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TRAVELING-WAVE SURFACE HAPTICS TO GUIDE BARE FINGER MOVEMENT
OVER TOUCHSCREENS

by

Zhaochong CAI

1. The key to producing a salient mechanical sensation while maintaining low power
consumption is to use resonance. (this thesis)

2. Designing a structure with a specific geometry is the only way to ensure the exis-
tence of resonant traveling waves. (this thesis)

3. Designing haptic feedback based solely on perception is insufficient; users’ adap-
tive movements must be considered. (this thesis)

4. The best haptic interfaces are those with which users rely less on their vision and
more on their reflexes. (this thesis)

5. The ideal haptic interface should be designed not just for immediate usability but
for long-term motor learning.

6. Passion for science is not innate; it is a drive you have to foster.

7. First-year PhD students candidly questioning experts is the silent engine with which
science advances.

8. The most efficient time to complete a task is in the first hour after motivation
strikes; the second is the last hour before the deadline.

9. “Reviewer #2” is not a person; it is a force of nature sent to humble confident Ph.D.
students.

10. The three stages of a PhD: Excitement about the journey, questioning your life
choice thatled you here, and finally, acceptance. The sooner you reach stage three,
the more productive you will be.

These propositions are regarded as opposable and defendable, and have been approved
as such by the promotors Dr. M. Wiertlewski and prof. dr. ir. D. A. Abbink.
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SUMMARY

Touch is fundamental to our perception of the world and to interaction with our physical
surroundings. With touch we can intuitively and effortlessly move and shape objects and
control complex machines. In most modern machines, the part that interfaces with user
often integrate touchscreens or touchpads, owing to their ease of use. However, these
interfaces often deliver very poor tactile feedback, which limits the usability in contexts
such as driving, low-light environments, and for users with visual impairments. Existing
solutions like vibrotactile feedback, are poor substitute to the richness of natural touch
and offer only transient sensations. Surface haptic devices offer more complexity, but
since they rely on friction modulation, they require continuous movement and cannot
nudge the user to arbitrary directions. These limitations highlight the need for active
lateral force devices that can guide users in an arbitrary direction.

This thesis introduces the Ultraloop, an active surface haptic device that generates
net lateral forces using resonant traveling waves. Built around an oblong ring-shaped
structure, the Ultraloop provides a large and flat interaction area with uniform force gen-
eration. Unlike existing active haptic devices, it operates at resonance, achieving a high
vibration amplitude-to-input ratio, resulting in a more salient force feedback. Addition-
ally, this thesis introduces a planar adaptation of the Ultraloop, the flatLoop, which is
more compact with a height of just 5 mm, facilitating integration into consumer elec-
tronics.

These devices can guide users via their sense of touch and render complex forces
fields by modulating the wave amplitude and phase control as a function of the position
and velocity of the user. To evaluate their effectiveness, this thesis investigates two types
of rendered haptic environments: position-based elastic potential fields and velocity-
based viscous damping. Experimental user studies show that participants could per-
ceive virtual 3D shapes (e.g., bumps and holes) and stepwise force fields that enhance
their target-search performance. Moreover, directional cues provided by the force feed-
back enabled users to navigate toward a target without visual feedback, while viscous
damping environments, where lateral force is a function of finger speed, reduced oscil-
lations during selection, and improved overall targeting performance.

This doctoral work systematically explores the benefits of active force feedback in
touch interactions by introducing resonant traveling wave-based haptic displays and
performing user studies. By advancing surface-haptic technology, this research paves
the way for next-generation touch interfaces that support eye-free interaction and ef-
fortless control of complex machines.

xi
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Figure 1: Visual illustration of the devices and interaction paradigms explored in this thesis.



SAMENVATTING

Aanraking is fundamenteel voor onze perceptie van de wereld en voor interactie met
onze fysieke omgeving. Met aanraking kunnen we intuitief en moeiteloos objected ver-
plaatsen en vormgeven, evenals complexe machines bedienen. In de meeste moderne
machines bevat het deel dat met de gebruiker integreert touchscreens of touchpads van-
wege hun gebruiksgemak. Echter, deze interfaces bieden vaak beperkte tactiele feed-
back, wat de bruikbaarheid limiteert voor toepassingen zoals autorijden, omgevingen
met weinig licht, en voor gebruikers met een visuele beperking. Bestaande oplossingen,
zoals vibrotactiele feedback, zijn een gebrekkige vervanging voor de rijkheid van natuur-
lijke aanraking en bieden slechts vluchtige sensaties. Haptische oppervlaktetechnolo-
gieén bieden meer complexiteit, maar omdat ze athankelijk zijn van wrijvingsmodulatie,
vereisen ze continue beweging en kunnen ze de gebruiker niet in willekeurige richtingen
sturen. Deze beperkingen benadrukken de noodzaak van actieve laterale krachtappara-
ten die gebruikers in een willekeurige richting kunnen begeleiden.

Deze thesis introduceert de Ultraloop, een actief haptisch oppervlak dat netto late-
ral krachten genereert met behulp van resonante lopende golven. De Ultraloop is ge-
bouwd rondom been langwerpige ringvormige structuur en biedt een groot, vlak inter-
actiegebied met uniforme krachtgeneratie. In tegenstelling tot bestaande actieve hapti-
sche apparaten werkt de Ultraloop op resonantie. Hierdoor wordt een hoge verhouding
tussen vibratie-amplitude en invoer bereikt, wat resulteert in een duidelijker waarneem-
bare krachtfeedback. Daarnaast introduceert deze thesis een vlakke aanpassing van de
Ultraloop: de flatLoop. Omdat de flatLoop compacter is, met een hoogte van slechts 5
mm, is deze gemakkelijker te integreren in consumentenelektronica.

Deze apparaten kunnen gebruikers begeleiden via hun tastzintuig en complexe kracht-
velden weergeven door de golfamplitude en fasecontrole te moduleren als functie van de
positie en snelheid van de gebruiker. Om hun effectiviteit te evalueren, onderzoekt deze
thesis twee soorten haptische omgevingen: op positie gebaseerde elastische potentiaal-
velden en op snelheid gebaseerde viskeuze demping. Experimentele gebruikersstudies
toonden aan dat deelnemers virtuele 3D-vormen, zoals hobbels en gaten, en stapsge-
wijze krachtvelden konden waarnemen die hun zoekprestaties verbeterde. Bovendien
stelden de directionele aanwijzingen die door de krachtfeedback werden geboden ge-
bruikers in staat om zonder visuele feedback naar een doel te navigeren. In omgevingen
met viskeuze demping, waarbij de lateral kracht afhankelijk is van de vingerbeweging,
verminderde dit oscillaties tijdens de selectie en verbeterde het de algehele doelgericht-
heid van gebruikers.

Dit doctoraatswerk onderzoekt systematisch de voordelen van active krachtfeedback
bij aanrakingsinteracties door resonante lopende golf-gebaseerde haptische weergaven
te introduceren en gebruikersstudies uit te voeren. Door de ontwikkeling van opper-
vlaktetechnologieén op het gebied van haptiek vooruit te helpen, maakt dit onderzoek
de weg vrij voor de volgende generatie aanraakinterfaces die niet-visuele interactie en

xiii
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moeiteloze controle van complexe machines ondersteunt.
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2 1. INTRODUCTION

Touch is fundamental to our perception of our environment and interaction with the
physical world around us. Upon touching the various objects of our lives, tactile infor-
mation reveals whether a fabric is soft, textured, and of high quality; or whether a dial
is heavy, knurled, and precise in its operation. The forces caused by interactions be-
tween our hands and the environment create intricate deformations of our skin, which
our brains interpret as a flurry of complex sensations. These sensations help us to make
sense of the world, confirming or refining the mental models constructed from visual
and auditory input before physical contact.

Tactile perception is the building block upon which our ability to explore, grasp, han-
dle, and manipulate objects is built. Humans rely on touch to perform everyday tasks
effortlessly and deftly. Simple actions, such as lifting a glass of water or locating keys in
a pocket, are executed without vision and with minimal attention. In particular, when
interacting with machines, bumps and dents can guide us to the center of the buttons
and important features; clicks and detents inform us that an action has been executed
as we press down; and a rapid succession of transients tells us how much a dial has been
rotated. During these tasks, touch provides essential feedback to the brain regarding the
movement of the limb and the properties of the surface of the object, which is critical for
motor planning and adjustment. This continuous feedback loop, known as the sensori-
motor loop [1], [2], endows humans with the unique ability to perform dexterous tasks,
to control complex machines such as planes or cars and to operate computer peripherals
such as keyboards, all without the need to look at the controls.

Over the last 50 years, haptic interfaces have been developed to provide programmable
tactile and kinesthetic feedback to users. These interfaces function as small robotic sys-
tems whose end effectors can be manipulated by users. When encountering virtual ob-
jects, the robot applies forces that push back against their motion, creating the illusion
of touching a virtual environment. In a typical impedance control scheme, the position
of the handle is read and the controller generates the corresponding forces accordingly.
By modulating the output forces with the user’s movements, these devices can simulate
properties such as viscosity, elasticity, or inertia, allowing users to feel the weight, resis-
tance, or impact of objects. The ability to perceive these dynamic properties is essential
for achieving deft movements. Such haptic devices have a wide range of applications,
from virtual-reality-assisted assembly [3], [4] to teleoperated surgical instruments [5].

In recent years, touchscreens have become the dominant human-machine interface
(HMI), replacing physical buttons and dials on devices such as smartphones, tablets,
and vending machines. Their popularity stems from their intuitive and direct interac-
tion, achieved through the colocalization of visual content and finger input. However,
despite the increase in flexibility and programmability, touchscreens largely lack haptic
feedback, offering only visual and auditory cues. This absence of tactile input can create
challenges, particularly in scenarios such as driving, low-light conditions, or for users
with visual impairments.

To bring back a sense of tangibility, newer touchscreens incorporate vibrotactile tech-
nology that produces vibrations upon user interaction. Vibrotactile feedback uses me-
chanical vibration, typically in the range of 50 to 500 Hz, to signal events such as clicks or
notifications [6]. Its widespread adoption is attributed to its robustness, ease of imple-
mentation, low cost, and minimal energy requirements. However, vibrotactile feedback
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is primarily limited to producing transient signals, which are perceived as clicks [7], rum-
bles or textures [8], [9].

An emerging alternative, known as surface haptics, provides continuous quasi-static
feedback to the user’s fingertip by modulating friction between the finger and the touch
surface. This modulation is achieved through ultrasonic levitation, which reduces fric-
tion [10] or electroadhesion, which increases it [11]. For instance, in the ultrasonic lev-
itation method, the friction of a glass plate can be reduced by 95% when subjected to
transverse ultrasonic vibrations of 3 ym [12]. By varying friction as a function of the po-
sition of the user, surface haptics can create the feeling of touching silky textures [13] or
3D-like shapes [14], [15]. This position-based frictional feedback can also be used for
haptic guidance. By making friction high on a virtual target and low everywhere else,
users can reach targets 10% faster than without tactile feedback [16]-[18]. More com-
plex patterns, such as gradually changed sinewaves, have shown to be useful in assisting
users in setting a value for temperature control [19]. Additionally, by adjusting friction
in response to applied pressure, it can mimic the sensation of pressing physical buttons
[20], [21].

However, surface haptics is only effective when the finger is sliding. Although litera-
ture reported that a stationary finger can also perceive a sudden change in friction [22],
the feedback is feint and it fails to provide directional cues. Furthermore, since the fric-
tion force is collinear in the direction of finger movement, it cannot generate forces in
a direction different than the one where the finger is going. As a result, guiding fingers
to specific locations on a 2D touch surface remains challenging by solely varying fric-
tion, as illustrated in Fig. 1.1. Many touchscreen interactions, such as target reaching
and trajectory following, require continuous active lateral forces on the touch surface.

Active forces have been successfully implemented in classical force-feedback schemes
to guide users or render virtual environments. By actively exerting forces on the user’s
hand, these systems can both push and pull, effectively guiding users along a desired
path or toward specific targets while helping them avoid obstacles. A common approach
involves the use of artificial potential fields, which dynamically generate force fields to
direct movement [23]. Studies have demonstrated that such techniques improve pre-
cision and reduce efforts in various applications, including assistive surgical tasks [24],
[25] and automotive training [26].

Building on these principles, it is possible to adapt active force-feedback techniques
for fingertip guidance on touch surfaces. By generating controlled lateral forces directly
on fingertips, users could be guided toward specific locations or along predefined tra-
jectories, overcoming the limitations of friction-based surface haptics. Therefore, this
thesis aims to develop surface haptic devices capable of providing active lateral force to
the fingers and to investigate its impact on user behavior.

1.1. PROBLEM STATEMENTS

HE first challenge lies in developing a surface haptic device that can produce vari-
T able active force to push fingers. Such haptic displays must integrate seamlessly into
touchscreens or touchpads, meaning they should contain no moving mechanical parts.
Therefore, the mechanism for generating net force should rely on periodic movements,
which enables the surface move back the the original position in one cycle.
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A well-established approach to generating active forces on a touch surface leverages
asymmetric friction, where in-plane oscillations are synchronized with friction modu-
lation. This friction modulation is achieved through ultrasonic vibrations [27] or elec-
troadhesion [28]. In this method, friction alternates between high and low as the plate
moves forward or back within each oscillation cycle, resulting in a net lateral force. The
lateral oscillation can be produced using a voice coil [27], oscillating at 854 Hz, reaching
a lateral force of up to 450 mN [28]. One critical issue for such devices is the audible
noise resulting from low-frequency oscillation. The noise was further eliminated by vi-
brating the place in the ultrasonic regime in the UltraShiver [29]. However, all of these
devices operate in resonant mode, leading to nodal lines where the force is null. A more
recent device, the SwitchPad mitigates this issue by dynamically switching between the
first and second in-plane oscillation modes based on finger position, achieving a peak
force of 250 mN [30]. While effective, asymmetric friction-based devices require complex
hardware and control systems due to the need for synchronization between oscillation
and friction modulation.

Alternatively, if the touch surface itself vibrates both laterally and longitudinally, i.e.
moves elliptically, net lateral forces can be created due to non-linear interaction with
the finger skin in contact. This approach does not require the synchronization between
oscillation and friction modulation, simplifying control since only a single plate is in-
volved. To achieve elliptical motion, one can excite both the longitudinal and bending
modes simultaneously with a certain phase shift. This technique has been used in de-
vices such as the LateralPad, which can generate active forces of up to +50 mN [31], and
2MoTac, which simulates button clicks [32], [33]. However, this approach requires a pre-
cise matching of the resonant frequency of the dual modes, where careful mechanical
design and stable mechanical properties are needed.

A more elegant way to achieve elliptical motion without requiring multiple modes
is by employing flexural traveling waves. When the beam is excited by flexural waves,
the surface of the beam follows an elliptical trajectory. However, generating traveling
waves in a finite structure presents challenges due to wave reflections at boundaries.
Kuribayashi et al. proposed a method in which one transducer excites the waves while
another absorbs them, originally developed for ultrasonic motors [34]. Ghenna et al.
explored the modal superposition of two adjacent bending modes, but since the operat-
ing frequency did not align with any resonant modes, the resulting force was weak and
energy consumption was high [35]. Both methods suffer from low amplitude-to-input
power ratios. Both ways achieve a small amplitude-to-input power ratio, though using
powerful actuators.

Instead, resonance can be leveraged to produce traveling waves. To achieve reso-
nance, we remember that any traveling wave can be decomposed into two standing
waves with a quarter-wavelength phase shift. If these standing waves resonate at the
same frequency, they form degenerate modes, generating a traveling wave with a signif-
icantly larger amplitude. This principle has been applied in circular ring structures used
in traveling-wave ultrasonic motors [36], producing strong active forces on human fin-
gertips [37] and delivering haptic effects such as button clicks [38]. However, the hollow
and non-flat shapes of these structures make them unsuitable for touch applications.
Thus, there remains a need for a surface haptic display that can generate resonant trav-
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eling waves on a flat, continuous, and large touch surface.

The second challenge is the lack of design principles for virtual environments in hap-
tic guidance on surfaces. In classical force-feedback systems, improving manipulation
tasks in virtual environments is typically achieved by rendering "virtual fixtures" or "ar-
tificial potential fields" [39]-[41]. These scalar fields use artificial "hills" to represent ob-
stacles and "valleys" to represent attractors, which are combined to guide or constrain
users to move along the desired path. However, such principles have not yet been imple-
mented or validated in the contexts of surface haptics, which, until recently, lacked the
capability to generate active forces necessary to create potential fields. With the devel-
opment of active force displays, it is now possible to apply these guidance principles to
touch-based interactions, potentially enhancing a wide range of applications.

To address these challenges, this thesis investigates two fundamental research ques-
tions:

* How can resonant traveling waves be used in surface haptic devices to generate
active force and provide tactile feedback? Resonant traveling waves offer advan-
tages such as ease of control and a high Q-factor. Previous research has demon-
strated strong force generation on the fingertip using traveling-wave-based ultra-
sonic motor [38], [43]. This thesis will explore the use of loop structures with de-
generate modes to create traveling waves and investigate methods to control the
direction and magnitude of the active force. This problem is visually summarized
in Fig. 1.1.

* How can virtual environments be designed using active force, and what guid-
ance principles can enhance touch-based interactions? Previous studies have
shown that elastic or viscous force fields can improve user interaction with force-
feedback devices [41], [44]. Applying these principles to surface haptics requires
fine control over force production. This thesis will leverage the proposed device
to examine the effects of different artificial potential fields and viscous fields, con-
ducting both quantitative and qualitative evaluations through human subject test-
ing.

In summary, this thesis will tackle these two challenges and, for the first time, provide
a principle-based approach for controlling machines of all sizes and forms with the tip of
the finger. By enabling bidirectional communication through haptic feedback, this work
seeks to enhance sensorimotor integration, allowing users to maintain precise control
over task dynamics.

1.2. THESIS OVERVIEW

T HIS thesis is structured into seven chapters, including the Introduction, and is orga-
nized as follows, and the main work is visually represented in Fig. 1.2. Chapter 2 is

a review of the literature of related work. It begins by examining the principles and im-
plementation of haptic guidance in classical force-feedback devices. This chapter then
explores the neurophysiological bases of the human sensorimotor loop, focusing on how
haptic feedback assists in human manipulation. Lastly, it discusses state-of-the-art sur-
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Figure 1.1: A visual representation of the state-of-the-art approaches leading to Problem 1: designing an active
surface haptic device using resonant traveling waves. (a) Asymmetric friction principle for generating active
forces [27]-[30]. (b) Active force generation through the combination of longitudinal and bending waves [31],
[32]. (c) Modal superposition of two adjacent modes to produce active forces [35]. (d) Non-resonant traveling
wave generation using one actuator for excitation and another for absorption [42]. (e) Ultrasonic motors using
resonant traveling waves. They can generate strong lateral forces [37]. (f) Our concept: create such effects on
flat surfaces with resonant traveling waves.
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Figure 1.2: An overview of the structure of the main work in the thesis.

face haptic technologies, covering both friction modulation and active force feedback
devices.

Chapter 3 presents the design and characterizations of force generation of a surface hap-
tics device, called the Ultraloop, which is capable of producing active force. This chapter
describes the analytical model of its acoustic design and reports the force measurement
results obtained under various driving voltages and phase shifts. Finally, it demonstrates
an application that simulates button clicks.

Chapter 4 explores the principles of haptic guidance on surfaces through potential field
rendering. In this chapter, the Ultraloop is integrated with optical position tracking to
generate force feedback based on the user’s position. Three elastic potential fields are
proposed and evaluated through human-subject experiments, including Fitts’ pointing
task, a shape perception task, and a direction perception task. A user study involving
three applications is then presented to assess user experience. Both quantitative and
qualitative results highlight the effectiveness of potential field rendering with the Ul-
traloop.

Chapter 5 examines the implementation of a viscous damping force field rendered by
the Ultraloop. This chapter compares the effects of three types of viscous environments:
positive damping, negative damping, and variable damping. In the variable damping
condition, viscosity is high during slow movements and low during fast movements.
These environments are evaluated through a Fitts’ pointing task with human partici-
pants.

Chapter 6 introduces a compact, updated version of the Ultraloop, the flatLoop, main-
taining the same length and radius as the original device, but with a reduced height of
just 5 mm, making it more suitable for consumer electronics. This chapter begins with
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the device’s acoustic design, followed by its force characterization. It concludes with
a human factor study, applying the device to a haptic keyboard, which integrates the
button-click simulation from Chapter 3 and the potential field design from Chapter 4.

Chapter 7 concludes the thesis by summarizing the main contributions and limitations,
as well as identifying future research directions.
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Thanks to an exceptional sensorimotor integration, humans excel at manipulation tasks
such as grasping, reaching, and throwing, . Given the critical role of haptic perception
in manipulation, researchers have long sought to provide relevant haptic feedback to fa-
cilitate the control of devices in remote or virtual environments without restricting the
operator’s movements. Recently, surface haptics has emerged as a promising approach
to restore tangibility into touch-based interfaces, such as touchscreens and touchpads.
A solid understanding of how force feedback affects human behavior, as well as the range
of tactile feedback that state-of-the-art surface haptics can provide, is essential for de-
signing effective surface haptic interfaces and guidance principles that enhance user
performance. With this aim, this chapter reviews three key areas:

1. Sensorimotor integration in human manipulation: This section explores the hu-
man sense of touch and kinesthesia, the role of forward modeling in sensorimotor
integration, and the influence of motor learning on movement control.

2. Haptic guidance principles in force feedback: This section examines the prin-
ciples and implementations of haptic guidance, including virtual fixtures in both
static and dynamic environments.

3. Haptic feedback mechanisms in surface haptics: This section introduces surface
haptics as an emerging technology in human-machine interaction. It covers the
underlying mechanisms, applications, and prior studies aimed at enhancing user
performance through fingertip feedback.

2.1. HUMAN SENSORIMOTOR LOOP

UMANS exhibit remarkable dexterity, such as effortlessly manipulating objects and
H exploring their surroundings haptically through the hands and fingers. Central to
this ability is a complex interplay between mechanoreceptors and motor systems. This
system integrates haptic feedback and motor actions, allowing for precise and adaptive
control of movements. In this section, I will outline the biological foundations of human
touch sensation, focusing on their roles in the sensorimotor loop that enables dexterous
manipulation, and then gain insight into how the integration of sensory feedback with
motor control allows for refined actions, such as grasping and manipulating objects, with
learning models.

2.1.1. HUMAN SENSE OF TOUCH
The sense of touch can be categorized into two types. The first, known as the cutaneous
sense, is associated with skin deformation and detects stimuli such as pressure and vi-
bration. The second, proprioception, receives sensory inputs from muscles, tendons,
and joints, providing information about body position and movement. Unlike other hu-
man senses, which are located to specific organs, touch sensation is distributed through-
out the body and cannot be consciously deactivated. This distributed nature plays a
crucial role in enabling humans to interact with the environment and coordinate motor
actions.

The cutaneous sense is essential for finger-surface interactions, which are integral
to everyday tasks such as dexterous use of tools and texture exploration. The precise
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and rapid perception of tactile information is made possible by the complex structure
of the fingertip and the cutaneous mechanoreceptors embedded within the skin. These
specialized receptors convert mechanical vibrations into electrical signals, enabling the
nervous system to interpret and respond to tactile stimuli effectively.

Mechanoreceptors in the glabrous skin are classified into two types based on their
structures: free nerve endings and encapsulated nerve endings. Free nerve endings are
responsible for detecting sensations such as touch, pressure, stretch, as well as tickling
and itching. [1]. The encapsulated mechanoreceptors, on the other hand, include four
types: Merkel corpuscles (Merkel discs), Ruffini corpuscles (bulbous corpuscles), Meiss-
ner corpuscles (tactile corpuscles) and Pacinian corpuscles or Vater-Pacinian corpuscles
(Lamellar corpuscles). These mechanoreceptors differ in their rate of adaptation and
the size of their receptive fields, which correspond to their specific roles in detecting
mechanical stimuli.

When a mechanoreceptor detects a stimulus, it responds by firing impulses at an
increased frequency. However, this heightened activity diminishes over time as the re-
ceptor adapts and returns to its baseline firing rate. The rate of adaptation differenti-
ates mechanoreceptors into two categories: slow-adapting and fast-adapting receptors.
Slow-adapting mechanoreceptors are Merkel discs and Ruffini corpuscles. They main-
tain their response to sustained stimuli over longer periods. Fast-adapting mechanore-
ceptors include Meissner corpuscles [2] and Pacinian corpuscles [3]. They respond rapidly
to changes in stimuli but quickly return to their baseline state.

The receptive field refers to the region on the skin where mechanical stimuli can
evoke a sensory response. The size of the receptive field determines the spatial reso-
lution of tactile perception. Mechanoreceptors are further categorized into Type I and
Type II based on their receptive field sizes. Type I mechanoreceptors, including Merkel
corpuscles [4] and Meissner corpuscles [5], have small receptive fields and are densely
distributed in areas requiring high tactile acuity, such as fingertips and lips. Type II
mechanoreceptors, including Ruffini corpuscles and Pacinian corpuscles, have larger
receptive fields and are primarily found in regions with lower tactile acuity.

The properties of mechanoreceptors are closely linked to their functional roles in
tactile perception. For example, Pacinian corpuscles are responsive for detecting events
acting on handheld objects, due to their properties of fast-adapting and relatively large
receptive field (RA-II type). Perceptual functions of each mechanoreceptors type, along
with their associated properties, are listed in Tab. 2.1.

Proprioception, one of the most important human senses, detects body position and
movements. This sense is mediated by proprioceptors, located primarily in muscles,
tendons, and joints [6]. Proprioception enables automatic or subconscious movements,
such as walking or reaching to scratch an itch on our body. Additionally, proprioception
is also essential to learned movement patterns, such as playing musical instruments or
playing sports. These skills require deliberate practice to fine-tune these skills and build
"muscle memory". For example, a pianist relies on proprioceptive input to perfect fin-
ger placement during repetitive practice, This repeated use of proprioceptive feedback
strengthens neural circuits, leading to smoother, automatic actions.



