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Abstract

This thesis provides a comprehensive exploration into the evaluation of muscle ve-
locity and the intricate design and optimization of ultrasound transducers. The
research emphasizes the significance of Single Element Transducers (SET) for wear-
able applications, highlighting their advantages. Delving deeper into the transducer
design, the study meticulously examines the structure and functionality of its com-
ponents. By employing an electrical circuit model and a finite element model, the
research achieves a harmonious blend of computational efficiency and design pre-
cision, ensuring the transducer’s optimal performance. The thesis further explores
muscle velocity evaluation methodologies, including Optical Flow and the Doppler
Ultrasound method. It emphasizes the intricacies of velocity-measuring techniques
and the essential need for an accurate ground truth. To cater to this need, the
research delves into the fabrication of a phantom.
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Nomenclature

Symbols

A Area

ρ Density

c Longitudinal speed of sound

α Acoustic attenuation factor

β Real wave number

k Complex wave number

γs Structural loss factor

Z Acoustic impedance

T Acoustic intensity transmission coefficient

Q Piezoelectric mechanical quality factor

c33
D, h33

D, e33
S Stress-voltage piezoelectric constants in axial direction

Acronyms and Abbreviations

AAO Epoxy Anodic Aluminum Oxide Epoxy

BSC Backscatter Coefficient

FEM Finite Element Model

FML First Matching Layer

MMM Muscle Mimicking Material

MTU Muscle Tendon Unit

ROI Region Of Interest

SET Single Element Transducer

SML Second Matching Layer

TMM Tissue Mimicking Material

TL Transmission Line
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Chapter 1

Introduction

The integration of engineering and wearable technology has opened new frontiers for
continuous, non-invasive health monitoring and intervention. Among these innova-
tive solutions, wearable ultrasound sensors [1] [2] have the potential to revolution-
ize our understanding of human physiology, specifically skeletal muscle kinematics.
However, traditional ultrasound systems suffer from inherent challenges such as large
size, complexity, and high cost of production.
The focus of this thesis is twofold. Firstly, it aims to reduce the dimension and
complexity of the transducer used in the ultrasound system, making it more portable,
cost-effective, and easy to manufacture. This in turn could lead to wider adoption,
increased accessibility, and greater potential for continuous monitoring. Secondly,
it investigates strategies to accurately measure the velocity of skeletal muscles with
less computational load, opening up the possibility of near real-time monitoring and
analysis.
The skeletal muscle system plays a crucial role in human motor function. Its complex
biomechanics, which involves the simultaneous coordination of numerous individual
muscles, each with its unique properties and functions, has fascinated researchers
for years. The velocity and strain of skeletal muscles are critical metrics for under-
standing muscle performance, physical health, and to detect anomalies indicative of
various muscular disorders. However, existing methods to measure these parameters
are computationally expensive [3] [4] [5], limiting their use in real-time applications
and scenarios with constrained computational resources.
The importance of this research lies in its potential contribution to preventative
healthcare, rehabilitation, sports science, and more. Beyond this, it holds the
promise of equipping researchers and healthcare professionals with groundbreaking
insights into muscle behavior. This could serve as a foundation for the development
of novel treatments and interventions.
In the pursuit of pushing the boundaries of wearable health technology, this thesis
blends design techniques, engineering principles, and comprehensive experimenta-
tion. The ensuing discussions and analyses unravel how a new generation of wearable
ultrasound sensors for skeletal muscle kinematics measurement can be achieved, ulti-
mately leading us a step closer to a future where high-quality healthcare is affordable,
accessible, and seamlessly integrated into our daily lives.
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Chapter 2

Literature review

An ultrasound system typically comprises three fundamental components: the trans-
ducer probe, the computer unit, and a monitor display as it is possible to see
in Figure 2.1. The underlying principle of ultrasound operation revolves around
the transducer probe’s ability to emit and capture ultrasound signals, subsequently
transforming them into voltage readings. These voltage readings are then processed
by the computer, meticulously translating them into a coherent and visually dis-
cernible image displayed on the monitor for the user’s observation.

Figure 2.1: Typical ultrasound system. Image by [6]

2.1 Ultrasound physics

Ultrasound technology is an integral part of various scientific and technological fields,
notably in healthcare, where it is a non-invasive tool used for imaging and diagnosis.
The term ’ultrasound’ refers to sound waves with frequencies above the range of
human hearing, typically above 20 kHz. It is the fundamental physics of these sound
waves that allows us to harness their properties and apply them to a multitude of
uses, including the focus of this thesis, wearable sensors.
Sound is a mechanical wave phenomenon, resulting from the vibration of particles in
a medium, such as air, water, or biological tissue. Like any wave, ultrasound waves
have properties of wavelength, frequency, velocity, and amplitude. Frequency refers
to the number of cycles a wave completes in a second, and for ultrasound, this is
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CHAPTER 2. LITERATURE REVIEW

typically in the range of 1 MHz to 15 MHz for medical applications. Wavelength
is the distance over which one cycle of the wave occurs, and it depends on both
the frequency and the speed of sound in the medium. The velocity of sound is a
characteristic of the medium and depends on its density and elasticity.
Ultrasound waves propagate through a medium until they encounter a boundary
with a different medium. At this point, they can be reflected, refracted following
Snell’s law, or absorbed, all of which are critical to the functioning of ultrasound
technologies. Reflection occurs when the wave bounces back from the boundary,
refracted waves are those that change direction as they pass into the new medium,
and absorption is the conversion of the wave’s energy into heat. The three different
behaviors are shown in Figure 2.2.

Figure 2.2: Behavior of the sound wave when it encounters a different medium.
Image by [7]

The principle behind ultrasound imaging and sensing, including wearable sensors,
lies in these interactions. When an ultrasound wave encounters a boundary between
different tissues or materials, some of the wave’s energy is reflected back. By de-
tecting and analyzing these reflected signals, it’s possible to create images or gather
information about the structure and composition of the material or tissue.
One of the key components of any ultrasound system is the transducer, which char-
acterizes both the transmitter and receiver of ultrasound waves. It converts electrical
energy into mechanical energy, producing ultrasound waves, and the reverse process
is also possible to detect the reflected waves.

2.2 Ultrasound transducer

Ultrasound sensors come in various forms and have multiple settings that can be
adjusted to modify the type of sound wave they generate. In the majority of ul-
trasound systems, piezoelectric materials are employed in the sensor components.
This kind of material has the ability to transform mechanical stress into electrical
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energy, a phenomenon known as the piezoelectric effect. This process is bidirec-
tional: applying an electric charge will make the material oscillate. Factors such as
the oscillation rate of the materials, the distance between each oscillating unit, the
sampling rate of incoming sound, and the layout and shape of the oscillating units
significantly influence the emitted sound wave.

2.2.1 Type of ultrasound transducer

Ultrasound transducers can be found in diverse shapes and sizes in order to cater to
the specific requirements of the diagnostic medical sonographer. Figure 2.3 shows
the common ultrasound probes, featuring, from left to right, a curvilinear, a linear,
and a phased array transducer with the relative type of ultrasound image that are
able to picture.

Figure 2.3: Types of ultrasound transducer and relative ultrasound image. Image
by [8]

Transducer types not only vary in the shape of the ultrasound image they produce
but also in the range of frequencies they can deliver [9]. For instance, a curvilinear
transducer operates at a relatively low frequency, enabling sound waves to penetrate
deeply into the body and reveal structures as deep as 25 cm or more. This char-
acteristic is beneficial for capturing details from deeper regions since low-frequency
waves possess excellent penetration capabilities. However, this advantage comes at
the cost of overall resolution, as the display of finer details may be somewhat limited
compared to a linear transducer.
On the other hand, the linear transducer employs a higher frequency, allowing it
to penetrate only a few centimeters. Consequently, it excels at creating exceptional
images in the near-field, providing clearer details for structures closer to the trans-
ducer’s surface. Moreover, the high-frequency nature of the linear transducer grants
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it a remarkable temporal resolution, making it suitable for visualizing blood flow in
slow-moving vessels.
As for the phased array probe, its frequency lies somewhere between the curvilinear
and linear probes. It offers a narrower sector compared to the curvilinear probe,
conserving computing power while simultaneously enhancing temporal resolution
and imaging depth compared to the linear probe. These advantages prove crucial
in examining organs that are both large and fast-moving, such as the heart, where
imaging depth and temporal resolution play significant roles in obtaining accurate
and detailed results.
The primary drawback associated with the three types of ultrasound transducers
mentioned lies in their inherent complexity. This complexity makes them less desir-
able for integration into wearable sensors. Indeed, when it comes to wearable sensor
applications, the optimal choice for an ultrasound transducer is a single-element
variant.

