermal models indicate the device’s resilience against

thermal failure when operated within the anticipated current range and over limited periods of

continuous use.

Material Heat Capacity (ﬁlk) Thermal Conductivity (m—”;-() Density (%) References
Maximum | Minimum || Maximum Minimum Maximum | Minimum
Permalloy 80 502.42 494.34 34.61 19.66 9992.45 8740.00 || [245] [246]
N50 Neodymium Magnet 502.42 460.55 8.96 6.16 7600.00 | 7500.00 || [247] [248]
Thermal Epoxy 1100 1038.25 5.76 0.17 1150.00 1150.00 || [249] [250]
Wire Insulator 2300.00 1090.00 0.35 0.15 1540.00 1380.00 [251]
Ferrofluid 4000.00 1500.00 0.80 0.60 1200.00 1000.00 || [252] [253]

Table 5.1: Material properties used in the thermal models of the actuator.
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5.6 Fabrication

The materials used for the prototype actuator were all chosen to meet specified require-
ments and optimize the performance, as described below. We then present the steps used for

fabrication of the actuator. All parts are labelled as in Fig[5.2]

5.6.1 Material Selection

Fiber-reinforced silicone membrane (part E): Ecoflex 00-30 platinum cured silicone was
chosen because of its durability and similar softness to human skin [254]. While the silicone
provides a desirable mechanical response, it is capable of many hundreds of percent strain.
With the translation of the moving mass being unconstrained, the force experienced by the
permanent magnet could displace the bearing out of the shaft and even rupture the membrane.
A 4-way stretch knit fabric was added to reinforce the membrane and limit its displacement.
During the assembly process the fabric reinforcing layer is embedded in the silicone matrix as
detailed in section [5.6.2]

Magnetic circuit components (parts D, H, and G): For the metal components that make up
the magnetic circuit, we used a soft nickel alloy composed of 80 percent nickel, 4.4 percent
molybdenum, and 15.6 percent iron (Permalloy 80, ESPI Metals, Ashland, OR), a material
often used for high-performance magnetic applications. These components were machined
from billet stock and then annealed in accordance with ASTM A753 for Type 4 materials.
The equipment available could not produce the ’dry hydrogen’ atmosphere specified, however
we were able to heat treat the material at 1150 C and quench at 300C per hour with flow-
ing hydrogen. As a result, the magnetic saturation of the alloy increased by 8% to ~ 0.9 T,
and the magnetic permeability remained approximately unchanged, as measured by a SQUID
magnetometer (MPMS, Quantum Design, San Diego, CA).

Permanent magnets (parts C and J): We chose neodymium magnets sourced from commer-
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cial vendors (D51-N52, KJMagnetics, Pipersville, PA; and D1058, SuperMagnetMan, Pelham,
AL for magnets C and J respectively).

Bearing (part B): A critical alignment and damping feature, the bearing was fabricated
from 2024 aluminum. Aluminum was chosen in order to withstand the heat generated by the
electromagnet, and minimize the weight of the moving mass.

Fluid displacement feature (part F): As the ferrofluid which we incorporate is an incom-
pressible fluid, the design needs to account for a reservoir that allows for the fluid to displace
into it during the motion of the moving mass. For the assembled prototype, we implemented

this with a thin tube (®;p = 3 mm) which is ported to the side (Fig.[5.6/A).

5.6.2 Fabrication

All of the metal components were fabricated from billet stock using traditional machining
and turning methods. The nickel alloy parts were subsequently heat treated as described in
the previous section. The core (part H) was sent to a coil fabricator to accurately wind the
electromagnet coil (part K). The coil winding should be tightly packed to maximize efficiency
and minimize volume for space efficient packaging. The manufacturer of the coil attempted
to achieve hexagonal packing of the windings, however tolerances on the winding machine
resulted in a combination of hexagonal and square packing reducing the field strength from the
theoretical maximum. The annular core facilitates the winding operation, gives an alignment
feature for the upper magnet in the diaphragm by locating part B, and provides the cylinder
feature for the dashpot made from parts B and H.

The fabrication process has four critical steps to ensure effective operation of the actuator

as seen in Fig. [5.4

(A) Parts D, C, and B are assembled in a stack and added to a mold with the fiber reinforcing
fabric laid on top. The assembly is then encapsulated with Ecoflex 00-30.
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(B) The wire and filling port A, and fluid displacement feature F are added to the housing
G. The lower permanent magnet J sticks to a shallow cavity in the housing G. The elec-
tromagnet coil assembly (parts H and K) is stuck to the top surface of the magnet and
roughly centered. The wires from the electromagnet are passed through the wire outlet

in A.

(C) Sub-assemblies described in steps (A) and (B) are placed in an alignment fixture, and
a bead of room temperature vulcanizing silicone (RTV) is applied to the sealing sur-
face. The fixture then marries and clamps the final assembly. During this process the

aluminum piston fits into and concentrically locates the electromagnet core.

(D) Once the RTV is cured, the final assembly is removed and filled with ferrofluid. The tube
comprising the fluid displacement feature is finally clamped away from the actuator to

seal the system.
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5.7 Characterization

To evaluate the performance of the constructed actuator, we performed a combination of
dynamic, quasi-static, and thermal characterization. The dynamic performance was studied
through transfer function, step response, and discrete sinusoid measurements. Next, the quasi-
static forces produced in an isometric configuration were measured in steady state operation.
Finally the thermal characteristics of the actuator were measured by recording the increase in

temperature during steady state operation.

5.7.1 Apparatus and procedure

The actuator was mounted in a fixture and bolted to an optical table to reduce ambient vibra-
tions. Measurements of the actuators performance were recorded via laser doppler vibrometer
and force transducer, which were also mounted to the optical table.

A laboratory amplifier (PA-138, Labworks Inc., Costa Mesa, CA) was used in voltage con-
trol mode to drive the actuator, and measurements were taken with a data acquisition system
(USB-6211, National Instruments, Austin TX) controlled by a computer. The current through
the actuator was measured, and proportional control was used to provide specified input cur-
rents. Data was collected from a prototype both with and without ferrofluid.

The unloaded dynamic response of the ferrofluid and air-filled actuators were characterized
with a 1-axis non contact laser doppler vibrometer (PDV-100, Polytec Inc., Irvine, CA). A thin
piece of retro-reflective tape was attached to the center of the moving mass, which served as
the position at which measurements were taken. A linear frequency sweep (1-1000 Hz, 10
sec, 5 repetitions) input signal at different current values (0.1, 0.2, 0.5, 1 A peak) was used to
compute the frequency response of the actuator. A square wave (2 Hz, 5 sec, 5 repetitions) was
used to estimate the step response of the actuator for the same current values discussed above.
Measurements were also taken for sinusoidal signals (20 discrete frequencies logarithmically
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spaced between 5 and 1000 Hz, 5 secs, 5 repetitions) at 0.25, 0.5 and 1 A peak currents. This
allowed the computation of peak-to-peak displacements (A,,) and total harmonic distortion
(THD) values at these discrete frequencies.

To investigate the influence of the fluid displacement feature on the actuator dynamics, the
unloaded dynamic responses were measured with the clamp location on the ported tube varied
between 2 and 5 cm from the end of the actuator. The minimal length of 2 cm was determined
by the structure of our fixture. The clamp location was set to 5 cm for the reminder of the
measurements.

After the construction of the actuator, static force measurements between the magnets can
no longer be isolated due to the intrinsic interaction with the membrane’s restoring force.
Rather, the electromagnetic force output F.,, of the actuator was characterized at different
operating displacements, using a 6-axis force transducer (Nanol17 F/T Sensor, ATI Industrial
Automation, Apex, NC). In order to eliminate any magnetic interactions between the actuator
and transducer, and reduce the contact condition to a point load, a 2.5 cm long custom cylindri-
cal probe with a hemispherical tip was 3D-printed from ABS and fitted to the force transducer.
A 3-axis spirit level was used to ensure that the transducer was level. A laser displacement sen-
sor (IL-1000, Keyence Corporation, Itasca, IL) was used to measure the relative displacement
of the moving mass along its stroke with a resolution of 10 pm.

Once the transducer was positioned and the displacement recorded, the transducer was
tared for more accurate measurements. The actuator was then driven with a stepped signal
that varied from -1 A to 1 A DC in 0.2 A increments, and the force values were recorded.
Each trial was repeated 3 times. A delay of 2 minutes was introduced for thermal reasons, and
the procedure was repeated a different position along the actuator’s displacement range, with
measurements taken along 3 different points between the top and bottom of the stroke, each
separated by 0.5 mm.

To characterize the thermal performance, a K-type thermocouple was affixed to the bottom
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of the canister with tape, and thermal measurements were taken with a digital thermometer
(Fluke 52 1II, Fluke Corporation, Everett, WA). This configuration was taken to represent the
worst-case scenario for heat buildup, as all the metal surfaces of the actuator were enclosed
within the insulating surfaces of the ABS fixture and tape. The actuator was driven with a 1
A DC current for 2 minutes, and the temperatures were recorded with a sampling period of 5
seconds. Two trials of the thermal measurements were conducted for each actuator. The time
taken for the actuator to cool down to room temperature was also recorded.