16 2. LITERATURE REVIEW

mechanoreceptors afferent type response properties perception function
Merkel SA-I sensitive to low-frequency dynamic texture perception, sus
skin deformations (< 5 Hz) and -tained pressure

static force

Ruffini SA-Il sensitive to static force, detect static force, e.g. static
tension deep in the skin, respond grasping
to skin sketch.

Meissner RA-I sensitive to dynamic skin deformation  low frequency vibration,
of ~5-50 Hz, produce transient resp spatial discontinuities
-onses to the onset ond offset of sti
-mulation.
Pacinian RA-II sensitive to high-frequency vibrations high frequency vibration,
(~40-400Hz) events acting on hand
-held objects

Table 2.1: Summary of mechanoreceptors, their properties, and perceptual functions.

2.1.2. SENSORIMOTOR INTEGRATION
Reaching a target or grasping an object are fundamental motor tasks that humans per-
form rapidly and effortlessly in daily life. These tasks require the central nervous system
(CNS) to plan actions by comparing the current motor state (such as hand position and
velocity) with the targeted state (such as reaching a point or safely grasping an object).
Given the prevalence of feedback control, one may ask if the CNS estimates the motor
state purely through sensory information (visual, proprioceptive, and cutaneous cues).
Sensory feedback, however, is limited by physiological delays. For example, in a
reaching task, it takes around 80-100 ms for visual or proprioceptive signals to influ-
ence ongoing movement, which is substantial compared to the typical movement dura-
tion of 300-700 ms [7]. Relying on sensory feedback alone to correct deviations would
result in unstable and inaccurate movements. Therefore, motor control is thought to de-
pend on a predictive internal model within the cerebellum, which estimates the motor
state with minimal delay. This internal model integrates both sensory feedback (sensory
inflow) and non-sensory feedback (motor outflow) to provide stable, rapid state esti-
mation, supporting fast and well-coordinated movements. Below, I will illustrate these
processes using two common motor tasks: target-directed reaching and object grasping.
Fast reaching movements. When reaching for a visible target, a motor plan is first
developed through an inverse model. This inverse model has knowledge of the arm’s
dynamics and uses it to calculate the motor command based on the initial hand and tar-
get position. During movement, an internal forward model is generated. When a motor
command is sent to the muscles, a "copy" of this command (known as an efference copy)
is also sent to the model to produce a predicted motor state. This internal forward model
allows the CNS to predict the endpoint location without waiting for the sensory input.
This process allows for real-time adjustments of ongoing motor command through this
non-sensory feedback loop.
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Figure 2.1: A schematic showing the internal model that uses the Kalman filter consists of two feedback pro-
cesses: a non-sensory feedback process (upper part) and a sensory feedback process. The figure is modified
from [8]

However, estimation based purely on motor outflow (known as "dead reckoning")
lacks precision. Accurate motor state estimation also requires sensory feedback to cor-
rect estimation errors and refine the internal model. Therefore, another process in the
model predicts sensory outputs (proprioceptive and visual feedback) based on the cur-
rent state estimate. When sensory input is received, the difference between predicted
and actual sensory feedback generates an error signal. This error signal corrects the
state estimate, reducing drift in accuracy over time. The relative contributions of for-
ward model predictions and sensory feedback are dynamically balanced by a Kalman
gain, which dynamically adjusts based on the reliability of each source[8]. Accurate pre-
dictions of the motor state by the internal model provide reliable foundations for the
CNS to generate corrective commands, which are based on the difference between the
estimated state and the target location, as illustrated in Fig. 2.2. The influence of error
signals in adjusting the command signal varies at different stages of reaching (e.g., initial
and final stages). In the early phase, the motor command is based on an approximate
target estimate, and an initial target foveation does not affect the accuracy in the final
state. Instead, the motor plan is adjusted online during the course of the movement if
the target remains visible. In a series of human behavior experiments, Prablanc et al.
used a "target jump" paradigm, in which the target position shifted mid-movement [9].
They found that participants could smoothly adjust their hand trajectory toward the new
target with minimal delay. This suggests that even at the initial stage of reaching, motor
commands are not strictly preprogrammed (i.e., not purely ballistic) but are dynamically
adjusted based on feedback.

In summary, sensorimotor integration during fast-reaching movements involves is-
suing an initial motor plan based on a rough distance estimate before movement on-
set, followed by dynamic adjustments during movement based on target discrepancy.
Throughout the movement, to ensure an accurate yet rapid motor state estimate, an in-
ternal forward model integrates both motor outflow and sensory inflow.

Objects grasping. Reaching and grasping are fundamental components of object
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Figure 2.2: Hand movement control using an internal model of arm dynamics. The figure is modified from [10]

manipulation. Unlike reaching, which primarily relies on visual and proprioceptive cues,
object grasping depends heavily on cutaneous feedback once the object has been reached.
Grasping a stationary object on a surface can be divided into three phases: the pre-load
phase, the loading phase, and the lifting phase.

During the pre-load phase, an initial grip force is applied based on prior experience
with similar objects. This estimated force must be neither excessively large, which would
be energy inefficient or risk damaging the object, nor too small, which could cause slip-
page or failure to hold the object.

Grip force regulation begins the moment the object is first touched, even before lat-
eral forces are applied. Johansson and Westling studied the evolution of grip force when
subjects grasped objects of varying masses and textures[11]. They observed that grip
force increases more rapidly with slippery surfaces (e.g., silk) compared to rough sur-
faces (e.g., sandpaper). For objects with differing masses but identical surface textures,
grip force increases at the same rate, though higher final forces are required for heav-
ier objects. These findings indicate that the human brain can process tactile informa-
tion upon initial contact to adjust grip force appropriately. In recent work, Willemet et
al. demonstrated that the perception of slipperiness involves radial tensile strain of the
skin [12]. This estimation of friction occurs during initial contact, based on skin defor-
mation, before any noticeable slippage takes place.

In the loading phase, both grip force and load force (the upward force required to
lift the object) increase simultaneously. During a precision grip, the grip force must be
maintained within a range that prevents slippage (if too low) and avoids damaging the
object (if too high). Notably, the grip force remains above a safety margin—typically 20%
above the minimum grip force required to prevent slippage [13].

In the lifting phase, the object is fully detached from the surface, with the load force
balancing the object’s gravitational force. Throughout the lifting and holding process,
the CNS monitors and adjusts the grip force by making corrections if discrepancies arise
between the internal motor predictions and sensory feedback.
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2.2. HAPTIC GUIDANCE

2.2.1. STATIC HAPTIC GUIDANCE

Haptic guidance involves applying additional force feedback to human operators inter-
acting with remote or virtual environments to enhance task performance or reduce ef-
fort. A simple analogy is the use of a ruler to draw a straight line: the ruler constrains
movement, thereby increasing speed, improving precision, and reducing cognitive load.

The first attempt at haptic guidance in physical interaction tasks was made by Rosen-
berg (1993) [14], who introduced the concept of "virtual fixtures" in teleoperation sys-
tems. These virtual fixtures are computer-generated forces that define forbidden regions
that human operators cannot enter. When users approach the boundaries of these re-
gions, the system generates a repulsive force that pushes them away. In several config-
urations of virtual fixtures, Rosenberg tested users’ performance in a teleoperated peg-
in-hole task. The results demonstrated that force feedback increased performance by up
to 70%, marking the first immersive augmented reality system for teleoperation.

These virtual fixtures designed by Rosenberg are forbidden-region based (FRVFs) and
operated in an on-off manner. Essentially, users feel a strong force when approaching
restricted areas, while they are free to move outside the forbidden region. This straight-
forward design has since been adapted for various robotic-assisted applications.

For example, robotic surgery is a prominent area where haptic guidance has been
in great use. In a knee replacement surgery [15], Davies et al. introduced "active con-
straints", a parallel concept to virtual fixtures in surgical applications. These constraints
impose high stiffness on the robotic manipulator operated by the surgeon, preventing it
from cutting into materials or tissues that must remain intact.

Robotic-assisted teleoperation is another area where FRVFs have found significant
application. For example, in unmanned aerial vehicle (UAV) control, Zhang et al. pro-
posed a method that provides haptic feedback through a control barrier functions (CBFs) [16].
When a user issues an unsafe control command, the system generates haptic feedback
to guide the operator toward the nearest safe input command. This approach allows hu-
man operators to maintain full control of the UAV instead of losing the control author-
ity. The study demonstrated that CBF-based haptic feedback improves the operator’s
ability to safely navigate UAVs and reduces perceived workload. Constraining operators’
movements can also benefit motor training in surgery training by reducing cognitive and
physical workload while enhancing both speed and accuracy [17], [18].

The other type of virtual fixture is guidance virtual fixtures (GVFs), which attract the
manipulator into the desired path [19]. GVFs can be implemented through either ad-
mittance control or impedance control . Admittance control takes the user’s applied
force as input and generates velocity output, making it particularly useful in cooperative
systems [20].

In contrast, impedance-based GVFs are enforced as elastic potential fields, where
the output force is generated as a function of position. This type of GVF is often used
in teleoperation systems. The potential field approach was initially developed in robotic
systems for collision avoidance [21]. In this paradigm, each point in the workspace is as-
signed a potential value based on the distributions of targets and obstacles. A force field
is generated by computing the negative gradient of the potential field, which ensures the
force directs the mobile robots toward areas of lower potential.
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Salisbury et al. introduced the concept of artificial potential fields to haptic render-
ing [22]. These fields are constructed in a similar way as in the robotics applications,
that is, by combining attractive and repulsive fields to provide guidance. Later, more
research addressed the design and evaluations of these fields. Ren et al. proposed a
potential function based on a generalized sigmoid function [23]. This model allows in-
tuitive adjustments to the affected area and the abruptness of the potential field near the
boundaries of protected zones. In a catheter insertion task, a protective potential field
was built with low values at the center of the vessel and high values near the vessel walls.
Experimental results demonstrated that the potential fields effectively ensured obstacle
avoidance while providing realistic and smooth feedback and guiding users toward tar-
gets without collisions. Additionally, the sigmoid function model has been applied to
render simulated gear selector levers in automotive applications [24].

2.2.2. DYNAMIC HAPTIC GUIDANCE

Haptic guidance in the previous section assumes that the environment is stable enough
for the use of static virtual fixtures. However, these approaches are not well-suited for
dynamic systems that evolve over time and space, such as robot-assisted surgery, mo-
tor training in dynamic tasks, and vehicle driving. In such dynamic systems, constraint
geometries and stiffness are considered to change during operation.

In robotic-assisted surgery, physiological motion (e.g. heartbeat or respiration) can
be a disturbance to the safe manipulation of the tissues. In these scenarios, one has to
consider moving fixtures instead of fixed ones. One prominent example is beating heart
surgery, where the constant motion of the heart significantly alters the geometry of the
workspace. To address this, dynamic 3D virtual fixtures have been developed, incorpo-
rating both GVFs and FRVFs that were designed with different potential field functions.
[25]. These fixtures adapt in real-time to the beating heart, providing surgeons with hap-
tic guidance that constrains hand movements while protecting sensitive tissues. This ap-
proach has been validated through several simulated surgical tasks, demonstrating a re-
duction in user error rates and reduced efforts. Similarly, a forbidden-region-based con-
straint that moves with the environment was implemented in a teleoperation setup [26].
Human subject experiments revealed that such moving virtual fixtures improve user pre-
cision and reduce the force applied during operations.

Dynamic haptic guidance has also been designed for motor training. In such sce-
narios, robots or machines physically assist the human operator by enforcing a desired
pattern of kinematics during movement. This strategy is particularly useful for reducing
performance errors in motor tasks where learning through actual practice may be dan-
gerous or expensive, such as teleoperation, surgery, or haptic-assisted assembly. In some
cases, haptic guidance is also applied in sports training, like guiding the correct motion
path for a golf swing.

While haptic guidance has proven effective in motor training, several studies have
shown that it does not always enhance motor learning and may even hinder it. For
example, haptic guidance showed little benefit in tasks such as learning approximate
posture during cricket bowling [27], manipulating a virtual stick with masses on both
ends [28], and learning new movements with robotic assistance [29]. One possible ex-
planation, based on Schmidt & Bjork’s learning theory, is that users may become reliant
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on the guidance. Since the dynamics of guided tasks differ from those of unguided tasks,
the transfer of learning to real-world situations becomes less effective [30]. This creates
a paradox: haptic guidance may improve performance during training but can impair
learning for independent operation.

To address this challenge, Crespo and Reinkensmeyer proposed an adaptive guid-
ance approach known as "guidance-as-needed" [31]. In this approach, the firmness of
the guidance is adjusted based on the user’s performance in a steering task. When the
trainee performs well, the guidance decreases, encouraging adaptation to real-world,
unguided conditions. The results indicated that training with "guidance-as-needed" led
to slightly better outcomes than training with fixed guidance. Although the long-term
effects of haptic guidance on learning were not evaluated, this method demonstrated
the advantages of haptic guidance for short-term learning while limiting performance
errors during training.

Another typical implementation requiring dynamic adjustments to haptic guidance
based on environmental changes is vehicle driving support systems. Mulder et al. de-
veloped a haptic gas pedal that continuously provides feedback during car-following
tasks [32]. This interface dynamically adjusts the feedback force or stiffness based on
the distance to the lead vehicle. Human experiments conducted in a driving simulator
demonstrated that this system enhances performance by improving car-following be-
havior while reducing control activity.

2.3. SURFACE HAPTICS: TECHNOLOGIES AND APPLICATIONS

HILE haptic guidance and rendering have been widely implemented in virtual and
Wremote applications using hand-held haptic devices, most daily interactions oc-
cur through finger-surface contact. Actions such as holding a glass of water or feeling
the texture of a wooden table rely on sensory feedback from the fingertips, where thou-
sands of mechanoreceptors convert mechanical stimuli into neural signals. Considering
the importance of finger-surface interaction in manipulation and tactile perception, a
new category of technology, known as surface haptics, has emerged. This approach en-
ables control over surface properties and aims to create artificial tactile sensations or
provide haptic guidance directly to the fingertip. Friction modulation has been the pri-
mary approach in surface haptics, as it is well-suited to the integration of common flat
touch-based interfaces, such as touchscreens and touchpads.

This section first introduces several mechanisms that modulate surface friction, with
a focus on the approach using ultrasonics, and then introduces recent advancements
that modulate active lateral forces. This section concludes with an overview of imple-
mentations and applications.

2.3.1. FRICTION MODULATION
Friction modulation in surface haptics is primarily achieved through two mechanisms:
ultrasonic lubrication, which reduces friction, and electroadhesion, which increases it.
Both mechanisms have been relatively deeply explored.

Surface haptic devices using ultrasonic lubrication typically consist of a glass or an
aluminum plate, where bending modes are excited to reduce friction between the finger
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and the contact surface. This friction-reduction mechanism is notably robust and effec-
tive, achieving up to a 95% reduction in friction force experienced by a sliding finger with
vibration amplitudes of +3 pym, as illustrated in Fig. 2.3.

The ultrasonic lubrication effect can be explained by the partial squeeze film levita-
tion theory, proposed by Wiertlewski et al. [33]. When the fingertip touches a vibrating
surface, a thin layer of air is trapped between the asperities of the skin and the surface.
This trapped air film, along with the plate, supports the pressure applied by the finger.
This dynamic levitation increases the average separation between the fingertip asperi-
ties and the surface, thereby reducing real contact area and friction.

Piezoelectric actuators, particularly piezoceramic plates, are typically used to drive
ultrasonic friction modulation. These actuators are compact, silent, and easily mount-
able on touchscreens; however, they require high voltage (up to 100 V) and consume a
large amount of power by vibrating the entire screen, which limits their use in mobile de-
vices. Additionally, the use of standing waves challenges the localization and uniformity
of tactile sensation. Despite these limitations, ultrasonic friction modulation remains
promising for grounded devices, such as vending machines, large graphical displays, ve-
hicle dashboards, and home appliances.

To enable localized tactile sensations, one approach is to use phononic crystals, which
constrain wave propagation within specific band gaps, thereby localizing friction mod-
ulation [34]. Such localization could enable multi-finger interactions or multi-user in-
teractions in large displays while also reducing power consumption.

Electroadhesion, on the other hand, increases friction between the finger and the
touch panel through electrostatic actuation. This mechanism applies alternating high
voltages to the conductive layer of a capacitive touch panel, generating electrostatic at-
tractive forces in the normal direction. Experimental data show that these electrostatic
forces reduce the interfacial gap, allowing more microscopic contact between the finger
asperities and the touchscreen surface. This increased contact area results in an en-
hanced friction force [35]. This principle has been effectively implemented in capaci-
tive touchscreens, such as the TeslaTouch system, which pioneered several HCI applica-
tions for electroadhesion-based friction modulation [36]. This approach requires high-
voltage circuitry (200-500 V), which increases the cost of the device. However, the key
difficulty for the adoption of electroadhesion technology is in demonstrating a clear and
compelling user benefit that justifies its implementation in touchscreens.

In recent years, other mechanisms to modulate surface friction have also been ex-
plored. Choi et al. proposed a novel approach for friction modulation by locally chang-
ing surface temperature [37]. This method leverages a phenomenon where the finger
skin becomes softer at a higher temperature (e.g., from room temperature to 25 °C),
thereby increasing the contact area between the finger and the surface, which subse-
quently increases friction. Experimental results show that this thermal modulation can
increase finger friction by approximately 50 %, and rendered shapes such as bumps and
zones, were clearly discernible. Although the current thermal setup is relatively bulky; it
operates at much lower voltages compared to previous methods like ultrasonics or elec-
troadhesion, typically requiring only a few volts.

While tactile sensation arises from the interaction between the fingertip and a sur-
face, rendering tactile feedback is also possible by instrumenting user fingertips instead
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Figure 2.3: The mechanism of ultrasonic friction reduction. (a) The sliding friction coefficient decreases by up
to 95% as the vibration amplitude increases to +£3 pm. (b) Illustration of the squeeze film effect: users perceive
a smoother surface when it vibrates at ultrasonic frequencies. (c) View of the asperities. At a small vibration,
the plate supports the pressing force. At a large vibration, both the plate and the air squeeze film support the
pressing force, which also causes a larger interfacial separation. (Figure b is adapted from [40], and figures a,
¢, and d are adapted from [33].)

of the target surface. Bau and Poupyrev introduced an augmented reality tactile tech-
nology called "REVEL", which uses a user-worn device to modulate the tactile percep-
tion of real objects [38]. This technology uses a principle, called reverse electrovibration,
wherein a weak electrical signal, applied anywhere on the user’s body, generates an os-
cillating electrical field around the fingers. Mazursky et al. proposed a user-centered
method called "Stick & Slip," which modulates finger-surface friction by applying liquid
droplets directly onto the user’s fingertip [39]. This finger-worn device coats the finger-
pad with liquid droplets, adjusting friction as the finger interacts with different surfaces.
Both "REVEL" and "Stick & Slip" enable versatile friction modulation across a wide range
of everyday surfaces, making them well-suited for applications in mixed reality contexts.

2.3.2. ACTIVE LATERAL FORCE FEEDBACK

While surface haptics technology traditionally modulates passive lateral forces, i.e. fric-
tion, recent advancements have introduced the ability to modulate active lateral forces
on the fingertips. Modulating active lateral forces can not only enable a wide range of
tactile effects but also hold the potential for implementing guidance principles, as seen
in classical haptics, such as the artificial potential field method, within fingertip interac-
tion. This section reviews the state of the art in active surface haptics, as illustrated in
Tab. 2.2. To actively push a finger on the surface without net displacements, periodic
motions are desired, which send the device to its original position. There are two main
approaches: elliptical motions of the surface and asymmetric friction modulation. In
the elliptical motion approach, the surface points move in elliptical (or circular) trajec-
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device force working human subject other experiments
production principle study
LateralPad, +70 mN excites both normal and none force measurement;
2012 lateral resonance at demonstrated a
22.3 kHz “bump”
aluminum beam +100 mN superimposes two succe- direction perception none
(Ghenna, et al.), ssive flexural modes aro-
2017 und 28.4 kHz
2MoTac, not specified excites both longitudal and key click detection, none
2020 bending resonances at perception thresh-
34 kHz old for different as-
pect ratio
ShiverPad, +100 mN 854 Hz lateral oscillation  edge tracing demonstrated
2010 using voice coil + 39 kHz “toggle switch”
ultrasonic lubrication
eShiver, +450 mN 1000 Hz oscillation using  none force measurement
2017 electromagnetic shaker +
electroadhesion
Ultrashiver, +400 mN 30 kHz lateral oscillation none force measurement,
2019 using piezoceremic plates demonstrated Gau-
+ electroadhesion ssian potenial well
SwitchPad, +250 mN 22.4 kHz 1st and 53.3 button click force measurement
2020 kHz 2nd longitudinal detection

mode for lateral oscillation
using piezoceremic discs
+ electroadhesion

Table 2.2: Examples of haptic surfaces based on active lateral force feedback and their user studies.
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tories, typically with an amplitude of 1-2 micrometers. These relative motions produce
frictional forces that propel objects in contact with the surface. One method to generate
elliptical motion is by coupling two orthogonal standing wave modes—typically trans-
verse and longitudinal modes—at the same frequency. For example, the Lateralpad de-
vice uses piezoelectric actuators to drive normal and lateral resonances on a glass plate
at 22.3 kHz. By modulating the phase between the two resonances, the force exerted
on the finger can be controlled. Similarly, the 2MoTac device produced lateral force by
coupling bending and longitudinal resonance and used it to enhance button click sensa-
tions [41], [42]. However, generating high force in this approach requires precise match-
ing of the resonant frequencies, which can be sensitive to external perturbations such as
finger pressing.

Another approach to producing elliptical motion uses flexural traveling waves, which
intrinsically cause elliptical motion of surface points, according to the Euler-Bernoulli
beam theory. Ghenna et al. produced pseudo-traveling waves in a straight beam through
the modal superposition of two adjacent bending modes. However, the working fre-
quency is not in either of the two bending modes, resulting in a modest force production
of 100 mN despite power actuators [43].

Generating resonant traveling waves in finite structures is challenging due to reflec-
tions at boundaries. One option involves the use of two degenerate modes, which are
resonant modes that have different spatial patterns but share the same resonance fre-
quency. When driven with two sinusoidal signals that are temporal out of phase, stable
traveling waves are produced. Early attempts demonstrated that placing a finger on a
commercial ultrasonic motor could feel a strong propelling sensation [44], which has
since been applied to create button-click sensations [45]. While these motors are highly
efficient due to resonance and can produce large forces, their circular surfaces and un-
even teeth are unsuitable for touch interaction. Therefore, a flat traveling-wave-based
haptic interface is desired.

The alternative to creating net lateral force is asymmetric friction modulation, which
synchronizes in-plane oscillations with friction modulation (using ultrasonic lubrica-
tion or electro-adhesion). In essence, this approach creates different levels of friction
as the plate oscillates in different directions within each cycle. For example, friction
can be set high when the plate moves rightward and low when it moves leftward, pro-
ducing a net rightward lateral force over one cycle. In this approach, lateral oscillations
can be generated using a voice coil, as in ShiverPad [46], or an electromagnetic shaker,
as in eShiver [47], both of which operate at around 1000 Hz. Although this approach
can generate relatively large lateral forces (up to £450 mN), it suffers from audible noise
due to low-frequency oscillations. UltraShiver mitigated this noise issue by vibrating the
plate at an ultrasonic frequency (30 kHz) [48]. However, Ultrashiver relied on a single
longitudinal resonance to produce oscillations, and therefore force generation becomes
null at the nodal lines of the resonant mode, resulting in an inconsistent force profile.
SwitchPad addresses this by dynamically switching between the first and second longi-
tudinal modes based on finger position. Specifically, when the force production by the
first mode is weaker than that of the second mode, the device switches to the second
mode. This switching strategy achieved a more consistent force profile with a maximum
lateral force of 250 mN. This approach using asymmetric friction, however, requires a
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complex system to modulate passive lateral force while actively oscillating the device.

2.3.3. SURFACE HAPTICS APPLICATIONS

Current touch-based devices, such as smartphones and tablets, rely solely on visual and
auditory feedback, limiting realism and functionality when interacting with digital con-
tent. Surface haptics introduces tactile feedback to these flat interfaces, showing promis-
ing results in enhancing user performance and experience across metrics such as real-
ism, enjoyment, confidence, and concentration. This section reviews implementations
in texture and shape rendering, haptic guidance for targeting, haptic control design, and
other applications.

Tactile rendering in surface haptics includes texture rendering and shape rendering.
Texture rendering is used to simulate material properties, while shape rendering aug-
ments displayed graphical content and surface features.

Texture rendering. Since textures are perceived by humans through active explo-
ration, friction modulation is well-suited for texture rendering due to its intrinsic passive
property and its capability to render high frequency. By varying the friction as a function
of finger position, spatial features of textures can be directly mapped onto the distri-
bution of friction on a touch surface [38], [49], [50]. For fine textures, position-based
rendering may be ineffective, as these artificially registered textures can be challenging
to perceive. Instead, velocity-based rendering offers a more effective alternative [49] .
Other methods for simulating textures include data-driven approaches and the use of
local gradients. In the data-driven approach, the friction profile is modeled based on
data collected from probes sliding over real textures [51]-[53]. Mapping the local gradi-
ents of an image to the frequency and amplitude of the driving signals are also effective
in rendering high-realism textures [54].