Single element transducer

The single-element transducer represents the most fundamental and straightforward
design among ultrasound transducers. It consists of a single piezoelectric crystal that
functions as both the transmitter and receiver of ultrasound waves. This simplicity
allows for cost-effective manufacturing, making single-element transducers accessible
and widely used in various basic ultrasound applications.
Compared to more advanced transducer types like phased array, linear, and curvilin-
ear transducers, single-element transducers have certain limitations. One significant
drawback is their lack of electronic steering capabilities. Unlike phased array trans-
ducers that can electronically manipulate the beam direction or linear and curvilin-
ear transducers that offer specific beam shapes, single-element transducers produce
a fixed and unfocused ultrasound beam. This restricts their ability to target specific
structures or perform real-time adjustments during imaging. The fixed and unfo-
cused beam of single-element transducers can result in limited image resolution at
shallower depths.
In summary, single-element transducers are a basic and cost-effective option for
imaging deep structures where fine resolution is less critical. While they lack the
advanced capabilities of other transducer types like electronic steering and high-
resolution imaging, they still serve a vital role in specific ultrasound applications
that demand deep penetration.
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CHAPTER 2. LITERATURE REVIEW

2.3 Ultrasound imaging

Ultrasound imaging is a non-invasive and widely used medical imaging technique
that allows visualization of internal body structures [10]. This technology relies on
the principles of sound waves and their interactions with tissues to generate detailed
images of organs and tissues. Different imaging modes, such as A-mode, B-mode,
and Doppler [11], further enhance the capabilities of ultrasound imaging, offering
valuable insights into tissue characteristics, blood flow, and anatomical details. In
the following sections, we will explore these different ultrasound imaging modes and
their applications in medical practice.

2.3.1 Basic principle

At the core of ultrasound imaging is the ultrasonic transducer. The transducer emits
a focused beam of ultrasound into the area of interest within the subject. When the
ultrasound encounters an acoustic boundary, within the tissue, some of the energy
is reflected back towards the transducer.
Upon reaching the transducer, the returning echoes interact with the piezoelectric
crystal within the transducer, generating electric signals. These signals are then
electronically processed and measured, allowing the location of the echo’s origin to
be precisely determined.
Ultrasonic imaging involves mapping the patterns of echoes reflected from acoustic
boundaries within tissues as shown in Figure 2.4. Different tissues exhibit charac-
teristic echo patterns, enabling the differentiation of structures in the image. The
fundamental diagnostic parameters extracted from ultrasound imaging are the size
of an echo and the distance of its origin from the transducer.
To construct the ultrasound image, the ultrasound beam is systematically scanned
across the subject. For each position of the beam, a set of signals is recorded along
its path, representing reflections from boundaries at various distances. These sets of
signals, often referred to as "scan lines", provide one-dimensional information along
the beam path. By sweeping the ultrasound beam across the subject in a chosen
direction, multiple scan lines are generated, creating a two-dimensional (2-D) image
of a plane within the subject. [13]
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CHAPTER 2. LITERATURE REVIEW

Figure 2.4: Ultrasound imaging as patter of echoes. Image by [12]

2.3.2 Imaging modes

Ultrasound imaging has transformed medical diagnostics, offering non-invasive visu-
alization of internal structures in real-time. Modern ultrasound systems come with
a range of imaging modes, each serving specific clinical applications. This discus-
sion explores the basic principles of ultrasound imaging and delves into the principal
imaging modes such as A-mode, B-mode, and Doppler-mode.

A-mode

A-mode, also known as Amplitude Mode, stands as one of the earliest iterations
of ultrasound imaging. Within A-mode, it was possible to gauge the separation
between tissues. The depiction in Figure 2.5 exemplifies A-mode, where peaks on
the graph below the illustration symbolize ultrasound echoes sent back by tissue
interfaces. With the passage of time, the amplitude of each returning echo diminishes
due to ultrasound attenuation.
While A-mode has been outpaced by newer scanning modes in contemporary ul-
trasound systems, it set the groundwork for the evolution of the more prevalent
ultrasound modes in use today.

B-mode

B-mode, also known as Brightness mode, translates the amplitude peaks identified
in A-mode into pixels that exhibit varying levels of brightness as can be seen in
Figure 2.6. This method provides a more intuitive portrayal of ultrasound data.
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Figure 2.5: A-mode imaging principle. Image by [11]

Figure 2.6: Visual transformation from A-mode to B-mode. Image by [11]

Within the A-mode, amplitude traces are displayed linearly, as exemplified on the
left-hand side of Figure 2.6. In the B-mode, each of these amplitude peaks is trans-
lated into pixels exhibiting varying shades of gray. The level of brightness in each
pixel corresponds to the amplitude of the echo sent back to the transducer. Addi-
tionally, the pixel’s location on the screen is influenced by the time it takes for each
echo to return, thus reflecting the depth of the structure within the subject being
examined.
By employing the B-mode approach, ultrasound systems can emit consecutive ultra-
sound pulses in multiple directions, facilitating the creation of multiple image lines.
This procedure occurs rapidly and is repeated continuously, ultimately producing
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CHAPTER 2. LITERATURE REVIEW

the familiar real-time ultrasound image commonly observed on various ultrasound
systems.

Doppler-mode

Most modern ultrasound systems possess the capability to utilize the Doppler ef-
fect, a phenomenon that involves frequency changes when ultrasound waves interact
with moving objects. This feature facilitates the measurement of a moving sub-
ject’s direction and velocity, providing crucial information across multiple clinical
scenarios.
Broadly, there are two fundamental approaches for visually displaying Doppler data.
The two principal methods are the following:

• Spectral Doppler: This display provides a graphical representation of velocities
over time, which is often presented as a waveform as it can be seen in Figure
2.7 on the bottom. It can provide quantitative information, such as peak or
mean velocities, which can be used for diagnosis and assessment of conditions
such as valvular heart disease or vascular stenosis.

• Color Doppler: This tool superimposes color onto the B-mode image to rep-
resent flow as shown in Figure 2.7. Different colors represent the direction of
flow relative to the transducer (typically red for flow towards, and blue for
flow away from the transducer), and the color intensity reflects the velocity of
the flow.

Figure 2.7: Types of Doppler mode imagining. Image by [14]
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Chapter 3

Single element ultrasound transducer

Curvilinear, array, and linear transducers each have their specific applications in
diagnostic and imaging processes. However, wearable ultrasound sensors require
the use of a Single Element Transducer (SET) as they offer distinct advantages for
wearable applications. Their simplified design reduces the complexity inherent in
multi-element transducers. This not only translates to a reduction in power con-
sumption, a crucial factor for wearable sensors, but also provides a more consistent
response over the entire sensing area. Multi-element transducers can occasionally
struggle with uniform sensitivity across all elements, whereas a SET, by its very
design, avoids this problem.
However, designing an efficient SET is not without its challenges. To achieve optimal
performance, understanding the device’s electrical behavior is pivotal. This chapter
delves deep into the exploration of an equivalent electrical circuit of SET, which has
been studied to decipher the principal parameters that drive maximum efficiency.
Following this, we leverage the capabilities of COMSOL Multiphysics simulations,
providing insights into the finer nuances of the transducer design, and ensuring its
optimization.

3.1 Structure of a single element transducer

A transducer is a device that converts one form of energy into another. Within the
realm of wearable ultrasound transducers, this component alters electrical energy
into mechanical energy and conversely, converting between the two types of energy.
In its simplest form, a single-element transducer consists of a piezoelectric element
and a matching layer, along with other components like backing material and an
acoustic lens as it is possible to see in Figure 3.1.
Following is a concise breakdown of the structure and functionality of each of these
components [16]:

• Piezoelectric Element
The piezoelectric element is the heart of the ultrasound transducer. It is
typically made from a ceramic material like lead zirconate titanate (PZT).
When an electric field is applied to the material, it changes shape, producing
mechanical pressure waves (sound). Conversely, when the material is exposed
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CHAPTER 3. SINGLE ELEMENT ULTRASOUND TRANSDUCER

Figure 3.1: Structure of a single element transducer. Image by [15]

to pressure waves, it generates an electric field. This property allows the
piezoelectric element to act as both a transmitter and a receiver of ultrasound
waves.