Finally, to test the limits of the actuator when driven with impulsive signals, the actuator
was driven with a rectangular 10 ms wide pulse while measuring forces with the force trans-
ducer. The intensity was increased from 5 A in steps of 10 A, till we either approached the

limitations of the utilized amplifier, or the actuator was driven to failure.

5.7.2 Results

The electrical properties of the actuator are dominated by its resistance and inductance.
The resistance was measured to be 2.7 €2, and its series inductance was measured to be 1 mH.
All results are for the ferrofluid actuator, unless otherwise noted. For the R-L electrical load
of the inductive coil, this results in a 3 dB point of 500 Hz. Beyond this frequency, the current
through the actuator decreases by 20 dB/decade when driven by a fixed voltage.

The unloaded dynamic responses differ greatly for the air-filled and ferrofluid actuators
(Fig. [5.5]A). The air-filled actuator shows a prominent resonance at 165 Hz (Q = 3.8), with
peak-to-peak accelerations of 64 ¢'s for a 0.5 A peak current input (1 g = 9.8 m/s?). This
prototype was strongly non-linear when driven at larger currents. In contrast, no resonance
was observed for the ferrofluid actuator within 1000Hz, and the response is essentially flat in
the frequency domain beyond 300 Hz. At frequencies up until 40Hz, the ferrofluid actuator

has accelerations larger than the air-filled prototype by an average of 6 dB. At low frequencies,
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Figure 5.5: Characterization results. A) The dynamic response of the unloaded actuator,
computed as the transfer function between the voltage applied to the actuator and the mea-
sured acceleration in m/s%. The air-filled actuator exhibits a resonance at 165 Hz, while
the presence of viscous damping makes the ferrofluid actuator an overdamped system with
no resonance. At low frequencies under 50 Hz, the ferrofluid actuator also exhibits larger
accelerations when compared to the air-filled prototype, due to the increase in magnetic per-
meability within the actuator. B) Displacements of the moving mass of the ferrofluid actuator
for an 8.5 Hz, 1 A amplitude sinusoidal current input. At low frequencies, the accelerations
are limited by the displacement limits of the actuator. Peak displacements (800 pm) fall in
line with values predicted by the membrane stiffness and force outputs. C) Step response of
the actuators, with a 0.5 A stepped current input. The step response of the air filled actu-
ator is dominated by its resonant frequency, and rise times average 12 ms. In contrast, the
ferrofluid actuator exhibits a sub-2 ms rise time. D) Quasi-static loaded force measurements
of ferrofluid actuator vs direct current (DC). Error bar denotes the standard deviation of the
measurement at 1 A. We measure a force output of 0.45 N/A from the actuator in the central
region of its stroke. The force values predicted by numerical simulations were highly depen-
dent on the material model used for the permalloy, we therefore present the range of predicted
force outputs for varied B-H curves of high-nickel steel alloys. Inset picture - Actuator within
the measurement fixture, placed under the force transducer.

the peak accelerations are displacement limited. The responses shown are consistent across
different input current levels, with the transfer functions independently computed from the 0.1
A and 0.5 A peak current measurements only differing by 0.2 dB on average.

The measurements for discrete sinusoidal signals show that for the ferrofluid actuator, the
peak full scale displacements A, at low frequencies under 50 Hz approaches 1.6 mm for a
1 A peak input (Fig. [5.5B). At high frequencies, peak-to-peak accelerations of the air-filled
and ferrofluid actuators are comparable, at 20 and 23 ¢'s respectively for a 750 Hz 0.5 A peak
current input.

The air filled actuator was highly non-linear at a high currents, particularly below reso-
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nance. The computed THD values averaged -15 dB when driven with a 0.5 A peak current
signal at frequencies below 150 Hz, and averaged -30 dB above the resonance. The ferrofluid
actuator was more linear, with THD values averaging -37 dB across the frequency range at
identical current input. Even with 1 A peak current inputs, the THD of the ferrofluid actuator
never exceeded -23 dB.

The air-filled actuator has its step response dominated by its resonant frequency, with rise
times averaging 12 ms, which corresponds to 2 cycles at 165Hz (Fig. [5.5[C). Peak-to-peak
accelerations averaged 19 ¢'s for a 0.5 A current step. The ferrofluid actuator showed a rise
time of 2 ms, just marginally above the rise time of the current pulse (1 ms). Peak accelerations
were computed to be 4.7 ¢'s for a 0.5 A current step. The responses for the air filled actuator
were highly non-linear at larger current steps. The responses of the ferrofluid actuator were
similar over the range of clamp locations considered, with less than 1 dB of difference between
them over the frequency bandwidth (Fig.[5.6B).

The peak electromagnetic force measurements when the actuator was measured in the mid-
dle of its designed stroke, at 0.45 N/A (ferrofluid) and 0.295 N/A (air filled) (Fig.[5.5D). At the
bottom of its stroke, the actuator delivered 0.32 N/A (ferrofluid) and 0.21 N/A (air filled). At
the top of the stroke, the specific force outputs were 0.34 N/A (ferrofluid) and 0.23 N/A (air
filled). When driven by impulsive 10 ms pulses, peak forces of 12 N were measured from the
ferrofluid actuator with a 38 A current pulse, at which point we hit upon the limitations of the
employed amplifier.

The temperature of the ferrofluid-filled actuator measured at the base increased by 13.5 °C
when driven by 1 A DC for 120 seconds. The air-filled actuator, in contrast, had its temperature
rise by 17.6 °C. For both actuators, it took approximately 100 seconds per °C to cool back down

to room temperature.

123



A Fluidic Electromagnetic Actuator for High-Fidelity Haptic Feedback Chapter 5

Clamp pt. 1 Clamp pt. 2
—
0 4
2cm 5cm
B 40
————
_. 30
'8 % 20 =-—2cm
5 w10 =5cm
o oun
c C 0
28
= 2 -10
=-20
-30
0 200 400 600 800 1000

Frequency (Hz)

Figure 5.6: Analysis of fluid displacement feature and impact on device performance. A)
To allow for an incompressible fluid to displace during the translation of the moving mass,
we ported the ferrofluid-filled actuator with a tube (®;p = 3 mm). The tube was clamped
tightly to seal the system, with the resulting air column acting primarily as a spring. B)
Empirical unloaded dynamic response for different lengths of the air column. The results
vary only marginally (< 1dB) for different column lengths (2 vs. 5 cm), suggesting that a
minimally compact feature that allows for the ferrofluid volume to displace into it will perform
identically.

5.7.3 Discussion

The results show how the actuator can reproduce frequencies from DC (constant forces) to
1000 Hz, with the accelerations achieved through the ferrofluid actuator flat in the frequency
domain beyond 300 Hz. The phase response of the system was measured to be linear. The
broad frequency response alongside the low harmonic distortion levels allows for the controlled
reproduction of various high-fidelity haptic effects using this fluidic actuator.

A comparison of the unloaded responses of the air-filled and ferrofluid actuators shows how
the viscosity of the ferrofluid in conjunction with the aluminium dashpot introduces significant
damping, which makes it an over-damped system (calculated damping ratio = 4). This mini-
mizes the influence of any mechanical resonance on the dynamics of the system, as evidenced
by the unloaded dynamic and step responses.

At low frequencies, the device is dominated by the stiffness and limited by peak displace-

ments; i.e. at a given force output from the electromagnet F.,,, the membrane does not dis-
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place more than F,, ke from the equilibrium point, limiting the unloaded accelerations. As
an example, within the stiffness controlled regime, fixed amplitude sinusoidal displacements

z = c-sin(27 ft) result in accelerations which increase with frequency f -

a=dz/dt* = (21 f)*z

Indeed, at low frequencies below 40 Hz (Fig. [5.5/A Inset), the measured accelerations increase
with increasing frequency at the expected 40 dB/decade rate. At these frequencies, the gen-
erated displacement is a more useful metric for device performance than the acceleration, and
the fabricated actuator achieves peak-to-peak displacements of A, = 1.6 mm for currents I =
1 A.

For signals which cause large displacements of the moving mass along the stroke, such as
large current inputs at low frequencies, or around the resonance of the air-filled actuator, we
observe non-linearities as evidenced by the THD measurements. These are due to both the
hyper-elasticity of the membrane constraining motion at the top of the stroke, and the hard
mechanical limit at the bottom of the stroke. The variation of F,;. with displacement could
also play a role. We measured an effective stroke length of 1.25 mm over which linearity
can be assumed, with measured THD values below -30 dB over all examined frequencies.
This stroke length along with the minimal rise and fall times (Fig. [5.5[C) allows a haptics
designer to position the actuator with a slight clearance to the fingertip, and deliver sensations
of transient or constant contact in addition to vibrations, through the application of impulsive
or DC currents.

The only additional dynamics introduced with the fluid displacement feature as imple-
mented is the stiffness introduced by the air column within the tube, which we computed to be
negligible in relation to the stiffness of the membrane. To empirically verify this, we repeated

the unloaded dynamic responses at varying clamp locations (Fig.[5.6). The results suggest that
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for the frequencies of interest for haptic applications, a minimal (~ 60 mm?) fluid displacement
feature would result in identical performances.