Shape rendering. Macro shapes, such as bumps, holes, and other surface features,
can be rendered based on the lateral force principle, which was established in the early
work of Minsky et al. [55] and Robles-De-La-Torre and Hayward [56]. They demonstrated
that rendering lateral forces as the gradient of 3D shapes (e.g., bumps and holes) pro-
vides users with a haptic illusion corresponding to the perceived geometry. This prin-
ciple can be directly applied in active force surface displays capable of both pushing
and pulling the finger to simulate going up and down over a "bump". For instance,
LateralPad demonstrated the sensation of a "bump" by varying lateral force, though no
user studies were conducted [57]. Similarly, UltraShiver simulated a "hole" through this
method [48].

In friction modulation displays cannot directly map local gradients to lateral forces,
as they only provide resistance. Kim et al. proposed an algorithm that maps the dot
product of the local gradient and the unit vector of finger velocity onto the friction in an
electroadhesion display [58]. The effectiveness of this algorithm was validated with user
studies.

While bumps and holes are common 3D features, perceiving shapes with edges is
more common in everyday interactions, such as searching for keys, finding the end of
a tape, distinguishing coins, or touching the edges of leaves. Friction modulation has
limited effectiveness in rendering edge sensations, as it changes friction across the en-
tire touch surface without localized feedback. In a user study, Xu et al. noted that the
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lack of edge-specific feeling might lead to low detection rates for geometric 2D shapes,
such as squares and triangles that were rendered through abrupt friction changes in their
approach [59]. In contrast, net lateral forces have proven effective for rendering virtual
contours by generating forces orthogonal to finger movement [46].

Haptic guidance. Haptic guidance on surfaces involves directing users to a target
quickly and precisely. Pointing interaction is a common task in various touch interfaces,
including smartphones, laptops, and tablets. This task includes diverse actions, such as
moving a cursor to an icon, scrolling to set an alarm, and performing drag-and-drop op-
erations on mobile devices. Human performance in pointing tasks typically follows Fitts’
law [60], and adding haptic feedback has been shown to enhance the user experience.
However, despite extensive research on creating effective haptic feedback with hand-
held devices [61], the implementation of tactile feedback in touch interfaces remains
limited, mainly due to challenges in providing feedback on flat surfaces and controlling
cutaneous stimuli.

Friction modulation has been implemented to enhance pointing tasks by proving
variable friction. A simple way is to provide a binary friction profile that is high on the
target and low friction elsewhere, offering users a sudden change in resistance upon
reaching the target. Studies show its effectiveness in ultrasonic devices [40], [62], [63]
and eletroadhesion devices [64], resulting in a 7-9% reduction in task completion time,
compared to solely based on visual feedback. However, friction-based feedback only in-
forms users when they have reached a target but does not guide them throughout their
movement. Active force feedback devices could potentially address these limitations by
offering continuous directional guidance. To date, no studies have investigated the use
of active lateral force feedback for target acquisition on touch displays.

Virtual controls. Virtual controls are widely used in electronic interfaces. They are
favored by manufacturers for their design flexibility and the sleek, compact appearance
they enable. However, the lack of haptic feedback their physical counterparts offer is
known to reduce user performance and degrade user experience, as it disrupts muscle
memory and increases visual load. Today, vibrotactile feedback—the most developed
haptic technology—has improved the experience of virtual controls by introducing some
degree of tactile sensation (see a review paper [65]). Due to actuator limitations, how-
ever, vibrotactile feedback is mainly seen in mobile devices such as smartphones and
smartwatches, with limited use in larger displays. Additionally, vibrotactile provides a
transient stimulus instead of continuous feedback, far from offering realistic sensation
and functionality compared to physical controls. Surface haptics, which modulate fric-
tion or active lateral forces, could enhance the tangibility of virtual controls. The use of
surface haptics to design haptic controls, such as buttons, sliders, and toggle switches, is
discussed here.

Buttons offer the simplest form of interaction, "selection,” and are ubiquitous in
human-machine interfaces. Haptic feedback in these physical buttons plays a key role
in building muscle memory that allows users to use them effortlessly and unconsciously,
even in high-frequency tasks such as typing. The absence of haptic feedback in touch-
screen interfaces disrupts this reflex and requires significant visual attention, which can
overload visual processing or present usability challenges, particularly for visually im-
paired users.
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Simulating button clicks through ultrasonic friction modulation is based on an ob-
servation where users perceive an illusion of a descending surface when friction is abruptly
reduced [66]. Early implementation on an ultrasonic plate was achieved by Tashiro et al.,
who used rapid friction changes to simulate the buckling and restitution of a mechanical
button [67]. Later, psychophysical experiments showed that the perception threshold of
a friction change is much lower in the case of decreasing than increasing for a stationary
finger [68]. Monnoyer et al. attributed the sensation of "ultrasonic switches" to an accu-
mulation of stress and a sudden release in the fingerpad, causing a large discontinuity of
the mechanical impedance, which is similar to the buckling of physical buttons [69].

However, creating a realistic button-click sensation through ultrasonic friction mod-
ulation requires several times higher vibration amplitudes than those required to per-
ceive frictional changes with a sliding finger [70]. The reliability of detection can also be
influenced by the natural impedance of the finger. For instance, users with fingers of ex-
treme impedance may find it difficult to perceive. By contrast, net tangential forces can
potentially induce a larger impedance change by both pushing and pulling the finger
skin.

Gueorguiev et al. simulated button clicks by switching the traveling waves in an ul-
trasonic motor at two predefined thresholds of normal force, achieving a lower percep-
tion threshold for clicks than friction modulation alone [45]. Garcia et al. implemented
this approach to simulate button clicks in a beam by superimposing a longitudinal and
a bending wave [41], [42]. Yet, these button clicks are not localized, as ultrasonic devices
naturally produce sensations uniformly across surfaces. Xu et al. proposed a localized
button-click sensation by switching the lateral force direction using an active force feed-
back device UltraShiver [71]. Such localizable button clicks allow for multi-finger and
multi-user interactions and, importantly, hold promise for applications such as touch-
typing keyboards.

Despite these implementations of realistic button-click sensations discussed above,
most studies focus on the mechanisms behind these sensations, perception thresholds,
and subjective experiences. However, quantitative evaluations of the impacts of artificial
button-click sensations on real interaction tasks, such as typing, are still limited.

Other virtual controls include sliding controls such as sliders, knobs, and toggle switches.
These controls require users’ relative motion and surface haptics can be designed to pro-
vide feedback when a certain distance has been traveled. Levesque et al. simulated
the feeling of rotating the wheels of an alarm clock with programmable friction in an
ultrasonic plate [62]. In subsequent work, they examined the design space for these
scrolling interactions with quantitative evaluations [72]. Later, Giraud et al. designed
a haptic knob using ultrasonic friction modulation and observed improvements in task
accuracy [73]. Bernard et al. proposed a haptic slider that has gradual tactile feedback
provided by an ultrasonic plate. After training with visual and auditory feedback, users
could set a value without looking at the screen [74].

While friction modulation is effective for discrete tactile feedback in knobs, creating
arealistic sensation of a toggle switch may require active forces to attract users to the two
stable wells or resting positions. The ShivePad, for example, simulated the tactile feeling
of flipping a toggle switch by generating two potential fields, comprised of line sources
and sinks [46].
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Applications design. Various applications that use surface haptics in human-computer

interaction (HCI) have been demonstrated. They showcased many benefits of adding
tangibility to touch surfaces and inspired further potential uses.

One major objective of these applications is to augment the realism of visual con-
tent. A variety of implementations illustrate this purpose, such as simulating different
textures [36], replicating the sensation of rubbing on a canvas [36], simulating the im-
pact of a ball hitting a surface in a game [62], and adding tactile elements to children’s
books (e.g., fur or fabric textures) [75]. The addition of tactile feeling to these visuals im-
proves the enjoyment and engagement during interaction and, importantly, allows for
a heightened sense of the existence of virtual elements, supporting a more immersive
virtual reality experience.

Another significant aim of these applications is to improve user performance in low-
level interaction tasks. By incorporating tactile feedback, these tasks can be performed
with greater speed, precision, and often with reduced visual attention. Examples include
file drag-and-drop manipulation [36], [62], text editing [62], slider adjustments [74], dial
tuning [75], and image editing [36]. These tasks benefit from surface haptics with greater
enjoyment, engagement, and a more realistic interaction experience. Surface haptics
have also been developed to assist visually impaired individuals in interacting with and
interpreting digital information, as well as in various assistive applications [76]. Lastly,
surface haptic has also been explored in social touch applications, such as communicat-
ing literal texture, emotional information, or experiences to a partner [77].
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ULTRALOOP: RESONANT
TRAVELING WAVES-BASED DEVICE

PREFACE

There is currently a lack of surface haptic devices capable of generating strong lateral
forces while maintaining moderate power consumption and a large, flat interaction area.
This chapter introduces the development of Ultraloop, a traveling wave-based active sur-
face haptic device designed to overcome these limitations.

The Ultraloop leverages resonant traveling waves to generate uniform active lateral
forces across its surface. Unlike traditional friction modulation techniques, which can
onlyresist a user’s motion, this device actively pushes the user’s fingertip, creating a more
dynamic and versatile tactile experience.

This chapter reports the analytical model to the Ultraloop’s design and the force char-
acterizations as a function of vibration amplitude and phase shift. I also present a proof-
of-concept application demonstrating its ability to simulate a button click sensation. A
six-axis force sensor measures the lateral and normal forces applied when users interact
with the Ultraloop.

This chapter is based on:

Zhaochong Cai, and Michaél Wiertlewski, Ultraloop: Active lateral force feedback using resonant traveling
waves, IEEE Transactions on Haptics, 16(4), 2023.
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ABSTRACT

The sensation of touching virtual texture and shape can be provided to a touchscreen
user by varying the friction force. Despite the saliency of the sensation, this modulated
frictional force is purely passive and strictly opposes finger movement. Therefore, it is
only possible to create forces along the direction of movement, and this technology can-
not stimulate a static fingertip or provide forces that are orthogonal to the direction of
movement. The lack of orthogonal force limits the guidance to a target in an arbitrary
direction, highlighting the need for active lateral forces to give directional cues to the
fingertip. This chapter presents a surface haptic interface that uses ultrasonic traveling
waves to create active lateral forces on bare fingertips. The device is built around a ring-
shaped cavity where two degenerate resonant modes around 40 kHz are excited with a
90-degree phase shift. The interface is capable of providing active forces up to 0.3 N to
a static bare finger uniformly over a 140x30 mm? surface. The model and design of the
acoustic cavity, force measurements, and an application to create a key-click sensation
are described. This work demonstrates a promising method for uniformly producing
large lateral forces on a touch surface.

3.1. INTRODUCTION

OUCHSCREENS and capacitive buttons offer designers the flexibility to program human-
T machine interfaces but deprive users of tactile feedback typically found in mechan-
ical buttons. Without feedback, the interaction becomes cognitively demanding and re-
quires constant visual attention. Surface haptic interfaces can restore tactile feedback
by creating rich and tangible interfaces. Among these technologies, friction modulation
is a popular method to stimulate users’ sense of touch. It operates by changing the force
applied to a sliding fingertip. Friction can be modulated either by ultrasonic lubrication,
which uses acoustic levitation to reduce friction [1]-[3], or electroadhesion which relies
on electrostatic attraction to increase friction [4]-[6]. Both methods are able to render a
wide range of effects, from textures, shapes, to viscosity by modulating the magnitude of
the friction force as a function of the user motion [4], [7], [8].

However, frictional forces are essentially passive forces that only resist finger motion
instead of actively pushing fingers. Because of this, modulating frictional force is only
effective on a sliding finger and the force is oriented opposite to the movement direction.
Although literature reported that a stationary finger can also perceive a sudden change in
friction [9], the feedback is feint and it fails to provide directional cues. Applications such
as guiding the finger or navigating through a curved channel, require an active lateral
force.

One strategy to generate active lateral forces on a touchpad is to use asymmetric
friction. Asymmetric friction devices synchronize in-plane oscillation and friction mod-
ulation either via ultrasonic vibration[10] or electroadhesion[11]. During part of one
oscillation cycle, friction is set to high, while during the rest of the oscillation cycle, the
friction is set to low, causing a non-zero asymmetric force profile during one full cycle.
The lateral oscillation can be created with a voice coil [10] excited at low frequency and
can reach a maximum lateral force of up to 450 mN [11]. However, these devices suf-
fer from the audible noise produced by lateral oscillation. UltraShiver eliminated the
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Figure 3.1: (a) Ultraloop is a traveling wave surface haptic interface. Piezoelectric actuators excite two degen-
erate modes of the structure that superimpose as a traveling wave. (b) The traveling wave creates an elliptical
motion of the surface points which actively pushes the fingertip.

audible noise by vibrating the plate in an ultrasonic regime [12]. However, this device
operates with resonant mode and therefore has several nodal lines where the sensation
is null. To circumvent this problem, a new device SwitchPad switches between the first
and the second in-plane oscillation mode according to the finger position [13], achieving
a 250 mN peak force.

The other principle that generates active lateral forces induces an elliptical motion
of the surface. Elliptical motion can be achieved by exciting both the longitudinal and
bending modes of a plate at the same frequency. Using this strategy, the LateralPad can
produce active shear forces of £50 mN [14], and the 2MoTac can generate shear forces to
simulate a button-click [15], [16]. However, matching the resonant frequency of the two
modes requires a precise mechanical design and stable mechanical properties. Another
approach to induce an elliptical motion at the surface is to leverage flexural traveling
waves. This method is the driving mechanism behind commercial ultrasonic motors
[17]. Biet et al. first reported that placing the finger on an ultrasonic motor creates a
strong propelling sensation [18]. Such motors can be used to create button clicks [19].
Despite its compelling force feedback, ultrasonic motors are not specifically designed
for haptic application and their circular shape makes them ill-suited as tactile interfaces
which are typically rectangular. Ghenna et al. proposed a device that can generate trav-
eling waves in a straight beam actuated by two Langevin transducers [20]. However,
the design does not use resonance and achieves modest active forces of 100 mN despite
powerful actuators.

This chapter reports a novel haptic device, the Ultraloop (Fig. 3.1a), that can generate
active lateral forces up to 300 mN using resonant traveling waves. The active forces are
uniformly produced on a rectangular surface (140 x 30 mm) which is large enough for
comfortable interaction. The ring-shaped structure has no acoustic boundary and there-
fore is ideal for efficiently propagating traveling waves and creating sufficiently strong
active forces to create numerous applications. A keyclick simulation is demonstrated,
as a proof of concept, to show its capability to manipulate lateral forces temporally and
spatially for various effects.
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3.2. DESIGN OF A TRAVELING WAVE STRUCTURE

3.2.1. TRAVELING WAVE EXCITATION AND LATERAL FORCE GENERATION
Because of the wave reflection in the boundary, generating traveling waves in a finite
beam comes with compromises. One strategy pioneered by Kuribayashi et al. [21], is to
use two actuators: one to excite a traveling wave and the other to absorb it before it re-
flects on the boundary created by end of the beam. One key limitation of this approach
is that because the wave is absorbed, the vibration can only achieve a modest displace-
ment.

Producing larger displacement is possible by leveraging resonance. Our method uses
the fact that two orthogonal resonant standing waves superimpose in a traveling wave if
they are excited with a £90° phase shift such that:

sin(wt) sin(kx) + cos(wt) cos(kx) = cos(kx — wt) 3.1)

where 1 is the time, x is the position, w is the angular frequency and k is the wave num-
ber.

The superposition is achieved by exciting two successive flexural modes of the beam
at the average frequency of each mode [20], [22]. However, because the frequency is in
between two modes, the efficiency of the actuation is limited. A more efficient method
to generate traveling waves is to superimpose two degenerate modes of a closed-loop
structure. These two degenerate modes have an identical resonant frequency, achiev-
ing higher efficiency. Examples include circular shape structures such as ultrasonic mo-
tors [17], ring-type resonator which already has been used in linear ultrasonic motors [23],
and linear transportation system [24]. To generate traveling waves, our design relies on
an oblong ring which provides a rectangular area that is convenient to interact with.

When traveling waves are propagating in the beam, the neutral line follows a trans-
verse sinusoidal trajectory while the particles on the surface move along an elliptical lo-
cus due to an additional longitudinal movement. When an object, such as a finger, con-
tacts the surface points, a relative displacement at the contact point leads to frictional
force, pushing the object in the opposite direction than the wave propagation (Fig. 3.1b).

3.2.2. ORTHOGONAL DEGENERATE MODES

The Ultraloop has a ring-type structure, comprising two straight beams of length L and
two semicircular segments of radius R (Fig. 3.2a). For specific geometry, this type of
structure has two orthogonal frequency-degenerate modes necessary to generate trav-
eling waves. Here, we will briefly derive the solutions for the two degenerate modes. A
comprehensive model of this resonator can be found in [25], [26].

DIFFERENTIAL EQUATIONS AND BOUNDARY CONDITIONS
The Ultraloop has a uniform width w and thickness ki, with Young’s modulus E and den-
sity p. By applying the Euler-Bernoulli beam theory and employing Hamilton’s principle,
we yield governing partial differential equations.
For the straight part,
0% v, 8% #%v, 0 v,

o2 TPlap e Hlga

—pA =0 (3.2)
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Figure 3.2: (a) Schematic view of the Ultraloop. (b) Symmetric and asymmetric mode of the 241 order. (c)
Natural frequency of the 24" modes for various length-to-radius ratios. (d) Experimental Bode plot of the two
frequency-degenerate modes. (e) Mode shapes of symmetric mode, asymmetric mode and the resulting trav-
eling wave are shown as normalized colormaps. The color at each grid corresponds to the vibration amplitude
measured by a laser Doppler vibrometer. Note that the symmetric mode and asymmetric mode are orthogonal
to each other.
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where A = wh is the area of the cross-section, I = wh3/12 is the second moment of area,
and v, (x, 1) is the transverse displacement.
For the curved part,

( 0tu, _Ozuc) El(aﬁchr 64uc+62uc)
PE\ 50202~ a2 | T R 908 T 0% T 62
6 4 2
_,O_I(OuC N 0" u, +0uc):0
R \00%*0r2 002012 ot

(3.3)

where u.(x, t) is the longitudinal displacement respectively.

We then consider the boundary conditions. Because of the continuity of the struc-
ture, the boundary where the straight and curved parts connect must have the same
displacements and rotations. Now we only consider modes in the top and the right seg-
ments of the ring-type structure, and the modes in the bottom and the left segments can
be filled according to boundary conditions. Therefore, the boundary conditions on the
top right connection can be described as:

vs(g,t) - vc(—g,t) 3.4)
%(%'t) _ %(_g,t) (3.5)

SOLUTIONS
We use the method of separation of variables to decompose the solutions to a spatial
part (i.e. the mode shape) with the variable x or 8, multiplied by a harmonic part along
time with an angular frequency w, i.e. vs(x, ) = Vi(x) sin(w?) and u.(0, ) = U (0) sin(w?).
Note that here we only use u, to represent the motion of the curved part due to an addi-
tional constraint between its transverse movement and its longitudinal movement, i.e.
v, = —0u./00 if applying inextensionality condition.

Next, we will only consider the particular solutions of interest with the form of +sin
and =+ cos, which are flexural modes along the length of the Ultraloop. In this case, there
are two solutions considering all the combinations:

* Solution 1: {Vi,U.} = {Ascos ksx, Assink.0} , and the orthogonal mode {V;, U} =
{Assinksx, Ac cos k.0}.

* Solution 2: {V;,U.} = {Assinksx, Acsink.:6}, and the orthogonal mode {V, U} =
{Ascosksx, Accosk.0} .

where kg and k. are the wave number in the straight part and the curved part respec-
tively, As and A are the transverse vibration amplitude in the straight part and the longi-
tudinal vibration amplitude of the curved part respectively. Considering the relationship
between v, and u, and assuming v.(x, f) = V. (x) sin(w?) , we have V. = —-dV;/df . These
solutions in the form of transversal displacement can be expressed as:

* Solution 1: {V;, V} = {Ascos kgx, — Ac k¢ cos k.0}, and the orthogonal mode {V, V} =
{Assinksx, Ackcsin k. 0}.
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 Solution 2: {V, V} = {Agsin ksx, — Ak cos k.03, and the orthogonal mode {V;, V} =
{Ascosksx, Ackcsink.0}.

Based on the form of V; and V,, the former mode in Solution 1 has symmetry in both
x and y axis, and is therefore referred to as the symmetric mode. Its orthogonal mode,
which has an origin symmetry, is referred to as asymmetric mode. Notably, Solution 1
exists only when 7 is an even number. In contrast, the former mode in Solution 2 has
symmetry in y axis, while its orthogonal mode has a x symmetry. Solution 2 exists only
when 7 is an odd number. We chose the 24 degenerate mode since its corresponding
wavelength is of similar size to what is used in friction modulation ultrasonic devices
and large enough to easily place piezoelectric actuators. The mode shape is shown in
Fig. 3.2b.
Substituting any of the above four modes into Eq. 3.2 and Eq. 3.3, the following two
equations relating k; and k, are obtained:
ki —askio® —ys0* =0 (3.6)

4
where a; = p/E and y; = pA/EI, and
Wy ek =2y k2 +ack? +ac+yo) kS +2ki - k2 =0 3.7)

where a. = pAR*/EI and y. = pR?/E.

Now we use the symmetric mode of Solution 1 as an example of how to derive the
mode shapes. By substituting the solution into the boundary conditions Eq. 3.4 and Eq.
3.5, while remembering that ds = Rd6, we obtain

L T
Agcos (ksg) =-Ack, cos(—kcg) (3.8)
. L Ack? . b4
—Askssm(ksz) — s1n(—kc§) (3.9)

We have now four equations Eq. 6.1, 6.2, 3.8 and 3.9 with four unknowns including
ks, k¢, w, and aratioT = %Skc. The values of the unknowns are, therefore, fully defined.
However, the equations are transcendental, so we numerically solve this system of equa-
tions to find the solutions.

First, we express the ratio I' in two ways derived from Eq. 3.8 and 3.9

—cos(—k:Z) —kesin(—k.Z)
I=————2 and Ip=——— % (3.10)
cos(ksi) Rkssin(ksi)

then define a cost function:
g=(1-TIy)? 3.11)

The cost function g has a single argument, k., since ks can be expressed by k. using
Eq. 6.1 and Eq. 6.2. Note that g equals 0 only when I'; = I'y, which are equivalent to the
constraints given by Eq. 3.8 and Eq. 3.9. Therefore, solving these equations becomes a
problem of finding k. for which g(k;) = 0.




42 3. ULTRALOOP: RESONANT TRAVELING WAVES-BASED DEVICE

We can compute g as a function of k., and each local minimum of g would corre-
sponds to a symmetric mode of a given order. Similarly, for the other three types of mode
shapes, i.e. asymmetric mode of Solution 1 and the two degenerate modes of Solution
2, solutions of k. can be found by computing the local minimum of their corresponding
cost function g. Notably, all the flexural modes with an even order are given by Solution
1, while all those with an odd order are given by Solution 2.

Another important feature of the two degenerate modes is that their natural frequen-
cies are identical for specific length-to-radius L/R ratios. Fig. 3.2c shows the resonant
frequency dependence on the length-to-radius ratio of the 24" symmetric and asym-
metric modes. The two frequency curves coincide at discrete values, which are preferred
for traveling wave generation.

In summary, resonant frequencies of any mode can be calculated numerically given a
certain size of the Ultraloop. An iterative process can be used to achieve desired dimen-
sions and resonances. Optimization of design parameters can be further investigated
based on the model. Here we choose the following geometrical parameters for the Ul-
traloop: L =140 mm, R = 50 mm, & = 2.75 mm and w = 30 mm. The device is made
from aluminum 5052, with E = 69 GPa and p = 2680 kg/ m3. With these numbers, we
calculated the natural frequencies of 24™ degenerate modes to be 40287 Hz and 40294
Hz. In practice, the resonant frequencies coincided but their values are lower than the
analytical model predicts probably due to the error from Euler-Bernoulli beam assump-
tion, see Fig. 3.2d. The actual mode shapes of 24" degenerate modes as well as their
superposition under a 90° phase shift were measured with a laser Doppler vibrometer,
see Fig. 3.2e.

3.3. IMPLEMENTATION

3.3.1. ULTRALOOP FABRICATION AND PIEZOELECTRIC ACTUATORS

We fabricated the Ultraloop by electrical discharge machining and polished its top sur-
face to make it smooth to the touch. Eight piezoelectric actuators were glued on the bot-
tom plate of the structure, with four on the upper surface to excite the symmetric mode
and the other four on the lower surface to excite the asymmetric mode. The piezoelec-
tric actuators on the lower surface are shifted by a quarter wavelength. These piezo-
electric actuators are 25 mm long, 5 mm wide and 0.3 mm thick piezo ceramic plates
(SMPL25W5T30311, Steiner & Martins Inc) glued with epoxy adhesive (DP490, 3M). The
piezoelectric patches are =5 times smaller than the wavelength. Each set of ceramics is
placed on the antinode of each mode.

The two driving signals for the piezoelectric actuators are generated by a functional
generator (AFG 1062, Tektronix) and amplified by two 20x amplifiers (PD200, Piezo-
Drive). The maximum amplitude was +80 V. The amplitude and phase shift was con-
trolled through Matlab.

Although the analytical model predicts resonant frequencies of the two degenerate
modes, their actual values can shift. During experiments, we first identified the reso-
nant frequencies with a vibrometer. The working frequency was set as the middle of two
resonant frequencies.
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Figure 3.3: Lateral force generation on a fixed finger. (a) Force measurement setup. The index finger is fixed by
a supporting frame. (b) A typical trial where traveling waves produce a noticeable lateral force after a rise time
of t; =0.19 s. (c) Influence of the vibration amplitude on the lateral force.

