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From Waves to Touch: Advancing Ultrasound Haptics through Novel
Modulation

Mohammed H. Rasheed

(ABSTRACT)

Ultrasound-based mid-air contactless haptics have been an increasingly popular area of de-

velopment in the past decade for their highly valuable applications in VR environments,

automobile safety systems, surgical training environments, and public displays. While cur-

rently applied modulation techniques such as amplitude- and spatiotemporal-modulation

(AM and STM) can elicit sensations in the human skin for 2D shapes, there is still much

to be desired in terms of spatial precision for high-speed scanning points. Specifically, when

points are scanned across the human palm at speeds greater than the shear speed of sound, a

trailing Mach cone is produced behind the focal point, leading to poor localization and inac-

curate shape perception. In this work, time-domain acoustic simulations of an approximate

elastic skin model are used to i) characterize a pre-existing modulation technique termed

AM-STM and display its increased localization capabilities in comparison to the other pre-

existing methods, and ii) introduce and define a new modulation technique termed SM-STM

which has displayed further increased localization and improved perception.
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Mohammed H. Rasheed

(GENERAL AUDIENCE ABSTRACT)

Haptic devices are instruments which give interactive feedback to a user based on certain

commands, primarily through the sense of touch. Humans in the modern day interact with

haptic devices on a regular basis, whether that be the simple vibration experienced from a

cellphone notification or gaming controller, or an interactive display at a museum. However,

haptics have many other applications which are not as common, such as touch-based feedback

for prosthetics, surgical training for doctors, automobile feedback safety systems, and devices

for the sensationally impaired. Recently, ultrasound-based mid-air haptic systems have been

developed with the purpose of creating a more immersive experience. These systems have

shown to elicit the sense of touch in humans by generating acoustic pressure fields in mid-

air which can be felt by a user. This allows the user to seemingly feel an object, while no

object is “truly there.” However, the acoustic pressure points alone cannot be felt by the

neural mechanisms in our skin, and thus, various modulation techniques must be applied in

order for a sensation to be felt. In this work, a time-domain model is used to characterize

and further understand a previously established modulation technique, and define a new

modulation technique that can further improve sensation.
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Chapter 1

Introduction to Objectives and

Background

1.1 Purpose

The purpose of this thesis is to contribute to the understanding of established modulation

techniques used in ultrasound haptics by investigating the resultant viscoelastic wave effects

on the human skin and relating them to the perceived sensation. Furthermore, this thesis will

explore a new modulation technique and will characterize its expected mechanical response,

showing its potential for future use in non-contact ultrasound haptics devices.

1.2 Objectives

As mentioned in section 1.1, the general purpose of this thesis is to further explore both

established and new modulation techniques in ultrasound haptics. However, this thesis can

be further defined by three primary objectives. The main objectives which are presented in

this thesis are as follows:

• Model and characterize the previously defined amplitude-modulated spatiotemporal

modulation technique.

1



2 CHAPTER 1. INTRODUCTION TO OBJECTIVES AND BACKGROUND

• Define and model the newly developed speed-modulated spatiotemporal modulation

technique.

• Relate the predicted mechanical response(s) to the expected sensation of a potential

user.

1.3 Review of Literature

1.3.1 Focused Ultrasound

Ever since the discovery of the piezoelectric effect in the 1880’s [34], the field of ultrasound

has gained significant attention and progress by researchers in various fields. While unmod-

ified ultrasound waves may be used for a wide variety of applications such as in sensing,

imaging, and non-destructive testing/evaluation, it wasn’t until the idea/discovery of fo-

cused ultrasound (FUS) that caused significant medical treatments and research techniques

to emerge. In the modern day, many medical illnesses may be treated with therapeutic FUS.

Chaussy et al. were the first to develop shock wave lithotripsy for the treatment of kidney

stones as early as the 1980’s. Histotripsy was then later developed for precise removal of

tissue via non-thermal, purely mechanical means. This was done by using FUS to produce

microbubbles in the desired treatment area to destroy unwanted tissue such as tumors [74].

Furthermore, transcranial FUS is an active area of research with the potential to treat con-

ditions such as essential tremor, alzheimer’s disease, and brain tumors, among others [24].

Other biomedical research techniques have also emerged with the utilization of FUS such

as acoustophoresis for particle/cell separation [46], acoustic tweezers for precise particle/cell

manipulation [70], and precise tissue assembly [48]. Furthermore, many non-medical appli-

cations have been realized/improved through the means of FUS, with one primary example
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being contactless ultrasonic power transfer systems [11] [9] [8].

Figure 1.1: Transcranial focused ultrasound (FUS) administered using a curved transducer.
[28]

Currently, there are 3 primary methods used for ultrasound focusing. The first method

to be discovered was in 1935 [19] which consisted of using a concave surface piezoelectric

transducer to create a precise spherical ultrasound focal region. This technique is later

used in many medical applications, such as in Transcranial FUS (Fig. 1.1) Furthermore,

Phased Array Transducers (PAT’s) may be used for a variety of focusing applicaitons. PAT’s

are capable of generating precise ultrasound focal regions by applying an array of discrete

ultrasound transducers which emit ultrasonic waves in a precisely delayed manner. These

precise emission delays, or phase shifts, allow for constructive interference to occur in order to

generate precise focal regions [67]. PAT’s are by far the most utilized for their versatility and

active tuning capabilities, with the possibility of real-time control, however some significant

limitations include limited spatial resolution and high cost of device production. Acoustic

Holographic Lenses (AHL’s), on the other hand, offer a suitable solution to these limitations

by providing higher spatial resolution and lower cost of production. AHL’s are described as

engineered metasurfaces that are applied to an ultrasound transducer which can manipulate

the outgoing wavefront to any desired shape/pattern. This method was popularized by

Melde et al. and can often be computed for various applications in homogeneuos media

using the Iterative Angular Spectrum Approach (IASA) [47] [63] [61] [3] [4]. AHL’s may also
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be generated through other techniques using time- and mixed-domain methods [64] [18] for

applications in heterogeneous media [62] [17]. Some limitations to AHL’s, however, include

the inability of active pattern tuning/manipulation.