In static equilibrium with zero input currents, we measured representative membrane de-
flections of 6 = 1 mm. Paired with the predicted membrane stiffness value of 1.25 N/mm, this
provides an estimate of Fy;,;;. = 1.25 N. This is marginally lower than the prediction of 1.45 N
made by the numerical models (Fig. for an equivalent magnet-magnet distance of dy,;;, =
7 mm.

The electromagnetic force outputs of the actuator, while significantly higher than the sim-
plified analytical models and those achieved by comparable commercially available actuators,
were lower than that predicted by the numerical models (Fig.[5.5D). On further inspection and
with magnetic characterization of the Permalloy-80 samples, we came to the conclusion that
the annealing process during the fabrication was unable to fully optimize the magnetic per-
formance of the metal. The properties of the material such as its saturation field strength have
large effects on the theoretical performance of the device, as seen by modifying the FEA model
to utilize the B-H curves of different high-nickel steel alloys. Our empirical measurements fall
within the range of predictions. We hypothesize that the peak forces can be improved by nearly
60 % within the current design by further optimizing the metallurgy of the components.

The performance of the actuator was compared with vibrotactile actuators available from
commercial vendors (ERM - Model 310-003, Precision Microdrives, London, UK; Haptuator
Mk 11, Tactile Labs, Montreal, Canada; C-2 Tactor, Engineering Acoustics, Inc., Casselberry,
FL; LRA - Model C10-100, Precision Microdrives; Piezo - Model 2626H023V120, TDK Elec-
tronics, Tokyo, Japan) (Table. . The constructed actuator is unique among electromagnetic
actuators in its ability to generate constant forces, and its wide frequency bandwidth. While
piezoelectric actuators can deliver comparable sensations in bipolar operation, their utility is
hampered by complex driving requirements, small displacements, and thermal constraints at

high frequencies. In contrast, the constructed fluidic actuator can be driven through simple
126



A Fluidic Electromagnetic Actuator for High-Fidelity Haptic Feedback

Chapter 5

commodity electronics.

Constructed | ERM | Haptuator | C-2 Tactor | LRA Piezo
Actuator Mk II
Volume (cm?) 3.4 0.27 52 1.5 03 1.6
Weight (gram) 19.5 1.1 8.7 17 2 6.7
Operating / rated frequency (Hz) DC - 1000 167 | 90-1000 | 200-300 | 175 | DC-500
Maximum displacement range (mm) 1.25 - - 1 - 0.025
Static force (N) 0.45 - - * - 4.5
Peak-to-peak accelerations (¢g) 46 (unloaded) | 0.9 8 * 1.5 32
Rated power draw (W) 2.7 0.06 0.3 1 0.046 *

Table 5.2: Comparative table of vibrotactile actuators (* indicates lack of publicly available data)

The thermal behavior of the actuator, as validated through empirical measurements, en-
ables us to generate its sustained force output of 0.45 N for a duration of two minutes or more,
while using a power of 2.7 W. However, most haptics applications rarely utilize forces or vi-
brations over such long durations. More interestingly, the thermal simulations also predicted
that currents as high as 6 A could be safely used for 3 seconds without causing the actuator
to fail, which predicted the possibility for larger transient force outputs. We verified this by
investigating whether the actuator would fail through the application of large amounts of cur-
rents, over a short duration of 10 ms. The actuator was still functional at the end of this testing,
and we measured peak force outputs of 12 N for 38 A of current. The scaling of the force
was sub-linear for currents above 2 A, which we had predicted due to the effects of magnetic
saturation. Nevertheless, these measurements showcase a much larger dynamic range of forces
can be achieved for short durations.

For applications where the finger firmly applies a load to the actuator, the mechanical sys-
tem of the actuator is coupled to the dynamics of the skin. Estimates for the stiffness of the
skin of the digits range from 0.25 to 1 N/mm [255]], which is smaller than the membrane stift-
ness discussed here, but of the same order of magnitude, which suggests a strong coupling.
Therefore, the forces and displacements applied to the skin in a practical setting would require

additional analysis, which we aim explore in future work alongside specific haptic evaluations.
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5.8 Evaluating Unique Capabilities of the Haptic Actuator

This compact haptic actuator is capable of reproducing mechanical signals in several regimes
that cannot be reproduced in a controlled fashion using conventional haptic actuators, particu-
larly those suitable for wearable applications, including sustained forces (near DC frequencies),
transient contact, and very low frequency vibrations. The last of these makes it uniquely well
suited to reproducing the dynamic spatiotemporal sensations discussed in Chapter 4.

To demonstrate this, we designed a wearable interface and used the same paradigm invented
in the research described in chapter 4 to evaluate whether the compact haptic actuator can
convincingly reproduce spatiotemporal effects. In comparison with the electrodynamic shaker
previously used for the experiments in Chapter 4, the designed haptic actuator is smaller in
each linear dimension by one order of magnitude, and in mass by two orders of magnitude,

enabling its integration into a wearable form-factor.

5.8.1 Wearable interface design

We designed a wearable interface that allows the actuator to be positioned underneath, and
provide normal indentations to, the fingertip. To accomplish this, the actuator is placed in a
fixture within a rectangular frame. A lead screw is used to translate the position of the fixture,
to accommodate for variations in the size of fingers (Fig.[5.7A). An overhang plate was added
to the frame, to allow for reaction forces to be spread throughout the length of the finger when
the actuator is reproducing sustained forces. This enables the delivery of simple kinesthetic
cues, a challenge for most wearable devices [120]. We 3D printed a prototype made of ABS
plastic for the experiment (Fig. [5.7B). Velco straps were used to attach the interface to the

finger.
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Figure 5.7: Evaluation of the designed actuator in a wearable setting. A) 3D model of the
wearable interface to place the actuator on the skin. A rigid plate extends along the length
of the finger, and maintains contact with it through the use of velcro straps. A fixture is used
to hold the actuator underneath the overhanging plate. A lead screw is used to translate the
position of the fixture. B) Image of the actuator and interface worn on the index finger of the
hand. C) Results of the perceptual experiment. Participants consistently reported the designed
stimuli to be spatiotemporally varying, with this compact, highly portable actuator (median
accuracy > 90%). D) In an example interactive application, the ability to generate constant
and low-frequency forces can be used to recreate sensations of contact with virtual objects, in
addition to vibrotactile feedback.

5.8.2 Perceptual experiment

Four participants volunteered for the experiment. The participants were naive to the pur-
pose of the experiment, and had not previously experienced the spatiotemporal effects. Partic-
ipants were seated, and the wearable device was fitted to their index finger of their left hand.
The positioning of the lead screw was adjusted to ensure that the finger was held in consis-
tent contact with the moving mass of the actuator. The procedure, stimuli and analysis of the
experiment was identical to that employed in the previous chapter (Sec. £.5). In brief, the
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designed “expanding” (EX) or “contracting” (CO) stimuli were presented alongside control
stimuli which had no systematic variations in frequency bandwidth over time. For every trial,
participants were presented with one designed stimulus (EX or CO) and one control stimu-
lus, an animated visual representation matching the presented designed stimulus, and reported

which of the two stimuli resulted in perceptual sensations closest to the visual representation.

5.8.3 Results and discussion

Without prior training, participants consistently associated the designed stimuli with the
visual representations of “expanding” or “contracting” (Fig.[5.7C). The designed stimuli were
selected with median probability of nearly 100% (CO stimuli: 100%, EX: 92%). The percent-
age correct scores were substantially greater than a positive effect threshold of 75%, showing
how the developed actuator can consistently reproduce complex haptic stimuli in a controlled
fashion, in a manner similar to much larger laboratory equipment. Further statistical tests were
not performed in light of the limited sample size.

In a post-hoc experiment, participants were asked to repeat a few trials of the experiment
with the electrodynamic shaker. Participants were able to clearly identify the directionality of
the spatiotemporal effects with both actuators, although some participants reported perceiving
marginally smaller variations in the spatial extent with the compact actuator, likely due to
smaller displacements achieved at low frequencies.

The results highlight the ability of the developed actuator to generate high-fidelity vibro-
tactile sensations. We also experimentally verified that the actuator can present forces to the
finger, through the application of constant or impulsive signals. We hypothesize that the ability
to bring the actuator in and out of contact with the finger can therefore allow it to generate

sensations of touching virtual objects (Fig.|5.7D), which we plan to evaluate in future work.
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5.9 Conclusions

We present a novel haptic actuator design based on the interaction forces between perma-
nent magnets and an electromagnetic coil, which utilizes an elastic membrane to provide the
restoring force to a moving mass that is coupled to the skin. The actuator incorporates fluidic
elements to optimize the mechanical response across a large range of frequencies. Through
careful and considered design, we obtain large forces (0.4 N sustained, > 10 N transient),
which can be utilized to provide indentations and vibrations to the skin. The wide range of re-
producible frequencies from DC to 1000 Hz enables the effective delivery of vibrations through
the entire tactile range of sensitivity of the skin. The thermal design ensures that actuator can be
used to provide sustained stimuli for two minutes or more. This high-fidelity actuator exceeds
the comprehensive performance achievable through comparable state-of-the-art actuators, and
can reproduce varied and rich tactile stimuli.