3.3.2. VIBRATION AND FORCE MEASUREMENTS

The ultrasonic vibration of the Ultraloop was measured by a Laser Doppler Vibrometer
(OFV-503 and OFV-5000, Polytec). A laser beam was focused on the top surface and nor-
mal to this plane. Therefore the normal velocity of the oscillation of surface points on
the Ultraloop was recorded. Displacement can be recovered by integrating the velocity.
A force measurement setup was used to measure the lateral forces applied to the par-
ticipant’s finger, as shown in Fig. 3.3a. The Ultraloop is supported by four 3d-print PLA
fixtures at each corner of the upper straight part. These fixtures are mounted on a sup-
porting plate, which stands on the top of the six-axis force sensor (Nano 43, ATI). The
force data is acquired by a data acquisition card (USB 6351, National Instruments) at a
sampling rate of 1 kHz.

The index finger of the participant was fixed by a supporting frame, with the finger
pad facing the top surface of the Ultraloop. The supporting frame is attached to a manual
linear stage on the z-axis. During each force measurement, the supporting frame, along
with the finger was lowered down until the normal force reached =1 N.

3.4. RESULTS

3.4.1. LATERAL FORCE GENERATION

Fig. 3.3b shows a typical trial of active lateral force generation on a fixed finger. When
there was no vibration, forces on the lateral plane fy and f) remained almost zero. When
traveling waves were generated on the Ultraloop by turning on both channels (39.5 kHz,
90° phase shift). Lateral force f; experienced a rapid increase from 0 to roughly 0.22 N.
Additionally, a static object placed on the Ultraloop surface can be moved smoothly (see
supplementary video). The results show a significant lateral force generation on even a
stationary object once traveling waves are present.
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Figure 3.4: Effect of the phase shift. (a) Theoretical result of surface point trajectories under different phase
shifts between the two degenerate modes. The traveling wave ratio is defined as the ratio between the mini-
mum amplitude to the maximum amplitude across the surface. (b) Measured traveling wave ratio for different
phase shifts. The insets show the spatial distribution of the real and imaginary parts of the wave given by the
Fourier transform. (c) The lateral force was measured under two normal forces: 1 N and 0.5 N. Force at each
phase shift was measured 3 times on the same finger and averaged. The error bar shows the standard devia-
tion.

3.4.2. LATERAL FORCE VS VIBRATION AMPLITUDE
For large vibration amplitude, we would expect that the ellipsoidal movement of the sur-
face be scaled and therefore the force would increase. We measured lateral forces fx
under various amplitudes when normal force f, = 0.5 N and 1.0 N and Fig. 3.3c shows
a linear dependence of the lateral force on the vibration amplitude. The linear regres-
sion for f; = 1.0 N leads to coefficient b = 0.13 N/um. Our setup does not exceed +3
pm, but with more powerful piezoelectric actuators it might be possible to reach even
larger lateral forces. In addition, under small vibration amplitude (less than +1.3 ym),
the force appears weaker than the linear fit line. For vibration amplitude smaller than
+1.0 um, lateral force becomes insignificant compared to the measurement noise of our
setup, suggesting that there is a minimum amplitude that needs to be reached to pro-
duce meaningful lateral forces.

The maximum vibration amplitude is +3 ym. Increasing amplitude might increase
the force, but at the same time increase the potential for levitation, which might indicate
that a plateau could be reached for higher vibration amplitude.

3.4.3. EFFECT OF ARBITRARY PHASE SHIFTS

The quality of the traveling wave is strongly influenced by the correct superposition of
the symmetric and asymmetric modes. To investigate this effect, we studied how the
phase shift between the two modes influences the traveling wave generation. The su-
perposition leads to a pure traveling wave only if the modes are shifted by +90°. If the
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phase shift is 0° or +180°, the waves superpose in a standing wave leading to squeeze film
levitation. The pure traveling wave generates a uniform elliptical motion of the surface,
however, nodal lines will appear if the phase shift is not perfectly £90°. The effect of the
phase shift on the surface motion is shown in Fig. 3.4a. The ellipses tilt and shrink to
straight lines as the phase shift changes from 90° to 0°. For a 90° phase shift, the ellipses
are identical along the surface and have the largest aspect ratio. For 0° phase shift, the
trajectories are lines, which cannot cause any net lateral force during.

Fig. 3.4b shows the traveling wave ratio, measured with the vibrometer, which quan-
tifies the uniformity of the wave magnitude across the length of the interface. A large
traveling wave ratio corresponds to a high-purity traveling wave, where the real and
imaginary parts of the wave are shifted by a quarter wavelength. The real and imagi-
nary parts are found using the Fourier transform on the time domain displacement trace.
Standing waves are found when the traveling wave ratio is close to zero and the real and
imaginary are shifted by half a wavelength.

The lateral forces measured at these phase shifts follow a similar trend as the travel-
ing wave ratio. Fig. 3.4c shows the force peaks at —90° and 90° and attenuates to almost
zero at 0 phase shift under both normal force cases (1 N and 0.5 N). Notably, the force
reverses its direction when the phase shift is negative. Additionally, a lateral force under
fz =1Nis higher than the force under f; = 0.5 N.

3.4.4. APPLICATION: KEY-CLICK SIMULATION

To demonstrate the potential application of this device, we implemented a button click,
similar to [19]. The button click signal is a square wave where the traveling wave is turned
on to the right (—90° phase shift) when the normal force exceeds 0.5 N, and then to the
left (+90° phase shift) when the normal force exceeds 0.8 N, as shown in Fig. 3.5a. With
this control scheme, the finger experiences a sudden change in the shear force direction
when the finger presses down.

We simulated several click events on the Ultraloop and recorded both the normal
force and lateral force, which are presented in Fig. 3.5b. Consistent with previous results,
the lateral force first rises as the finger applies increasing pressure, then drops suddenly
to a negative value when the phase shift reverses. The fast change in force direction
produces a distinct confirmation of a successful click.

3.5. CONCLUSION

In this chapter, we report the development of a surface haptic device using resonant trav-
eling waves, to generate a large active lateral force of up to 300 mN on static fingertips.
The device has a simple loop structure that circulates acoustic energy, making it energy-
efficient. The device does not have moving parts making it suitable to be integrated into
multimodal human-machine interfaces. The chapter describes the theory that allows
computing the optimal geometry and material suitable for any design. The force can be
operated by tuning the phase shift and the amplitude of the traveling wave which opens
the door for a host of haptic effects. By controlling the force as a function of the user’s
motion, we anticipate being able to render a virtual environment, such as potential wells
or viscous environment, effectively creating a force-feedback device for fingertips.
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Figure 3.5: (a) Control scheme to render a key-click illusion. Vibration is turned on when the normal force
reaches 0.5 N. Phase shift switches from —90° to 90° when the normal force rises to 0.8 N. The red arrows
indicate the lateral force direction under different phase shifts. (b) Force measurement during pressing on the
top surface of the Ultraloop with the index finger 16 times. The curves are aligned with the moment when the
lateral force crosses the x-axis. Bold curves are the average of the 16 trials. The sudden reverse of the lateral
force direction confirms a clear key-click event. Because of latency, the lateral force lags behind the normal
force.

Our future work will focus on reproducing virtual shapes by incorporating a finger
position tracking. Psychophysical experiments will be implemented to evaluate the ben-
efit of this interface when interacting with complex environments. In addition, we will
miniaturize the design of Ultraloop and allow it to work in two-dimensional plane.

REFERENCES
[1] T. Watanabe and S. Fukui, “A method for controlling tactile sensation of surface
roughness using ultrasonic vibration”, in Proceedings of 1995 IEEE International
Conference on Robotics and Automation, vol. 1, May 1995, pp. 1134-1139. Do1: 10.
1109/R0OBOT. 1995.525433.

[2] L. Winfield, J. Glassmire, J. E. Colgate, and M. Peshkin, “T-pad: Tactile pattern dis-
play through variable friction reduction”, in 2007 2nd Joint EuroHaptics Confer-
ence and Symposium on Haptic Interfaces for Virtual Environments and Teleoper-
ator Systems, 2007, pp. 421-426.

[3] M. Wiertlewski, E R. Fenton, andJ. E. Colgate, “Partial squeeze film levitation mod-
ulates fingertip friction”, Proc. Nat. Acad. Sci., vol. 113, no. 33, pp. 9210-9215, Aug.
2016. DO1: 10.1073/pnas. 1603908113.

[4] O. Bau, L. Poupyrev, A. Israr, and C. Harrison, “TeslaTouch: Electrovibration for
touch surfaces”, in Proceedings of the 23nd annual ACM symposium on User inter-
face software and technology, ser. UIST 10, New York, NY, USA, Oct. 2010, pp. 283-
292, ISBN: 978-1-4503-0271-5. DOI: 10.1145/1866029. 1866074,

[5] C.D.Shultz, M. A. Peshkin, and J. E. Colgate, “Surface haptics via electroadhesion:
Expanding electrovibration with Johnsen and Rahbek”, in 2015 IEEE World Haptics
Conference (WHC), Jun. 2015, pp. 57-62. DOI1: 10.1109/WHC.2015.7177691.


https://doi.org/10.1109/ROBOT.1995.525433
https://doi.org/10.1109/ROBOT.1995.525433
https://doi.org/10.1073/pnas.1603908113
https://doi.org/10.1145/1866029.1866074
https://doi.org/10.1109/WHC.2015.7177691

REFERENCES 47

(6]

(7]

(8]

(91

(10]

(11]

[12]

(13]

(14]

(15]

(16]

M. Ayyildiz, M. Scaraggi, O. Sirin, C. Basdogan, and B. N. J. Persson, “Contact me-
chanics between the human finger and a touchscreen under electroadhesion”,
Proc. Nat. Acad. Sci., vol. 115, no. 50, pp. 12668-12 673, Dec. 2018. DO1: 10. 1073/
pnas.1811750115.

M. Wiertlewski, D. Leonardis, D. J. Meyer, M. A. Peshkin, and J. E. Colgate, “A High-
Fidelity Surface-Haptic Device for Texture Rendering on Bare Finger”, en, in Hap-
tics: Neuroscience, Devices, Modeling, and Applications, M. Auvray and C. Duriez,
Eds., ser. Lecture Notes in Computer Science, Berlin, Heidelberg: Springer, 2014,
pp. 241-248, 1SBN: 978-3-662-44196-1. DOI: 10.1007/978-3-662-44196-1_30.

V. Levesque, L. Oram, K. MacLean, et al., “Enhancing physicality in touch interac-
tion with programmable friction”, in Proceedings of the SIGCHI Conference on Hu-
man Factors in Computing Systems, ser. CHI '11, May 2011, pp. 2481-2490, ISBN:
978-1-4503-0228-9. DOI: 10.1145/1978942.1979306.

J. Monnoyer, E. Diaz, C. Bourdin, and M. Wiertlewski, “Ultrasonic Friction Modu-
lation While Pressing Induces a Tactile Feedback”, in Haptics: Perception, Devices,
Control, and Applications, E Bello, H. Kajimoto, and Y. Visell, Eds., 2016, pp. 171-
179, 1SBN: 978-3-319-42321-0. DOI: 10.1007/978-3-319-42321-0_16.

E. C. Chubb, J. E. Colgate, and M. A. Peshkin, “ShiverPaD: A Glass Haptic Surface
That Produces Shear Force on a Bare Finger”, IEEE Trans. Haptics, vol. 3, no. 3,
pp. 189-198, Jul. 2010, 1SSN: 2329-4051. DOI: 10.1109/T0OH.2010.7.

J. Mullenbach, M. Peshkin, and J. E. Colgate, “eShiver: Lateral Force Feedback on
Fingertips through Oscillatory Motion of an Electroadhesive Surface”, IEEE Trans.
Haptics, vol. 10, no. 3, pp. 358-370, Jul. 2017, 1SSN: 2329-4051. DOI1: 10.1109/TOH.
2016.2630057.

H. Xu, M. A. Peshkin, and J. E. Colgate, “UltraShiver: Lateral Force Feedback on a
Bare Fingertip via Ultrasonic Oscillation and Electroadhesion”, IEEE Trans. Hap-
tics, vol. 12, no. 4, pp. 497-507, Oct. 2019, 1SSN: 2329-4051. po1: 10.1109/TOH.
2019.2934853.

H. Xu, M. A. Peshkin, and J. E. Colgate, “SwitchPaD: Active Lateral Force Feedback
over a Large Area Based on Switching Resonant Modes”, en, in Haptics: Science,
Technology, Applications, 2020, pp. 217-225, 1SBN: 978-3-030-58147-3. DOI: 10 .
1007/978-3-030-58147-3_24.

X. Dai, J. E. Colgate, and M. A. Peshkin, “LateralPaD: A surface-haptic device that
produces lateral forces on a bare finger”, in 2012 IEEE Haptics Symposium (HAP-
TICS), Mar. 2012, pp. 7-14. po1: 10.1109/HAPTIC.2012.6183753.

P. Garcia, E Giraud, B. Lemaire-Semail, M. Rupin, and M. Amberg, “2MoTac: Simu-
lation of Button Click by Superposition of Two Ultrasonic Plate Waves”, en, in Hap-
tics: Science, Technology, Applications, 2020, pp. 343-352, ISBN: 978-3-030-58147-3.
DOI: 10.1007/978-3-030-58147-3_38.

P. Garcia, E Giraud, B. Lemaire-Semail, M. Rupin, and A. Kaci, “Control of an ultra-
sonic haptic interface for button simulation”, en, Sens. Actuator A Phys., vol. 342,
p- 113624, Aug. 2022, I1SSN: 0924-4247. DOI1: 10.1016/j.sna.2022.113624.



https://doi.org/10.1073/pnas.1811750115
https://doi.org/10.1073/pnas.1811750115
https://doi.org/10.1007/978-3-662-44196-1_30
https://doi.org/10.1145/1978942.1979306
https://doi.org/10.1007/978-3-319-42321-0_16
https://doi.org/10.1109/TOH.2010.7
https://doi.org/10.1109/TOH.2016.2630057
https://doi.org/10.1109/TOH.2016.2630057
https://doi.org/10.1109/TOH.2019.2934853
https://doi.org/10.1109/TOH.2019.2934853
https://doi.org/10.1007/978-3-030-58147-3_24
https://doi.org/10.1007/978-3-030-58147-3_24
https://doi.org/10.1109/HAPTIC.2012.6183753
https://doi.org/10.1007/978-3-030-58147-3_38
https://doi.org/10.1016/j.sna.2022.113624

48

3. ULTRALOOP: RESONANT TRAVELING WAVES-BASED DEVICE

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

(26]

C. Z. Rosen, B. V. Hiremath, and R. Newnham, “Ultrasonic wave motor: The first
actuator incorporating ceramic technology”, in Piezoelectricity, IV. New York, NY,
USA: America Institute of Physics, 1991, pp. 381-383, 1SBN: 0-88318-647-0.

M. Biet, E Giraud, E Martinot, and B. Semail, “A Piezoelectric Tactile Display Using
Travelling Lamb Wave”, in EuroHaptics Conference, Jul. 2006, pp. 567, 570.

D. Gueorguiev, A. Kaci, M. Amberg, E Giraud, and B. Lemaire-Semail, “Travelling
Ultrasonic Wave Enhances Keyclick Sensation”, en, in Haptics: Science, Technol-
ogy, and Applications, D. Prattichizzo, H. Shinoda, H. Z. Tan, E. Ruffaldi, and A.
Frisoli, Eds., 2018, pp. 302-312, 1SBN: 978-3-319-93399-3. por: 10.1007/978- 3~
319-93399-3_27.

S. Ghenna, E. Vezzoli, C. Giraud-Audine, E Giraud, M. Amberg, and B. Lemaire-
Semail, “Enhancing Variable Friction Tactile Display Using an Ultrasonic Travel-
ling Wave”, IEEE Trans. Haptics, vol. 10, no. 2, pp. 296-301, Apr. 2017, ISSN: 2329-
4051. DOI: 10.1109/T0H.2016.2607200.

M. Kuribayashi, S. Ueha, and E. Mori, “Excitation conditions of flexural traveling
waves for a reversible ultrasonic linear motor”, J. Acoust. Soc. Am., vol. 77, no. 4,
pp- 1431-1435, Apr. 1985, 1SSN: 0001-4966. Do1: 10.1121/1.392037.

B.-G. Loh and P. Ro, “An object transport system using flexural ultrasonic progres-
sive waves generated by two-mode excitation”, IEEE Trans. Ultrason., Ferroelect.,
Freq. Control, vol. 47, no. 4, pp. 994-999, Jul. 2000, 1SSN: 1525-8955. DO1: 10. 1109/
58.852083.

W. Seemann, “A linear ultrasonic traveling wave motor of the ring type”, en, vol. 5,
no. 3, pp. 361-368, Jun. 1996, 1SSN: 0964-1726. DOIL: 10.1088/0964-1726/5/3/
015.

G. P L. Thomas, M. A. B. Andrade, J. C. Adamowski, and E. C. N. Silva, “Devel-
opment of an Acoustic Levitation Linear Transportation System Based on a Ring-

Type Structure”, IEEE Trans. Ultrason., Ferroelect., Freq. Control, vol. 64, no. 5, pp. 839-

846, May 2017, 1SSN: 1525-8955. DOI: 10.1109/TUFFC. 2017 .2673244.

X.Liu, D. Shi, Y. Civet, and Y. Perriard, “Modelling and optimal design of a ring-type
structure for the generation of a traveling wave”, in 2013 International Conference
on Electrical Machines and Systems (ICEMS), Oct. 2013, pp. 1286-1291. DOI: 10.

1109/ICEMS.2013.6713262.

G. P L. Thomas, C.Y. Kiyono, A. Gay Neto, and E. C. N. Silva, “Conceptual Design of
Oblong Ring Vibrators”, J. Vib. Acoust., vol. 142, no. 2, Dec. 2019, I1SSN: 1048-9002.
DOI: 10.1115/1.4045380.


https://doi.org/10.1007/978-3-319-93399-3_27
https://doi.org/10.1007/978-3-319-93399-3_27
https://doi.org/10.1109/TOH.2016.2607200
https://doi.org/10.1121/1.392037
https://doi.org/10.1109/58.852083
https://doi.org/10.1109/58.852083
https://doi.org/10.1088/0964-1726/5/3/015
https://doi.org/10.1088/0964-1726/5/3/015
https://doi.org/10.1109/TUFFC.2017.2673244
https://doi.org/10.1109/ICEMS.2013.6713262
https://doi.org/10.1109/ICEMS.2013.6713262
https://doi.org/10.1115/1.4045380

POTENTIAL FIELD RENDERING

PREFACE

The development of the Ultraloop, a traveling wave-based surface haptic device intro-
duced in Chapter 3, has the potential for investigating the impact of active force feed-
back on user interactions. This chapter advances the Ultraloop by transforming it into a
force feedback-enabled surface haptic device that responds dynamically to a user’s fin-
ger position. This functionality is achieved through the integration of position sensing
and a real-time control system. Using this enhanced device, we conducted human ex-
periments to study three types of elastic potential fields, each designed with distinct ob-
jectives, including Shape perception, target selection and directional navigation. Addi-
tionally, this chapter introduces three applications based on these potential fields, show-
casing their potential in practical user interfaces.

This chapter is based on:

Zhaochong Cai, David Abbink, and Michaél Wiertlewski, Attracting Fingers with Waves: Potential Fields Us-
ing Active Lateral Forces Enhance Touch Interactions, in CHI Conference on Human Factors in Computing
Systems (CHI "25), April 26-May 01, 2025, Yokohama, Japan. ACM, New York, NY, USA.
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Figure 4.1: We implemented potential field rendering on a touchpad by tuning the traveling wave ratio to
vary active forces. These forces are modulated based on the user’s movements. By building attractive and
repulsive fields (left), the surface is not perceived as a flat but a wavy surface with bumps and holes (middle).
These bumps and holes can be used to create numerous haptic effects, such as a slingshot (right), basins of
attraction, icons, keyboards, toggle switches, and paths for haptic guidance. In user studies, we found positive
impacts of rendered potential fields during touch interactions in both users’ performance and experience.

ABSTRACT

Touchscreens and touchpads offer intuitive interfaces but provide limited tactile feed-
back, usually just mechanical vibrations. These devices lack continuous feedback to
guide users’ fingers toward specific directions. Recent innovations in surface haptic
devices, however, leverage ultrasonic traveling waves to create active lateral forces on
a bare fingertip. This chapter investigates the effects and design possibilities of active
forces feedback in touch interactions by rendering artificial potential fields on a touch-
pad. Three user studies revealed that: (1) users perceived attractive and repulsive fields
as bumps and holes with similar detection thresholds; (2) step-wise force fields improved
targeting by 22.9% compared to friction-only methods; and (3) active force fields effec-
tively communicated directional cues to the users. Several applications were tested, with
user feedback favoring this approach for its enhanced tactile experience, added enjoy-
ment, realism, and ease of use.

4.1. INTRODUCTION

Touchscreens and touchpads are increasingly replacing traditional mechanical buttons,
dials, and sliders in human-machine interfaces. Their programmability offers a wide
range of intuitive interactions with visual elements, such as tapping to select, pinching to
zoom, and swiping to scroll. However, their operations can be arduous because they lack
the haptic feedback of their mechanical counterparts. Without mechanical feedback,
users cannot engage their reflexive sensorimotor loops for automatic manipulation that
tactile and proprioceptive inputs offer. As a consequence, these interactions rely heavily
on visual attention, which is impractical for visually impaired individuals and can be
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dangerous in situations that require continuous situational awareness, such as driving
or flying.

Haptic feedback on touch panels can effectively reduce visual demand and enhance
interactions. The common way to implement haptic feedback in consumer devices is
to use vibrotactile actuators. The distinct vibration patterns they create inform users of
a message or confirm users’ operation, such as tapping or reaching a target [1]. How-
ever, the transient stimuli has limited expressiveness. A new class of devices broadly
called surface haptics can provide continuous quasi-static feedback by modulating the
friction between a surface and a fingertip through ultrasonic levitation [2] or electroad-
hesion[3]. By making the friction high on virtual targets and low everywhere else, studies
have shown that users can reach targets 10% faster [2], [4], [5]. More complex patterns,
such as sine waves, have shown to be useful. For example, by gradually changing the spa-
tial wavelength of friction-modulated texture, these devices can assist users in setting a
value for temperature control [6]. A similar method was used to render shapes, such as
bumps or holes, on flat surfaces by mapping the local gradients of the 3D features to
the friction level [7]. Despite these clear benefits, a major limitation still exists. Fric-
tion modulation only reacts against the movement of a finger due to its passivity. Thus
it is only effective when the user is moving along the path of guidance. The technology
fails to guide the finger in a direction other than the ongoing one. To guide users toward
an arbitrary-located target, we must provide users’ fingers with continuous directional
forces.

Recent developments in surface haptics have demonstrated that active lateral forces
could be directly applied to a user’s fingertip [8]-[11]. Contrary to friction modulation,
these techniques can modify the magnitude and direction of the force acting on a fin-
gertip, so that they can both resist and push their movements. For now, the literature
has been focused on characterizing the force generation with only a few studies validat-
ing its effectiveness on users, which are edge following [12] and event-based feedback,
i.e. button clicks simulation [13]-[16] . Since the 90s, "virtual fixtures" and artificial po-
tential fields have had successful implementations in enhancing users’ operation and
yielded some haptic guidance principles [17], [18]. These principles could potentially be
adapted to fingertip guidance using active surface haptics. While several works show-
cased the potential field rendering with active forces feedback, they are limited to sim-
ple demonstrations of force-position functions [9], [11], [12]. To date, these guidance
principles on touch surfaces remain untested in users, and their design possibilities are
unexplored.

Here, to investigate the effects of artificial potential fields on users, we implement
an impedance control scheme on a traveling wave-based active force feedback touch-
pad, the Ultraloop [8]. We create elastic potential fields that can attract and repulse the
fingertip by actively modulating these lateral forces based on finger position. These lat-
eral forces are controlled by tuning the phase shift and amplitude of the traveling waves.
We compute the potential fields as the local negative gradients of the topography that
should be felt. We ran three human-factor experiments implementing seperate poten-
tial fields to evaluate the effectiveness of the method. First, we investigated whether
participants could perceive the magnitude and type of macroscale shapes like bumps
and holes, rendered by Gaussian-shaped potential fields. Results showed that partici-
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pants can detect bumps and holes with a sensory threshold of 30 mN. Second, we eval-
uated user’s performance in a Fitts’ pointing task. When the target was presented with
a step-change attraction force field around a high friction zone, users improved their
speed by 22.9% to varying friction alone. In addition, we demonstrated that potential
fields could convey a sense of direction to a static user. Lastly, we designed three ap-
plications exploiting the results of the aforementioned quantitative studies to evaluate
user subjective experience. These applications include (1) a haptic keyboard, which is
the combination of potential wells and bumps, (2) an Angry Birds game in which users
can feel the intensity and direction of the pulling sensation from a slingshot, and (3) a
three-digit lock game where users can quickly locate the password under the guidance of
active force field. Users’ responses to a subjective questionnaire show that all these ap-
plications provide a high level of enjoyment, reduced visual engagement, and increased
realism.

In summary, we implemented programmable elastic potential field rendering for fin-
gertip guidance by controlling ultrasonic traveling waves. We validated that the render-
ing has positive impacts on users in three-fold:

1. Differentiable shape rendering, including bumps and holes, which can be applied
to virtual keyboards.

2. Improved performance in pointing tasks, which are fundamental for navigating
icons.

3. Simulation of physical interactions, such as the pulling sensation of an elastic
slingshot.

For the first time, our results demonstrate the various benefits of active force feedback,
making it a promising approach to revolutionize touch interactions toward effortless
control of complex machines using fingertips and support eyes-free interaction.

4.2. RELATED WORK

4.2.1. HAPTIC GUIDANCE IN CLASSICAL FORCE FEEDBACK

Salisbury et al. introduced the idea of artificial potential pields in haptic rendering [18].
In this approach, a scalar field is constructed with artificial “hills” representing obsta-
cles and “valleys” representing attractors. These potential fields are used to guide or
constrain users to move along desired paths or avoid obstacles. These early studies sug-
gested that imposing force as the negative gradients of potential fields could provide
passive contact surfaces for three-dimensional virtual bodies. However, the design of
these fields, in general, was left as an open question.