Acoustic Radiation Force

The acoustic radiation force is a force which appears when an acoustic wave changes its

medium. This occurs due to the momentum transfer of the wave between media along the

wave path. In the case of acoustic waves traveling from fluid to solid media, such as in the

air-skin interface present in haptics, it can be observed that total reflection of the wave will

occur. This can further be confirmed by calculation of the reflection coefficient based on

acoustic impedance (Eq. 1.1). In the case of the air-skin interface, Z2 represents the skin

impedance and is approximated to be 1.99 x 106 ( kg
sec∗m2 ), and Z1 is the air impedance which

is approximated to be 415 ( kg
sec∗m2 ) [6] [43].

r =
(Z2 − Z1)

(Z2 + Z1)
(1.1)

r ≈ 0.999

Thus, the resultant value for the reflection coefficient (≈ 1) indicates that total reflection

will occur. In cases where a wave is perfectly reflected, the radiation pressure applies a

force, known as the acoustic radiation force (ARF), on the surface of the reflector (solid),

causing it to experience movement or deflections [7][73]. The ARF is generally described

mathematically for total reflections as (Eq. 1.2). Here, I is the acoustic intensity at the

given location, A is the cross-sectional area of the beam, and c is the longitudinal wave

velocity. I is further described with Eq. 1.3, where p refers to the acoustic pressure at the

given location, and ρ represents the density of the fluid medium.
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F =
2AI

c
(1.2)

I =
p2(t)

2ρc
(1.3)

Here, the relationship between intensity (I) and pressure (p) is nonlinear, thus causing the

resulting force to also have the same nonlinear relationship.

1.3.2 Origins of Haptics

Haptic technology is an increasingly popular area of development in the world of progressively

complex technological interactions. Haptic feedback refers to various technologies which

stimulate/generate the human sense of touch through the use of motions or vibrations on

the user’s skin, to provide feedback. Something as simple as the vibration of the common

smartphone or gaming controller can provide the desired feedback to enhance the common

user experience.

Initial concepts of haptics began to emerge as early as the 17th century, as described by

Ziat [76]. It is explained that ancient philosophers would use words such as ”tactile” and

”tactual” to distinguish between physical objects that were subjected to touch and objects

of ideas and thoughts (non-physical).

Haptics has since evolved into a field of study pursued by Mechanical and Electrical Engi-

neers, Computer Scientists, Neuroscientists, Psychologists and any area which is interested in

further understanding the human sense of touch. Researchers in the field of human-computer

interaction (HCI) and Biomedicine have made significant progressions in the understanding

and development of haptics and haptic technologies. Primarily, devices in which haptics are
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generated via direct contact have received significant attention. Gomez et al. were among the

first to develop force-feedback haptic gloves for virtual reality (VR) environments [33] Sim-

ilarly, many other wearable haptics such as vests, suits, and chairs have also been produced

which rely on vibrational feedback [16, 44, 50]. Wang et al. were further able to success-

fully design a liquid-vapor based haptic device that is portable and has Braille-producing

capabilities [71].

These contact-based haptic technologies have many applications in areas such as VR, auto-

motive, rehabilitation, prosthetics, devices for the sensationally impaired, surgery, and more

[1, 13, 14, 25, 42, 55, 69].

In recent years, however, the haptics community has further expanded its development of

technology to produce various devices which can generate sensations in the human skin

via mid-air means, leading to a more interesting and immersive experience. The primary

difference from its former counterpart is that mid-air haptics do not require physical contact,

and in some cases, can seemingly construct virtual objects. That is, the user may simply

experience touch-based feedback without making physical contact with any device/interface,

or even further experiencing the touch of an object in space while there is no solid object

present.

Mid-air haptic feedback may be generated through various means. Suzuki et al. were among

the first to utilize air jets to send contactless touch signals to users of a virtual reality (VR)

system [68]. This was done by utilizing a receiver which is held by the user. Based on

the positions of the receiver, air is released from jets placed in the VR environment, which

impacts the receiver. The user then experiences pressure as a force from the receiver, and not

from the blowing air itself. Shultz et al. and later Shen et al. continued to utilize synthetic

jets to facilitate mid-air haptics by more precisely controlling the air output diameter, wind

speed, and target pressure, allowing for sensations to occur from just the air alone without
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the need for a receiver [66] [65].

Weiss et al developed a mid-air haptic feedback technique known as FingerFlux [72], which

utilized electromagnetic fields to elicit sensation on the fingertip. In their work, FingerFlux

allowed for near surface mid-air haptics which provided feedback to the user via attractive

and repellent forces of electromagnets attached to an “interactive table”. The polarity and

strength of the fixed electromagnets may be controlled by a specific software, which would

produce attractive and repellent forces to a permanent magnet that is attached to the user’s

finger. Furthermore, a light based optical-haptic system was designed by Rekimoto, in

which the user would receive haptic feedback in mid-air via a photodetector and piezoelectric

actuator attached to the user’s fingertip, called “SenseableRays” [58].