• Matching Layer
The matching layer is positioned between the piezoelectric element and the pa-
tient’s body. Its primary function is to mitigate the impedance mismatch that
exists between the piezoelectric element and the medium (body). This reduc-
tion in mismatch helps to minimize the reflection that occurs at the interface,
thereby facilitating a more efficient transmission of ultrasound waves into the
tissue. Without a matching layer, a major fraction of the ultrasound waves
would reflect back toward the transducer. This behavior can be quantified
using the reflection coefficient, represented as:

R =
Z2 − Z1

Z2 + Z1

(3.1)

Here, Z2 represents the acoustic impedance of the material into which the wave
intends to propagate, and Z1 denotes the acoustic impedance of the material
from which the wave is coming from. To mitigate these reflections, the match-
ing layer is typically constructed from a material whose acoustic impedance
lies between the values of the piezoelectric material and the human body’s tis-
sue as will be shown later. This intermediary impedance ensures a smoother
transition, reducing reflections and enhancing transmission efficiency.
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CHAPTER 3. SINGLE ELEMENT ULTRASOUND TRANSDUCER

• Backing Material
Frequently denoted as the damping material, the backing layer is situated at
the rear of the piezoelectric component. Its primary role involves absorbing
ultrasound waves that travel in the opposite direction of the medium (body),
effectively preventing any interference with the intended sound capture. More-
over, the backing material serves to attenuate the resonant vibrations within
the piezoelectric element. As a result, this action contributes to an enhance-
ment in axial resolution and a broader bandwidth, both of which are valuable
attributes for ultrasound imaging.

• Electrodes
These are thin conductive layers on the front and back surfaces of the piezo-
electric material. They allow the application of an electric field across the
piezoelectric material and also capture the electric field produced when the
material is exposed to ultrasound waves.

• Casing
The entire assembly is enclosed in a casing that protects the internal compo-
nents from physical damage and insulates the patient from electrical exposure.

In operation, the transducer is coupled to the patient’s body using an ultrasound gel
whose role is crucial. Indeed, the ultrasound gel allows to diminish the formation
of air gaps at the interface between the transducer and the medium. These gaps,
if left unaddressed, can significantly compromise the transducer’s performance by
amplifying energy reflection and introducing distortions in the transmitted waves.
A visual depiction of this concept is provided in Figure 3.2.

Figure 3.2: Ultrasound wave transmission with and without the use of ultrasound
gel. Image by [17]
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CHAPTER 3. SINGLE ELEMENT ULTRASOUND TRANSDUCER

3.1.1 Piezoelectric effect and material properties

The piezoelectric effect is fundamental to the functioning of piezoelectric ultrasound
transducers. This property allows specific materials to convert an applied mechanical
strain into electric charges on their surfaces and vice versa. These transformations
are key to the generation and reception of sound waves in ultrasound systems. By
modulating the voltage frequency applied to a piezoelectric material, we can control
its vibration to produce sound waves at that frequency. These waves then traverse
through a medium, bouncing off objects or boundaries present, and return to the
transducer. The transducer, utilizing the direct piezoelectric effect, converts the
received acoustic energy back into electrical charges for interpretation by the ultra-
sound system’s central processing unit. The direct and inverse piezoelectric effects
are illustrated in Figure 3.3

Figure 3.3: Visualization of the piezoelectric effect. Image by [18]

Piezoelectric materials showcase distinct characteristics, as illustrated by particular
coefficients, and these properties can vary across different axes inside the material,
symbolized by subscripts ij. Here’s a breakdown of these features:

• Piezoelectric Charge Coefficient - d It indicates the level of polarization
that arises from a unit of mechanical stress (T) exerted on the piezoelectric
substance. Conversely, it signifies the mechanical deformation (S) the material
undergoes when an electric field is applied.
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• Piezoelectric Voltage Coefficient - g This descriptor illuminates the elec-
tric field that a piezoelectric material generates in response to each unit of
mechanical stress. Alternatively, it indicates the mechanical deformation the
material faces when an electric displacement is employed.

• Dielectric Response - ϵ It elucidates a material’s reaction to the influence
of an electric field. It measures the tendency or alignment of the electrical
charges inside the material when exposed to a standardized electric field.

• Electromechanical Conversion Efficiency - k This parameter highlights
the prowess of a piezoelectric material in transitioning electrical energy into
its mechanical counterpart, or the reverse. It encapsulates the material’s pro-
ficiency in alternating between these energy modalities.

Furthermore, piezoelectric materials can be characterized by several forms of impedance,
reflecting their multifaceted interactions:

• Acoustic impedance
It characterizes a material’s resistance to the propagation of sound waves. It’s
calculated by multiplying the density of the material ρ by the speed of sound
within that material (c), given by Za = ρc

• Electrical impedance
It defines the material’s resistance to electrical flow when a voltage is applied.

• Mechanical Impedance
It refers to the resistance a material offers to motion when subjected to a
mechanical force. This property dictates how vibratory energy is transferred
or absorbed.

• Electromechanical Impedance
It describes the efficiency with which electrical energy is converted to me-
chanical energy and vice versa. The coupling coefficient is a measure of this
impedance.

A summary of these properties and more for the main piezoelectric materials are
shown in Figure 3.4.
Piezoelectric materials are chosen based on the specific needs of an application, and
they fall into four main categories: single crystals, ceramics, polymers, and compos-
ites. Among ceramics, materials like lead zirconate titanate (PZT) stand out due to
their efficient energy conversion, evidenced by their high electromechanical coupling
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Figure 3.4: The table presents the primary piezoelectric properties and parameters
for four common piezoelectric materials: PZT, LiNbO3, AlN, and ZnO. Table by
[19]

coefficients. These coefficients indicate the material’s proficiency in transmitting
and receiving acoustic waves. However, the inherent brittleness of ceramics can be
a drawback.
In contrast, polymers such as Polyvinylidene Fluoride (PVDF) might not match
the piezoelectric potency of ceramics but are favored for their adaptability, reduced
acoustic resistance, and environmentally friendly nature since they are lead-free.
Combining the strengths of both ceramics and polymers, composite piezoelectrics
emerge as versatile candidates. They harmonize the robust electromechanical cou-
pling from ceramics with the adaptability and reduced acoustic impedance of poly-
mers. Their compatibility with mediums like water or human tissue and their ex-
pansive bandwidth bolstered by a diminished mechanical quality factor render them
suitable for a diverse range of uses.
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CHAPTER 3. SINGLE ELEMENT ULTRASOUND TRANSDUCER

3.2 Design of a single element transducer

In the field of ultrasound transducer modeling, attaining precise and dependable
outcomes poses various significant challenges. This complexity arises from the need
to successfully incorporate both piezoelectric and acoustic elements into a cohesive
simulation model. As a step towards addressing these challenges, Krimholtz et al.
(1970) introduced the KLM (Krimholtz, Leedom, and Matthaei) model [20], which
employed an innovative approach by drawing an analogy to circuit network theory.
In the KLM model, individual layers are portrayed as circuit components, but the
model has limitations. Specifically, it fails to capture multidimensional effects, such
as directivity and beam steering of acoustic waves. To accommodate these intricate
aspects, more advanced modeling methodologies have been developed such as finite
element models (FEM) incorporated in tools like COMSOL Multiphysics.
Utilizing COMSOL Multiphysics, it is possible to create a 2-D or 3-D multiphysics
model that effectively simulates the behavior of the piezoelectric element as well
as the transmission of acoustic pressure waves through solid media. While the
KLM model provides a quick-to-run design tool, finite element methods, though
more computationally intensive, deliver more accurate results that are closer to
real-world physics. The present study intends first to design the matching layer
stack and other parameters of the transducer via the KLM model and then optimize
the entire transducer structure with the FEM model as illustrated in Figure 3.5. In
particular, this chapter will delve deeper into the KLM and COMSOL simulations,
elucidating their respective advantages, limitations, and potential for optimization.