Due to its compact size, this actuator can be easily implemented in a wearable form factor.
In addition, the ferromagnetic actuator housing constrains most flux lines within it, acting as a
form of magnetic shielding. This makes it advantageous for the design of multi-actuator setups,
as individual actuators can be brought close together with low cross-interference. This design
shows great promise for the development of haptic displays consisting of a spatially dense grid

of high-fidelity actuators.

131



Chapter 6

Design of Distributed Optoelectronic Skin
for Haptic Feedback via Light Fields

A longstanding goal in haptic engineering for virtual and augmented reality is to realize prac-
tical technologies and devices that furnish touch sensations to the skin — the sense organ of
touch. This has proved challenging due to the large spatial extent and substantial spatial res-
olution of the skin. A further challenge arises from the complex shape and movements of the
hands. While electromagnetic actuators, such as those discussed in Chapter 5, are exceed-
ingly versatile, they are difficult to make flexible and to miniaturize for use in simultaneously
stimulating extended regions of the skin. This chapter presents new methods for the design
of distributed skin-interfaced functional soft devices, and describes the design of a display
capable of delivering electrotactile stimulation to multiple locations of the finger on directed
exposure to light, enabling the skin to “see” optical patterns. This research facilitates the con-
struction of flexible haptic displays that can provide spatially programmable haptic feedback

over large areas of the skin, and are thus tailored to the distributed nature of tactile perception.

At the time of writing, content of this chapter is in preparation for eventual submission to
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an interdisciplinary journal with the provisional title:
S. Biswas*, B. Dandu*, Y. Shao, D. Goetz and Y. Visell, ”Stretchable Optoelectronic Skins

for Haptic Feedback via Light Fields”.

* These authors contributed equally.

Abstract

A longstanding goal in haptic engineering has been to realize electronic displays for stim-
ulating the sense of touch that can mirror the sensing characteristics of the skin, in ways that
are analogous to how commodity video displays reflect attributes of the visual system through
the reproduction of colors at varying intensities, with a high spatial resolution. Engineering
such haptic devices with conventional methods has, however, proved far from feasible within
the state of the art, due to the impressive spatial and temporal tactile sensing capabilities of the
skin, paired with its complex structure. Here, we address this by proposing a new distributed
haptic display technology that allows the skin to “see” by means of stretchable and wearable
skin-interfaced electronics that translates programmable light fields into palpable sensations
across wide areas of the skin. We describe the device design, fabrication methods, character-
ization, and physiological considerations that are essential for the development of this haptic
display. The fabricated prototype integrates 14 stimulatable locations within a 8 x 2.5 cm
surface, is thin and light (< 1.5 mm, < 8 g), and fully conforms to the fingers. This design
is highly scalable, and can be applied over large surface areas of the skin. The characteris-
tics of this device makes it suitable for haptic applications seeking to reproduce whole-hand

sensations, such as in tactile augmented reality.
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6.1 Introduction

Recent advances in virtual and augmented reality technologies make it possible for large
numbers of people to experience the immersion of their visual and auditory senses within
computer-generated environments. Although haptic feedback has been shown to improve im-
mersion in VR/AR [256, 257, the sense of touch remains an under-utilized modality in human-
computer-interaction when compared with vision and hearing. The reasons for this are varied.
One challenge to realizing haptic displays that can stimulate the skin in a manner analogous
to video displays is the sensitive, distributed, and multi-modal nature of human touch sens-
ing. With the skin, we gather a wealth of information via touch, including location of contact,
pressure, vibrations, and temperature, via the continuum of the skin surface. The spatial and
temporal resolutions of touch sensing are high. Thus, it is a major engineering challenge to
design haptic interfaces that can reproduce plausibly realistic touch sensations similar to those
felt in naturally occurring interactions, and a further challenge to make such a device wear-
able. While many prior wearable haptic displays have relied on integrating arrays of discrete
modular components into garments [122]], such approaches can result in a bulky device when
designed to deliver sensations over large areas of skin with high resolution. In contrast, thin
and lightweight skin-integrated haptic interfaces hold promise for their ability to furnish haptic
feedback without need for the use of encumbering devices or interfaces [99, 258]].

Here, we present a new wearable skin-interfaced programmable haptic display technology
for furnishing tactile patterns to the skin. This technology enables the skin to “see” projected
optical patterns by translating patterns of light to electrotactile patterns that can be felt via the
skin. We achieve this via modular (scalable) optoelectronic circuits formed on soft and stretch-
able polymer substrates that interface with the skin. The arrays of circuit elements transduce
incident light to localized electrical current that is delivered to the skin. When combined with

commodity optical projectors, they enable the skin to feel optically delivered patterns. Figure
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Figure 6.1: Illustrative application of the novel opto-electronic haptic display being proposed.

A) The haptic display conforms to the fingers, and is optically controlled, allowing for a user

to perceive virtual objects rendered by an augmented reality headset. B) The haptic display

consists of an array of electrodes. Through careful alignment and programming of light fields,

electrotactile stimulation is applied at the rendered contact locations (shown in red), allowing

for the tactile identification of the geometry of virtual objects.
[6.1] presents a schematic illustration of a potential application of this haptic display in aug-
mented reality. This system can enable users to use their hands to feel 3D virtual objects in
mid air, and may thus be integrated with three-dimensional visual displays such as augmented
reality headsets. The location and intensity of haptic stimulation is programmable via media

(images or video) presented from commodity video projectors. The design of this circuit facil-

itates the delivery of perceptually localized tactile sensations. We present new manufacturing
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methods that make it possible to efficiently fabricate these highly functional artificial skins us-
ing standard processes. This research paves the way for the development of soft and wearable

haptic displays that can deliver programmable tactile sensations with millimeter scale detail.

6.1.1 Background and proposed approach

While several methods for delivering touch sensations to the skin have been investigated,
including vibromechanical actuation using electromagnetic, piezoelectric, and pneumatic trans-
ducers [86], electrotactile stimulation approaches provide several advantages that make them
particularly well suited for delivering high-resolution spatially distributed tactile patterns to
the skin. Electrotactile stimulation uses skin-interfaced electrodes to transmit currents into the
skin to set up potential gradients, depolarizing the haptic sensory nerves and exciting action
potentials that travel to the central nervous system [93259], resulting in perceptual sensations.
The stimulation parameters can be chosen to preferentially excite various classes of nerves,
and to optimize the quality of the sensations [96, 98]. Some of the advantages of electrotactile
stimulation include the greater integration densities and flexibility achievable due to the lack
of mechanically moving parts, and lower power draws when compared with equivalent vibro-
tactile methods. A further discussion of different haptic feedback methods and their relative
mertits is provided in section [2.4.1] of the dissertation.

Although there have been several proposed wearable haptic displays utilizing arrays of
electrotactile stimulation electrodes for haptic actuation at the fingers [260, 261]] and forearms
[262, 263] 264, 265, 146], these approaches are limited in their scalability. In other words,
it is a challenge to greatly increase the number of addressable electrodes of such approaches,
as would be required to stimulate large areas of skin with high resolution. The capability to
provide currents to multiple skin locations simultaneously also remains a challenge. These

issues primarily arise from the multiplexing mechanism which is used to electronically control
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the electrode to which the low intensity currents are directed. The complexity of this control
method scales with the number of addressable electrodes within the display. Further, multi-
plexing requires a large number of control line traces to be routed through the substrate, which
remains a challenging problem for flexible electronics even with state-of-the-art manufactur-
ing methods. Simple multiplexing methods also only select a single electrode at a time, and
significant overhead and complexity is required for each additional simultaneously addressable
electrode.

To combat these issues and develop a highly scalable device architecture, we sought to de-
sign a new topology and control method. The key insight enabling the effective realization of
this display in the present work is that a modular construction with an appropriately designed
control mechanism would only require a small number of connections to an external current
source, and therefore a constant complexity irrespective of the total number of electrodes in
the system. Such a modular device can also provide currents to any number of electrodes
simultaneously. For the design of the control method, we were inspired by ideas from the sen-
sory substitution literature [266], namely, approaches to “see” light with our skin. Instead of
programming the stimulation location with electrical signals, we utilize optical sensing compo-
nents within each modular element which independently gate the delivery of current. Current
regulating components are used to limit the peak currents delivered to each module and its cor-
responding electrode. The programming of the array is therefore achieved with applied light

fields, which generates tactile patterns over the applied regions of skin.

6.2 Design

We present the design of an optically programmable skin-interfaced device that is capable
of simultaneously delivering electrotactile stimulation over wide areas of the skin. The device
is implemented using an external driving circuit which provides pulsed voltage signals to a
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wearable interface which consists of a modular array of tactile pixels (“taxels”). The taxels,
in the presence of incident light, applies the pulsed signals to the skin through means of skin

interfaced electrodes.