While many of the mentioned techniques are capable of producing sensation in the human

skin, the most prominent method for precise sensation generation through mid-air means is

by using focused Ultrasound (FUS). Initial discoveries of the ability to use FUS to produce

sensation can be found as early as the 1970’s in water/liquid media [29][30][22]. However, it

wasn’t until the published work by Iwamoto and Hoshi et al. that began the transition into

the modern-day concept known ultrasound haptics [40][41][38][39]. They were among the first

to develop original prototypes consisting of phased-array transducers (PAT’s), which they

termed the “Airborne Ultrasound Tactile Display” (AUTD) [40][37]. The AUTD utilized a

non-linear ultrasound phenomenon known as the “acoustic radiation pressure” to generate

tactile sensations via stress fields in 3D free space. Later, more refined, prototypes were

developed by Carter et al., known as UltraHaptics [15]. With the initial application of

public contactless and interactive tactile displays in mind, the first of these devices was

made with increased precision and was compatible with light-based projector displays for

enhanced immersive user experience. Since then, UltraHaptics, now known as UltraLeap,

has evolved into a well-known startup company in the field of mid-air haptics, with a plethora
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of ultrasound-based haptic devices/models.

Both of the mentioned devices/prototypes utilize various modulation techniques applied to

ultrasound focal points to generate useful sensations via the acoustic radiation pressure.

Generally, a static, unaltered (unmodulated) ultrasound (>20 kHz) focal point can only be

perceived during its initial impact on the human skin and cannot be felt long-term. This is

mainly due to the initial impact generating low frequency acoustic radiation pressure compo-

nents, which quickly dissipate, leaving higher ultrasound-range frequencies to remain, which

lie outside of the range of sensible frequencies of mechanoreceptors present in the human

skin. In order to experience practical, long-term sensation, the focal point must be properly

modulated, and is done so by applying 3 primary methods. These three long-standing modu-

lation techniques have been well defined in [36]. Amplitude modulation (AM) is a technique

which modulates the static ultrasound foci into a temporally (sinusoidally) varying signal

with a lower frequency envelope by changing its amplitude. This lower frequency lies in

the perceivable range of mechanoreceptors and can thus be sensed. This technique can be

applied to either a single focus or multiple foci distributed in the arrangement of any desired

shape. However, this comes at the cost of a weaker sensation due to the total power of the

PAT being distributed amongst the multiple foci. Lateral- and Spatiotemporal-modulation

(LM and STM) instead generate sensations by moving/scanning a constant amplitude focal

point across the surface of the skin. These techniques instead generate sensations due to a

temporal change in acoustic radiation pressure on individual stationary mechanoreceptors.

That is, while the focal point is moving, any given location on the skin in the trajectory

of the scanning path will experience a rapid change in its indentation/deformation in an

impulse-like manner. This will then result in the previously mentioned low frequency acous-

tic radiation pressure components to generate and thus be sensed. LM and STM techniques

are often further enhanced by repetitive scanning of focal points along the same trajectory,
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which is generally called the “draw frequency”. The draw frequency can be in the range

of 25-125 Hz or more and further contributes to sensation by producing an AM-like effect

by temporally deforming a given location on the skin at a constant rate in the perceptible

frequency range. While both LM and STM techniques work on the same principle, the main

difference is that LM, as the name implies, is often restricted to linear motions while STM

can consist of any shape. These techniques can be further visualized in Fig. 1.2.

Figure 1.2: Visualization of the primary three focal point modulation techniques. [36]

The primary advantage of LM/STM over AM is that instead of distributing the PAT power

among many spatially arranged points, the full PAT power can instead be used on one

focal point, resulting in a more recognizable sensation. However, a significant weakness of

LM/STM is that at high scanning speeds, specifically above that of the shear speed of sound

of the skin, a reduced accuracy in perception is found [26]. This is primarily due to the

formation of shock waves and is further explained in [56].

Further combinations of the primary modulation techniques have also been proposed. Hajas

et al. introduced a combination of AM and STM techniques by applying a slowly moving AM
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focal point along the trajectory of a 2D shape [35]. This technique is termed the Dynamic

Tactile Pointer (DTP) and is described to produce the feeling of an object being drawn in a

continuous brush-like stroke, especially when the focal point speed is slowed at the edges of

the shape. Results from their user-study experiments show high shape recognition accuracy

for participants in a stationary-hand environment of up to 83%. A further derivative of the

DTP is the Spatio-temporally-modulated Tactile Pointer (STP), as introduced by Mulot et

al. [49]. Similar to the DTP, the STP would reduce the desired 2D shape into sections of

STM segments, allowing for the mentioned benefits of STM to be applied to the technique

proposed by Hajas et al., with results showing even further shape perception accuracy.

1.3.3 Fundamentals of Mechanoreceptors

The skin is the largest organ in the human body, and is the interface which translates the

sense of touch. In order to improve the sense of touch administered from haptic devices,

a solid background knowledge of the internal mechanisms which generate and interpret the

sense of touch must be established. The somatosensory system is very complex and contains

a variety of sensing mechanisms for both internal and external excitations. The primary

receptors which are relevant to this thesis are known as mechanoreceptors, which lie within

the dermal layer of the skin, and are responsible for relating information pertaining to

external physical indentations and pressures to the brain. These mechanoreceptors fall into

four categories and work together to relay information to the brain. These mechanoreceptor

types are Slow Adapting types 1 and 2 (SA1 and SA2), known as Merkel cells and Ruffini

endings, and Fast/Rapid Adapting types 1 and 2 (FA1 and FA2), known as Meissner and

Pacinian corpuscles [23].