Figure 3.5: Visualization of the design steps
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3.2.1 Electrical circuit model

The journey of modeling acoustic-electric transducers has traversed various the-
oretical constructs, beginning with the Mason model and culminating, for many
researchers, with the KLM model. Each successive model incorporates an enhanced
understanding of the intricacies involved in piezoelectric and acoustic transduction.
Mason’s model, shown in Figure 3.6 on top of the KLM model, was developed in the
mid-20th century and it was a pioneering approach in the modeling of piezoelectric
transducers. However, its scope was limited due to its low-frequency approxima-
tion and simplifying assumptions. The model didn’t account for transmission and
reflection at the boundaries between different materials and was thus only suitable
for relatively simple, single-layer transducers. This triggered the need for a more
comprehensive modeling framework.
Subsequent models aimed to overcome the limitations inherent in Mason’s model.
They incorporated multiple layers and accounted for different physical properties of
the materials used. However, they often involved a trade-off between accuracy and
computational complexity.
The KLM model (Figure 3.6), proposed in 1970, significantly improved upon the
previous models. The KLM model has been particularly useful in the domain of
ultrasound transducers because it offers a flexible, fast, and reasonably accurate
tool for predicting transducer performance by drawing an analogy to circuit network
theory.
One of the primary reasons why the KLM model is frequently used in ultrasound
transducer modeling is its ability to consider the effect of multiple layers of different
materials, with each layer having unique physical and acoustic properties. This
feature is crucial because ultrasound transducers often contain multiple matching
layers. The KLM model can accurately model the acoustic and electrical impedance
of the different layers in the single-element transducer, as well as the reflections and
transmissions at the interfaces between the layers.
Moreover, the KLM model’s speed and computational efficiency make it an excel-
lent tool for designing and optimizing transducers. It provides a balance between
computational simplicity and the need for accurate performance prediction, which
is essential in iterative design processes.
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Figure 3.6: Mason and KLM model. Image by [21]

KLM Model

The operational understanding of a piezoelectric transducer can be enhanced with
the use of a transmission line model such as the KLM model. This model allows the
analysis of the transducer’s electrical and mechanical properties and their intercon-
nected behavior.
The KLM model for the piezoelectric crystal that characterizes the piezoelectric
transducer is provided in Figure 3.7
In this model, V3 and I3 represent the applied voltage and current to the piezoelectric
crystal. These inputs give rise to acoustic forces (F) and particle velocities (U) at the
corresponding crystal surfaces. The internal particle velocities within the crystal are
identified by subscripts F and B. Here, F designates forward-traveling waves heading
toward interface 2, while the B subscript signifies backward-traveling waves directed
toward interface 1. The notations + and - are used to distinguish waves in the
right and left halves of the crystal, respectively. The acoustic impedances Z1 and Z2

pertain to the medium through which the crystal emits signals, namely the backing
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Figure 3.7: KLM model of a piezoelectric crystal.Image by [22]

layer and the body, respectively.
To complete the model, a capacitor (Co), an impedance (jX1), and a transformer
with the ratio (1:ϕ) are included, converting the electrical signal into the appropriate
acoustical values.
The values for these parameters can be computed using the following formulas pro-
vided by Krimholtz et al.:

Z0 = ρcA (3.2)

C0 =
ϵ33

SA

d
(3.3)

X1 =
h33

2

ω2Z0

sin(
ω · d
c

) (3.4)

ϕ =
ωZ0

2h33

csc(
ω · d
2c

) (3.5)

The model incorporates parameters such as the crystal’s thickness (d) and area (A),
along with the characteristic impedance (Zo) of the acoustic transmission line, which
serves as a representation of the piezoelectric crystal.
In this context, ϵ33 represents the permittivity of the piezoelectric material when no
voltage is applied, h33 stands for the piezoelectric pressure constant specific to the
crystal, ρ denotes the density, and c signifies the speed of longitudinal sound waves
within the crystal.
With the model parameters defined, the input impedance seen looking into port 3
is given by:
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ZinKLM =
1

JωC0

+ jX1 +
Za

ϕ2
(3.6)

Here, Za refers to the impedance observed when examining the acoustic transmission
line. This impedance is derived from considering the impedances observed looking
at interface 2 and interface 1, as indicated by Equation 3.7.

Za =
ZL1ZL2

ZL1 + ZL2

(3.7)

Specifically, the input impedances of the transmission lines leading to the two dis-
tinct interfaces are acquired through the application of the transmission line’s input
impedance formula:

ZL1,2 = Z0

Z1,2 + jZ0 tan(
ωḋ
2c
)

Z0 + jZ1,2 tan(
ωḋ
2c
)

(3.8)

where Z1,2 represents the characteristic acoustic impedance of the TL.

Impedance matching

Impedance matching forms a critical part of the design and operation of a piezo-
electric transducer. When signals are transmitted from one part of a system to
another, mismatches in impedance can result in signal reflections, leading to loss of
power and distortion of the signal. In the context of a piezoelectric transducer, if
the acoustic impedance of the transducer doesn’t match the acoustic impedance of
the medium into which it is radiating, this will lead to a significant amount of the
ultrasound being reflected back into the transducer, rather than being transmitted
into the tissue. Impedance matching aims to make the load impedance equal to the
source impedance to maximize power transfer and minimize signal reflection.

Quarter wave impedance matching
A common technique used to achieve impedance matching in piezoelectric trans-

ducers is the use of quarter-wave layers. This method involves placing a layer of
material, with a thickness equal to a quarter of the wavelength of the ultrasound
wave (Figure 3.8), between the transducer and the medium. This layer is the so-
called matching layer.
The quarter wave layer functions as a transformer, gradually transitioning the
impedance from that of the piezoelectric crystal to that of the tissue. This pro-
cess reduces the abrupt change in impedance, which leads to significant reflection
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Figure 3.8: Quarter-wave impedance transformer. Image by [23]

at the interface of the transducer and the medium. The impedance of the quarter-
wave layer is chosen as the impedance that allows to have an input impedance of
the TL the most similar to the one of the piezoelectric material. The equation used
to calculate the characteristic impedance Z0 of the quarter-wave layer is given by:

Zin(l) = Z0
ZL + Z0 tanh (γl)

Z0 + ZL tanh (γl)
(3.9)

Where Zin is (ideally) the impedance of the piezoelectric material, Z0 is the char-
acteristic impedance of the matching layer, and γ is the propagation constant given
by the following formula.

γ = α + iβ (3.10)

where α denotes the attenuation constant and β represents the phase constant, as
defined by

β =
2π

λ
(3.11)

This technique significantly improves the efficiency of power transfer and enhances
the performance of the transducer in ultrasound imaging applications. It is espe-
cially useful in medical ultrasound devices, where it contributes to clearer images by
increasing the proportion of the signal that is transmitted into the body, reducing
reflections and hence improving the signal-to-noise ratio.

Design via KLM model

The optimization process of the transducer was so driven by a combination of the
KLM model and quarter-wave impedance matching technique. The entire process
was conducted in MATLAB, providing the flexibility to modify and adapt the model
as needed.
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The KLM model, allowed us to model the transducer as a two-port network. This
made it possible to calculate the electrical input impedance and the power output
for the transducer, an essential aspect in understanding its performance.