Ren et al. later proposed a potential function based on a generalized sigmoid func-
tion, which offers an intuitive way to adjust the affected area and abruptness of the po-
tential field near the edges of protected zones [19]. In a catheter insertion task, for exam-
ple, this model created a protective potential field with lower values at the vessel center
and higher values near the vessel walls. Experimental results showed that the gener-
ated potential fields were sufficient to ensure obstacle avoidance while maintaining the
responsiveness necessary for realistic feedback in haptic rendering. Additionally, the
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Figure 4.2: Visualization of potential field rendering for a bare finger in a one- (a) and two-dimensional case
(b, ©).

sigmoid function model was applied to render a simulated gear selector lever for auto-
motive applications [20].

4.2.2. SURFACE HAPTICS RENDERING
When touchscreens and touchpads have taken over the market, the haptic landscape has
evolved, moving beyond traditional force feedback devices to new rendering methods,
such as vibrotactile and surface haptics. The latter, surface haptics devices, can pro-
vide continuous force feedback on a user’s finger by modulating friction, either via ul-
trasonic lubrication, which reduces friction [16], [21], [22], or via electroadhesion, which
increases friction [3], [23], [24].

Both technologies are effective in changing lateral force on a bare finger in motion
across the screen. By rendering high friction on a target and low friction elsewhere, these
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techniques can enhance targeting performance by 7-9% compared to visual feedback
alone [2], [4], [5]. Additionally, surface haptics can simulate the perception of macro
shapes, such as bumps or dips, by mapping frictional forces to the gradient of height
maps [7], [25]-[28].

Despite their effectiveness, they are passive and cannot act on a static finger or push
in a direction misaligned with the user’s motion. Active force feedback is therefore es-
sential to produce forces in arbitrary directions or to act on a resting finger.

4,2.3. ACTIVE LATERAL FORCE ON SURFACES

A new family of surface haptic devices that can generate net shear forces has recently
emerged. One approach uses a moving overlay on top of a touchscreen to drag the finger
to move [29]. The finger actually contacts the film and moves with it as a whole, thereby
being used for conveying gesture messages to users through proprioception rather than
for tactile rendering. Instead of moving the entire touch surface, net tangential forces
can be generated directly on a static touch surface via oscillation, enabling users to in-
teract with bare fingertips. Two principles have been explored.

The first principle relies on creating an asymmetry of friction by synchronizing a high
or low frictional state with periodic in-plane oscillations. The frictional can be mod-
ulated through ultrasonic standing waves [9], [10], [12], [30] or electroadhesion [31],
[32]. In-plane oscillations are preferably produced using ultrasonic compressive modes
[9] to avoid audible noise; however, this results in nodal lines where tactile sensation
is absent. The SwitchPad overcomes this limitation by dynamically switching resonant
modes based on user position, achieving a uniform force profile of up to 250 mN [10],
though with more complex control.

The second principle produces net lateral forces through periodic surface elliptical
motions. Devices such as the LateralPad [11] and 2MoTac [14] create elliptical move-
ments by exciting standing waves in both longitudinal and transverse directions. Al-
ternatively, flexural traveling waves can also produce elliptical surface motions [33], as
seen in rotary traveling motors, which generate strong pushing sensations on the finger-
tip [34]. However, the shape of motors is not suitable for a rectangular touchpad format.
In a straight beam, traveling waves can be generated by superimposing two adjacent
bending modes, resulting in modest forces of 100 mN on a finger [35]. The Ultraloop,
used in this chapter, superimposes two degenerate bending modes with identical reso-
nant frequencies, achieving uniform forces of 300 mN with + 3 ym vibrations on a touch-
pad format [8].

4.3. BUILDING POTENTIAL FIELDS

We first briefly review the principle for rendering potential fields in one- and two-dimensional
(1D and 2D) cases. We then propose the implementation of this principle by controlling
the traveling wave ratio on a ultrasonic active force interface.

4.3.1. POTENTIAL FIELD RENDERING PRINCIPLE
The rendering principle is based on creating force fields within surfaces as negative gra-
dients of potential fields. This principle has been widely used in force feedback de-
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Figure 4.3: Control traveling waves to render programmable potential fields. (a) An ultrasonic traveling waves-
based haptic touchpad, the Ultraloop, used in this study. Users interact with the surface to experience hap-
tic guidance or rendered objects. (b) System architecture for real-time programmable impedance rendering.
Dual output channels to the haptic touchpad are updated based on finger position in real time, allowing for
application-specific rendering of features (such as bumps), position-dependent friction, and impedance pro-
files.

vices [19] and active surface haptic devices [9], [11], [12] to create haptic illusions or
guide users. Figure 4.2a illustrates the principle for fingertip interaction in the 1D case.
The input is the current finger position x(¢). The force is determined by first calculating
the derivative of the potential function g(x) = V U(x), and then scaling it by a factor such
that the range of the derivative linealy maps to the range of force production. Lastly, the
desired force F(¢) is mapped to the force generation model to produce the driving sig-
nal. As the finger moves across the surface, the driving signal is continuously updated,
typically above a rate of 1000 Hz.

For 2D rendering, the force F(x, y) is obtained by taking the gradient G(x, y) = VU (x, )
and scaling it, which is then translated into control signals. This method allows for cre-
ating diverse vector fields to support a wide range of interactive experiences, such as
rendering bumps(Fig. 4.2b, holes, basins of attractions, path sinks (Fig. 4.2¢), or saddle
points.

4.3.2. TRAVELING WAVE-BASED DEVICE: ULTRALOOP

One necessity for the implementation of the potential field rendering is reliable and
large active force generation on a relatively large flat surface. In this chapter, we use
our lab-built resonant traveling wave-based device, the Ultraloop [8] , and developed
it for this study. The disclosed Ultraloop has a ring-shaped aluminum cavity, with a
140 x 30 mm? flat upper surface for touch interaction. The length-to-radius ratio of the
ring is designed as 2.8 to satisfy the requirement for degenerate modes. These two de-
generate standing wave modes, corresponding to the 24" order, have orthogonal spatial
forms, being cos(kx) and sin(kx), but share the same resonance. Their superposition
with a +90° temporal phase shift forms a traveling wave, described mathematically as
cos(kx)cos(wt) £ sin(kx)sin(wt) = cos(kx ¥ wt). The high-amplitude traveling waves
induce surface elliptical motions to push fingers, with rightward force at 90° and left-
ward force at —90°. As reported in [8], when the phase is not at £90°, partial traveling
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waves are generated, and the lateral force varies sinusoidally with the phase shift or trav-
eling wave ratio, fitted by data points measured by manually tuning a function generator.
This capability of uniform and large force production, combined with the feature of force
varying with phase, makes the Ultraloop a strong candidate for the implementation of
potential field rendering.

We replicated the aluminum cavity of the Ultraloop for force generation, using the
same acoustic design as [8], and used a 100 x 30mm? area for touch interaction. The
ring-shaped touchpad and its control circuit are housed in a 3D-printed case, as shown
in Fig. 4.3a.

4.3.3. IMPLEMENTATION OF CONTROL

To control active forces in response to user movements, we employ two Direct Digital
Synthesis (DDS) components (AD9834, Analog Devices, Inc.) to generate two channels
of ultrasonic sine waves. DDS is a technique for generating precise and frequency-agile
analog waveforms (in this case, sine waves) from a digital, fixed-frequency reference os-
cillator. We selected this method because it provides fast, high-resolution digital con-
trol over both the frequency and, critically, the phase of the two output channels. These
channels are synchronized with a tunable phase shift using a Teensy 3.6 microcontroller.
Users movements are tracked by a position sensor (NNAMC1580PC01, Neonode) with a
resolution of 10 pixels/mm, mounted above the touch surface. The sensor communi-
cates finger positions in x and y to the microcontroller via I2C protocol at 2000 Hz. The
microcontroller, programmed using Arduino, runs an internal loop that reads the user’s
position, looks up the stored force profile, and generates the phase and amplitude com-
mands for the DDS chips using the sinusoidal force-phase model. The force profiles,
which are task-specific, are precomputed from the desired potential field based on the
rendering principle. A graphical user interface (GUI), programmed in Python, displays
the visuals of the interaction task or applications and communicates the computed force
profile to the microcontroller via USB. This process allows for dynamic updates of the
displayed potential fields when switching to different interaction tasks.

To identify the resonant frequency, we monitor the vibration amplitude using a piezo-
electric sensor attached to the lower plate, which has been calibrated with a Laser Doppler
vibrometer. An initial frequency sweep is conducted around 39425 Hz to fine-tune the
resonant frequency by identifying the peak output from the piezoelectric sensor. The
frequency tracking ensures a consistent vibration intensity over time. The frequency,
amplitude, and phase shift data are encoded and sent to the DDSs via the SPI bus to
generate corresponding sine waves. The signals (max. +3.3 V) are amplified 20-fold
(PD400, PiezoDrive) to actuate piezoelectric elements bonded to the aluminum plate.
The tailored touchpad produces + 2.1 ym vibration with +3.3 V x 20 input voltages at a
resonance of 39425 Hz. A diagram of this implementation is shown in Fig. 4.3b.

4.4. STUDY 1: SHAPE DETECTION THRESHOLDS

In this experiment, we examine whether users could discriminate the type and ampli-
tude of virtual bumps and holes created by repulsive and attractive potential fields.
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Figure 4.4: (a, c¢) Top: graphical user interface; Bottom: force field. (b, d) Response proportion for detecting
"bump" (b) or "hole" (d) as a function of active lateral force, with error bars showing standard deviations. The
75% just-noticeable difference thresholds are indicated.

4.4.1. STUDY DESIGN

To simulate the sensations of bumps and holes, we implemented repulsive and attrac-
tive potential fields from Gaussian functions. These Gaussian potential functions had an
identical width 6 of 24 pixels and different amplitudes (A =1, 0.88, 0.77, 0.65, 0.52, 0.42,
and 0.30 for the experimental group; A=0.71 for thereference) as shown in Fig. 4.4 a and
c. The gradients of these Gaussian functions were linearly translated into lateral forces,
such that the Gaussian with A = 1 corresponded to the maximum force output (Fp;4x)
and the Gaussian with A = 0.71 corresponded to 0.71F;,,x. These forces were then
mapped to phase shifts using the data-driven force-phase model presented in Fig. 4.2a.

The experiment followed a two-alternative forced choice protocol. During each trial,
participants were presented with two potential fields and asked to select the one per-
ceived with higher amplitude. Each comparison consisted of the reference shape (A =
0.71) (the mean of the experimental fields A = 0.77 and 0.65) and one of the seven ex-
perimental fields. The order of the two stimuli was randomized, and participants were
unaware of which was the reference. Stimuli were presented at the same location on
the touchpad to ensure consistant force generation. Participants used the "Ctrl" key to
switch between the two stimuli.

Each participant completed two experimental blocks: one containing repulsive po-
tentials and the other containing attractive potentials. Each block included 56 compari-
son pairs ( 7 amplitudes x 8 repeats). The order of the blocks and the pairs within each
block were shuffled.
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Participants. Twelve participants (6 females and 6 males, aged 22-30, all right-handed)
were recruited. All reported no sensory impairments or skin conditions. All the user
studies in this chapter were approved by the Ethical Committee Board.

Experimental procedure. Participants were seated in a chair with the haptic inter-
face in front of them. Their arms rested comfortably on an armrest and they interacted
using the index finger of their dominant hand. Participants wore headphones play-
ing pink noise to mask any device-related sounds. A GUI displayed the visuals of the
potential fields and recorded participants’ selections. Before starting the experiments,
the touchpad was cleaned, and participants sanitized their fingers using alcohol wipes.
These procedures were also applied to other studies in this chapter.

During each trial, participants used a keyboard to make their selections: pressing
"A" to choose the first and "S" to choose the second stimulus in a trial, and "Ctrl" to
toggle between the two stimuli. There were no restrictions on the number of toggles, but
participants were encouraged to make selections promptly.

Before the amplitude discrimination task, we conducted a pilot study to examine
participants’ perception of the type of the shapes. In this study, participants were pre-
sented with seven randomly selected experimental stimuli and asked to classify each
as a "bump" or a "hole." Results showed that all repulsive potentials were identified as
"bumps" and all the attractive ones as "holes." The result is consistent with prior work
that shows a high discrimination accuracy for detecting bump versus hole using friction
modulation [36].

4.4.2, RESULTS

Figure 4.4b and d illustrate the response rate of participants for perceiving experimental
stimuli as more intense than the reference (i.e. a higher bumps or a deeper hole). Both
the detection for "bump" and "hole" follows a typical sigmoidal shape of a psychometric
curve. Stimuli with amplitudes significantly different from the reference (A = 1.0, 0.88,
0.42, and 0.30) were detected with high accuracy (> 78.3%), while stimuli closer to the
reference (A = 0.65 or 0.52) were detected with lower accuracy (60.3 %), which is close
to a 50 % rate expected by chance. A fitted profit function in the psychometric model
reveals points of equivalence at A = 0.704 for bump detection and A = 0.721 for hole
detection. The 75% just-noticeable difference (JND) is 26.8 mN for bump and 31.9 mN
for holes.

Participants also provided subjective feedback after completing the experiment. Most
of them founded that the sensations of touching a "bump" or a "hole" were trivial to dif-
ferentiate. Two described the perception of bump as "first climbing up a hill and then
down a slope", with the reverse sensation for "holes". Another participant noted that
he/she identified a "bump" by "feeling my finger decelerating before accelerating". Ad-
ditionally, two participants mentioned that detecting "holes" was slightly more challeng-
ing, and required more time to make a decision, aligning with the higher JND observed
for holes.

The well-fitted sigmoidal curves in the psychometric model, combined with subjec-
tive comments, confirm that the Gaussian potential fields rendered by active force can
be effectively perceived as "bumps" and "holes" by users. This discrimination ability
suggests this approach could be applied to the design of tangible interfaces, such as tac-
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tile icons or keys of a keyboard.

4.5. STUDY 2: FITTS’ POINTING TASK

Sliding on a touchpad to move the cursor to an icon, dragging and dropping or scrolling
an alarm clock can be considered a pointing task to a desired location, which is elemen-
tal in human-computer interactions. Here, we investigate whether adding active force
feedback during sliding can improve users performance in Fitts’ pointing task.

4.5.1. STUDY DESIGN

A one-dimensional pointing task was designed, requiring participants to slide against
the touchpad to locate a target using sensory cues. We used a repeated within-subjects
design with three independent factors: feedback condition, target distance, and target
width. A GUI displayed the task.

We evaluated user performance across four feedback modalities: active force, fric-
tion modulation, vision-only, and vision combined with active force, see Fig. 4.5. In the
first two haptic-only conditions, targets were invisible, requiring participants to recog-
nize them solely through touch. The last two conditions had visible targets, allowing us
to assess whether adding active force feedback improves pointing performance.

For friction modulation, we employed a step-wise friction profile, with high friction
in the target and low friction elsewhere, similar to prior studies [2], [4], [5]. Friction mod-
ulation was actuated with two standing-wave modes that are in phase. In active force
and vision + active force conditions, a step-wise force profile was applied: outside the
target, a uniform lateral force was used to direct the finger toward the target; while in-
side the target, the touchpad was deactivated to produce a high friction area as in friction
modulation. In the vision condition, friction was uniformly low to eliminate any friction-
induced feedback. The amplitude of driving voltages remained constant at + 66 V across
all conditions.

We tested three target distances (200, 400, and 600 pixels) and three target widths
(16, 32, and 48 pixels). The control-to-display ratio was set to 10 pixels/mm, meaning the
smallest and farthest target was 1.6 mm wide and 60 mm far on the touchpad. The ratio is
comparable to standard laptop touchpads. The target sizes were chosen to reflect typical
pointing tasks on touchpads. For example, 16-pixel targets represent small icons, such as
a volume control in the corner of a laptop screen, while 48-pixel targets represent large
icons, such as browser shortcuts on the taskbar. These combinations of distances and
widths created nine movement conditions, yielding seven distinct indices of difficulty
(ID) from 2.369 to 5.267, defined as logz(% + 1), where D is the target distance and W is
the width.

Task. Participants received the task sounds indicating the start and selecting actions
through headphones. During each trial, they slid their index finger across the surface to
locate the target as quickly and accurately as possible. The trial includes the following
steps, adapted from [2]:

1. Initial state. The blue start area appears on either the left or right side of the in-
terface randomly to prevent potential orientation bias. In vision or vision + active
force conditions, the red target is also displayed.
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Figure 4.5: Implementation of designs for force and friction profiles, evaluated as four feedback conditions in
a pointing task. (a) active force and (d) vision + active force conditions share an identical force profile, where
forces consistently push the finger toward the target. In (b) friction modulation condition, friction is high
inside and low outside the target area. In (c) vision condition, friction remains consistently low. Targets are
visible only in conditions (c) and (d).
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2. Trigger start. Participants move the white cursor that represents the finger position
to the start area, and hold for 0.6 s. An audible sound is heard, and the start area
turns green. The clock starts.

3. Slide to find. Participants slide their finger to locate the target using haptic or visual
cues. They are allowed to move back and forth over the target to confirm the target
location in all conditions.

4. Lift-off to select. Participants lift their finger at the perceived target location. A
sound is played to confirm the action of selection.

Participants began with a training session with the same tasks as the experimental
one to familiarize themselves with the sensation and task requirements. They were en-
couraged to adjust the normal force applied to optimize their perception of the feedback.
Training continued until participants felt familiar with the haptic sensations and task
procedures but was limited to a maximum of 15 minutes per participant. After train-
ing, participants completed two experimental sessions, totaling 216 trials, including 4
feedback conditions x 3 distances x 3 widths x 6 repeats. Each session included 108 tri-
als, with a three-minute break provided between sessions. To minimize anticipation or
adaptation effects, the order of feedback and movement conditions was randomized.

Participants. Twelve participants (5 females and 7 males, aged 23-29, all right-handed)
were recruited for this study. All reported no sensory impairments or skin ailments.
None participated in S1.

4.5.2. RESULTS

We conducted a repeated measures analysis of variance (RM-ANOVA) on four depen-
dent variables: completion time, approach time, selection time, and entry count. The
independent variables are feedback conditions, target distances, and target widths. Ad-
ditionally, we examined Fitts’ law parameters and collected subjective responses from
participants.

Overall observations. We observed that the maximum deviation between the se-
lected and desired target position across all participants and conditions was 35 pixels (=
3.5 mm on the touchpad). Given that this deviation is relatively small compared to the
full selection range of 1000 pixels, it suggests thatparticipants relied on sensory cues to
select rather than guessing. This observation implies that both friction modulation and
active force feedback provided effective cues on the presence of the target. The other
observation is that the majority of extra-long trials (duration > 3 s), which accounts for
3.5% of total (91 trials), occurs in friction modulation (82 trials), with far fewer in active
force (8 trials) and vision (1 trial).

Completion time and Fitts’ law. RM-ANOVA shows significant effects on completion
time from target widths (F» 22 = 138.57, p < 0.001), target distances (Fy 22 = 47.545, p <
0.001) and feedback modality (F3 33 = 187.63, p < 0.001). Figure 4.6a presents the aver-
age completion times across nine movement conditions and four feedback conditions.
For haptic-only conditions, active force required shorter completion time than friction
modulation for all the nine movement conditions. When averaging all these movement
conditions, active force reduced the targeting duration by 22.9 % from 2.165 s to 1.669
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Figure 4.6: (a) Mean completion time in a pointing task across nine movement conditions. (b) Linear regres-
sion for mean completion time based on Fitts’ indices of difficulty (ID).

s, compared to friction modulation, with Post-hoc Tukey-Kramer tests also confirming
the significant differences between them with p < 0.01 across all widths and distances.
These results highlight the clear advantage of active force feedback in eyes-free targeting
tasks. Additionally, when combined with visual feedback, active force further reduced
completion time by 15.5%, from 1.433 to 1.211 s, with post-hoc comparisons showing a
significant difference between vision and vision+active force (p < 0.05) for all movement
conditions. The Fitts’ law analysis reveals a strong linear relationship between the aver-
aged completion time and the index of difficulty across all feedback conditions (Fig. 4.6b;
2 >0.91). The reciprocal of the slope, which represents the index of performance, high-
lights the notable differences between feedback modalities. For haptic-only conditions,
active force has a higher index than friction modulation (3.92 bits/s vs. 2.23 bits/s ),
while for visual-present conditions, vision+ active force outperforms vision (4.13 bits/s
vs. 3.14 bits/s.), as summarized in (Tab. 4.1). These comparisons demonstrate the ad-
vantages of active force feedback in both vision-present and eyes-free modalities.

Source for faster pointing. We investigate the source of reduced completion times in
active force-assisted conditions. Specifically, these improvements could be due to faster
movements toward target under the attractive force field, or due to quicker selection
enhanced by sensory feedback from the active force. We performed Post-hoc Tukey-
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index of
condition a b r2 performance
active force 0.7152 0.2551 0.939 3.92
friction modulation 0.4751 0.4489 0.915 2.23
vision 0.2337 0.3180 0978 3.14
vision + active force 0.3188 0.2419 0.970 4.13

Table 4.1: Fitts’ law parameters for four feedback conditions. In Fitts’ law, movement time is modeled as
a+ b xID. The index of performance is defined as the reciprocal of the slope, i.e., 1/b.

Kramer tests to compare feedback conditions based on approach time (the duration
from initial moving to the first entry into the target area), selection time (the remaining
component of completion time) and entry count (the number of times the participant
crosses the target boundaries).

Results show that all feedback conditions differ significantly in terms of overall com-
pletion time (p < 0.001). However, the most pronounced differences are observed in
selection time, where all pairwise comparisons yield a high significant difference level
p <0.001, as illustrated in Fig. 4.7a. In contrast, the differences in approach time are less
significant (p < 0.05) or not significant (e.g. vision vs active force) (except vision vs vision
+ active force where p < 0.01). The variation in selection time is partially supported by
participants’ sliding behavior. Figure 4.7b reveals significant differences between haptic
conditions: active force (mean =2.17, SD = 0.8069) and friction modulation (mean =2.41,
SD = 1.03); between vision-present conditions: vision (mean =1.47, SD = 0.60) and vision
+ active feedback (mean = 1.54, SD = 0.69), and no significant difference between vision
and vision + active force. On average, the active force condition requires 0.237 fewer en-
try counts than friction modulation. This observation suggests that active force rendered
target enhances user confidence by providing more compelling cues for target location.

Subjective response. Ten out of twelve participants provided feedback on their pref-
erences and perceptions of the sensations. All ten participants expressed a clear pref-
erence for active force feedback over friction modulation for efficiently locating a tar-
get. They also described targets rendered with active force as having a "clear edge",
whereas those by friction modulation felt like a "sticky region". Additionally, six partici-
pants noted a learning effect during both the training and experimental sessions. They
commented that they initially moved cautiously to detect and identify the presence of
a target but were able to move faster and more confidently after several minutes. This
observation suggests that users’ performance may improve with extended training.

4.6. STUDY 3: DIRECTIONAL NAVIGATION

In this study, we investigate if suddenly activating a potential field under a stationary
finger communicate a directional cue to users and help them navigate toward the target.
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Figure 4.7: (a) The completion time of a pointing task comprises two components: approach time (dark-
colored bar at the bottom) and selection time (light-colored bar at the top). (b) Box plot of entry count for
each feedback condition. Stars indicate the significance level: * p < 0.05, ** p <0.01 and *** p < 0.001

a active force b friction modulation
low friction low friction
2 LN 2 LN
—> O\ | O\
/ /
high friction high friction

Figure 4.8: Top: GUI of a pointing task with directional navigation. The invisible target can locate to the right
or left of the start area. Bottom: force or friction field in active force (a) or friction modulation (b) condition,
respectively.
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4.6.1. STUDY DESIGN

We deployed a pointing task using the GUI where the start area was located at the center,
as shown in Fig. 4.8. We used a repeated within-subjects design with three independent
variables: feedback conditions, target widths, and target distances. Feedback conditions
were active force are friction modulation. The force and friction profiles are presented in
Fig. 4.8. Target distance to the start area were + 250 pixels and + 350 pixels, and target
widths were 16 pixels and 32 pixels.

During the experiments, participants first placed their index finger on the start area,
where no tactile feedback was provided. Once the active force or friction modulation
profile issued, they started the pointing task. They were encouraged to use the direc-
tional cues to facilitate target searching.

Participants. Ten participants (5 females and 5 males, aged 21-28, all right-handed)
were recruited for this study. All reported no sensory impairments or skin ailments.
None participated in S1-2.

4.6.2. RESULTS

RM-ANOVA on completion time reveals a statistically significant effect of feedback con-
ditions (F;,9 =92, p=5.1x 107%), and target widths (F1,9 = 9.4, p = 0.014), but no signifi-
cant effect of target distances (Fj g = 0.055, p = 0.82). Post-hoc comparisons show a sig-
nificant difference between active force and friction modulationin all the four movement
conditions (p < 0.001), as shown in the box plots of completion times in Figure 4.9a. On
average, active force leads to a considerably shorter completion time compared to fiic-
tion modulation (1.82 s vs. 3.10 s), reflecting a 41.26% reduction. This improvement is
even more significant than the 22.9% reduction observed in S2.

To identify the source of this reduction, we analyzed the error rates in participants’
initial moving direction. The friction modulation condition exhibited a considerably
higher error rate of 51%, close to random choice. By contrast, the error rate in active
force condition was only 12%, demonstrating that active force feedback provides salient
directional cues.

Movement trajectories further highlight the difference in participants’ selection be-
havior in these two feedback conditions. For a condition where the target width is 16
pixels and the distance is 350 pixels, trajectories in active force show a clear bias towards
the target side. Conversely, trajectories under friction modulation were more evenly dis-
tributed between both directions (Fig. 4.10). These biased trajectories and the lower er-
ror rate indicate that the directional force field effectively directed the users toward lower
potential, resulting in shorter completion times.