Merkel cells (SA1) are often described as the primary group which are responsible for differ-
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entiating course textures and patterns and are often activated when sustained or when low

frequency pressures are applied (>5 Hz) [45][12]. Ruffini endings (SA2) are similar to their

other slow-adapting counterpart in that they are activated upon sustained indentations, but

cannot pick up on dynamic inputs and are responsible for relaying information related to

grip strength. The Meissner corpuscle group (FA1) can sense higher frequencies (5 – 300

Hz) and is described to be able to determine temporal and spatial changes in skin deforma-

tion [45]. Pacinian corpuscles (FA2) can sense even higher frequencies (5 – 800 Hz) and is

also responsible for understanding temporal changes in the human skin and can furthermore

differentiate fine textures [45][23][12].

It is also important to mention the physical depth of mechanoreceptor groups within the

human skin. Figure 1.3 gives an accurate depiction of the mechanoreceptors located within

the skin, showing the approximate locations of the mentioned mechanoreceptor groups in

both hairy and glabrous skin. Glabrous skin is defined as the skin which is hairless and

exists in a few locations such as the hand palm and soles of feet. Glabrous skin is often more

sensitive, since it contains a higher mechanoreceptor density due to the lack of hair roots

present in the surrounding area. As it is shown in the figure, the mechanoreceptor groups

are distributed all throughout the dermal layer of the skin, with the PC group having the

most depth within the dermal layer, which can be up to 4mm [23].

Within the realm of this work, the primary mechanoreceptor groups which are considered

are the Meissner and Pacinian corpuscle (PC) groups. This is mainly because ultrasound

administered to the surface of the skin results in higher frequencies which dissipate on its

surface, in a range that is picked up by the mentioned groups [15].

Many attempts have been made to accurately model the behavior of mechanoreceptors in

repsonse to physical inputs [23]. Gerling et al. produced a 276,000 finite element model of

the fingertip, which recorded strain energy density as an input for a leaky integrate-and-fire
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Figure 1.3: Visualization of mechanoreceptor locations in the human skin. [10]

(IF) model for SA1 afferents [32]. While this model provided a detailed representation of

the skin mechanical reponse, it is quite computationally demanding. Saal et al. on the

other hand, developed a model which is similar in concept but rather analytically solves

for the mechanical inputs using continuum mechanics, which is then also fed into an IF

model for neural response [60]. This model allowed for SA1, RA1, and RA2 afferents to be

effectively modeled across the whole hand. Ouyang et al. further reduced computation time

by assuming that the skin is made up of a resistance network, and related the node voltages

at the connection points to the neural response using an IF model [53], which successfully

predicted the response of SA1, RA1, and RA2 afferents.
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Figure 1.4: Right: FEM model [32]. Mechanoreceptor models available in the literature.
Left: TouchSim continuum mechanics model [60]. Bottom: Resistor network model [53].



Chapter 2

Dynamic Modulation of Shear Shock

Waves in Tissue to Advance Spatial

Precision in Ultrasound Haptics

2.1 Introduction

The increased desire for innovative and effective ways to produce sensation in the human skin

has led to the development of many different haptics technologies. Among the many devel-

oping technologies including glove-based vibrational haptic feedback devices, haptic chairs,

vests, and suits [5, 16, 44, 50]are newer non-contact mid-air haptic systems. Mid-air haptic

sensations can be elicited through various means such as with air jets [65], electromagnetic

fields [72], and more prominently focused ultrasound [41]. Holographic mid-air haptics us-

ing ultrasound provides a new avenue for contactless sensations, which has applications in

virtual reality, surgical training/simulations, the automobile industry, and assistive devices

for the sensationally impaired.

Ultrasound waves are pressure waves that oscillate at frequencies above the audible human

hearing range (∼20 kHz). Ultrasound-facilitated haptic sensations first begin with a small

focused region of acoustic pressure. Focused ultrasound has many medical applications such

14
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as targeted drug delivery [21], tumor ablation [75], and neuromodulation [51]. Ultrasound

waves incident on an object with a high impedance mismatch relative to air are reflected,

resulting in a pressure exerted on the surface. This pressure induces a nonlinear acoustic

radiation force, inducing deflections on the skin [15].

When focused ultrasound is used to trigger frequencies within the perceptible range, nerve

endings known as mechanoreceptors, located in the dermal layer of the human skin, can be

excited from skin deflections to produce sensational information that is sent to the brain,

similar to a physical touch occurring on the surface of the skin.

The primary somatosensory groups which are effectively excited via mid-air haptics include

the Meissner and Pacinian corpuscle mechanoreceptor groups. Meissner corpuscles are clas-

sified as rapidly adapting type 1 receptors (FA1), and can sense changes in skin deformation

at a frequency range of 5-300 Hz. The Meissner group is located in the upper layer of the

dermis, close to the dermal-epidermal boundary. Pacinian corpuscles, on the other hand,

are classified as rapidly adapting type 2 receptors (FA2), and are typically located deeper in

the dermal layer (up to 4mm). FA2 receptors can sense deformation changes in a frequency

range of 5-800 Hz [23]. Typical models related to mid-air haptics are conducted with the

assumption that the type of skin present is glabrous (hairless) and has a flat surface, which

mostly approximates the palm. Other subtleties such as papillary and dermal ridges are

often not considered.