Impedance matching To achieve the highest efficiency, impedance matching
was crucial as the impedance of piezoelectric materials and biological tissue dif-
fer significantly ( ∼ 30MRayls). To determine the optimal impedance for the
quarter-wavelength matching layer(s), we developed a MATLAB script. Initially,
we considered a lossy transmission line to compute the matching layer characteris-
tic impedances. However, due to high computational costs, we opted for a lossless
transmission line. Subsequently, the suitability of the selected materials for the
matching layer was validated using the KLM model.
For lossless TL, there are two distinct methods used to identify the ideal acoustic
impedance of the quarter-wavelength matching layer which yield different outcomes,
thus both of them have been evaluated.
The first method focuses on optimizing energy transfer across the two interfaces at
play considering the piezoelectric element as infinite. The acoustic impedance of the
matching layer, in this case, is represented by:

Zm =
p

ZaZp (3.12)

This can be extended for a scenario involving n matching layers, where the charac-
teristic acoustic impedance of the jth matching layer is described as:

Zmj =
n+1

q
Za

jZp
n−j+1 (3.13)

The second approach, credited to Desilets et al. [24], takes into account the finite
thickness of the piezoelectric element. In this case, maximum efficiency and opti-
mum bandwidth are imposed in order to determine the acoustic impedance of the
matching layer and the number of layers required. Specifically, a single matching
layer’s acoustic impedance is:

Zm = Za

2
3 ∗ Zp

1
3 (3.14)

And for two layers:

Zm1 = Za

3
7 ∗ Zp

4
7 (3.15)

Zm2 = Za

6
7 ∗ Zp

1
7 (3.16)
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It’s evident that the two methods differ, with the Desilets approach often resulting in
lower acoustic impedance values for the matching layers. Nevertheless, both methods
agree on the need for materials with low acoustic impedance, and given that acoustic
impedance is defined by Z = ρc, this implies the necessity for materials with reduced
density ( ρ ) and acoustic velocity (c) when choosing matching layer materials.
Typically, these low-density materials are porous, and their acoustic attenuation
coefficient is naturally high, increasing with frequency. A low acoustic velocity
results in extremely thin (λ/4) matching layers, especially at elevated frequencies
for this reason manufacturing techniques should be carefully investigated.

Impedance matching results The impedance-matching Matlab script was de-
signed to compute the values for one and two matching layers, offering a broad per-
spective of the variations and possibilities. The calculations considered the acoustic
impedance of the piezoelectric material, the body, and the backing layer acoustic
impedance as the loads. Furthermore, the choice of the ultrasound transducer’s
central frequency was carefully considered. A frequency of 6.6 MHz was selected
specifically to image the gastrocnemius muscle, a superficial muscle located in the
calf. This frequency was deemed optimal for capturing high-resolution images of
this muscle since ultrasound transducers with a central frequency between 5-10MHz
are optimal for imaging superficial muscles, while frequencies between 1-5MHz are
better suited for imaging deeper muscles. For the piezocrystal, PZT-5A was se-
lected. This choice was driven by two primary reasons: PZT is a prevalent material
for ultrasound transducers due to its consistent performance, and the 5A variant
specifically offers stable properties across varying temperatures. When considering
the backing layer, several materials have been identified, such as a combination of
Tungsten powder, microbubbles, and Epotek 301, as detailed in [25]. However, the
KLM Model just requires to indicate the characteristic acoustic impedance of the
backing layer and it has been found that, typically, the impedance of the backing
layer hovers around 6.5 MRayls. This impedance value was, therefore, adopted in
our simulation studies.

# Matching Layers
First Approach

[MRayls]
Second Approach

[MRayls]
One Matching Layer 6.73 4.08
Two Matching Layer 11.09 - 4.08 8.3 - 2.30

Table 3.1: Ideal matching layers acoustic impedance
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With the ideal impedance values in hand (Table 3.1), a search for suitable match-
ing layer materials was undertaken. The aim was to find materials with acoustic
impedance as close as possible to the calculated ideal values, thus ensuring maxi-
mum power transfer and minimizing reflection at the material interfaces. In order
to find the right material, the table in Figure 3.9 was used.

Figure 3.9: Acoustic properties of typical piezoelectric transducer materials and
media. Table by [26]

Building on our findings, a comprehensive breakdown of the matching layers em-
ployed in two distinct configurations is presented. Table 3.2 shows the materials
for configurations employing a singular matching layer, whereas Table 3.3 delineates
configurations with a dual-layer approach.

First Matching Layer Impedance [MRayls]
2 µmAl2O3/ Epotek 301 6.4

AAO-Epoxy 9.5
Epotek 301 2.8

HDPE 2.22

Table 3.2: List of the materials and relative acoustic impedance for ultrasound
piezoelectric transducer with one matching layer
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First Matching
Layer

Impedance FML
[MRayls]

Second
Matching Layer

Impedance SML
[MRayls]

Aluminum 17 HDPE 2.22
Aluminum 17 Epotek 301 2.8

AAO-Epoxy 9.5 Epotek 301 2.8
2 µmAl2O3 /
Epotek 301

6.4 Aluminum 17

2 µmAl2O3 /
Epotek 301

6.4 HDPE 2.22

Table 3.3: List of the materials and relative acoustic impedance for ultrasound
piezoelectric transducer with two matching layer

Following the identification of suitable materials for the matching layer, they were
seamlessly integrated into the KLM model. All the specific material properties
utilized in the KLM model are comprehensively outlined in Table 3.4.

Material Speed of sound [m/s] Density [ kg
m3 ] Attenuation [Np/m]

PZT-5A 3895.5 7750 0.2 × MHz
AAO-Epoxy 3460 2745 2.88
Epotek 301 2640 1048 119.73

HDPE 2339 951 12.43
Aluminum 6320 2700 0.46

2 µmAl2O3 / Epotek 301 2800 2300 193.4

Table 3.4: Properties of the materials used in the KLM model
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Results

In this section, we delve into the comprehensive outcomes derived from the KLM
model simulations. Recognizing the intricacies involved in the matching process,
we’ve structured our results to specifically cater to two distinct scenarios: the uti-
lization of a single matching layer and that of two matching layers.

One matching layer
In the quest for optimal transducer efficiency, the selection of matching layers

stands paramount. Figure 3.10 underscores this point by presenting the efficiency
metrics for transducers employing a singular matching layer. Specifically, this figure
highlights two distinct configurations: AAO-epoxy and 2 µmAl2O3 / Epotek 301,
which are characterized by acoustic impedances of 9.5 MRayls and 6.4 MRayls,
respectively.
As we’ve established earlier, for optimal impedance matching, the acoustic impedance
of the matching layer ideally aligns around 6.73 MRayls or 4.08 MRayls. Conse-
quently, the choices we’ve illustrated in Figure 3.10 are closely aligned with these
ideal metrics.

Figure 3.10: Ultrasound piezoelectric transducer with one matching layer : AAO-
epoxy on the left and 2 µmAl2O3 / Epotek 301 on the right

In contrast, Figure 3.11 delineates configurations where matching layers with an
impedance of approximately 2 MRayls are utilized. Given the disparity from our
ideal impedance values, it’s unsurprising that these configurations exhibit diminished
efficiency. This stark comparison underlines the critical role of matching layers
in influencing transducer performance and emphasizes the necessity for meticulous
layer selection.
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Figure 3.11: Ultrasound piezoelectric transducer with one matching layer: HDPE
on the left and Epotek 301 on the right

Two matching layers Transitioning from single to double matching layers offers
intriguing possibilities for enhancing the efficiency of transducers. In the succeeding
set of simulations, our focus pivots towards these dual-layer configurations. Based
on theoretical calculations, the optimal impedance values for dual-layered structures
were identified to be 11-4 MRayls or 8-2.3 MRayls. With this in mind, we pursued
a few promising combinations to not only align with these ideal impedances but to
also understand the interplay between the two characteristic acoustic impedances.
The following combinations were earmarked for simulations:

• Aluminum [17 MRayls]- HDPE [2.22 MRayls]

• Aluminum [17 MRayls] - Epotek 301 [2.8 MRayls]

• Aluminum [17 MRayls] - 2um AL2O3/Epotek 301 [6.4 MRayls]

• AAO epoxy [9.5 MRayls] - Epotek 301 [2.8 MRayls]

• 2um AL2O3/Epotek 301 [6.4 MRayls] - HDPE [2.22 MRayls]

A comparative analysis revealed interesting findings. As showcased in Figure 3.12,
certain combinations like AAO epoxy - Epotek 301, Aluminum - HDPE, and Alu-
minum - Epotek 301 exhibited commendable efficiencies. Conversely, Figure 3.13
highlights the relative underperformance of the other combinations, particularly at
the center frequency (6.6MHz). This analysis underscores the significance of align-
ing the acoustic impedances closely with the ideal values and in case of less optimal
scenarios, it is preferable to have a first layer with a higher impedance and a second
layer with a lower impedance.
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Figure 3.12: Ultrasound piezoelectric transducer with two matching layers