4.7. USER EXPERIENCE WITH APPLICATIONS

Here, we showcase three applications to demonstrate the role of potential fields in en-
hancing touch interaction tasks. The designed potential fields in these applications cor-
respond to those in S1-3. For each application, we outline the motivation behind its
design, detail its implementation, and evaluate user experience based on subjective re-
sponses.
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Figure 4.11: Design of a virtual keyboard rendered by Gaussian potential wells. From top to bottom is the
graphical user interface, potential function regarding x and the force field.

4.7.1. APPLICATION DESIGN

Haptic Keyboard. Typing on a featureless touchpad or touchscreen requires users to
visually search for keys and avoid clicking on incorrect locations (e.g. between keys).
This process is significantly slower and more visually demanding compared to typing
on a physical keyboard, where muscle memory enables effortless key localization. The
potential field approach can be suitable to help users navigate to the desired keys on a
virtual keyboard.

Here, we create attractive potential fields centered in the middle of each key, similar
to those evaluated in the psycho-physical study in S1. The overall potential field on the
surface is the sum of these individual potentials, as shown in Fig. 4.11. The exemplar
displays the text "Hello World" to showcase how haptic feedback guide users in locat-
ing and sliding to keys. In practical applications, this approach can be customized to
support various layouts, such as the standard "QWERTY" configuration. Additionally, it
can be integrated with key-click sensation, as described in [8], to restore both the key
localization and key press functions. We will examine whether these potential fields can
improve users’ ability to locate keys and avoid clicking on wrong keys.

Three-Digit Lock. The Three-Digit Lock game was created to assess whether users
can locate a "password", using only tactile feedback, as illustrated in Fig. 4.12. In this
game, users discover a randomly generated three-digit password by sliding on the touch-
pad to rotate the dials in each row. The design incorporates a directional step-wise force
field, similar to that in S3. The "valley" of the attractive potential field corresponds to
the location of the password on the dial. The step-change force around a sticky region is
implemented to assist users in locating the correct digit effectively.

Angry Birds Game. An attractive potential field was designed to replicate the pulling
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Figure 4.12: A three-digit lock game that facilitates password finding using step-wise attractive force fields.
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Figure 4.13: Angry Birds Game in which the slingshot creates an attraction field. The lateral force is propor-
tional to the distance to the slingshot.
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sensation of a slingshot. Within the maximum stretchable length of the slingshot, the
force vector linearly increases with the length. Beyond this limit, the lateral force plateaus.
Once the user catches the slingshot, they can perceive both the intensity and direction
of the dragging forces, even when stationary.

4.7.2. USER STUDY AND RESULTS

Experimental Procedures. Participants interacted with each of the three applications

for three minutes, then completed a comparison questionnaire and answered three open-
ended questions. During the interaction, they were encouraged to toggle the haptic

feedback on and off to compare the potential fields with the plain aluminum surface.

The presentation order of the applications followed a Latin Square design to minimize

ordering effects.

The comparison questionnaire, adapted from Levesque et al. [2], assessed the effects
of potential fields in seven dimensions: concentration, preference, ease of use, reduced
visual load, realism, confidence, and enjoyment. Participants rated each aspect on a
7-point Likert scale (from "strongly disagree" to "strongly agree"). The statements were:

* Cl. Concentration: Compared to no feedback, tactile feedback made me more
focused and absorbed in the interaction task.

* C2. Preference: I prefer tactile feedback over no feedback.
e (C3. Ease: Tactile feedback made the task easier to perform.

* C4. Reduced Visual attention: Tactile feedback reduced my need for visual atten-
tion.

¢ (C5. Realism: The interaction felt more realistic with tactile feedback.

* C6. Confidence: With tactile feedback, I felt more confident in my movements and
actions.

* C7. Enjoyment: Tactile feedback made the application more enjoyable.
Three open-ended questions of each application were:

° QI: How would you describe the sensations of the tactile feedback in this applica-
tion?

* Q2: Is there anything you liked or disliked about the tactile feedback?

* Q3: Do you have any suggestions on how the sensations could be improved?

Participants. We recruited ten participants (five females), aged 22 to 43. One was left-
handed, and nine were right-handed. None participated in prior sessions (S1-3).
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Figure 4.14: Mean and standard deviation of ratings from the comparison questionnaire (C1 to C7) for Haptic
Keyboard, Three-Digit Lock, and Angry Birds.

Results. Figure 4.14 presents the average ratings and standard deviations for each ques-
tion (C1 to C7) across three applications. All averaged ratings across participants of each
question and application are positive (above 4, or "Neutral"), indicating favorable feed-
back from participants.

The Haptic Keyboard received the highest score in C4 (reduced visual attention),
with an average of 6.4. Participants noted that the tactile feedback helped them locate
their fingers on the keys without the need of visual confirmation. For example, P5 re-
marked, "It made it easier to feel the location of my fingers on the keyboard without look-
ing at it." and "The distance between keys is similar to my keyboard, so I could move my
finger fast".P1 commented, "It confirmed I was in the right spot on the keys, not between
them." Some participants described the sensation as "like playing with magnets" (P7) or
"like surfing on the surface, but not like a mechanical keyboard" (P6).

The Three-Digit Lock ranked highest in C1, C2, C3, and C6 (concentration, prefer-
ence, ease, and confidence). Participants reported that they could find the correct pass-
word within seconds after starting searching. They frequently mentioned that the feed-
back made it easy to locate the correct password, with P2-P9 describing the sensation of
reaching to the password as "very clear."

The Angry Birds Game scored highest in C5 (realism) and C7 (enjoyment). Partici-
pants frequently mentioned a strong sense of realism and fun in Q1 and Q2. Comments
included "I felt like I was dragging a rubber band" (P6) and "a slingshot" (P10). P10 also
stated, "I could clearly feel that the more I dragged, the more force was pulling my finger."

Negative feedback and suggestions for improvement were collected in Q2 and Q3.
For the Angry Birds Game, P10 noted, "Sometimes I couldn’t feel the change in force when
I pulled the slingshot further. " For the haptic keyboard, P2 mentioned, " The force feed-
back was disappointing when I wasn’t in the middle of a key", while P5 suggested, "It
would be great if the keyboard worked in two dimensions". P10 proposed integrating "a
key-click sensation" for enhanced realism."
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4.8. DISCUSSION

Advances in active force-based surface haptics have shown the potential to add a new
dimension to tactile feedback. However, prior research has primarily focused on hard-
ware development. In this study, we implemented programmable impedance control
by real-time modulating traveling wave parameters and designed several user studies to
evaluate its effectiveness. For the first time, we demonstrate the positive impact of ac-
tive force feedback in users during sliding interaction, supported by both measurable
performance gains and positive user experience.

Three HCI applications received positive feedback from participants, further con-
firming the transferability of these benefits observed in S1-3 to practical use cases. These
findings could inspire more applications and tactile interface design. Next, we discuss
some implications of these results, assess their values, and address the limitations and
recommendations for future research. u

4.8.1. HAPTIC GUIDANCE WITH POTENTIAL FIELDS

The artificial Potential Field method is widely used in classical haptics and robotic appli-
cations, such as haptic rendering for training [37] and teleoperation [38] and path plan-
ning for mobile robots [39]. This method generates repulsive fields for obstacle avoid-
ance and attractive fields for path guidance. To display potential fields on a flat surface,
the necessity is to have active forces that can build up potential. We successfully imple-
mented programmable surface potential field rendering by controlling traveling waves
in real time. Importantly, we have three key observations in users: they have a clear
awareness of the scale and polarity of these potentials, they show behavior change by
being attracted to lower potential, and experience positive emotional effects.

Itis valuable to compare friction modulation and active force feedback in haptic ren-
dering. One can render 3D features by mapping the height of the feature directly to the
friction [40], or by mapping the dot product of the sliding velocity and gradient of the
feature to the local friction [7]. The resulting frictional field is a pseudo-potential field,
due to the non-conservative nature of friction, thus only providing tactile cues on the
sliding paths without indicating proximal features. As a result, this approach is often
used to augment visually represented features [7], where the finger exploration is con-
sciously guided by visual input. When visual feedback is absent or when the finger stops
moving, the haptic guidance severely deteriorates. For example, in the case of guiding
along a curved path in Fig. 4.2c, users have to slide back and forth around the path to
identify it, and path following becomes inaccurate and time-consuming. In contrast, ac-
tive forces can create both repulsive and attractive fields that can push the finger to the
path effectively and robustly, even without a need for visual input.

Unlike other haptic devices that provide directional guidance through handheld tools,
such as tactile compasses [41] or pseudo-forces [42], our approach enables bare-finger
interaction by instrumenting a surface with traveling waves. Users can freely use their
fingers for other tasks and engage with the guidance only when desired. This feature
might be well-suited for integration into haptic touchpads, screen readers for visually
impaired users, large touchscreens in vending machines or museum exhibits, and edu-
cational displays.These applications can facilitate touch interactions and simulate physics
like flowing fluids, or elastic springs.
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4.8.2. POINTING FACILITATION USING ACTIVE FORCE VS FRICTION MODU-
LATION

In the pointing task in S2, augmenting the high-friction target with active forces led to
a significant permanence gain of 22.9%, compared to the friction modulation approach
using the same level of actuation. This improvement does not appear to arise from faster
approach but rather from enhanced target awareness, as evidenced by the observations
of variation in selection duration, sliding behavior, and participants’ descriptions of their
target perception.

Indeed, when we look at target rendering from the perspective of a fingertip, it under-
goes a temporal evolution of tactile stimuli during reaching. In the active force scheme,
the finger experiences a sudden change in impedance, that is from a negative impedance
(i.e. pushing forces) to positive impedance (high friction and resisting force). In contrast,
friction modulation scheme only involves a sudden increase in friction. This additional
reversal of the active lateral force enhances the “braking” effect upon reaching the target,
making it easier for the finger to stop near the target.

This advantage is particularly evident for rendering small targets. Due to inertia, the
finger may continue sliding upon entering the target area. The friction modulation ap-
proach only generates a short duration that users can feel a high friction. This short-lived
feeling of high impedance may well be insufficient to trap the finger or even aware users.
Consequently, users may miss the target and need to slide back and forth to identify it.
This limitation leads to a marked performance degradation. For instance, reaching a
small target (width = 1.6 mm) with friction modulation requires 30.94% more time com-
pared to larger targets. In contrast, active forces still possess an abrupt change of lateral
force, no matter how small the target is, resulting in reduced degradation due to small
target of 18.51%. This feature offers higher rendering resolution, making active force
feedback especially suitable for rendering small elements, such as text.

Additionally, the directional cues provided by the active force also contribute to faster
target finding. In the active force condition, users receive clear directional guidance, es-
pecially when searching near the target at low speeds. Even when the finger is nearly
stationary, the active force provides strong directional cues to the finger. These direc-
tional cues always drag the finger to the location of the target. In contrast, with variable
friction, users must slide back and forth more times to perceive friction changes, making
it more difficult and time-consuming to detect and correct for a missed target.

4.8.3. POSSIBILITY TO RESTORE PROCEDURAL MEMORY
While we did not statistically investigate learning effects in this chapter, we did observe
variable learning among participants during the training and experimental sessions. In
S2, some participants reported noticeable performance improvements in the training, as
indicated in their verbal feedback. This improvement is also reflected in their adapted
targeting behavior. In some trials, they first performed a fast-reaching movement to
quickly estimate the target location and then used more controlled movements to finely
locate the target. This strategy resulted in larger overshoots but shorter completion
times. These observations indicate the development of procedural memory in users
through leveraging tangible potential fields.

We anticipate that further improvements in performance could be achieved with
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continued learning. In our experimental design, feedback conditions were randomized
across trials, and participants were unaware of the specific conditions they would en-
counter prior to each trial. Consequently, they were unable to fully exploit the proce-
dural memory that could have been developed. In practical applications where haptic
feedback conditions are predetermined, users could build procedural memory more ef-
fectively. This would enable them to employ their learned muscle memory with greater
confidence, potentially leading to even faster and more efficient target selections. More-
over, when integrating this haptic-assisted pointing with keyclick sensations [8], [13],
[15], [43], it is promising to achieve eyes-free control over virtual widgets, benefiting
sighted users in visually demanding situations and allowing visually impaired users to
access them.

4.8.4. LIMITATIONS AND FUTURE WORK

We acknowledge several limitations in this chapter. First, we did not address the vari-
ability in the perceived intensity of stimuli. The apparatus operates in feed-forward.
Different pressing forces and fingertip stiffness can cause variable force output between
individuals and trials. Second, the force generation model did not consider sliding ve-
locity. We used a data-driven force-phase model, measured with a static finger. Fast and
slow-moving fingers may result in different actual force output. These limitations could
be addressed by incorporating closed-loop control to monitor and adjust force output.

Furthermore, future work could be extended to the following directions:

Expanding interaction modalities. Future work could explore more interaction modal-
ities using potential fields, such as improving Steering Law tasks or guiding users along
curved paths without visual feedback.

Broader application design. More potential fields could be tailored to specific ap-
plications, such as rendering racetrack lanes in racing games, creating tactile chessboard
grids, or adding periodic potential wells that fit bookmark bars of a computer or fit con-
tents to be scrolled on touchscreens.

Two-dimensional active surface haptic devices. To date, only one-dimensional
active surface haptic devices are documented in the literature. This chapter reveals the
pressing need for two-dimensional active surface haptic devices that generate lateral
forces in any direction on a surface. The demonstrated benefits of the potential field
approach in this chapter could be directly extended to two-dimensional applications.

4.9. CONCLUSION

We created artificial potential fields on the fingertip by dynamically adjusting the travel-
ing wave ratio in an active surface haptic device. These potentials significantly enhanced
touch interaction in three tasks: (1) perception of bumps and holes, (2) Fitts’ pointing
tasks, and (3) directional navigation. User studies qualitatively demonstrated that the
generated potential fields effectively convey both the height and depth of the fields and
guide the finger toward targets.

We designed three applications to showcase the versatility of potential field design.
These applications leverage the strengths of the aforementioned qualitative studies. User
feedback confirmed that these applications are well-suited for incorporating these hap-
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tic renderings. Our findings highlight that rendering potential fields by controling trav-
eling waves is an effective way to guide bare finger interactions with touch alone. This
capability is only possible with active force feedback and cannot be replicated with vi-
brotactile or friction modulation techniques. This research underscores the promise of
artificial potential field rendering to enhance touch interactions and provide diverse and
immersive tactile experiences.
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VISCOUS DAMPING DISPLAYED BY
ACTIVE SURFACE HAPTICS

PREFACE

The previous chapter demonstrated that potential fields on touch surfaces can positively
impact users’ performance and experience by varying local forces based on finger posi-
tion. However, this position-based approach requires prior knowledge of target loca-
tions. In contrast, this chapter explores the effects of viscous fields, where forces vary as
afunction of velocity, on user movement in targeting tasks. Using the same experimental
setup as the Ultraloop, this study investigates velocity-dependent force feedback, which
is independent of predefined targets and instead dynamically responds to users’ move-
ment. The results indicate that viscous damping improves targeting performance and
enhances user experience, particularly by reducing oscillations around the target and
lowering completion times.

This chapter is based on:

Zhaochong Cai, and Michaél Wiertlewski, Viscous damping displayed by surface haptics improves touch-
screen interactions, In: Kajimoto, H., et al. Haptics: Understanding Touch; Technology and Systems; Appli-
cations and Interaction. EuroHaptics 2024.
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ABSTRACT

Virtual targets on touchscreens (e.g., icons, slide bars, etc.) are notoriously challenging
to reach without vision. The performance of the interaction can fortunately be improved
by surface haptics, using friction modulation. However, most methods use position-
dependent rendering, which forces users to be aware of the target choice. Instead, we
propose using tactile feedback dependent on users’ speed, providing a viscous feeling.
In this study, we compared three viscous damping conditions: positive damping, nega-
tive damping, and variable damping (viscosity was high during slow movements and low
during fast movements), against a baseline condition with no tactile feedback. These
viscous fields are created by changing net lateral forces based on velocity. Results indi-
cate that, during the initial phase of movement when the finger approaches the target,
various viscous feedback has an insignificant impact on targeting trajectories and move-
ment velocity. However, positive damping and variable damping significantly influence
behavior during the selection phase by reducing oscillation around the target and com-
pletion time. Questionnaire responses suggest user preference for viscous conditions
and disapproval of negative viscous forces. This study provides insights into the role of
viscous resistance in touchscreen interactions.

5.1. INTRODUCTION

OUCHSCREENS and capacitive buttons offer designers the flexibility to program human-
T machine interfaces but deprive users of tactile feedback typically Because of the lack
of tactile cues, users interacting with touchscreens and touchpads have to interact us-
ing only visual cues. The need for visual attention can be dangerous in situations such
as driving or walking. While some manufacturers are reverting back to physical but-
tons, they are also losing the flexibility that touchscreens provide. Programmable tac-
tile feedback, where feedback is provided to the user’s bare finger, circumvents all these
limits and reduces the need for visual attention. Moreover, the feedback enhances the
performance of the interaction and improves the overall user experience. The standard
approach to implement programmable tactile feedback, commonly found in consumer
electronics, uses vibrotactile feedback to inform users with vibrations [1]. While effective
at signaling the user, vibrotactile feedback only provides transient or periodic stimula-
tion. In contrast, friction modulation offers finer and continuous stimuli providing a
natural physical rendering of a target. It has been shown that a simple binary friction
profile reduces pointing task completion time by providing more intuitive guidance to
users [2]-[4].

However, all existing methods that employ position-based feedback require knowl-
edge of the target location and, consequently, must predict the user’s intention in select-
ing their target. The position-based approach can be effective when the interface has
only a few targets but may be impractical when localized targets do not exist. To facili-
tate interaction across complex interfaces, we need to implement a target-independent
rendering strategy, for example, velocity-dependent forces that feel similar to viscous
elements to guide the user on the surface.

Pointing tasks, where the finger reaches a target on the screen, are fundamental in
human-computer interaction. Fitts demonstrated that the time taken to reach a target
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Figure 5.1: Typical velocity profiles observed during a pointing task. The cyan curve represents a typical veloc-
ity profile without tactile feedback, where the finger moves back and forth when selecting a target. The purple
curve illustrates the proposed approach that varies damping. We hypothesize that, during the approach to
the target, low viscosity (or even negative damping) can accelerate finger movement, while during the target
selection, high viscous viscosity helps locate the target with fewer back-and-forth movements.

during these pointing tasks depends on its distance and width [5], [6]. The kinematics
are governed by the principle of minimum variance control [7]-[9], suggesting that users
minimize target variance by slowing down when approaching a target. The velocity pro-
file forms a bell shape, dividing into two phases: an approaching phase, resembling a
ballistic movement with minimal sensory feedback [10], [11], and a subsequent slower
adjustment phase to pinpoint the exact location using continuous sensory feedback.

Therefore, we postulate that task completion time can be reduced by modulating
feedback along these phases. This translates to accelerating the ballistic movement for
a quicker approach and slowing down the adjustment phase for finer control, as illus-
trated in Fig. 5.1. We implemented this strategy by changing the damping coefficients
as a function of the user’s velocity. For example, we can display negative damping at
high speeds to increase speed and positive damping at low speeds to dampen the ap-
proach. We expect that this feedback provides better performance with a shorter time to
completion compared to scenarios without tactile feedback.

Viscous-based assistance has been implemented in the past using force feedback. In
contrast to surface haptics, users interact with force feedback devices through a handle
rather than their bare fingers. Despite these differences, the findings offer insights into
expected behavior. Notably, it has been observed that adding constant static friction
leads to a decrease in reaching times and improves accuracy when moving low-mass
objects [12]-[14]. This improvement is attributed to friction forces decelerating and fil-
tering out jittery movements. Keemink et al. demonstrated that both constant damping
and position-dependent damping reduce movement time and increase endpoint accu-
racy [15]. These findings suggest that viscous damping in force feedback operations is
beneficial to human operators. Viscous effects have also been studied in the context
of texture perception using variable friction [16]. However, the impact of such velocity-
based forces on motor performance during direct fingertip interaction remains largely
unexplored, in part due to the lack of a surface haptic device capable of providing the
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Figure 5.2: a, Experimental setup: Participants slide their index finger on the touch surface of the Ultraloop
while experiencing lateral forces generated as a function of the measured velocity. b, Graphical user interface
displaying visuals for a one-dimensional reciprocal targeting task.

desired lateral force.

In this chapter, we investigated the effects of variable viscous damping on users’ tar-
geting strategies using a novel surface haptic device called Ultraloop [17]. This device
generates lateral forces based on the user’s velocity. We compared users’ performance
when reaching targets when presented with a positive damping, a velocity-dependent
damping, a negative damping, and a control condition without any damping. We found
that viscous conditions do not significantly affect the movement trajectories during the
approach phase but notably decrease the back-and-forth movements during the selec-
tion phase.

5.2. METHODS
5.2.1. SETUP

In this chapter, we render viscous environments by changing the net lateral forces, with
a consistent reduced friction, as a function of velocity. The lateral forces are produced by
active surface haptic devices that use ultrasonic traveling waves, e.g. [17]-[20]. Here, we
use a haptic touchpad, called the Ultraloop, which can deliver active lateral forces on a
relatively large surface of 140 x 30 mm?. It has an aluminum ring-shaped cavity in which
two degenerate resonant standing wave modes are excited at approximately 40 kHz with
a 90° phase shift. These standing waves superimpose into either a counter-clockwise
(when the phase is 90°) or a clockwise (when the phase is -90°) traveling wave that prop-
agates around the ring. The traveling wave interacts with the skin and produces a net
lateral force that can push or pull fingertips. The direction and magnitude of the force
can be modulated by varying the amplitude and phase shift of these standing waves.
To create lateral forces as a function of velocity, we used a Teensy 3.6 microcontroller to
program the phase of two driving voltages in response to finger velocity, derived from the
first-order backward difference of the position tracked by an infrared sensor (Neonode,
NNAMCI1580PCEV) (Fig. 5.2a).
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Figure 5.3: a, Damping coefficients as a function of finger velocity. b, Phase shift between the two channels of
driving signals. The maximum lateral forces are generated with a phase shift of £90°.

5.2.2. EXPERIMENTAL CONDITIONS

In the experiments, participants were asked to reach for a target while being assisted
by three different viscous environments or not assisted at all (baseline condition). In
the baseline condition, the surface had uniform low friction with no externally applied
lateral forces. In the viscous conditions, net lateral forces generated by the Ultraloop
were a function of finger movement speed, formulated as F = —bv, while the strength
of friction reduction remains the same as the baseline condition. We designed three
experimental conditions:

1. Positive damping: Here, bis a constant positive value, creating a viscous resistance
similar to what can be experienced in daily life.

2. Negative damping: In this condition, bis a negative value, and the faster the users
go the stronger the lateral forces push.

3. Variable damping: bvaries linearly with velocity, turning negative when the finger
moves faster than 0.08 m/s.

Due to the limitations of the Ultraloop, the net forces plateau at approximately 300 mN.
Therefore, the damping force cannot increase beyond a certain finger speed. Figure 5.3
illustrates the proposed damping coefficient and phase shift profiles as a function of fin-
ger speed for each condition. It is important to note that the amplitude of ultrasonic
vibration remains constant across all feedback conditions to minimize variations in the
strength of friction reduction. The phase of the driving signals is the only parameter
tuned, based on velocity.

5.2.3. PROTOCOL AND DESIGN

The graphical user interface used for the experiment is shown in Fig. 5.2b. Participants
conducted one-dimensional reciprocal targeting tasks. Twelve successive tasks with the
same target width and viscous condition were grouped together as a block. At the start
of each block, they placed their index finger on the active surface of the Ultraloop and
slid the cursor to the start area. After holding the cursor in the start area for 0.2 seconds,
the first trial of this block started, and the participant slid the cursor to the target and
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participant 96 targeting tasks 96 targeting tasks 96 targeting tasks 96 targeting tasks
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Figure 5.4: Experimental procedure overview. Targeting tasks are organized into sessions based on viscous
conditions. The sequence in which these conditions are presented to participants is determined by a Latin
Square design.

pressed the “ctrl” key with their non-dominant hand to confirm the acquisition. Next, a
new target appeared on the other side of the user interface. Participants were instructed
to complete the tasks both quickly and accurately, aiming for a success rate of approxi-
mately 96 %. If a participant missed more than one target in a block, a message on the
user interface would prompt them to slow down for greater accuracy. Conversely, if they
completed one block without any misses, they were encouraged to increase their speed.

We used a repeated within-subject design, with independent variables as viscous en-
vironments and target widths. These widths were set at 8, 16, 24, and 32 pixels, equiva-
lent to 0.8, 1.6, 2.4, and 3.2 mm on the touch surface. The target distance is fixed at 7.5
mm. Before experiments, participants spent ten minutes familiarizing themselves with
the Ultraloop and the interface.

The experiment consisted of 32 blocks, with each block containing 12 trials with
the same target and feedback condition. These 32 blocks were divided into four ses-
sions, each dedicated to one of the viscous conditions. We applied a Latin Square de-
sign to counterbalance the presentation order of viscous conditions among participants
(Fig. 5.4). Each session had eight successive blocks, with target widths presented in a de-
scending order, and grouped by the same width. Participants were allowed a one-minute
break after each block to rest their hands and fingers. In summary, each participant com-
pleted 384 trials, calculated as 4 sessions x 4 widths x 2 repeats x 12 targets.