6.2.1 Electrical design of taxels

The skin-worn interface consists of a distributed array of taxels which individually detect
the presence of incident light on them and excite the contacted region of skin with electrotac-
tile stimulation. We designed each sub-unit (taxel) of our array to be functionally independent,
with the capability to deliver currents through multiple taxels at arbitrary locations simulta-
neously. As a consequence, programmed optical patterns presented on the array can result in
corresponding haptic sensations.

The design objectives for the taxel element were to optimize the layout size, energy effi-
ciency, comfort and safety, while allowing for the specification of the light sensitivity. The
designed electrical circuit of the taxel (Fig. [6.2]A) was optimized through the use of SPICE
circuit simulations.

The taxel consists of a phototransistor (PT; TEMT6200FX01, Vishay Intertechnology Inc,
Malvern, PA) that detects the presence of incident light and outputs a photocurrent. This current
sets up a voltage across a bias resistor connected between the base-emitter junction of a high-
voltage transistor, controlling the free current flow through the collector-emitter junction. This
combination of the phototransistor and transistor functions as a light controlled switch. To
minimize the amount of latent power draw of the system, we used a high voltage PNP transistor
(HT; CMPTAY4, Central Semiconductor Corp., Hauppauge, NY) in our design. This circuit
only draws current when light is shined upon the taxel, and is completely off otherwise. A
high voltage line is connected to the emitter of the transistor, and the skin-interfaced electrode

is connected to the collector. Therefore, the presence of light of high illuminance impinging
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on the phototransistor connects the high voltage line through to the skin resistance, causing the
injection of sub-dermal currents.

A monophasic pulsed signal (200 V nominal amplitude, 200 ps pulse width, 50 Hz fre-
quency) is provided to the high voltage line by means of an external driving circuit (described
below). The pulse width was specified during pre-testing, and 200 s widths were previously
reported to generate electrotactile sensations [93|,267]. The taxel is designed to deliver positive
currents into the skin (anodic stimulation), which had previously been reported to preferentially
stimulate the rapidly adapting nerves and Meissner corpuscle mechanoreceptors [268]. This
influenced our choice to target the Meissners specifically with the 50 Hz repetition frequency.
We use a voltage source connected differentially between the high voltage line and the pho-
totransistor to power the phototransistor within its specified operating voltage. Each electrical
component was chosen to be the smallest commercially available surface mount device (SMD)
which met our required specifications.

The resistance of the bias resistor R (27 k{2) was empirically chosen to ensure that the tran-
sistor turns on with the photocurrent generated at 1000 lux of incident white light. This light
level was chosen to be well above typical ambient levels measured in well lit indoor environ-
ments (600-800 1x) as measured by a commercial light meter, thus preventing stimulation of
the skin unless specifically excited by an external light source. The optical sensitivity of the
device can be easily manipulated by changing the value of the bias resistor. Reducing R will
decrease the optical sensitivity, requiring higher illuminance levels to turn the device on, and
vice versa.

The electrical safety of the device was given paramount consideration to prevent uncom-
fortable shocks when worn on the skin. During the fabrication process, all circuit traces were
coated with 100 pm of insulating material at a minimum, ensuring that only the electrodes
are in contact with the skin at any point. As previously discussed, the PNP transistor en-

sures that the electrode is disconnected from the high voltage line in the absence of light. To
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introduce over-current regulation, each taxel also includes a current regulating diode (CRD;
S-202T, Semitec USA Corp., Torrance, CA) which limits the current being injected into the
skin per taxel to 2 mA. Although the CRD physically occupies a large area (3.5 mm x 1.6
mm, the largest SMD in the circuit) which reduces the integration density of the system, we
incorporated it due to the greatly improved safety it provides.

The current limit of the CRD was chosen to exceed the reported sensation thresholds for
200 ps pulses by a factor of two, which is within the commonly reported dynamic range of
electrotactile stimulations [93]]. This minimizes the possibility of painful sensations, while still
ensuring the stimulation can be perceived across multiple locations. As our design allows for
multiple taxels to be turned on simultaneously, the per-taxel current regulation also facilitates
more constant perceptual sensations throughout the surface of the device, in comparison to a
design with current regulation purely at the source. With the aforementioned pulse parameters,
a peak energy of 0.16 mJ was delivered per pulse, which is within the limits specified by IEC

601-2-10, the international standard for electrical nerve stimulators [269]].

6.2.2 External driving electronics

The pulsed signals used for electrotactile stimulation were generated through a compact ex-
ternal electrical circuit (Fig.[6.2B). A 555 timer IC (LMS555N, Harris Corporation, Melbourne,
FL) was used to operate an astable multivibrator that generates square waves, with the pulse
width and repetition frequency of the signal (200 us, 50 Hz) controlled by the values of the
resistances in the circuit.

This pulsed signal was connected with a sensing resistor to the input of a high voltage (HV)
relay (PLA160, IXYS Corporation, Milpitas, CA). A voltage controlled HV source (Trek 2210,
Advanced Energy Inc., Denver, CO) was connected to the supply voltage pin of the relay, and

the electrotactile array was connected as the load. The pulsed input signals served to close the
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Figure 6.2: Designed electrical circuits. A) Circuit diagram of a taxel. The presence of light
beyond a certain threshold value causes the photocurrent to turn the high voltage transistor
(HT) on, delivering voltage pulses to the load resistance. A current regulating diode (CRD)
limits the peak currents delivered to the load. B) Compact driving circuit employed to gener-
ate pulsed high voltage signals delivered to the skin-interfaced opto-electrotactile device. A
pulse generator controls the operation of a relay which connects the high voltage source to
the load.

supply side electrical circuit during the active phase of the signal, thus delivering a pulsed HV

signal to the load. The value of the sensing resistor was chosen to optimize the rise and fall
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times of the pulsed high voltage signal. The electrical components of the driving circuit were
powered through a 6 V battery. A second 5 V battery is used to provide the differential voltage
to power the phototransistor. In total, there are only two wires which connect the device to
the driving electronics (high voltage, differential voltage lines), independent of the number of
taxels in the array.

The average power consumption of the driving electronics was calculated to be under 0.1
W. For each taxel actively delivering currents to the skin, we estimate an average power draw
of 8 mW for a representative skin resistance of 200 k2, making this an extremely efficient

method of haptic actuation.

6.2.3 Electrode design

It is a challenging mechanical problem to design electrodes for wearable devices that main-
tain consistent electrical contact with the skin, particularly as the act of wearing the device
may require the substrate to be bent to varying degrees. One prior approach has utilized micro-
springs to push the electrode towards the skin [261]].

To address this challenge, we integrated conductive, spherical, beads as the active elec-
trodes. This raises the profile of the electrodes above the rest of the device. The soft substrate
surrounding the beads acts as an elastic membrane, with the restoring force ensuring that the
electrode provides consistent and firm contact with the skin. For the fabricated device, we used
spherical (3 mm diameter) beads. On the surface of the skin, we found that this typically re-
sulted in a circular contact patch with a diameter of 2 mm. In preliminary testing, we found that
using electrodes with smaller contact patches resulted in painful sensations due to the larger
current densities, which guided the design choice of using wide, spherical beads.

The active electrodes (with one electrode per taxel) are positioned in an array, with the

layout determined by the desired application location on the skin. We were able to achieve
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integration densities as dense as 1 taxel/cm? using our fabrication method discussed below. For
desired applications on the finger, we could configure this as either a 14 X 1 ora 7 x 2 array.

To provide a return path for the currents injected into the skin, we used two 3 mm wide rect-
angular strips of electrically conductive tape (Tape 9712, 3M, Saint Paul, MN) as the ground
electrodes. The tape was cut to the length of the array, and placed on the skin 4 mm away from
the nearest electrode, and flanking both long ends of the array. The use of conductive tape
enabled the placement of a physically large ground electrode near all the taxels, in a manner
analogous to prior research [265], while still allowing for the kinematic movement of the joints
of the hands and fingers. Using an external component for the current return path also allowed
us to increase the integration density of the electrotactile device.

During the design of electrotactile stimulation systems, referred sensations have previously
been reported in some cases, where it is thought that currents penetrate to deeper nerve bundles,
resulting in sensations over a wider, or more distant area [270, 271, 272]. In preliminary testing,
we observed that the proposed electrode configuration drastically limited the occurrence of
referred sensations, as compared to other layouts which we considered.

The design of the electrode layout was further guided by numerical simulations as described

below.

6.2.4 Numerical modelling of in-vivo currents

Electrotactile stimulation is usually understood to arise from currents from skin-interfaced
electrodes propagating into epidermal regions to directly stimulate the nerve interfaces of the
mechanoreceptors, which the brain interprets as mechanical sensations (Fig. [6.3A) [95, O7].
The perceived intensity of sensations has previously reported to be strongly correlated with
the current density [273], 274], and thus we decided to investigate the current densities within

the skin for our electrode configuration, particularly at the typical depths of mechanoreceptors
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[275], by using a simplified electrical model.