Figure 3.13: Ultrasound piezoelectric transducer with two matching layers

One overarching observation that emanates from this analysis is also the enhance-
ment of bandwidth when transitioning to dual matching layers. In essence, in-
creasing the number of matching layers serves as an effective strategy to bolster
the transducer’s bandwidth. Another avenue to augment bandwidth could also be
employing matching layers of non-uniform materials with a continuous decline in
acoustic impedance along the ultrasonic propagation direction [27].
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3.2.2 Finite element model

Having explored the theoretical underpinnings of piezoelectric transducers using the
KLM model, our attention now turns towards a more advanced approach using
finite element modeling. This shift allows us to delve deeper into the complexities
of transducer performance and, as a consequence, be able to optimize the design.
The use of finite element models, particularly through COMSOL Multiphysics, pro-
vides a versatile and robust platform for analyzing transducer performance. COM-
SOL, a widely utilized finite element analysis software, excels at simulating intricate
multiphysics behavior, providing a comprehensive and detailed understanding of the
transducer’s operational characteristics.
Despite their immense utility, finite element models require significantly more com-
putational power compared to their mathematical counterparts like the KLM model.
However, the wealth of detail and insight they provide justifies their usage in ana-
lyzing complex systems.
In the upcoming section, the powerful capabilities of COMSOL Multiphysics will
be leveraged to simulate and optimize the piezoelectric transducer design, enriching
the understanding and comparison framework established with the KLM model.

Modeling

The developed model is a 2-D axisymmetric representation exploiting the axial sym-
metry of the system to reduce the computational cost. It employs the integrated
Acoustic-Piezoelectric Interaction, Frequency Domain multi-physics interface. This
interface encapsulates three primary physics interfaces: Pressure Acoustics, Solid
Mechanics, and Electrostatics. Pressure Acoustics addresses the wave equation in
the media around the transducer, whereas the other two interfaces are dedicated to
modeling the piezoelectric effect and solid structures.

Setup

The configuration of the model aligns with a conventional ultrasound piezoelectric
transducer setup [28]. To enhance its representation of real-world scenarios, two
electrodes and the backing layer material have been incorporated.
Rooted in fundamental physics and insights from previous simulations, we’ve estab-
lished the model’s geometric parameters. A crucial aspect in the design of ultrasound
transducers is achieving resonance for efficient energy conversion. For a piezoelectric
transducer to resonate optimally at a frequency f0, the thickness of the piezoelectric
element Tpzt should be half the wavelength (λ0

2
). This is expressed as:
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Tpzt =
λ

2
(3.17)

When the thickness is λ
2

the piezoelectric element vibrates most efficiently, leading
to the maximum transfer of electrical energy to acoustic energy. Suppose we are
aiming to maximize the transmission coefficient around 6.6MHz, the wavelength at
this frequency is equal to the following:

λ =
cPZT

f0
= 0.59mm (3.18)

This necessitates a piezoelectric thickness of 0.295 mm, which is half of the identified
wavelength. For the matching layers, the objective is to ensure impedance continuity
between the piezoelectric material and the human body, minimizing reflections at
the interface. This requires the matching layer’s thickness TLayer to be a quarter of
the wavelength λ

4

TLayer =
λ

4
(3.19)

While this quarter-wavelength thickness offers the optimal transmission coefficient
for our chosen matching material, it may not cater to potential bandwidth require-
ments. Nonetheless, it provides an excellent baseline from which to adjust and
optimize material thickness dimensions.

Materials and Geometry

The acoustic piezoelectric transducer components feature PZT-5A as the chosen
piezoelectric material. This choice of PZT-5A, as previously mentioned, is grounded
in existing literature and is commonly used in acoustic transmission systems. The
pertinent material properties, such as density, speed of sound, acoustic impedance,
and all the other properties that were necessary during the KLM simulations and
the COMSOL modeling, are detailed in Table 3.5.
Specifically, the equations employed to calculate h33 based on the table’s properties
are given by Equations 3.20, and 3.21.

c33
E = c33

D(1− kt
2) (3.20)

h33 = kt

s
c33D

ϵ33S
(3.21)
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Property PZT-5A
c 3895.5 m/s [29]
ρ 7750 kg/m3 [29]
kt 0.49 [30]
Qm 75 [31]
tanδ <0.02 @ 1kHz [32]
k33 0.72 [30]

ϵ33
Sϵ0

−1 826.6 [29]
c33

E 1.109 Pa × 1011 [29]
h33 2.19 V

c2
× 109 [Eq. 3.21]

Table 3.5: PZT-5A properties

In the beginning, the leg and the backing layer representations consisted of an acous-
tic domain symbolizing them, as depicted in Figure 3.14 in pink and in black respec-
tively. However, to optimize computational efficiency, they were later transformed
into an acoustic impedance load, achieving comparable results.

Figure 3.14: Model of the system (from bottom to top: backing layer, piezoelectric
layer, matching layer, body)

As previously mentioned, the materials and dimensions of the matching layer(s)
were derived from the KLM model, primarily using the quarter-wavelength method
as a foundation.
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Boundary condition

The boundary conditions of the piezo-acoustic transducer model are meticulously
defined to mirror the device’s real-world operational environment and its intrinsic
physics.
These conditions emulate the conversion of an electrical signal into a pressure wave
by a piezoelectric element as it traverses multiple material layers. Within the model,
the piezoelectric layer is endowed with physical attributes sourced from two distinct
simulation modules: Electrostatics and Solid Mechanics. Upon subjecting this layer
to a voltage, specifically a unit voltage in this study, a pressure wave propagates
through the acoustic channel. The terminus of the transmission material is char-
acterized by an acoustic impedance boundary condition, reflecting the presumed
adjacency of the human body. Additionally, to simulate the backing layer and
streamline computational demands, an acoustic impedance boundary condition is
applied to the lower electrode.

Piezoelectric losses

Given the intrinsic nature of piezoelectric materials, which simultaneously incorpo-
rate both mechanical and electrical phenomena, it’s essential to understand that
their modeling accounts for multiple types of losses. These include mechanical,
electrical, and electromechanical coupling losses, as illustrated in Figure 3.15.

Figure 3.15: Piezoelectric material type of losses

When considering mechanical damping, it’s necessary to define a structural loss
factor. Specifically, this factor is given by:

γs =
2αβ

α2 + β2
(3.22)

In this equation, α represents the attenuation constant and β the phase constant.
Regarding the dielectric loss, the factor tanδ must be specified, which is inherent
to the piezoelectric material’s properties. As for the coupling losses, they are pre-
defined in the material data sourced from the COMSOL material library and merely
need to be activated for the simulation.
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Meshing

For this study, a free triangular mesh was utilized throughout the entire transducer.
The selection of the mesh size was informed by the findings from previous finite
element studies [33]. In these studies, it was demonstrated that the optimal element
size should be correlated to the wavelength of the wave. More explicitly, one can
derive the element size by multiplying the equation for the wavelength by a factor
of 1

n
, yielding:

size =
cmin

fmax × n
(3.23)

Here, the element size corresponds to a desired count of ’n’ elements within a wave-
length. Wilt’s research found that for n λ values ranging between 5 and 10, the
model started converging toward an accurate solution. However, it didn’t achieve
an error margin of less than 1.0% across all frequencies until n reached 12. For this
reason, to strike a balance between accuracy and computational efficiency, a value
of n=12 was chosen for the meshing. In Figure 3.16 is possible to see the final mesh
utilized.

Figure 3.16: Mesh utilized to simulate the transducer

Results

In the subsequent section, we present the outcomes obtained from the COMSOL
simulations, shedding light on the implications and performance of our piezoelectric
transducer model. Our findings are organized akin to our earlier KLM model results,
addressing two specific scenarios: employing a single matching layer versus the use
of dual matching layers. The choice between these configurations holds significant
weight in determining transducer efficiency. For consistency, we’ve mirrored the
matching layers used in the KLM model in our COMSOL simulations, but will only
be detailing the most pertinent results here.
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One matching layer The efficiency metrics for transducers equipped with a lone
matching layer are visually represented in Figure 3.17 and Figure 3.18. On the left,
it is possible to find the COMSOL simulation results, while the corresponding KLM
results are displayed on the right.
Delving deeper, Figure 3.17 provides a comparative insight between the efficiencies
derived from the COMSOL and KLM models for a transducer utilizing AAO epoxy
as its matching layer. In contrast, Figure 3.18 delineates results for the transducer
featuring the 2µmAl2O3/Epotek 301 composite as the matching layer.