5.2.4. PARTICIPANTS

Nine individuals from TU Delft participated in the experiments (seven males, and two fe-
males; aged 22-32, average age 25.4). All participants were right-handed, had no tactile
impairments, their fingers were free of cuts and calluses, and were unaware of the aim
of the study. Every participant provided informed consent before the experiments. The
study received ethical approval from the ethics committee of Delft University of Tech-
nology, complying with the Declaration of Helsinki.
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Figure 5.5: Mean movement time during the selection phase and approach phase across all target width condi-
tions. Bar charts for these two phases use the same scaling in the y direction. Stars “*” indicate the significance
of p = 0.05. The inset illustrates a typical movement trajectory, with the two phases indicated by the shaded
areas.

5.2.5. DATA PROCESSING

The area where participants began the task had a specific width, so we mitigated varia-
tions in trajectory timings by aligning the traces to a common reference time point. The
velocity profile as a function of position was obtained by interpolating the time-domain
position data from each trial. Additionally, we excluded data from the first session of
one participant who could not perform movements as fast and accurately as possible,
resulting in considerably slower movement compared to the rest of the cohort. In a set
of successive trials organized into two blocks of 24 trials, which have the same viscous
conditions and target widths, we excluded the first four trials from the first block and the
first two trials from the second block to allow for adaptation. The exclusion removed the
trial where the learning effect was present, in turn providing focus to the data where the
performance was stable.

5.3. RESULTS

Movement time for each trial is defined as the time between the onset of movement to
the selection of a target. A repeated measures ANOVA analysis revealed a significant im-
pact of viscous conditions on the average movement time (F3 21 = 13.392, p < 0.001). No-
tably, both variable damping and viscous damping conditions exhibited shorter average
movement time (mean = 1.41 s and 1.46 s) compared to the baseline condition (mean
= 1.54 s). In contrast, negative damping increased the completion time of the pointing
task (mean =1.74s).

To explore the potential source for the variance in movement time across viscous
conditions, we divided the movement of a trial into two phases: the approach phase and
the selection phase. The approach phase spans from the moment the finger exits the
start area to when 90% of the target distance is covered. The selection phase comprises
the remaining time until task completion. We chose the divide point at 90 % follow-
ing preliminary observations indicating that the phase before this point exhibits a rapid,
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Figure 5.6: a and b, the mean duration during the approach phase and selection phase. ¢, Mean entry count
across different viscous conditions. Standard deviations across participants are indicated by error bars. Stars
“*” indicate the significance of p < 0.05.

monotonous movement towards the target, often described by a bell-shaped velocity
profile [11]. Beyond this point, user movements become non-monotonous and involve
corrective motions, indicating a shift from rapid approach to precise target alignment.

These phases were represented in the inset of Fig. 5.5 and statistically analyzed sep-
arately to quantify their distinct contributions to task performance. Notably, signifi-
cant differences in movement times were predominantly observed during the selection
phase. Figures. 5.6 a and b showed that significant differences in movement time were
not observed during the approach phase (F32; = 1.72, p = 0.19), but during the selection
phase (F32; = 12.826, p < 0.001). Specifically, negative damping recorded the longest se-
lection time (mean = 1.29 s), while the variable damping recorded the shortest (mean =
0.96 s). Further analysis of movement times in different target widths indicated that the
primary difference occurred in the selection phase, with minor variations in the ranking
of viscous conditions (Fig. 5.6¢).

We further analyzed the averaged movement profiles under the same viscous condi-
tion and target width, as depicted in Fig. 5.7. Across all width conditions, position and
velocity profiles showed small differences between viscous conditions, considering no-
table standard deviations. Additionally, the averaged peak velocities are similar across
different viscous conditions. It further suggests that varying viscous resistance does not
effectively speed up or slow down user movement during the approach. Furthermore,
averaged velocity versus position profiles during the approach phase also exhibit small
deviations from each other for widths of 8, 16, and 24 pixels, yet a relatively larger devi-
ation was observed for a width of 32 pixels. In contrast, the selection phase was notably
affected by the viscous conditions. We observed large variations in the number of oscil-
lations around the target and selection duration. The condition negative damping signif-
icantly increased the average entry count (mean = 1.875), which is the number of times
the finger moves into the target area, while both positive damping and variable damp-
ing conditions effectively reduced the number of oscillations around the target (mean =
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Figure 5.7: Averaged movement profiles. Left and middle panels: Averaged movement and velocity profiles of
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during the approach phase. Standard deviations are indicated by the shaded areas.
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Figure 5.8: Mean questionnaire responses, with 10 = strongly agree and 1 = strongly disagree.

1.397 and 1.47), compared to the baseline condition (mean = 1.578). Interestingly, de-
spite the opposite viscosity in the positive damping and variable damping conditions
during the approach phase, participants obtained similar entry counts, as indicated by
the pairwise post-hoc analyses. It suggests that the selection behavior is primarily influ-
enced by the viscous conditions in the low-speed regime.

After each viscous condition, participants were asked to respond to three questions,
with scores ranging from 1 (strongly disagree) to 10 (strongly agree). The questions were
as follows: Q1: "I performed well", Q2: "I enjoyed the tactile feedback when interacting
with the touchpad", and Q3: "It is easy to hit the target". Responses were collected from
eight participants. One participant did not comply with the requirement to complete
tasks both quickly and accurately at the first experimental session and was excluded to
ensure the reliability of the data. The average scores for all three questions followed
the same order across conditions: positive damping > variable damping > baseline >
negative damping, as displayed in Fig. 5.8. After completing the experiment, participants
were asked to select their most and least preferred conditions. Four out of eight preferred
positive damping, three baseline, and one variable damping. In contrast, seven out of
eight participants chose negative damping as the one to not use, with only one choosing
positive damping.

5.4. DISCUSSION AND CONCLUSION

We demonstrated a new method to guide users on haptic touchpads and touchscreens.
The guidance is created using velocity-dependent forces on the finger, which produce
a low damping effect when the finger is moving fast and a high damping effect when it
is moving slowly. The user studies indicate that the viscous forces applied to fingertips
affect the performance when reaching for a target. The gains in performance are mostly
in the later phase of the movement when the user selects the target instead of in the
phase when approaching the target. Notably, even when comparing two opposite vis-
cous conditions, i.e., negative damping and variable damping, their velocity profiles fol-



5.4. DISCUSSION AND CONCLUSION 89

low similar bell-shaped trajectories, with comparable peak velocities. This observation
seems inconsistent with studies using force feedback devices, which reported significant
changes in approach trajectories [15]. Two alternative explanations for this inconsistent
behavior during the approach phase can be raised.

First, the inconsistency may be attributed to the small variations in the magnitude
of the applied force. Hand-operated force feedback devices typically exert forces in an
order of 10 N, which are sufficient to impact the limb dynamics. In comparison, the Ul-
traloop produces much smaller net lateral forces, approximately 0.2 N. The interaction
forces at the fingertip —the combination of net lateral force and sliding friction— may
differ by a maximum of 0.4 N across different feedback conditions. This variation is no-
table between negative damping and positive damping, which produce net tangential
forces of opposite signs, with sliding friction consistently opposing movement. These
small variations in interaction forces do not significantly accelerate or decelerate fin-
ger movement. For instance, in negative damping, the forward forces are neutralized by
friction forces, possibly leading to resistive interaction forces [19]. The movement dur-
ing the approach phase likely follows a feedforward behavior, unimpeded by the level of
resistance generated by the device.

Second, the short interaction distance in our study was only 7.5 cm, ensuring that
participants consistently had a clear visual target throughout the movement. The dis-
tance is notably shorter than similar experiments using force feedback devices, such as
the 23 cm mentioned in [15]. The salience of the visual cue likely led to a dominance
of visual stimuli over haptic stimuli. It is well accepted under the multisensory integra-
tion framework that when visual information has a minimal variance, it becomes the
primary component of the perceived stimuli. We hypothesize that in this task, partici-
pants primarily relied on visual cues, which provided consistent positional feedback. By
contrast, the velocity-dependent haptic feedback, which in principle does not infer the
target location, played a lesser role. This visual dominance likely explains why variations
in viscous damping had minimal impact on the trajectories during the approach phase.
This hypothesis is in line with a study by Levesque et al. [2], where the authors report
no significant difference in movement speed when using constant low or constant high
friction conditions.

Conversely, in the selection phase, where the finger is approaching the target, pos-
itive damping gives an advantage to the user for positioning at the right location. We
measure the advantage by the reduced oscillations around the target and shorter se-
lection times. The observations align with findings from force feedback device studies
[21], where the authors attributed this benefit to haptic damping forces mitigating mo-
tor noise during positioning. The positive damping, which creates an energy-dissipative
environment, helps dampen unintentional small movements of the user’s finger. Our ex-
periments with negative damping show that this effect reverses when the environment
is generating energy, creating more oscillations and longer selection times. In addition,
participants also described it as the "most challenging,” with "unpredictable" move-
ment.

The results regarding active surface haptics can be compared to previous studies that
use passive surface haptics with friction modulation. With friction modulation, the tar-
get is represented with a low or high friction part, and everything outside is high or low
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friction, respectively. In both conditions, the friction pattern provides a distinct sensa-
tion upon touching the virtual target, and the additional tactile feedback can effectively
reduce the need for visual attention. However, the discontinuity in resistance may not
be preferred by users [2], especially if it conflicts with other feedback channels or tasks.
In contrast, creating viscous damping environments using ultrasonic traveling waves in-
duced active force does not involve a discontinuity in friction or lateral force, which as-
sists in targeting continuously. We believe it improves the movement by attenuating mo-
tor noise during the precision epoch of the movement. This feedback scheme smoothly
updates the lateral forces, and as a consequence, feels continuous, free from irregular-
ities, and does not interfere with the visual channel. Therefore, it can be an effective
complement to the screen in visual-dominant tasks or shared control tasks.

In conclusion, our investigation focused on the effects of viscous forces using active
lateral force feedback in touch interactions. Results reveal that viscous forces do not
significantly change targeting strategies during the approach to the target but help in
positioning toward the target. However, it should be noted that the insights were con-
ducted with only nine participants, which may potentially affect the generalizability of
our findings and an improvement could involve a larger participant pool. Moreover, fu-
ture work could exploit the potential benefits of viscous damping in tasks where moving
targets are tracked. With the right design, viscous damping environments may enhance
these dynamic tasks that involve frequent acceleration and deceleration [22], [23]. An-
other avenue is to explore how humans adapt to viscous environments created through
pure friction modulation. This setting may yield different observations, as humans can
perceive friction change before sliding occurs [24].
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FLATLOOP: LOW-PROFILE ACTIVE
FORCE FEEDBACK DEVICE USING
TRAVELING WAVES

PREFACE

Chapter 3 introduced the Ultraloop, an oblong ring-shaped cavity capable of generating
resonant traveling waves. However, the Ultraloop has a significant height of 2R, mak-
ing it unsuitable for integration into thin consumer electronics. This chapter presents
the flatLoop, a low-profile version of the traveling wave-based surface haptic device de-
signed to enhance usability in modern consumer devices. The chapter begins by detail-
ing the design of the thickness profile using an analytical model, followed by geometric
refinements using FEM simulations. Next, force measurements were conducted under
varying normal forces and phase shifts, demonstrating that the flatLoop achieves force
production performance comparable to the Ultraloop. Finally, a proof-of-concept ap-
plication "haptic keyboard" is introduced, showcasing how the flatLoop can render two-
dimensional force fields for interactive haptic feedback.

This chapter is based on:

Zhaochong Cai, Koen Renkema, and Michaél Wiertlewski, "flatLoop: Low-profile active force feedback device
using traveling waves," published in IEEE World Haptics Conference 2025, Suwan, Korea.
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ABSTRACT

Active surface haptic devices can push and pull users’ fingers as they move to guide them
to targets. These devices generate active forces directly on the fingertip using resonant
traveling waves. Modulating the amplitude of the wave and its phase allows fine con-
trol over the force applied to the fingertip, which in turn can be used to create com-
pelling tactile sensations such as elastic potential fields, which attract or repel the fin-
ger, emulating the feel of curved surfaces. However, the existing designs are bulky, with
ring-shaped cavities unsuitable for thin consumer electronics. This chapter introduces
flatLoop, a compact surface haptic device with a height of just 5 mm. It uses a planar
aluminum structure with two straight and two curved beams along which flexural waves
travel. The thickness of the curved beams varies, steering the wave propagation around
corners. Experimental results demonstrate that flatLoop generates uniform traveling
waves and produces lateral forces of up to 0.3 N on an 80 x 30 mm?2 flat surface. This
innovative design can deliver rich tactile effects in a compact form, ideal for applica-
tions like rendering a flat keyboard where users can feel the shape of keys. This design
can facilitate the integration of the technology in consumer electronics.

6.1. INTRODUCTION

INCE the adoption of touchpads and touchscreens in consumer-electronics, there

has been a drive to provide realistic haptic feedback on flat surfaces. While vibro-
tactile devices are the leading approach, surface haptics has been gaining popularity be-
cause these devices let users feel rich tactile feedback during bare finger interactions by
modulating the interaction force. The force modulation is typically achieved by varying
the friction force via ultrasonic bending waves [1], [2] or electroadhesive attraction [3],
[4], enabling the creation of shape illusions [5] or frictional textures for guiding users to
specific targets [6], [7]. However, while changing friction produces a salient sensation, it
is only effective when the finger is sliding on the surface and little tactile sensation can
be created on static fingers. Moreover, because the feedback is passive, the modulated
force is always collinear with the direction of movement, and thus not able to effectively
guide the user to an arbitrary target. These limitations have been overcome by a new
class of surface haptic devices generating active lateral forces on sliding or stationary
fingers. With active forces, users can be attracted or repelled from specific points. By
modulating the force according to finger position or velocity, active force feedback pro-
vides tactile guidance or rendering, including navigation through directional cues [8],
contour following [9], simulation of button clicks [10], [11], or creating "potential fields"
on a surface [12], [13].

Several techniques can generate active forces. The oldest uses asymmetric friction,
where the friction of a laterally oscillating surface is changed synchronously to induce a
high friction state when the plate moves forward and a low friction state when it moves
back [9], [13]-[15]. While effective, these systems are often noisy and complex to control.
A more recent approach uses ultrasonic flexural traveling waves. When the beam is ex-
cited by flexural waves, the surface of the beam follows an elliptical trajectory. This ellip-
tical motion is non-linearly interacting with any object in contact, including skin, creat-
ing a net force. The active force is however noticeable only if the wave has a large enough
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Figure 6.1: The flatLoop is a low-profile haptic display that uses flexural traveling waves to provide active force
feedback on a bare finger. The inset illustrates a comparison of the dimensions between the Ultraloop and the
flatLoop.

amplitude, on the micrometer scale. To create traveling waves with sufficient amplitude,
one can use powerful actuators to vibrate the beam, but the method achieves a small
amplitude-to-input power ratio. Instead, it is possible to use resonance to produce trav-
eling waves. To achieve resonance, we can remember that every traveling wave can be
decomposed into two standing waves with a quarter wavelength shift. If these standing
waves can be made resonant at the same frequency, they form degenerate modes and
produce a resonating traveling wave with a large amplitude compared to the input. A
circular ring used in traveling-wave ultrasonic motors [16], has been used to produce
strong active forces on human fingertips [17] and deliver haptic effects such as button
clicks [18]. However, their hollow and non-flat shapes are not suitable for touch appli-
cations. Another type of structure involves an oblong ring-shaped cavity, as used in a
haptic device, the Ultraloop [10]. This structure consists of two straight beams and two
semicircular beams, allowing bending waves to propagate along its centerline. The Ul-
traloop can generate uniform lateral forces on a flat surface and produce tactile effects
such as button clicks [10] and viscous damping [19].

Despite its advantages, the Ultraloop has an inherent height of twice the radius (2R),
which is 100 mm in its current configuration. While reducing the radius R could lower
the height, the intrinsic 2R dimension remains significant, making the design ill-suited
for integration into most touch-enabled devices, such as touchpads, car dashboards, and
display screens in educational or museum settings, which are flat and thin.

In this chapter, we propose a low-profile design, the flatLoop (Fig. 6.1), which can
support degenerate modes on a flat configuration, reducing the height of the device to
that of the thickness of the beam. The design uses the same modes along the centerline
as the Ultraloop. However, the planar arrangement includes two curved parts, similar
to a running track. These curved parts introduce distortions in the bending wave prop-
agation since the inside of the curve is shorter than its outside. Consequently, to have
the same number of wavelengths, the speed of the wave should be higher in the out-
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Figure 6.2: (a) The oblong centerline of the Ultraloop has two orthogonal degenerate modes. (b) The flat-
Loop uses the same centerline as the Ultraloop but features transverse vibrations orthogonal to the centerline’s
plane.

Figure 6.3: FEM simulation of the 24" bending mode shape of the flatLoop with a uniform thickness of 2.75
mm. The difference in the curve length results in 26 wavelengths along the outer circumference and 22 wave-
lengths along the inner circumference.

side. Failing to take the difference in length into account causes the nodal lines in the
straight part to be tilted and force generation becomes non-uniform. To address this
issue, we employ a variable thickness profile at the curved parts where the thickness fol-
lows a power-law function of the radius. This design leads to colinear propagation of the
traveling waves in the straight part and uniform force generation. We show how this de-
vice can be used by demonstrating a proof-of-concept haptic keyboard, showcasing the
potential of the flatLoop for practical applications in touch-based interfaces.

6.2. LOW-PROFILE DESIGN OF A TRAVELING WAVE STRUCTURE

6.2.1. ORTHOGONAL DEGENERATE MODES

Previous devices used an oblong ring-type structure excited by two orthogonal modes at
the same frequency to create a flexural traveling wave. This type of structure, formed by
two straight beams of length L connected by two semicircular segments with a radius R,
can be used as a surface haptic device, such as the Ultraloop [10], or as an acoustic lev-
itation transportation system [20]. To achieve a sufficient amplitude with regular piezo-
electric elements, this structure leverages resonance of both modes having an identical
resonant frequency. This so-called degenerate mode exists only for specific length-to-
radius (L/R) ratios. Determining the geometrical conditions for frequency degeneracy
has been discussed in [21], [22]. The flatLoop design revolves around the same oblong
centerline loop as the original Ultraloop. Below, we briefly review the analytical model
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Figure 6.4: (a) Top view of the curved segment. (b) The flatLoop design includes two straight beams as the
touch surface, two curved bends with variable thicknesses, and four transition sections connecting the curved
bends to the straight beams. (c) Cross-section of the curved bend.

for finding resonances and mode shapes with a given oblong structure.

We define a Cartesian coordinate system and a polar coordinate system for the straight
and curved sections respectively (Fig. 6.2a). The transverse displacements of the straight
and curved parts are denoted as v and v, . We assume that the form of displacements
can be separated into a spatial component (i.e. the mode shape), which depends on co-
ordinate x and 6, and a harmonic component with a variable ¢. Thus displacements are
expressed as vg(x, t) = Vs(x)sin(w?) and v (0, t) = V. (0) sin(w?).

We now consider the 24™ bending modes along the centerline. The mode shapes
take trigonometric forms, i.e. +sin and + cos, and are expressed as:

e Symmetric mode: {V;, V;} = {Ascos ksx, A cos k.0}
° Asymmetric mode: {V;, V;} = {Assin ksx, A sin k.0}

where k; is the wave number (with unit in meters) for the straight parts and k. is
the wave number (with units in radians) for the curved parts, and As; and A, are the
amplitudes of the transverse displacements in the straight and curved parts respectively.

Using the Euler-Bernoulli beam assumption and Hamilton’s principle, the dispersion
relations coupling ks, k. , and w (angular frequency) are previously derived as Eq. 6.1 and
Eq. 6.2. For the reader’s convenience, they are restated below as:

ki — askiw® —ys0* =0 (6.1)

WYkt =2y K2+ ack? +ac+ye) — kS + 2k — k2 =0 (6.2)
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Figure 6.5: (a) Uniformity of wave distribution in the straight parts as a function of the power m. (b) FEM
simulation of the 24t bending mode shape of the flatLoop with a power-law thickness profile in the bends,
ho( I—’?)m, where m =2, 2.4, and 2.8. For m = 2, the outer circumference exhibits more wavelengths than the
inner circumference (symmetric mode and asymmetric mode are both presented here). Conversely, for m =
2.8, the outer circumference has fewer wavelengths. For m = 2.4, waves are distributed evenly in the straight
parts.

where a5 = p/E, ys = pA/EI, a. = pAR*/EIl and y. = pR?/E. Here, p is the material den-
sity, E is the Young’s modulus, A is the cross-sectional area, and I is the second moment
of area.

For the symmetric mode, the boundary conditions ensuring continuity of displace-
ment and rotation between the straight and curved segments are:

L b4
Agcos (ksz) = Accos (—’ch) (6.3)
. L _ Ackc . T
—Asks s1n(ks§) =——7Z s1n(—kcg) (6.4)

Now Eq. 6.1, 6.2, 6.3, and 6.4 form a set of coupled equations with four unknowns ks, k,
w and the amplitude ratioI' = A;/ A.. These unknowns, which fully define the symmetric
mode shape, can be solved numerically for any given geometry (defined by L, R and h).
Similarly, the asymmetric mode shape can be solved using its boundary conditions.

Only at specific discrete L/R ratios, the natural frequencies of symmetric and asym-
metric modes coincide. By plotting the w;y . and wgsym. as functions of L/ R, configura-
tions with degenerate modes can be identified at their intersection points.

6.2.2. VARIABLE THICKNESS DESIGN
The flatLoop adopts the same oblong centerline as the Ultraloop, with the length L being
140 mm and the radius R being 50 mm. This configuration ensures that all the degener-
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ate modes found valid for the Ultraloop are also present in the flatLoop. However, unlike
the Ultraloop (Fig. 6.2a), the flexural waves in flatLoop are orthogonal to the plane of the
centerline (Fig. 6.2b), creating a planar structure excited by flexural waves. A crude solu-
tion to the design of the flatLoop is expanding the oblong centerline in the x-y plane by
30 mm and then extruding the planar shape by 2.75 mm, which matches the width and
thickness of the Ultraloop, respectively. However, this uniform-thickness design intro-
duces disparities in the lengths of the wave paths along the inner and outer bends of the
curved segments. As shown by finite element method (FEM) simulations using COMSOL
Multiphysics (Fig. 6.3), the outer bend accommodates more waves than the inner bend.
This discrepancy results in tilted nodal lines in straight sections, which challenges the
placement of piezoelectric actuators and the uniformity of force generation.

To address this issue, we explored how a variable thickness profile for the curved
segments can modulate the wave speed and ultimately achieve aligned nodal lines in
the straight part. The idea of the design is to make the flexural waves along the inner and
outer bends arrive simultaneously at the end of the curved segment. As illustrated in
Fig.6.4a, for a point P(r,0) in polar coordinates on the curved segment, the wave equality
condition means the number of waves along different paths in the curved bend should
be constant, expressed as

nrlk=C;

where k is the local wavenumber at the point P with a local thickness &, and C; is a
constant. The local wavenumber k is determined by the geometry and material proper-
ties, and can be approximated using the dispersion equation from Euler-Bernoulli beam
theory:
A
K= w2 P2 (6.5)
EI
Considering a rectangular cross-section, I = bh®/12 and A = bh, and substituting these
expressions into the equation gives:

12p
k= 0 =5 6.6
“ En2 60
Assuming o, E, and p are invariant, the condition for wave equality simplifies to:
h
=0 6.7)
-

Assuming the thickness in the centerline of the curved segments is hy, we have C, =
ho/R?. This yields a quadratic thickness profile for the curved segment:

h(r) = ho(%)z 6.8)

To connect the variable thickness curved bend to the uniform thickness straight part, we
use a 30-mm long transition part to linearly transfer the cross-sections (Fig. 6.4b). FEM
simulations were performed to evaluate this design. We observed that the outer bend
still had more waves than the inner bend (Fig. 6.5b), indicating that the quadratic profile
was insufficient to fully equalize the wave numbers. This discrepancy is likely due to
approximations in the dispersion equation Eq. 6.5.
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To address this, the quadratic thickness equation was modified to include a variable
power m:

h(r) = ho (%)m 6.9)

We explored the effect of the power m using FEM to conduct an eigenfrequency study in
which the power m was varied from 2.0< m <2.8 with steps of 0.1. The uniformity in the
mode shape, defined as the ratio between the minimum amplitude and the maximum
amplitude along the antinodal lines in the straight parts, was evaluated as a function of
m, as shown in Fig. 6.5a. The value of m = 2.4 was found to equalize the number of waves
across the curved segments and produce parallel nodal lines on the straight segments
(Fig. 6.5b). This optimized thickness profile resulted in an outer thickness of 5.16 mm
and an inner thickness of 1.16 mm, and was used in the final physical prototype design.

6.2.3. MANUFACTURING AND VALIDATION OF THE MODE SHAPES

The flatLoop was fabricated from aluminum 5052 (E = 69 GPa and p = 2680 kg/m?) us-
ing CNC machining. Six piezoceramic plates (SMPL25W5T30311, Steiner & Martins Inc),
measuring 25x5x0.3 mm, were glued to one of the straight section of the flatLoop using
epoxy adhesive (DP490, 3M). They were arranged in two sets of three: one set on the top
surface and the other on the bottom. The piezoceramic elements were spaced one wave-
length apart within each set, with the two sets offset by one-quarter wavelength. Each
set was connected to an ultrasonic signal source, amplified by a 20x amplifier (PD200,
PiezoDrive Inc.). The opposite side of the loop is used as the touch surface, providing a
flat interaction area of 80x30 mm?.

To validate our design, we measured the vibration using a laser Doppler vibrometer
(OFV-503 and OFV-5000, Polytec) with a custom scanning attachment. The frequency
response of the symmetric and asymmetric modes were obtained by scanning the fre-
quency around the resonance and measuring vibrations at the antinodes of each mode.
The frequency sweep signal was generated by a data acquisition board (USB-6351, Na-
tional Instruments). The resonant frequencies of the two degenerate modes were closely
spaced at 38,601 Hz and 38,596 Hz, as shown in Fig. 6.6a. Because both modes are
close, we set the working frequency as the average which was sufficient to excite trav-
eling waves with a high vibration amplitude.