Focused ultrasound may be generated through various methods. Phased array transducers

(PATs) are devices which consist of an array of equally spaced ultrasound transducers, often

in the form of a rectangular 2D grid. PATs are able to generate focal regions at a desired tar-

get plane by precisely controlling the phase and/or amplitude of the ultrasound waves in real

time [2, 52, 67]. Although PATs offer robust real-time control over the emitted waves, their

spatial resolution is a significant limitation, as achieving high resolution requires diffraction-
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limited, small piezoelectric elements, which are costly to produce. Acoustic holographic

lenses (AHLs), on the other hand, are engineered metasurfaces that offer higher spatial res-

olution at a lower cost [8, 47, 63], but their static acoustic fields make them challenging to

apply in ultrasound haptics.

Upon the initial application of focused ultrasound, low-frequency components are generated

from the initial skin impact/deflection caused by the nonlinear acoustic radiation force.

However, after a short duration, the stable ultrasound focus point becomes imperceptible,

as its frequency lies outside the human perceptible range [31]. Amplitude modulation (AM)

is a commonly used technique to generate sensation in the skin by modulating the higher,

un-sensed frequency signal to a lower-frequency amplitude envelope which can be sensed

[54]. Although AM reduces the power and intensity received by the skin, thereby decreasing

the intensity of the sensation, it remains effective in initiating the sensations in the first

place. Lateral modulation (LM) or spatiotemporal modulation (STM), on the other hand,

may be used to generate sensation in a moving trajectory focal point, this occurs by exciting

nonlinear radiation force effects along the trajectory. Unlike AM for 2D shapes, LM and

STM concentrate the PAT power into a single focal point, maximizing the intensity at

that location. The main difference between lateral and spatiotemporal modulation, is that

spatiotemporal modulation is not restricted to a lateral or straight-line motion, but instead

can consist of any shape.

Surface wave propagation on the skin typically averages around 5 m/s, and when STM is

applied at higher scanning speeds, users report distinct changes in tactile sensation, particu-

larly in terms of perceived intensity and spatial localization. Frier et al. demonstrated that

the maximum tactile response strength from STM is achieved when the focal point speed is

in the range of 5–8 m/s. They attributed this effect to spatial summation occurring when

the focal point speed reaches or exceeds the surface wave speed of the skin [27]. Reardon
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et al. further investigated the STM with variable scanning speeds and demonstrated that

the formation of shear shock waves results in poor localization of the tactile sensation at the

focal point [57].

Several studies have aimed to develop hybrid modulation techniques capable of facilitating

dynamic stimulation for an improved tactile experience. Rutten et al. investigated the

perception of various shapes and found that the dynamic movement of a single amplitude-

modulated point along the perimeter of the shape is perceived more effectively than multiple

static points [59]. Hajas et al. reached a similar conclusion by proposing a combined method

using amplitude modulation (AM) and spatiotemporal modulation (STM), referred to as the

dynamic tactile pointer (DTP) [35]. They found that this method effectively localized the

shape’s edges by reducing the scanning speeds around the corners. Although enhanced tactile

sensation has been observed in many cases under dynamic stimulation, a comprehensive

analysis of the underlying physical mechanisms remains lacking, limiting interpretability.

A common issue with applying LM and STM with speeds higher than the surface wave speed

of the tissue is the poor localization of the sensed focal point along the trajectory. Several

user feedback studies have reported difficulty in accurately localizing the focus point [15, 57].

Although much of the current research primarily focuses on user experiences, the underlying

physics of wave mechanics on the skin is undoubtedly important. Reardon et al. showed

that the poor localization arises from the formation of shear shock waves due to constructive

interference when the lateral modulation speed exceeds the shear wave speed in the skin [57].

The conical shape of the shock waves results in high-intensity regions extending several orders

of magnitude beyond the focal point. In this work, an in-depth analysis of several techniques,

including the integration of two modulation methods, is conducted to investigate their effects

on the intensity and localization of the waves. Additionally, a variable modulation speed

was employed to mitigate the constructive interference and formation of shock waves.
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Figure 2.1: A schematic representation of the system, including a backing material, illus-
trating the focal point characterized by a Gaussian distribution with a variable full width at
half maximum (FWHM).

2.2 System Model

There are different techniques used to simulate the wave propagation in the time domain.

Finite Element Modeling (FEM) represents a common method used. FEM typically requires

a mesh size of λ/10 or smaller for accurate calculation of the field, with the exact require-

ment depending on whether the system is linear, heterogeneous, or has complex geometry.

The k-wave pseudospectral method has relaxed spatial meshing requirements, making it

more efficient for simulating complex 3D problems compared to the FEM method. As op-

posed to FEM, the pseudospectral method computes spatial derivatives using Fourier-based

techniques. This spectral accuracy allows for fewer required grid points in the mesh (when

compared to FEM), given that the sampling meets the Nyquist criterion (at least two points

per wavelength). It is important to note that for nonlinear problems, a mesh convergence

analysis is essential to ensure an accurate solution, especially with FEM. In this work, we

use the k-wave pseudospectral method implemented in MATLAB with a mesh size of λ/3.
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Figure 2.2: k-Wave simulation results of the out-of-plane displacement of the tissue-like
material for different focal point scanning speeds. The ultrasound focal point is modeled as
a displacement boundary with a spatial Gaussian distribution, with FWHM values of 2 mm
(upper row) and 6 mm (lower row). In the case of scanning of a 2 mm FWHM focal point
at 7 m/s, the out-of-plane displacement is recorded to be in the range of 2.19 µm and -3.34
µm. A normalized color bar is used for comparison purposes across all scanning scenarios.
The figure also includes the FFT results of the displacement at the center of the tissue-like
material.