Figure 3.17: COMSOL transducer simulation with AAO-epoxy as matching layer
on the left and on the right KLM model simulation

Figure 3.18: COMSOL transducer simulation with 2 µmAl2O3/Epotek301 as match-
ing layer on the left and on the right KLM model simulation

In both instances, the discrepancy in efficiency magnitude is negligible, whereas the
differences in bandwidth and waveform are almost absent.
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Two matching layers Sequentially, Figure 3.20 presents a comparative analysis
between the COMSOL simulation results and the KLM model outcomes, emphasiz-
ing transducers designed with two matching layers.

Figure 3.19: COMSOL transducers simulation with two matching layers on the left
and on the right the respective KLM model simulation

Figure 3.20: COMSOL transducers simulation with two matching layers on the left
and on the right the respective KLM model simulation

The FEM simulation results further reinforce our earlier observations. As the num-
ber of matching layers increases, the bandwidth expands, notably when utilizing the
AAO epoxy and Epotek 301 combination. This combination is indeed favored in
ultrasonic transducer applications due to its broad bandwidth [25].

3.2.3 KLM vs FEM

Upon examination of both one-matching layer structures and two-layer ones, all
transducer configurations exhibit a small discrepancy between the finite element
model (COMSOL) and KLM model outcomes, specifically in the magnitude of the
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transmission coefficient. Despite this discrepancy, the waveforms and bandwidth of
the responses are remarkably similar across both models. Such differentiation might
stem from COMSOL’s methodology in calculating the speed of sound, which pivots
on the elastic properties of materials and can be swayed by elements like mesh gran-
ularity. Another potential source of the observed discrepancies might be the more
comprehensive accounting of losses within the COMSOL model, leading to variations
solely in the magnitude of the transmission coefficient. Nonetheless, the waveform
remains a paramount design consideration, as the ultimate objective revolves around
achieving a robust transmission coefficient spanning a specified bandwidth.

3.2.4 Conclusions

At this stage, with both the KLM and COMSOL models developed and verified to
produce similar outcomes, it becomes feasible to proceed with the design of the com-
plete ultrasound transducer system. The close agreement between the two models
enhances confidence in the predictive capabilities of each, assuring that they can be
reliably used for the optimization and development of transducer configurations.
In particular, the COMSOL finite element model offers the advantage of studying
the transducer behavior in finer detail. For instance, it provides the capability to
simulate spatial variations of stress and strain, complex geometries, and allows for
a more comprehensive treatment of boundary conditions. This in-depth analysis
can be invaluable for designing transducers that are not just idealized versions but
practical, real-world devices. This may include adjustments based on temperature
dependencies, anisotropic materials, or even non-linear effects which are difficult to
account for in simpler models like KLM.
Moreover, the finite element model enables us to scrutinize how minor alterations
in material properties or layer dimensions can influence the overall performance,
helping to fine-tune the design parameters for optimal results. It also allows for the
simulation of multi-layer structures with different combinations of materials, thereby
providing a wider landscape for design optimization.
In summary, the development and cross-verification of the KLM and COMSOL
models pave the way for the full-scale design of ultrasound transducers. While the
KLM model serves as a quick and insightful tool for initial design considerations, the
COMSOL model serves as a robust tool for a more exhaustive and detailed analysis.
The complementary nature of these two modeling approaches allows for a more
holistic and reliable transducer design process, fulfilling both quick turn-around and
detailed scrutiny requisites.
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Chapter 4

Evaluation of muscle velocity

4.1 Introduction

The importance of accurate and efficient measurement of the velocity of muscle-
tendon units (MTUs) cannot be overstated. With applications ranging from the
control of wearable devices [5], to the understanding of age-related changes in mus-
culoskeletal health [34], and even to the early detection and prevention of tendon
injuries [35] [36], the study and quantification of muscle-tendon biomechanics have
far-reaching implications. However, traditional methodologies, such as joint move-
ment analysis and B-Mode imaging analysis, have been hampered by computational
expense and time-consuming data processing procedures. Recent approaches utilize
optical flow methods on B-mode imaging [5] for faster data processing but, despite
their potential, they are not without their own set of limitations, including variable
accuracy dependent on the tissue structure under examination.
In response to these challenges, we planned to propose a novel solution for measuring
velocity in MTUs, a computationally simple ultrasound method based on spectral
Doppler. Unlike its predecessors, this method is independent of tissue structure,
allowing for accurate measurements irrespective of tissue characteristics that can
significantly vary among individuals. Furthermore, the spectral Doppler method
provides a more efficient computational process, thereby reducing the required pro-
cessing time and resources.
However, due to constraints on time, we were unable to fully realize all aspects
of our planned initiative. This chapter delves into the methodology we devised to
showcase that utilizing Doppler techniques, as opposed to Optical Flow methods,
can reduce computational overhead and enhance the precision of detected muscle
velocities. Initially, we focus on designing a phantom to calibrate the measurement
system. Following this, we present a comprehensive introduction to both the Optical
Flow and Doppler methods, detailing their applications and operational procedures.
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4.2 Literature review

As we delve further into the understanding of muscle velocity evaluation, it becomes
essential to survey the landscape of existing research in this area. This chapter
provides a comprehensive literature review, taking into account the various studies,
methodologies, and findings that have contributed to our current understanding of
muscle velocity evaluation. We will explore the range of techniques employed in past
research and the outcomes that have shaped current practices and set the stage for
future investigations. This review will help us to contextualize our study within the
broader field, identify gaps in the existing knowledge, and provide a rationale for
the current research.

4.2.1 Velocity and strain measuring methods

The velocity of muscle-tendon units (MTUs) can be measured through a variety of
methods. Two common approaches include using joint movement and analysis of
B-Mode imaging as previously stated. However, both come with their limitations,
such as computational expense and time-consuming data processing. Thus, newer
techniques have been developed to overcome these obstacles.

Joint Movement Analysis
One of the traditional ways to estimate the velocity and strain of MTUs involves

analyzing the movement of the joint associated with the muscle-tendon unit under
investigation. The joint angles are often measured using motion capture systems.
This data is then used to calculate the velocity and strain of the muscle-tendon
unit using mathematical models of the human body and its joints. However, this
approach can be limited by a lack of direct measurement of muscle and tendon move-
ment and it also requires complex and computationally intensive data processing,
which can be time-consuming.

B-Mode Imaging Analysis
Another common approach is the analysis of B-Mode imaging. This method in-

volves creating two-dimensional images based on the reflection of ultrasound waves,
enabling the visualization of the interior structure of the muscle-tendon unit. Al-
though B-Mode imaging provides detailed images, data processing is semi-automated
and requires substantial computational resources indeed extracting meaningful data
demands robust computational processes, often leaning on semi-automated tech-
niques. Furthermore, the precision of the measurements can be influenced by the
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angle at which the ultrasound is directed and the skill level of the operator. As
such, while B-Mode imaging provides a wealth of information, its full potential is
harnessed best when managed with expertise and precision.

Optical Flow Methods
To overcome the limitations of the analysis of the joint kinematics and B-mode

images, researchers have employed optical flow methods on B-Mode imaging. Op-
tical flow analysis involves tracking the movement of speckle patterns within the
ultrasound images. The change in the speckle pattern from frame to frame can be
used to estimate the velocity of MTUs. This method provides faster processing times
and can potentially provide more direct measurements of muscle-tendon movement.
However, optical flow method results depend on the tissue structure being examined,
and it still requires significant computational resources.

Spectral Doppler Method
In the quest for a more efficient and accurate technique, the spectral Doppler

method has been proposed. This approach involves measuring the shift in frequency
(Doppler effect) of the reflected ultrasound waves caused by the motion of the tissue,
which provides a measure of velocity. Unlike the previously mentioned techniques,
the spectral Doppler method is independent of tissue structure and offers a simpler
and more efficient computational process. This leads to more accurate and quicker
measurements of the velocity in MTUs.