The symmetric and asymmetric mode shapes were further characterized by scanning
the 80x30 mm? touch surface with a 1x1 mm? grid. These mode shapes were orthogonal
(Fig. 6.6b and c), although some modal lines appeared distorted. These distortions may
be attributed to manufacturing imperfections or the influence of transition parts, which
requires further investigation.

A traveling wave pattern can be observed by superimposing these two degenerate
modes with a 90-degree temporal phase shift, see Fig. 6.6d, although several nodal re-
gions are still visible.

6.3. CHARACTERIZATION OF FORCE GENERATION
The main performance metric of these devices is how salient the sensation is. To quan-
tify the saliency, which is linked to the strength of the stimulus, we measured the net
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Figure 6.6: (a) Experimental frequency response of the two frequency-degenerate modes. (b) Normalized col-
ormaps of the mode shapes of symmetric mode, asymmetric mode, and the resulting traveling wave mode.

lateral force on a stationary human finger under varying normal forces and phase shifts.
Additional measurements were conducted on a sliding finger to evaluate force behavior
during dynamic interaction.

6.3.1. FORCE MEASUREMENT SETUP AND FORCE GENERATION

The flatLoop was supported by four 3D printed PLA fixtures attached to its curved seg-
ments. These fixtures were mounted on a 250 mmx70 mm PMMA plate, which was fas-
tened to a 6-axis force/torque sensor (HEX32, ReSense). A 3D-printed finger holder fixed
to a grounded structure constrained the finger movement in the lateral direction. This
setup enabled the force sensor to measure the net lateral force exerted on the stationary
finger.

During the measurements, the experimenter placed his index finger in the holder
and maintained a normal force of approximately 1 N. The phase shift of the driving signal
was then abruptly switched from 0° to 90 °, while the voltage sent to the piezoelectric
actuators remained constant at £3 V x 20. The net lateral force was calculated as the
change in force when the phase shift was switched to 90 °. The averaged lateral force
across 18 trials was measured as 0.31 N (Fig. 6.7a).

6.3.2. LATERAL FORCE VERSUS NORMAL FORCE

To study the effect of normal force on the lateral force generation, we measured the lat-
eral force under varying normal forces of 0.2, 0.5, 0.8, 1.0, 1.5, and 2 N at x = 30 mm on
the touch surface. Each normal force condition was tested in three trials, with each trial
comprising eight times of phase switches from 0° to 90°. As shown in Fig. 6.7b, the lat-
eral force increased approximately linearly with normal force for Fy < 1 N. However, at
higher normal forces (Fjy = 1.5 N and 2 N), the lateral force decreased, which is likely due
to damped vibrations. These results suggest that for optimal tactile feedback on travel-
ing wave devices, the applied normal force should remain within an appropriate range,
ideally not exceeding 1 N.
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Figure 6.7: (a) Net lateral force measured at x = 30 mm on a stationary finger when the phase shift was abruptly
switched from 0° to 90 °. The curves are aligned to the moment of phase switching. The rise time - = 0.12's.
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Figure 6.8: Lateral force as a function of phase shift A¢ with each condition repeated nine times. Error bars
represent the standard deviation.

6.3.3. LATERAL FORCE VERSUS PHASE SHIFT

The lateral force at x = 30 mm was measured under varying phase shifts between two
standing waves, with the normal force maintained at 1 N. Each phase shift in the range
of 0° to 360° with an increment of 10° was measured nine times. As shown in Fig. 6.8,
the lateral force exhibits a sinusoidal relationship with phase shift, reaching a maximum
rightward force of 0.3 N at 90° and a maximum leftward force of 0.2 N at 270°. The lateral
force was near zero at 0° and 180°. This sinusoidal force-phase trend is consistent with
previous observations on the Ultraloop. The observed asymmetry between force mag-
nitudes at 90° and 270° may result from the non-uniform mode shape at these phase
shifts, as seen in Fig. 6.6b.

6.3.4. LATERAL FORCE VERSUS SLIDING DIRECTION

Lateral force generation is typically evaluated on a stationary fingertip. However, slid-
ing gestures are common in touchpad or touchscreen interactions. In this experiment,
we measured the lateral force when a finger is sliding in and against the traveling wave
direction. The experimenter slid the index finger back and forth eight times while main-
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Figure 6.9: Symmetric resistance was observed in (a) under a standing wave condition. In contrast, in (b) and
(c), higher resistance is observed when the finger slides against the particle motion, compared to when the
finger slides in the direction of particle motions. The shaded areas represent the average positive (blue) and
negative (orange) forces.

taining a normal force of approximately 1 N. The phase conditions in these trials were
0°,90° or 270°.

At a 0° phase shift, the flatLoop generates standing waves. The lateral force was
roughly symmetric between both sliding directions, with the average positive force be-
ing 0.17 N, and the average negative force being 0.15 N, see Fig. 6.8a. This symmetry
indicates that no net lateral force was produced under these conditions. Instead, the
fingertip experienced only sliding friction opposing the motion.

At a 90° phase shift, where the traveling waves propagate clockwise, the surface gen-
erates rightward lateral forces on a stationary finger. However, when the finger is sliding,
it encounters resistance in both sliding directions, as shown in Fig. 6.8b. Notably, when
sliding against the net force direction, a higher resistance force is observed, with an av-
erage force of 0.38 N compared to 0.165 N when sliding back. Similarly, at a 270° phase
shift, the observed asymmetry reversed (Fig. 6.8c). These observations suggest that the
active lateral forces might only generate a "pushing" effect on a static or a slow-moving
finger. When a finger slides in the direction of the surface particle motion but at a speed
exceeding the particle velocity, the global force is still resistive and not propulsive, con-
trary to the behavior observed with a static finger.

6.4. DEMONSTRATION: A HAPTIC KEYBOARD

Active haptic devices can effectively provide force feedback on users and can be used
to construct artificial potential fields or guide users’ limb in virtual or remote environ-
ments [23], [24]. However, the application of potential field rendering for fingertip guid-
ance remains limited in human-computer interaction (HCI) applications [9]. Here, we
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Figure 6.10: Demonstration of a haptic keyboard. (a) The user interface displayed on an external screen. Users
can interact with the interface by sliding on the flatLoop. (b) Visualization of the desired force fields within
the dashed circle. (c) The lateral force measured on a slowly sliding finger across the centerline in the dashed
circle area. The graph below shows the calculated potential values derived as the integral of the lateral force.
The shaded area represents the standard deviation.

designed a haptic keyboard application using the flatLoop to demonstrate the practical-
ity of our device in real-world scenarios. The haptic keyboard aims to restore the tangi-
bility of physical keys by generating attractive potential wells aligned with the keyboard
layout. Fig. 6.10a illustrates the interactive user interface displayed on a screen, which
consists of three rows of keys arranged in the standard "QWERTY" configuration. Each
key is represented by an individual Gaussian potential well, and the corresponding local
force field is derived as the negative gradient of the potential field (Fig. 6.10b). As a user’s
finger slides over the touch surface, a position sensor (Neonode, NNAMC1580PCEV) lo-
cated above the surface tracks the finger’s x and y coordinates. The position data is trans-
mitted to a microcontroller (Teensy 3.6), which generates haptic signals to produce the
desired lateral forces. These potential fields could help users to navigate over the keys,
enabling faster and easier typing.

To evaluate the system, we recorded the lateral forces generated as a finger slid across
the center row of the keyboard 6 times. Fig. 6.10c shows the measured force as a func-
tion of position. The integration of the averaged force curve reveals distinct potential
wells aligned with keys "E" "G," and "H" (Fig. 6.10c), aligning with the proposed tactile
experience.
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6.5. DISCUSSIONS AND CONCLUSIONS

We designed a low-profile active surface haptic device that uses resonant traveling waves.
The cross-section follows a power-law with a power of 2.4, which was determined by
analytical model and FEM simulations, leading to even wave distribution. Our design
achieves comparable performance to the original device, the Ultraloop, while signifi-
cantly reducing its height. The flatLoop generated 3.58 um/100 V versus 3.73 yum/100 V
in the Ultraloop, and a maximum force of 0.31 N vs. 0.3 N when the normal force is 1 N.
The current design reduces the height from 100 mm to 5 mm by using a planar configu-
ration, as seen by a side-by-side comparison of dimensions in the inset in Fig. 6.1.

One limitation of the prototype is that the observed nodal lines in the straight parts
are not fully parallel compared to FEM simulations, resulting in less uniform wave dis-
tribution and uneven force production. This discrepancy may arise from imprecision
in the CNC machining process or the potential suboptimal selection of m = 2.4 based
on FEM results. Refining the mode shape through further investigation of the power
parameter of m may improve uniformity. Additionally, the effect of uneven force pro-
duction can be mitigated in real applications by tuning the actuation level to normalize
local vibration amplitudes.

Another limitation is the absence of an explicit force production model that accounts
for sliding velocity and the geometry of the elliptical trajectory. Our experiments mea-
sured the forces during sliding against and along the wave propagation direction. The
variation in force of these two cases supports the model proposed by Ghenna et al., who
measured the lateral force in a surface haptic device with elliptical surface motions [8].
Future studies should investigate force production as a function of sliding velocity and
the potential field rendering can consider the velocity as an input, which currently de-
pends solely on position.

In conclusion, we introduced the flatLoop, a low-profile active force feedback device
with a height of 5 mm, designed for potential field rendering. The flatLoop features a
touch surface of 80x30 mm? and generates a maximum lateral force of 0.31 N, compa-
rable to the Ultraloop while offering improved usability due to its compact size. This
innovation makes it suitable for integration into devices such as information terminals
and car dashboards. Future work should focus on modeling and optimizing the transi-
tion region to further increase the area of the touch surface and conducting user studies
to evaluate 2D potential field rendering.
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CONCLUSION

This thesis explored the design of traveling wave surface haptics and their applications in
human-computer interaction. This concluding chapter summarizes the main contribu-
tions, limitations and implications of this work and discusses potential future directions.

7.1. CONTRIBUTIONS AND LIMITATIONS

Modulating the friction of a touch surface can provide users with rich tactile feedback.
However, friction modulation essentially modulates the resistance of a sliding finger,
making it ineffective for guiding users when the finger is stationary or not moving to-
ward a target. To overcome this limitation, this thesis introduces novel prototypes that
generate net lateral forces and investigates how touch interactions can be enhanced us-
ing elastic potential fields. The primary contributions of this doctoral work are threefold:

1. Development of traveling wave surface haptic devices. Generating net tangential
forces on a touch surface has been challenging. With ultrasonic traveling bending
waves, it is possible to move fingers that is in contact with the surface by leveraging
the elliptical motions of the surface participles [1]. A key challenge in developing
traveling wave device is designing an acoustic cavity that supports high-Q reso-
nant traveling waves while providing a relatively large and flat surface for touch
interactions. This thesis introduced two novel device designs:

* Oblong ring-shaped design (Ultraloop)

Chapter 3 presented the Ultraloop, an oblong ring-shaped structure com-
posed of two straight beams of length L, where the user can interact with, and
two curved beams of radius R that redirect the ultrasonic wave and create a
connection. This structure possesses a pair of orthogonal bending modes
of the same order. Traveling waves are generated by exciting both modes
with ultrasonic driving signals that are shifted by #/2. These two orthogo-
nal modes only have the same resonance frequency (i.e. mode degeneracy)
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Figure 7.1: A visual representation of the evolution of the doctoral work.
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under specific geometric constraints. Analytical and numerical studies re-
vealed that mode degeneracy occurs at several discrete length-to-radius ra-
tios, independent of beam width and thickness. Experimental results con-
firmed that the Ultraloop could produce traveling waves with amplitudes of
up to +3 pm, resulting in lateral forces of +£0.3 N. The design can be adapted
to various applications by modifying its length-to-radius ratio or scaling its
dimensions.

* Low-profile design (flatLoop)

Despite its ability to generate uniform and substantial forces, the Ultraloop
has a height of 2R, making it unsuitable for integration into most modern
touch devices. Chapter 6 introduced the flatLoop, a low-profile device, with
a planar design. This structure maintains the same oblong centerline as the
Ultraloop but positions the touch surface on the same plane as the center-
line, reducing the device’s height to its thickness. However, the planar design
introduces a mismatch between the outer and inner circumferences, leading
to an unequal number of waves and tilted nodal lines in the straight parts. To
address this issue, a power-law thickness profile was implemented, where the
outer bend is thicker than the inner bend to "speed up" the bending waves.
This adjustment ensures an equal number of waves and straight nodal lines.
By superimposing the two degenerate modes, the flatLoop achieves uniform
traveling waves for fingertip guidance.

Both designs exhibit high Q-factors due to the use of resonance, relatively large
touch areas, and relatively compact dimensions, making them suitable as haptic
displays for delivering diverse tactile effects.

2. Exploration of elastic potential fields to enhance touch interactions. While sev-
eral studies on active force feedback devices have demonstrated potential field
rendering on surfaces, none have explored the design of potential fields for touch
interactions and their effects on users. Chapter 4 examined how touch interactions
can be enhanced by using several types of potential fields. These force fields were
created as the negative gradient of desired potentials with the Ultraloop. Several
positive impacts were observed:

¢ Differentiation of 3D shapes using attractive and repulsive force fields
Users were able to perceive attractive or repulsive force fields as bumps and
holes with varying heights or depths. However, detecting holes was found to
be more challenging, with a high JND reported. When these tactile features
were integrated into a virtual keyboard, participants expressed a preference
for the haptic feedback and commented that it helped navigation over the
keyboards and reduced the cognitive load.

* Improved pointing task performance

Rendering stepwise force fields around a target improved pointing task per-
formance by 15.5%, compared to no tactile feedback. Additionally, partic-
ipants could accurately locate invisible targets through guidance from the
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stepwise force field, enabling eye-free interaction. This method also outper-
formed friction modulation techniques in targeting invisible targets, leading
to a 22.9% performance gain. These findings highlight the potential of step-
wise force fields for sliding-based tasks in human-computer interaction.

* Communicating directional cues

Active force fields could also effectively convey directional cues to users, with
participants initiating movement in the intended direction 88% of the time.
User’s perception of direction was also used to simulate elastic physics, such
as the pulling sensation in an interactive game like Angry Birds.

These examples underscore the benefits of potential fields in touch interactions,
including improved task performance and enhanced user experience. These ap-
plications hold promise for broader implementation in sliding-based interactions
and beyond.

3. Exploration of effects of viscous rendering on users. Chapter 5 investigated how
surfaces with viscous damping influence users’ sliding interactions. Three vis-
cous environments were evaluated in a pointing task: positive damping, negative
damping, and variable damping (where the damping coefficient switches to nega-
tive during fast finger movements). Analysis of movement trajectories and perfor-
mance data revealed that damping conditions have insignificant effects during the
initial phase of reaching tasks, likely because visual cues dominate in these tasks,
allowing users to plan their trajectories primarily based on their initial target esti-
mation. During the selection phase, positive damping assisted users’ movement
with reduced completion times. This effect may be attributed to reduced motor
noise during the precision phase.

These findings suggest that the viscous damping environments can enhance inter-
action tasks that involve dynamic targeting and may also be useful for simulating
viscous physics in virtual and augmented reality.

In conclusion, for the first time, we developed haptic interfaces capable of generat-
ing uniform net lateral forces on flat and rectangular surfaces using resonant traveling
waves. Additionally, it is the first to investigate the effects of active force feedback on
users by designing both position-based tactile feedback (i.e., potential field rendering)
and velocity-based feedback (i.e., viscous damping). These contributions advance the
field of surface haptics, expanding the design space for interactive touch surfaces.

Despite these advancements, several limitations have been identified. First, the res-
onance of the Ultraloop and flatLoop shifts over time due to thermal effects, leading to a
reduction in actuation efficiency. The current solution involves sweeping the frequency
to track the resonance, but this introduces delays in real-time applications. Second, the
aspect ratio of the elliptical structures, which directly influences force production, re-
mains fixed and has not yet been optimized for performance. Finally, the current designs
focus on generating one-dimensional force feedback; extending this capability to two-
dimensional force generation and two-dimensional applications remains an open chal-
lenge. Addressing these limitations will be an important direction for future research, as
discussed in the next section.
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Additionally, several critical experimental insights were uncovered during this work,
which are not documented in my publicized work but proved essential to achieving suc-
cessful results. Initially, the Ultraloop design included two horns (Figure 7.1), but this
resulted in weak vibrations. It is likely that the horns introduced significant wave re-
flections at the interfaces between the ultrasonic transducers, the horns, and the ob-
long ring, preventing efficient energy propagation to the main structure. By eliminating
the horns and instead using direct piezoceramic plate actuators, wave reflections were
minimized, leading to significantly improved vibration amplitudes. Furthermore, the
choice of adhesive for bonding piezoceramic elements to the aluminum body played a
crucial role in ensuring effective stress transmission. Early experiments using DP 120
(3M) epoxy did not provide sufficient bonding strength. Switching to DP 490 (3M) sig-
nificantly improved adhesion and resulted in better overall performance of the devices.

7.2. FUTURE DIRECTIONS

These promising results also facilitate several avenues for further investigation, includ-
ing haptic interface design, the study of the physics of force generation, and improving
usability across various touch-based devices, detailed below:

How can we improve the traveling-wave surface haptic devices regarding robust-
ness, usability, and power efficiency? Several opportunities exist for refining and ex-
panding the capabilities of traveling-wave surface haptic devices. First, optimizing the
frequency selection process of the device remains a promising direction. We observed
that the resonance of the device would shift due to the heating of the aluminum beam
in the Ultraloop and flatLoop. When operating for 5 minutes, the temperature can rise
by 8°C, leading to a 50 Hz shift in the resonant frequency. Considering the high Q factor
of the resonator, this 50-Hz deviation from the resonance significantly reduces vibra-
tion amplitude. The frequency selection procedure implemented in Chapters 4 and 5
mitigates this issue by performing a frequency sweep and amplitude measurement via a
pick-up piezo. However, this process currently requires 10-20 seconds, which could be
further refined to enable faster and more seamless real-time adaptation. Future work
could explore more efficient real-time tuning methods to enhance the device’s respon-
siveness.

Second, refining the sensing approach for position- and velocity-based tactile feed-
back is also an avenue for improvement. This thesis used a commercial infrared touch
sensor for tracking finger positions. However, optical sensing does not provide a high
resolution and may produce incorrect positions. While errors are rare, incorrect position
estimations can result in unintended force feedback and an unpleasant user experience.
In addition, this sensor increases the size and cost of the device. Incorporating projected
capacitive sensing could offer greater sensitivity, reliability, and compactness in future
versions.

Third, adapting the length-to-radius ratio of the Ultraloop to align with modern touch-
based interfaces would expand its applicability. The current design, with a 30 mm-wide
touch area and a 100 mm height, may not be optimal for commercial integration. Ex-
ploring alternative geometric configurations, such as wider and lower-profile designs,
could make these devices more suitable for applications in museum exhibits, automo-
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tive interfaces, and interactive displays.

Lastly, optimizing power efficiency is also valuable for the future direction. While
power consumption has not yet been evaluated, understanding and improving energy
efficiency will be crucial, particularly for portable and wearable applications. Future ef-
forts could focus on quantifying energy consumption and developing strategies to min-
imize power requirements without compromising performance.

Can we scale down the Ultraloop for wearable devices? With the growing demand
for haptic feedback in wearable technology, an exciting direction for future research
is the miniaturization of Ultraloop devices. Potential applications include integration
into wearable electronics such as smartwatches, where compact haptic feedback mech-
anisms could enhance user interaction. A key question is whether the current design
can be effectively scaled down, and more specifically, whether it can be reduced to the
size of a watch. Let’s consider the governing equation for a beam with a rectangular
cross-section, w? = k“fTh;, using the Euler-Bernoulli assumption. We can find that a
smaller device requires a higher frequency, a smaller thickness, and a lower order of
bending mode for wave propagation. However, these adjustments face trade-offs or con-
strains: higher frequencies may reduce the amplitude and force generation, thinner de-
vices complicate the manufacturing, and the order of modes has to be at least 2 to allow
for degenerate mode generation. One has to balance these constraints when designing
for practical applications.

Can two-dimensional potential fields using one-dimensional lateral force effec-
tively guide users? The prototypes developed in this work generate one-dimensional
forces but could also render two-dimensional potentials or force fields, i.e. F = F(x,y).
For instance, Chapter 6 demonstrated a haptic keyboard with periodic potential fields
along both x and y directions, their effectiveness in guiding users along the y-axis re-
mains an open question. Future studies should investigate whether these force fields
can provide directional guidance in both dimensions, particularly in applications like
virtual keyboards or navigation interfaces.

Additionally, psychophysical experiments could offer valuable insights into users’
ability to follow more complex force patterns. For example, early work by Chubb et al.
on the ShiverPad device demonstrated that participants could successfully perceive and
follow curved contours generated by lateral force feedback [2]. Extending this line of
research, future studies could quantitatively assess users’ ability to follow tilted lines of
the form y = xtan6 or curved contours. These experiments would help determine the
extent to which one-dimensional force cues can be leveraged to create effective two-
dimensional haptic guidance.

Is there an optimal aspect ratio of the ellipses that maximizes the lateral force gen-
eration? This thesis uses a fixed elliptical motion geometry in the experiments. An in-
triguing avenue for future research is to explore the effect of elliptical motion geometry
on lateral force generation. There is evidence that the aspect ratio between the longitu-
dinal displacement and the transverse displacement of the surface particles can affect
the lateral force generation. Indeed, when the ratio is extreme, for example, the longi-
tudinal displacement is much larger than the traverse displacement, the ellipses shrink
to a vertical line and cannot propel objects laterally. Conversely, if the ellipses shrink
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to a line in the longitudinal direction, the leftward and the rightward lateral forces can-
cel each other, resulting in zero net lateral force. Preliminary findings also suggest the
existence of an optimal ratio. Garcia et al. reported that participants had the lowest de-
tection threshold when the aspect ratios were between 0.5 and 2/3 [3]. However, the
optimal value for the aspect ratio has not been identified and the setup they conducted
human study was not based on traveling waves.

In the traveling surface haptic devices, the aspect ratio of ellipses can be expressed
as kh/2 , where k is the flexural bending wave number and # is the thickness of the
beam[4]. To investigate the effects of aspect ratios, one needs to design an experimental
setup that allows for continuous adjustment of aspect ratios. Alternatively, fabricating
multiple devices with discrete aspect ratios could provide practical insights into force
generation efficiency. These findings could help optimize device designs for maximizing
lateral force output.

How can we develop two-dimensional active force feedback devices? Current pro-
totypes, including those in this work and existing literature, primarily generate lateral
forces along a single axis. Extending this capability to two-dimensional force feedback
would enable richer interactions by guiding fingers in arbitrary directions through the
superposition of force vectors in both x and y dimensions. However, achieving two-
dimensional force generation presents significant design challenges.

A straightforward method might be to introduce a second ring-shaped cavity per-
pendicular to the original, but this configuration would cause wave interference at their
intersections. Moreover, fabricating such a structure would be complex and difficult to
manufacture. Designing a structure that allows resonant traveling waves along both x
and y directions requires substantial innovation in hardware design.

Another possible direction is to use non-resonant traveling waves, where waves are
absorbed or dampened to prevent reflections. For example, by attaching high-damping
material to the sharpened edge of a plate, it is possible to absorb vibration and allow
for traveling waves. By placing multiple vibration sources at different locations, it may
be feasible to generate force vectors in arbitrary directions within the x-y plane. Fur-
ther, leveraging acoustic metamaterials is also a possible way to confine and direct wave
propagation. Metamaterials engineered with phononic bandgaps have been shown to
enable highly controlled wave transmission [5] and could be explored for active force
generation.

Achieving two-dimensional force feedback could significantly enhance touch-based
interactions, including precise icon selection, gesture-based navigation [6], and path-
following along curved contours [7].

Can we render 2D shapes with edges using active forces? Rendering graphical el-
ements (e.g., squares, triangles, or maps) on touch surfaces requires users to clearly
perceive edges. While friction modulation has been used to render 3D shapes such as
bumps and holes [8], it fails to create a distinct tactile sensation akin to brushing over
edges, likely due to its passive nature. For instance, Xu et al. attempted to render raised
dots and geometric shapes (e.g., circles, squares, triangles) using an electrotactile display
but reported low detection rates among participants [9].

In contrast, subjective responses from Chapter 4 suggest that stepwise force fields
can produce distinct edge sensations. Similarly, Chubb et al. demonstrated that users
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could track notch contours rendered with active forces applied orthogonally to move-
ment direction [10]. Future advancements in 2D active force feedback displays could
enable the rendering of a variety of 2D-edged shapes, making them valuable tools for
studying edge perception and designing more effective tactile elements.

This work represents a significant advancement in active surface haptics, introduc-
ing anovel approach to generating lateral forces using resonant traveling waves. Through
rigorous experimentation and analysis, this thesis has demonstrated the benefits of ac-
tive force feedback in enhancing touch interactions, both quantitatively and subjectively.
These promising results have the potential to drive further innovations in haptic re-
search and inspire new solutions that address the challenges outlined in the future work
section.

Looking ahead, this technology has the potential to extend beyond one-dimensional
force feedback, enabling guidance across two-dimensional surfaces. Such advancements
could allow users to reach arbitrary locations or follow complex trajectories. Addition-
ally, this approach could be applied to a wide range of real-world touch-enabled de-
vices, including consumer electronics such as tablets, smartphones, and smartwatches,
as well as interactive exhibits in museums, car dashboards, educational panels, and pub-
lic kiosks.

Ultimately, active surface haptics holds great promise in restoring the tactile dimen-
sion to touch interfaces, revolutionizing human-computer interaction by enabling ef-
fortless control of digital systems through the fingertips. By reducing visual and cogni-
tive loads, these advancements could make touch interactions more intuitive, accessible,
and engaging across diverse domains.
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