We used COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden) to perform three
dimensional finite element analysis simulations to examine the steady state electrical currents.
The skin was modelled as a two layer plate with surface dimensions 2 cm x 8 cm. The topmost
layer was chosen to model the stratum corneum, the outermost layer of the epidermis of the
skin, which is the most electrically resistive. The second layer was chosen to model viable
skin which consists of the remainder of the epidermis and the dermis. The thickness and
electrical conductivity of each layer were selected to be the representative values reported in
literature [276|, 277]] (parameters are listed in Table. [6.1]). The properties of each medium were
set to be uniform within its dimensions. The effective skin resistances computed by the model
are slightly larger (300 k{2) than prior empirical measurements of resistance of the glabrous
skin of finger by a factor of 1.5. We hypothesize that this difference is due the existence of
sweat glands and skin hydration, which reduce the effective resistance in-vivo on electrical
stimulation, the effects of which are not fully captured by our simulated model. Nevertheless,
the model enabled us to better understand the effects of modifying the electrode configuration

on the current density within the skin.

Skin layer Thickness (mm) | Electrical Resistivity ({2.m) | Relative Permittivity (e,.)
Stratum Corneum | 0.02 8 x 10* 10%
Viable skin 1.2 4.6 10°

Table 6.1: Parameters used in the numerical model of electrical currents in the skin

Circular gold electrodes of diameter 2 mm were positioned in a 3 X2 array, with the columns
separated by a center-to-center spacing of 4 mm, and adjacent rows separated by 1 cm, and
electrical contact was established with the skin. Two rectangular, 3 mm wide ground electrodes
extend throughout the length of the skin, and placed 4 mm away from the array on either side.
A constant current of 2 mA was injected into each of the active electrodes, and we measured
the current densities at all points of the skin model.
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Figure 6.3: Results of numerical modeling of the in-vivo currents with the proposed tactile
array. A) Schematic diagram of operation. The voltage applied to the skin results in currents
penetrating through to the dermis of the skin, where they stimulate the afferent nerves of the
tactile system, resulting in sensations. B) Results of a finite element simulation of the skin
with six activated electrodes, showing current density at a plane 20 um below the surface
of the skin. C) Cross-sectional view of the current density. Peak densities occur directly
underneath the electrodes. D) Enlarged view of the current density 700 pum into the skin,
the depth at which a relevant class of tactile mechanoreceptors are located. The asymmetric
electrode layout, with the physically larger area of ground electrodes, ensures that sensations
are perceived close to the locations of the electrodes.

When all six electrodes are active, the current density at a plane 20 pm into the surface
of the skin highlights some interesting findings (Fig. [6.3B). The asymmetrical layout of the
active and ground electrodes (with physically larger grounds) ensures that peak current den-
sities occur primarily near the active electrodes, with the densities at the ground being less
pronounced. Further, densities are far more diffuse in the dermal regions between the active
and ground electrodes. Studying the cross sectional view across two electrodes and the skin,

shows how peak densities (of 0.35 mA/mm?) occur almost directly under the active electrodes

(Fig. [6.3C). This is the case even at plane 700 pm into the skin, the typical depth at which
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the Meissner corpuscles are located (Fig. [6.3D). These results suggest that with this designed
electrode layout, users of the device can localize sensations directly underneath an active elec-
trode, enabling the development of dense, high resolution spatial grids by scaling the number

and density of taxels.

6.3 Fabrication

The optoelectronic skin was envisioned to be worn on the skin, in a manner that can be
programmed remotely using optical methods. However, such a wearable device requires the
electrodes to make direct contact with the body, while the phototransistors must be capable of
receiving optical signals from an external source. This requires components to face opposite
directions, while being electrically connected on the same plane. Further, these circuits need
to be physically stretchable, and embedded within a flexible and soft substrate, to allow for the
the device to conform to the skin.

A primary challenge in the development of highly integrated electronics within soft mate-
rials is the less mature manufacturing process. To provide an example, polydimethylsiloxane
(PDMS) is one of the most commonly used polymers in stretchable devices. However, this
material is not compatible with micro-fabrication techniques such as thin-film deposition or
high-resolution lithography due to thermal expansion that results in cracks within the sub-
strate. Further, the assembly of SMDs using pick-and-place tools is highly challenging on
soft substrates. We overcome these challenges by engineering a hybrid manufacturing method
utilizing a heterogeneous integration of materials.

We use lithography methods to deposit circuit traces (Au; 10 pm thick) with inherent strain
management features [278) 279] onto a rigid carrier, which consists of a Si wafer with a thin
coating of polymethyl methacrylate (PMMA) and poly-imide (PI). We then assemble all the
active and passive electrical components onto the circuit by using solder-based interconnects
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and standard pick-and-place techniques. A relatively thick substrate layer (=1 mm) of silicone
polymer is coated onto the carrier, and once it has cured, is peeled off from the Si wafer at
the sacrificial PI layer. The remaining PI is then removed through dry etching. The electrical
components remain embedded within the silicone, and the back of the circuit is now exposed,
which allows for more electrical components to be assembled. Here, we solder spherical (3 mm
diameter) gold-coated beads onto the electrode contacts, and wires to connect to the external
driving circuit. We finally encapsulate the back surface with a 100 pm thin silicone layer,
which provides insulation from the circuit traces (Fig. A,C,D), and additional mechanical
stability to the spherical electrodes.

A key feature of this hybrid manufacturing method is the introduction of the stretchable
substrate material at the end of the processing sequence, leveraging the full benefits of mi-
crofabrication techniques on a rigid carrier. The process is compatible with a wide range of
moldable elastomers. For our fabricated device, we used a silicone polymer which is soft,
stretchable, and transparent (Sylgard 182, Dow Corning) (Fig. [6.4B).

We designed the device to be wearable with high conformity, which is essential for seam-
less and uninterrupted electrical contact with the body during active movement of the hand.
However, the conformity of wearable devices largely depends on its thickness and flexibility.
On the other hand, these parameters modify the mechanical stability of the device, which influ-
ences its ability to be used in a repeatable and consistent manner. The SMD components of the
circuit also contribute to the overall thickness of the device. Based on these considerations and
several design iterations, we selected a thickness of our current prototypes within the range of
1.2 mm to 1.5 mm (Fig. Inset). We fabricated arrays with two different configurations,
each with 14 taxels within a 8 x 2.5 cm area (Fig. [0.4B), and with minimum center-to-center
spacing between electrodes being as low as 4 mm apart. Each fabricated array weighed 7.4 g.
Fig. [6.4E shows a photograph of devices with different layouts applied on the fingers. While

the finger has a small radius of curvature (= 2 cm), making it a challenging region for the
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Figure 6.4: Design and fabrication of the stretchable opto-electrotactile skin. A) Circuit
traces and active electronic components are embedded within layers of a soft, stretchable sub-
strate (PDMS). Three dimensional electrodes (spheres) extend through the encapsulation to
make contact with the skin. B) The device partially through the fabrication process, show-
casing the assembled electronic components, and two grid layouts which we considered. C)
Assembled device, Inset figure showcases the cross-section. D) Front and back views of one
functional unit (‘taxel’) of the device. E) Images showing the opto-electronic skins conform-
ing to and contacting the finger.

placement of stretchable devices, our mm-thin optoelectronic skin uniformly conforms to it. In
preliminary testing, we identified that the 7 x 2 array functions better for most haptic applica-

tions, likely in part due to the additional resolution along the width of the finger.

6.4 Characterization

To verify the functionality of the taxels, namely that controlling illuminance provides con-

trol over the delivered current and thus the stimulus intensity, we first performed electrical
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characterization with a fixed load resistance. We then followed it up with in-vivo measure-
ments to study variations in skin resistance at different locations, so as to identify ways to

optimize the device for haptic applications.

6.4.1 Opto-Electrical Characterization

To verify that controlling the illuminance modifies the current delivered to the load resis-
tance in a controllable manner, we placed the array in a dark enclosure (measured illuminance
< 20 Ix) at a fixed distance of 10 cm from controllable light source array consisting of white
LEDs. A commercial light meter placed at an identical distance was used to measure the inci-
dent illuminance level for each light step. A 100 k{2 load resistor R;,,q was soldered between
the active electrode of one taxel and the ground, and the voltage signal v(¢) across the load was
measured through a digital oscilloscope for each light level. The value of the load was chosen
be within the previously reported ranges of bio-impedance at the fingertip for analogous pulsed
inputs (30 - 200 k€2) [280, 281} 282]]. We measured the current pulses generated at different

illuminance levels, and different source voltages.
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Figure 6.5: Results of the characterization of a taxel with a fixed 100 k2 load resistor. A)
Time resolved current through the load, for different illuminance values. Beyond 1000 Ix,
currents exceed levels reported to cause perceptual sensations (1 mA). At large light intensi-
ties, the empirical measurements are in good agreement with the simulation results. B) The
time averaged current as a function of illuminance follows a logistic function between 0 and
2.2 mA, with it exceeding 1 mA at 1200 Ix, a level that is above typical indoor lighting. C)
The time averaged current as a function of input voltage, for various illuminance levels. The
input voltage can be a useful control parameter to modify the intensity of sensations at a given
illuminance level.
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A representative measurement of a single current pulse 4, () delivered to the load at vari-
ous light levels is shown in Fig. [6.5]A. We computed and plotted a summary metric, the time
averaged current 7 delivered to the load by integrating the area under the curve per pulse, for
various light levels (Fig. [6.5B). The pulse width T}, was specified to be 200 us. For square
pulses, the total electrical energy delivered per pulse can be easily computed from this metric,

__ 2
Eelec =1 RloadTp-

[ ip(t)dt
TP

7=

The results show that the delivered current 7 increases monotonically with the illuminance
FE;, and can be modelled as a log-sigmoid function ¢ = log(1/(0.126 + exp(—0.0012 x Ey))),
with an excellent fit (R? = .991). The taxel is fully off below 160 Ix of incident illumination.
Small amounts of current (< .8 mA) are delivered to the skin for light levels between 200
and 1000 1x. These levels of current are below the previously reported sensation thresholds of
electrotactile stimulation for 200 us pulses [93]]. For a 100 k{2 load, the taxel delivers 1 mA
of current at 1200 1x, which consistently triggers electrotactile sensations. The time averaged
current levels off at 2.1 mA at an illumination level of 6000 1x, with further light intensities
not increasing the current. These results show that the circuit only allows peak currents of 2
mA, ensuring safe operation. In subsequent testing, we also measured currents of 2 mA from
four taxels at the same time, showcasing the simultaneous operation capabilities of the device.
When attempting to drive a larger number of taxels, we hit upon the internal current limiter of
our high voltage source.