Figure 2.1 illustrates the system considered, with labeled components, implemented in MAT-

LAB to solve for wave propagation using the k-wave pseudospectral method. A tissue-like

material with a shear wave speed of 5 m/s is employed to simulate human skin and attached

to a solid packing material. A moving-focus ultrasound point is used to excite the tissue-like

material, represented by a 2D Gaussian distribution, as shown in Figure 2.1.

2.3 Results and Discussion

The k-Wave simulation results of the out-of-plane displacement on the surface of the tissue-

like material are shown in Fig. 2.2. A spatiotemporal modulation (STM) technique is applied

to the scanning focal point, which is modeled as a dynamic surface displacement boundary

condition to enhance computational efficiency. A sinusoidal temporal function with a carrier

frequency of 40 kHz is applied to the displacement at each point, while the Gaussian focal
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Figure 2.3: (a) A schematic of the system showing a moving focal point along a straight line,
with the signal applied to the focal point being amplitude-modulated. (b) Normalized out-
of-plane displacement of the tissue-like material surface at a fixed time, with the Gaussian
point source swept along a linear path at a speed of 7 m/s; each plot corresponds to a
different modulation frequency, with an ultrasound excitation carrier frequency of 40 kHz.
(c) Reconstruction efficiency (η) as a function of simulation time, with the point source
sweeping from left to right across the tissue-like material surface at different modulation
frequencies. (d) Inverse participation ratio (IPR) as a function of simulation time. (e) The η
and IPR values extracted at 14 ms (steady state) from (c) and (d) as a function of modulation
frequency.
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Figure 2.4: (a) A schematic of the system showing a moving focal point along a straight
line, with the signal applied to the focal point, and the spatial position of the point as a
function of time. (b) η and IPR as a function of simulation time, with the point source
sweeping from left to right across the tissue-like material surface at different frequencies of
speed oscillation. (d) The η and IPR values extracted at 14 ms (steady state) from (b) as a
function of the frequency of speed oscillation.

Figure 2.5: (a) FFT analysis of the out-of-plane displacement at the center of the tissue-
like material using the AM-STM technique with a scanning speed of 7 m/s at different
modulation frequencies. (b) Similar analysis for the SM-STM technique with a variable
sinusoidal scanning speed, averaging 7 m/s, at different speed frequencies
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point is swept in a straight line from left to right across the tissue-like material surface. The

presented results in Fig. 2.2 illustrate the out-of-plane displacement at a specific time when

the focal point reaches the center of the domain. The first row corresponds to simulations

with a full width at half maximum (FWHM) of 2 mm and the second row corresponds

to FWHM of 6 mm. For scanning speeds below the shear wave speed of the tissue-like

material (M < 1), the displacement profile corresponds to a focal point moving along the

trajectory. When the scanning speed exceeds the shear wave speed (M > 1), a shock wave

forms, exhibiting a conical high-intensity structure due to constructive interference. An

FFT analysis is performed for each simulation at varying scanning speeds. The FFT results

reveal peaks at lower frequencies that vary with scanning speed. As the scanning speed

increases, the dominant frequency also increases, as shown in Fig. 2.2. Despite the excitation

frequency being set to 40 kHz, low-frequency components are generated due to the nonlinear

radiation force [57]. The FFT results for all scanning speeds show high amplitude in the

100-500 Hz range for a FWHM of 6 mm, and in the 100-1000 Hz range for a FWHM of

2 mm. It is well-established that human tactile sensitivity generally peaks around 200-

250 Hz, which mainly target Meissner and Pacinian corpuscles [45]. These same rapidly-

adapting afferent types can also sense other low frequencies (> 1000), where the strength

of the sensation may rely on factors such as spatial resolution and indentation depth. This

indicates that the low frequency components generated by STM are effective in eliciting

sensations at different scanning speeds. This also demonstrates that the excited frequency

can be effectively controlled by adjusting the FWHM of the focal point and its scanning

speed. Although using STM with higher scanning speeds (5-8 m/s) increases the overall

field intensity through constructive interference and cone formation (wavefront summation

effect) [27], the energy is distributed over a larger area, resulting in reduced localization [57].

The AM-STM method is applied to a focal point that is swept along a straight line, as
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depicted in Fig. 2.3 (a). The focal point is approximated by a Gaussian displacement point

moving at a velocity of 7 m/s. The signal is shifted above the x-axis to induce positive

displacement, and an envelope function is applied with a minimum amplitude of zero and a

maximum amplitude of one. The out-of-plane displacement results of the tissue-like mate-

rial surface at a fixed time, obtained from k-wave simulations, are shown in Fig. 2.3 (b) for

different modulation frequencies. Due to the Mach number of the moving point exceeding

1 (specifically >1.4 when the shear speed is 5 m/s), all results indicate the formation of a

shear shock wave with a conical geometry, where the waves undergo constructive interfer-

ence. At first glance, the results may appear identical; however, the intensity of the cone

relative to the focal point varies across all modulation frequencies. To quantify this, two

metrics are employed: reconstruction efficiency (η) and inverse participation ratio (IPR).