For any given illumination level, the time averaged current also varies monotonically with
the source voltage, before levelling off. (Fig. [6.5]C). Therefore, in addition to the intensity
of incident light, modification of the source voltage can serve as another method to control
the intensity of electrotactile stimulation. This is important since in practical applications, the

load resistance R;,,q Of the skin can vary significantly from person to person, or potentially
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even with changes in contact conditions [273]]. In these cases, adjusting the source voltage can
serve as a convenient way to modulate the delivered currents across the entire array, without

necessitating a modification of the optical signals used for programming the device.

6.4.2 In-vivo characterization

The resistance of human skin varies over its surface, and depends on its local thickness,
geometry and the skin humidity, among others variables [280, 283, [284]. Although, the palm
and the fingers are tremendously important for tactile sensation, the spatial variation of in-
vivo skin resistances at those locations is not comprehensively understood, with prior work
generally focusing on a single location such as the fingertip. As our device was designed to
be patterned over large areas of the skin, and applies a fixed voltage to the skin across all
taxel locations, the currents, and therefore the intensity of sensations, depends on the local skin
resistance. Therefore, it was critical to study the in-vivo skin resistance at various locations
of interest on the hand. To evaluate this, we measured in-vivo currents at varied stimulation
locations of the hand and the fingers of a single participant (the author S.B.) using our device.

The in-vivo current was estimated by measuring the voltage drop across a 2 k) shunt
resistor connected in series at the high voltage source. We measured the current at 9 distinct
locations of interest on the hand (Fig. [6.6/A). Namely, these are numbered as follows - 1 - tip
of the index finger (digit 2); 2 - 4 - centers of the distal, intermediate and proximal phalanx
of the palmar surface of the index finger ; 5 - base of the middle finger (digit 3) on the palm;
6 - thenar eminence on the palm; 7 - center of the wrist on the palmar surface; 8 - center
of the intermediate phalanx of digit 2 on the dorsal surface; 9 - base of digit 3 on the dorsal
surface. For each location, we fixed the illuminance level at 3000 Ix, and measured the time
resolved currents, with the source voltage level varied in steps of 20 V from 20 V to 300 V. An

estimate of skin resistance was computed by dividing the provided source voltage by the time
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averaged current. For each measurement, the participant was also asked whether the sensation

was perceivable, and whether it was uncomfortable or painful.
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Figure 6.6: An examination of the in-vivo performance of the device. A) The numbered
locations of the skin at which in-vivo current measurements where taken. We attempted to
obtain data from a wide range of positions along the finger, the palm, wrist, and the dorsal
surface of the hand. B) Time resolved currents at various locations on the skin, for a fixed
illuminance level (3000 Ix) and input voltage (200 V). Results indicate that there is variability
within the resistance of the skin at various locations. C) Time resolved current at a single
location (Pt 2), for various input voltage levels. Currents increase to perceptual levels above
160 V. D) Variation of the time averaged current as a function of the voltage, for varying
stimulation locations. Shaded areas denote the levels of in-vivo current and input voltage
required for the sensations to be perceivable. As all taxels of the array are driven with a single
voltage level, the driving voltage can be adjusted based on the positioning of the array to
ensure that all taxels are perceivable, without being uncomfortably intense.

For a fixed source voltage level, the skin resistance varied dramatically across locations,
which could be identified from the time-resolved measurements (Fig. [6.6B). For example, at

200 V, we measured resistances as high as 1.5 M(2 at the tip of the index finger. On the other
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hand, at locations along the segments of the finger (location 2 - 4), resistances were similar,
varying between 180 - 240 k{2, with the lowest resistances at the distal segment. Resistances
at the other locations were typically measured at 300 - 400 k2. The results indicate that for a
whole-hand array, the perceived intensity might vary based on the location, if additional optical
control of the intensity is not employed.

We observed that at any specific location, the current increased super-linearly with source
voltage, indicating that the skin resistance drops at larger voltage levels, echoing prior findings
[285]. For example, at the center of the distal segment of the finger (location 2), computed skin
resistances of 430 k{2 were measured at 60 V, but this reduced to 280 k2 at 120 V, and 170 kf?2
at 200 V (Fig.[6.6[C).

As all taxels in the array are controlled with the same source voltage, the minimum level
required to obtain sensations through the entirety of the hand can be identified through study-
ing the voltage and current required to obtain perceivable sensations (Fig. [6.6D) at various
locations. The results also suggest that the variation of current with source voltage is generally
not monotonic. We hypothesize that this occurred due to temporal variations in skin resistance
arising from sweat and skin motion [286].

Measured time-averaged currents across all locations were never larger than 1.7 mA. At
the palmar locations, the participant reported perceived sensations for in-vivo currents beyond
0.7 mA, and that it felt uncomfortable when currents exceeded 1.5 mA. However, on the dorsal
surface, the corresponding sensation and pain thresholds were lower, at 0.3 and 1 mA respec-
tively. These results suggest that electrotactile devices intended to be used primarily on hairy
skin should be modified with reduced optical sensitivity, alongside more conservative current
limits. The variation in sensation and pain thresholds for different locations also indicates that
delivering identical currents across all the taxels of the distributed whole-hand electrotactile
array by modifying the circuit to be current-controlled (in contrast to the voltage control with

current limiters as implemented) would not resolve the issue of differing perceived intensi-
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ties across locations. Rather, for future work, we propose using optical control to modify the

intensities at each taxel location, following a calibration step.

6.5 Discussion and conclusion

In this work, we present a new type of conformable and scalable haptic display that pro-
vides electrotactile sensations to the skin with a high spatial resolution. Unlike conventional
methods to realize electrotactile arrays, our designed device utilizes a number of repeating,
self contained functional sub-assemblies, allowing for safe, simultaneous activation at multi-
ple locations. We constructed the array to be optically programmable, enabling the skin to
“see”, with control of haptic sensations achieved with simple, off-the-shelf hardware such as
projectors displaying optical patterns. The fabricated device was designed to be applied to the
fingers, and was manufactured on a stretchable substrate, allowing for it to freely conform to
the skin. The layout of the electrodes was guided in part by numerical simulations of electrical
current densities in skin. Through opto-electrical and in-vivo characterization, we verified that
the device works as intended, delivering perceivable sensations in the presence of incident light
beyond a specified threshold. Finally, we examined the spatial variability of skin resistances,
to further guide the design of future versions of whole-hand opto-electrotactile arrays. This
device design shows promise for achieving efficient, high resolution stimulation of the skin.
Further, the light-weight and flexible nature of the device allows for it to be applied to the
hands and fingers while preserving their natural range of motion, and the controllable repro-
duction of tactile patterns makes it particularly suitable for applications such as virtual object
detection in augmented reality.

The in-vivo characterization, while extremely informative, was limited by its sample size.
A more rigorous study with more participants can be considered to better identify spatial vari-
ations in electrotactile sensations over populations.
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In future work, we aim to perform a comprehensive evaluation of the fabricated device for
haptic applications, exploring the construction of programmable light field patterns that result
in effective wide-area haptic sensations. In future iterations, we also intend to miniaturize the
driving electronics, and eliminate the need for a desk-top voltage supply by utilizing DC-DC
converters that can generate high voltage, low current signals from batteries, enabling a fully

portable and wearable device.
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Conclusion

This PhD research was motivated by the engineering challenges of developing efficient tech-
nologies, including compact, wearable devices, for stimulating the sense of touch in manners
that are analogous to what can be achieved via commodity visual and audio displays. This
has been a goal that is still far out of reach even after decades of research. There are several
reasons for this, such as the distributed nature of human touch sensation and perception, the
complex physical phenomena involved in touch sensing, and the multiple haptic sub-modalities
involved, aspects of which are still not fully understood today.