The reconstruction efficiency (η) serves as a measure of wake intensity and is defined as

the ratio of the out-of-plane displacement at the focal region to the displacement elsewhere

in the field and is mathematically represented as η =
∑

u2
focal(x, y, Zt)/

∑
u2(x, y, Zt). The

IPR serves as a measure of the localization of the displacement amplitude and is mathe-

matically represented as IPR = (
∑

i ui)
2 /

∑
i u

2
i where u is the out-of-plate displacement

on the tissue-like material surface. Figure 2.3 (c) illustrates the reconstruction efficiency

(η) for various modulation frequencies. At 0 ms, η = 1 for all frequencies, as no shock has

yet formed and the result solely reflects the focal point. After 10 ms, the system reaches a

steady state for all modulation frequencies. It is observed that η consistently decreases with

an increase in modulation frequency. Notably, this decrease asymptotically approaches the

value observed in the spatiotemporal modulation (STM) case with no amplitude modulation

(AM). Although η is a valuable metric for providing information about the ratio of focal

to overall intensity, it does not convey information regarding the dispersion of the field,

particularly around the focal point. The IPR results, shown in Fig. 2.3 (d), reveal only a

slight change in localization as a function of the modulation frequency. To better visualize
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the relationship between both metrics and the modulation frequency, η and IPR values are

extracted at 14 ms (at the steady state region) and plotted in Fig. 2.3 (e). It is observed

that there is nearly a linear inverse relationship between η and the modulation frequency,

with the IPR values also plotted on the left axis.

The AM-STM method demonstrated effective reduction of wake intensity relative to the focal

point intensity. However, AM reduces the output power relative to its modulation frequency,

leading to a decrease in overall tactile sensation, which constitutes a limitation of applying

AM. We propose a variable-scanning speed modulation STM mixed method (SM-STM) that

facilitates less shock cone formation. Figure 2.4 (a) illustrates the system considered along

with the point trajectory with a uniform input signal (no AM). The scanning speed oscillates

sinusoidally between 5 and 9 m/s at a specified frequency, resulting in periodic acceleration

and deceleration of the point along the trajectory. Figure 2.4 (a) illustrates the corresponding

position along a segment of the trajectory, derived by integrating the speed. By varying the

frequency of the speed oscillations, the intensity of the shock cone changes. Figure 2.4 shows

the η values as a function of time when the point is scanned across the tissue-like material at

different scanning frequencies. Figure 2.4 (b) depicts η and IPR as functions of time along

the trajectory. It is observed that an increase in the frequency of the speed oscillations results

in a decrease in both η and IPR values. This trend is evident by extracting the values at 14

ms (steady state), as shown in Figure 2.4 (c). This behavior can be attributed to the fact

that shock formation requires a certain settling time to reach a steady state. By reducing

the speed to Mach = 1 or below at specific intervals, the shock weakens, and when the speed

increases again, there is insufficient time for the shock cone to fully form. Consequently, this

leads to a higher η and IPR, indicating improved energy localization.

It is also crucial to study the amplitude of the sensible low-frequency signals generated on

the tissue-like material. In Fig. 2.5, an FFT analysis of both the AM-STM and SM-STM
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techniques is performed and normalized. The results show low-frequency generation within

a similar range of 200-1500 Hz for both techniques. This can be attributed to the fact

that, for both methods, the energy is spatially distributed uniformly with a FWHM of 3

mm. However, the FFT for the AM-STM technique, shown in Fig. 2.5 (a), demonstrates a

reduction in amplitude compared to the unmodulated case, which is expected as modulating

the signal reduces the output power applied to the tissue-like material, as previously noted.

In contrast, the SM-STM technique exhibits a more significant improvement by maintaining

a nearly constant amplitude while enhancing localization as shown in 2.5 (b), making it a

highly promising technique for a wide range of applications.

TouchSim

TouchSim is a toolbox developed by Saal et al. [60] which models the response characteristics

of mechanoreceptors in the human palm to a user-defined physical stimulus. This open-source

simulation tool is compatible with both MATLAB and Python and may be used to predict

the neural response of mechanical inputs to the palm surface. This two-stage model is divided

into a continuum mechanics model for the mechanical input, and an integrate-and-fire neural

model for the mechanoreceptor response. The continuum mechanics (CM) model analytically

solves for both the quasistatic and dynamic/propagated stresses in the palm by relating the

given indentation depth to a force using Hooke’s Law. For the quasistatic component, the

indentation depth is directly available from the user input. However, the dynamic component

is calculated by propagating surface waves from the input pin at an 8 m/s speed of sound

and a decay rate of 1/pin radius. Also, the stiffness coefficient, k, is replaced by a viscous

coefficient, c. In this model, the palm is assumed to be a frictionless elastic half-space,

and is considered flat, homogenous, and isotropic. The output of the CM model is fed into

an integrate-and-fire (IF) model to generate spike responses. The IF model includes 13
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parameters which are multiplied by different weights and summed to a “potential”. When

the potential hits one, a spike is triggered, and the potential is reset. The 13 parameters are

as follows. First, a low-pass filter is applied, since mechanoreceptors naturally cannot sense

frequencies above a certain value. The next six parameters are related to the calculated

stress components: quasistatic, dynamic, and differentiated-dynamic. These components

are separated into both positive and negative components and make up parameters 2-7,

and are then summed. The following parameter is a saturating nonlinearity, which reflects

mechanoreceptors’ natural tendency to saturate at high intensities (8), followed by Gaussian

noise (9). The final three input parameters relate to a decaying time constant for the

membrane potential, postspike inhibition, and an input time delay (10-13).