Haptics is a highly multi-disciplinary domain, integrating research on varied topics of phys-
iology, biomechanics, perception, and engineering. In a similar vein, this dissertation con-
tributes to the knowledge in several different areas in an attempt to serve longstanding goals, by
presenting studies addressing proprioceptive sensing and the influence of visual information;
presenting studies evaluating the mechanical basis of touch that inform new efficient render-
ing methods for spatiotemporal stimulation; and informed by these, presenting the design and
engineering of new wearable haptic actuators and displays.

One aspect of the haptics research conducted during this PhD was motivated by the ac-

tive, integrative nature of perception, which encompasses the body’s capacities for both touch
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sensing and for perceiving the position and movements of the body. While prior research has
elucidated human abilities of perceiving the spatial location of the limb, less is known about our
ability to perceive the complex spatial configurations of the fingers of the hand during different
hand poses or manual grasps. Such questions are particularly relevant for emerging virtual real-
ity technologies, in which electronic sensing, in tandem with visual or haptic displays, are used
to provide embodied experiences of interacting manually within virtual environments. Chapter
3 presents the first direct investigation of human abilities of proprioceptively localizing mul-
tiple fingers of the hand via haptics or multimodally, using both haptic and visual cues. The
results highlighted a surprising finding - the localization errors were large relative to the size
of the hand, of the order of several centimeters, unless visual cues of adjacent finger positions
were provided. Further, the observed errors were finger-dependent, with the localization of the
thumb and index finger the most accurate, suggesting how human capabilities have adapted to
better support the tasks which these fingers perform. These results prove informative for haptic
applications that rely on the sensing of finger positions.

The development of efficient ways to stimulate the skin has been a great challenge in haptic
engineering research. Recent research findings elucidate how the biomechanics of the skin
greatly contributes to haptic sensation and perception, but such effects have scarcely been
investigated for their potential to facilitate the design of haptic devices. Chapter 4 presents
new research including studies of the physical transmission of mechanical stimuli delivered
to the skin, including the propensity of the latter to excite spatially propagating mechanical
signals traveling large distances along the skin. This research highlighted for the first time
the important role played by frequency dependent damping of propagating mechanical waves
in the skin. I utilized these findings to develop a method, described here for the first time,
that can, with as few as one single actuator, elicit dynamic, spatially varying haptic sensations
moving across the skin. This research shows how physically-informed feedback methods can

efficiently generate immersive, spatiotemporal haptic feedback for interactions within virtual
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reality. These results show how even a single actuator can be used to generate evocative, spatial
haptic effects, and suggests how haptic designers can use these methods to achieve extensive
control of spatial sensations on the hand by using a small number of actuators.

Motivated by the dearth of compact actuators that can reproduce complex haptic stimuli
such as those proposed in the preceding chapter, and the new opportunities revealed in that
research, Chapter 5 presents the engineering design and characterization of a compact, wear-
able actuator that can deliver high fidelity haptic sensations. This device is built to effectively
stimulate with skin over a wide range of frequencies, as well as to provide constant and tran-
sient forces. This actuator operates based on the interaction forces between a coil with currents
flowing through it, and a suspended permanent magnet. A ferrofluid was incorporated within
the cavities of the actuator to improve the magnetic and thermal performance, as well as to in-
troduce damping to the system and control for the mechanical resonance that typically affects
such electromagnetic actuators. The constructed actuator exceeds the comprehensive perfor-
mance achievable from current state-of-the-art compact haptic actuators and can render rich
sensations such as those described in Chapter 4. It therefore shows great promise for imple-
mentations in wearable and handheld devices.

Finally, motivated by the challenges of stimulating the skin with high spatial resolution in
a programmable fashion, Chapter 6 presents work on the design of a new haptic display that
can provide tactile patterns to wide areas of the skin in an optically programmable manner,
thus allowing the skin to “see”. By utilizing recent improvements in the field of flexible elec-
tronics, the display is implemented as an arbitrarily scalable array of electrical components
and electrodes, fabricated on a stretchable substrate that can be patterned onto the skin. The
application of directed light beams to an array element delivers low-intensity currents into the
sub-dermal regions of the skin in a controlled manner, which stimulates sensory nerves to gen-
erate tactile sensations. The findings of this chapter also describe physiological considerations

that can guide the design of technologies based on this novel haptic display technique. This
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proposed method is highly scalable and allows for the optically controlled delivery of localized
haptic sensations across large surface areas with high resolution, and with small amounts of
power used. The design makes it particularly attractive for use in conformable haptic devices
for augmented reality that can allow for the identification of the three-dimensional structure of

virtual objects.

7.1 Future research directions

This dissertation contributes to the body of knowledge of human perception and biome-
chanics, and presents effective approaches to obtain high fidelity haptic effects from wearable
devices. These methods have a great potential for implementation in haptic technologies for
virtual and augmented reality. However, there remain several open questions related to the re-
sults of this dissertation which are worth considering, and which need further research to fully
address.

Although the results of Chapter 3 provide information on the inherent ability of humans
to localize their fingers, the impact of visuo-proprioceptive mismatches arising from errors in
electronic sensing of the hand, on the immersion within virtual environments was not directly
addressed. Such a question would have to be evaluated with a different experiment, which
utilizes the findings of Chapter 3 within its design.

The haptic rendering methods discussed in Chapters 4 present specially designed stimuli
that generate spatiotemporal haptic effects of expansion and contraction. More investigation is
necessary to identify systematic ways to construct and modify these stimuli to allow a haptic
designer to specify the spatial extent and duration of the effect.

While Chapter 6 showcases the design and characterization of a haptic display consisting of
an electrotactile array that can be patterned onto the skin, more research is needed to optimize
the form factor and evaluate the functionality of the display for haptic applications. Further,
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within the current design, all the electrodes, in the presence of light deliver identical voltage
signals to the skin, with the currents influenced by local skin resistance. Potential improve-
ments to the design include implementing a closed loop control system to modify the intensity
of the controlling optical patterns. Further, the impact of self-occlusion that arises from natural
hand motion needs to be considered in the design and positioning of the optical source.

The research also suggests several avenues for future investigation that may contribute to
the overarching challenge of developing efficient technologies to stimulate the skin, some of

which are being pursued by me and my colleagues.

* The findings from Chapter 4 describe how vibrations applied to the skin propagate to
far away distances in a frequency dependent manner. This biomechanical behavior can
potentially be used to achieve wave-field focusing at distant locations of the hand, using
computational data-driven techniques such as time-reversal focusing and inverse filter-
ing. This could, for example, allow a device on the wrist to generate clearly perceivable
haptic sensations localized at arbitrary locations on the palm, while leaving the hand un-
encumbered for regular interactions. Further research is needed to shape the mechanical

waves within the skin, and the associated perceptual sensations.

* The results from Chapter 4 raise interesting questions regarding the perceptual relevance
of tactile waves. The mechanoreceptors that detect high-frequency stimuli (Pacinian cor-
puscles) have been reported in literature to have extremely large receptive fields, which
can be explained in part by the biomechanical properties of skin. However, the receptors
are distributed at densities that suggest that the brain receives information from several
hundred afferent nerves situated over large spatial regions for many contact events and
applied vibrations. The extent to which spatial encoding is utilized within neural pro-
cessing is currently an open question. To investigate this, we are utilizing the full-field

vibrometry dataset I collected, in conjunction with a computational toolbox that pre-
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dicts the spiking response of the sensory nerves, to better understand the information
contained within the population responses. This research shows promise for elucidating

more efficient methods to stimulate the skin.

* The rendering methods discussed in Chapters 4 and 5 present the designed stimuli to
the fingertip, a region of the hand that is actively used within exploration tasks to touch
objects. However, the generality of the underlying physical phenomena suggest that sim-
ilar methods could be used at other body locations, which we have empirically confirmed
through several demonstrations. Therefore, rendering algorithms that utilize the physics
of waves in the skin can be developed for use with wearable, multi-actuator configura-

tions.

* The haptic actuator and display proposed in Chapters 5 and 6 stimulate the skin with
high temporal and spatial resolutions respectively. However, it remains a challenge to
design a single, practical device which can accomplish both these goals. Conceptually,
such a device would take the form of a dense array of actuators conforming to the skin,
where each actuator can present arbitrary stimuli to the contacted region. However, elec-
tromagnetic actuators face significant challenges in miniaturization, and in designing
for flexibility; while electrotactile stimulation is often constrained to use short electrical
pulses to optimize the comfort of sensations, limiting the variety of haptic effects that
can be generated. More research is needed to overcome these limitations or to identify

effective new approaches.

The various findings presented in this thesis can be utilized in the development of new,
efficient, high-fidelity haptic displays for use in virtual and augmented reality, enabling users to
feel the virtual objects that they can see, resulting in several new applications being discovered
for these nascent but rapidly growing industries. The comprehensive realization of this goal

would require further advancements in the understanding of touch perception, the design and
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miniaturization of haptic actuators, and construction of effective haptic rendering techniques;
which this research contributes towards. The findings can also enhance the immersion and
collaborative aspects of virtual workspaces that utilize these devices, thus spurring societal and

economic advancement.
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