The results of two haptic scenarios are displayed in figures 2.6 and 2.7. In both scenarios,

The PC afferent population is modeled alone, as it is the primary mechanoreceptor group

of interest for higher-frequency inputs, at least in regards to typical frequencies applied in

ultrasound haptics. Figure 2.6 displays a comparison between both a modulated (2.6b) and

unmodulated (2.6a) stationary input. In the unmodulated case (2.6a), the 40 kHz signal is

applied to the center of the palm for 1 second, and the predicted result is shown. Consistent

with the literature and physics, it is shown that an initial firing of many spikes throughout

the whole palm occurs. However, this only lasts for a short period of time (> 0.015s), and

quickly stops since signals at extremely high frequencies cannot be felt. On the other hand,

(2.6b) displays the result of a stationary input signal which is amplitude modulated with an

envelope frequency of 200 Hz. As expected, since 200 Hz can be sensed by the PC afferent

group, it is instead shown that there is a consistent firing rate of neurons in the localized

area for the entire 1 second duration.

Figure 2.7 displays the result of an approximation for the spatiotemporal modulated scenario.

While TouchSim doesn’t have the capability of fully modeling moving/scanning inputs, due
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Figure 2.6: (a1,a2) A schematic of a 40 kHz input signal applied as a pin indentation to
the center of the palm, marked by a large gray circle, which has a 2mm diameter (not
shown to scale). (a3) Spatial representation of fired PC afferents, displaying the location
of where receptors were activated throughout the hand. (a4) Spike raster plot which shows
the neurons which are fired in the palm with respect to time. A zoomed-in image of the
graph displays greater detail of the temporal spread of activated receptors, since all of the
receptors are fired within the first 0.015 seconds. (b1,b2) Similar to 2.6a, a schematic is
shown of a 200 Hz AM input signal applied as a pin indentation to the center of the palm,
marked by a large gray circle, which has a 2mm diameter (not shown to scale). (b3) Spatial
representation of fired PC afferents, displaying the location of where receptors were activated
throughout the hand. (b4) Spike raster plot which shows the neurons which are fired in the
palm with respect to time. In this scenario, it is shown that neurons are fired throughout
the entire duration of the input signal.
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Figure 2.7: (a) The desired input signal for STM which is obtained from k-Wave simulations.
(b) General location of the scanned input signal along the palm. Gray circles which are
numbered 1-5 represent locations where neural response data was recorded/observed. (c)
Spatial representation of fired neurons on the surface of the palm. (d) Plots relating to the
input displacement (top) and neural response (bottom) at the 5 mentioned locations in 2.7b.
A clear time delay in neuron firing can be seen in plots 2-4, which is expected for the moving
points which reaches the consecutive locations after a certain time.
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to the assumption of a frictionless surface, among other reasons, the neural response may still

be generally approximated for comparative purposes using this toolbox, and is done so in its

associated paper [60]. In order to approximate the scanning response for a constant intensity

STM input, the time domain mechanical responses at each point of the k-Wave elastic

simulation were extracted and inputted into TouchSim as perpendicular skin displacements.

This provides a sufficient approximation, as the perpendicular displacement of the skin is the

most primary contributor to mechanoreceptor activation. The resultant spatial plot (2.7c)

indicates a general firing of receptors along the desired trajectory, as well as the time-delayed

firing of neurons as the focal point is scanned across (2.7d). These results show significant

potential for the use of TouchSim to predict the neural response of various ultrasound haptics

scenarios, including but not limited to the modulation techniques conceptualized in this

thesis.
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2.4 Conclusion

The proposed mixed amplitude and spatiotemporal modulation (AM-STM) and variable

scanning speed modulation (SM-STM) techniques offer promising advancements in non-

contact ultrasound haptics. While traditional methods often struggle with a trade-off be-

tween intensity and localization, the presented techniques effectively address these chal-

lenges. The AM-STM approach successfully reduces the wake effect, although it comes with

a decrease in intensity. On the other hand, the SM-STM technique enhances localization

with minimal impact on intensity, offering a more promising solution to the tactile localiza-

tion. These findings highlight the potential for these methods to improve tactile feedback

in a range of applications, paving the way for more precise and efficient ultrasound haptic

systems. TouchSim results also display the potential for ultrasound haptics researchers to

further understand the neural mechanisms which contribute to sensation.
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Chapter 3

Future Work

An experimental setup has been devised to further confirm the findings obtained from sim-

ulation model results by recording the real physical response of a skin-mimicking phantom

material subjected to focal scanning. The setup is mostly consistent with similar works

[20][56] and has been fully assembled (Fig. 3.1). For the haptic focal point generation, an

Ultraleap STRATOS Inspire 256 transducer PAT has been utilized, and is programmed us-

ing the Ultrahaptics Core Asset. It is positioned 20cm above the surface of a commercially

available viscoelastic gel (Gelatin #2, Humimic), which is a suitable material for vibrometry

experiments [56]. The mechanical response on the surface of the gel would then be captured

using a Polytec scanning laser Doppler vibrometer.
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Figure 3.1: Experimental set up, missing reflective powder on the surface of the gel
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