4.2.2 Ground truth

Precise velocity measurements of muscles are crucial for gaining insights into their
behavior and optimizing performance, however, obtaining accurate velocity data
from real human muscles poses inherent challenges due to complexities and influ-
encing factors. For this reason, this chapter unveils a solution: the development
of a muscle-mimicking material to calibrate the measuring system. By creating an
artificial muscle that mimics real muscles, we establish a controlled and standard-
ized environment for obtaining accurate velocity measurements. This section goes
through an in-depth exploration of the material’s development, fabrication, and
utilization in the benchtop test setup.

Muscle mimicking materials

Phantoms are indispensable in medical research, simulating tissue to assess clinical
imaging, therapeutic devices, and medical procedures in a risk-free test environment,
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eliminating harm to animals or humans. Given the varied uses, there’s a plethora
of TMM designed to emulate the pertinent properties of biological tissue. The table
in Figure 4.1, published by Conor K McGarry et al. (2020), provides a summary
of the key acoustic and mechanical traits of various tissue types while Figure 4.2
reports the sound properties of TMMs often used for different ultrasound purposes.
A few of these materials will be further analyzed later.

Figure 4.1: Acoustic and mechanical characteristics of tissues. Table by [37]

Generally, TMMs mimic human tissue, serving to fine-tune imaging instruments,
train healthcare professionals, and pioneer treatments. Specifically, materials de-
signed to resemble muscles for ultrasound applications replicate the acoustic char-
acteristics of muscle tissues. These can be crafted from a range of substances, from
agar mixtures to synthetic materials like polyvinyl alcohol cryogels and gel wax,
among others. Each offers distinct properties fitting different requirements. Subse-
quent sections will delve into the materials with the most promising properties to
mimic a muscle, elaborating on their attributes.

Agar

Agar-based Tissue Mimicking Materials are commonly used. The material is char-
acterized by a speed of sound of 1541-1547 m

s
, density of 1054 kg

m3 and attenuation
coefficient of 0.5 dB

cmMHz
whose dependency from the frequency becomes non-linear

above 20MHz.
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Figure 4.2: Acoustic and mechanical characteristics of common TMM for ultrasound
application. Table by [37]

Polyvinyl Alcohol (PVA)

PVA TMMs are highly adaptable making it one of the most suitable materials
to realize a muscle mimicking phantom. By modifying PVA concentrations and
adjusting freeze-thaw cycles, their acoustic and mechanical characteristics can indeed
be fine-tuned.

Copolymer in Oil

This material is notable for its consistent and repeatable properties, where adjusting
component ratios can modify attenuation coefficients while retaining a stable sound
speed. However, its sound speed is sensitive to temperature, which might limit its
use in certain scenarios.

Polyvinyl Chloride (PVC)

PVC TMMs are versatile indeed adjusting softeners and additives allows for tailored
sound speeds and attenuation coefficients, enabling them to emulate different tissues.
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In summary, there’s a diverse range of materials available for crafting muscle-like
material. Each offers unique characteristics and can be tailored to resemble different
tissues, equipping researchers and medical professionals with a comprehensive set of
tools for reliably replicating human tissue.

4.3 Muscle mimicking material

After a comprehensive exploration of various materials suitable for fabricating a
muscle phantom in ultrasound studies, this research elected to use Polyvinyl Chlo-
ride (PVC) as the primary material. PVC was chosen primarily for its acoustic
properties, which are similar to those of human muscle, making it an ideal choice
for mimicking muscle in our ultrasound investigations. Moreover, PVC is a durable
material, with a lifespan of up to 100 years, ensuring the longevity of our phantom
model. This contrasts with other materials like Polyvinyl Alcohol (PVA), which,
although frequently employed in literature, does not offer the same longevity and
ease of manufacture as PVC. The following sections of this chapter detail the fabri-
cation process of the muscle-mimicking phantom using PVC, which aims to create
a realistic and reliable model for the ultrasound wearable sensor tests. But first, the
essential acoustic properties that the phantom must share with human muscle are
presented.

4.3.1 Acoustic properties

The acoustic properties of a material refer to how sound waves interact with it.
Key parameters include the speed of sound in the material, how much the material
attenuates or absorbs sound, and the backscatter or reflection of sound waves from
the material’s surface.

Speed of sound

The speed of sound in a given medium is a fundamental acoustic property. It can be
determined by measuring the time it takes for a sound signal to travel to a boundary
within the medium and back. This technique involves a sample of known thickness,
with the thickness represented by d as it is possible to observe in Figure 4.3. By
emitting a sound signal at one boundary of the sample and measuring the time δt it
takes for the signal to reach the other boundary and reflect back, we can compute
the speed of sound c using the equation
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c =
2d

∆t
(4.1)

Figure 4.3: Measure of the speed of sound of a material. Illustration by Elizabeth
Suitor

Attenuation

Attenuation, represented as α (f), is another important acoustic property that indi-
cates the extent to which a medium absorbs sound waves, reducing their intensity.
It can be measured by comparing the power spectrum of water,[Pw(f)], to the power
spectrum after passing through the sample, Ps(f), at a fixed distance as illustrated
in Figure 4.4. The thickness of the sample, represented as ∆x, is also considered
in this calculation. Using these values, the attenuation can be computed using the
equation

α(f) =
10

∆x
log

Pw(f)

Ps(f)
(4.2)

Figure 4.4: Measure of the attenuation of a material. Illustration by Elizabeth
Suitor
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Backscatter

Backscatter, defined as the reflection of waves upon encountering structures within
a material, stands as a pivotal acoustic property. It’s paramount to replicate this
property accurately, making it our primary focus. To analyze backscatter and under-
stand the speckle pattern of the phantom, we examine both the mean and standard
deviation of pixel intensity in B-mode images of the phantom. Evaluating the pixel
intensity across areas, as well as in horizontal and vertical orientations, offers a
comprehensive insight into the speckle pattern.

4.3.2 Fabrication process

Our phantom fabrication process is anchored in established literature [38] [39], so-
lidifying the credibility and efficacy of our methods. Furthermore, as we developed
our unique recipe, we drew inspiration from Fromageau et al.’s 2007 PVA recipe
[40], where they experimented with varying speckle material percentages to most
accurately emulate muscle tissue.

Equipment

To produce the muscle-mimicking materials, specific instruments and materials are
required. In Figure 4.5 it is possible to see the manufacturing site and the additive
combined with PVC to enhance its resemblance to muscle tissue while below is a
comprehensive list detailing all the components required to construct the phantom.

• Fume hood

• 1000 mL Beaker

• Thermometer

• Hot Plate

• Magnetic Stirrer

• Mold

• Mold Releaser

• Regular Liquid Plastic PVC Polymer

• Mineral Oil

• Graphite
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Figure 4.5: On the left is the fume hood with inside the hot plate, beaker, mold,
and PVC solution while on the right the additive used

Process

The step-by-step process for fabricating the muscle-mimicking material is as follows:

1. Mix Regular Liquid Plastic PVC Polymer and Mineral Oil:
Begin the process by placing the required amount of Regular Liquid Plastic
PVC Polymer and Mineral Oil into the 1000 mL beaker. The mixing process
should be carried out under a fume hood to ensure adequate ventilation. This
is essential as some fumes may be released during the heating process.

2. Slowly Heat to Approximately 175C:
With the mixture of Regular Liquid Plastic PVC Polymer and Mineral Oil in
the beaker, place it on a hot plate and heat it gradually. Use a thermometer to
monitor the temperature and ensure it reaches around 175C. Heating the ma-
terial allows it to liquefy and become more manageable during the subsequent
steps.

3. Add and Mix in Graphite:
As the material begins to thicken and change from a milky white color to
translucent, it is time to add the graphite. Graphite is a key component that
imparts the muscle-like properties to the material. Slowly pour the graphite
into the beaker while continuously stirring with the magnetic stirrer to ensure
uniform distribution.
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4. Remove from Heat and Pour into Mold:
Once the material has reached the desired translucent consistency and the
graphite is well mixed, remove the beaker from the hot plate to stop further
heating. With caution, pour the mixture into the chosen mold.

5. Allow Cooling and Solidification:
After pouring the material into the mold, let it cool naturally. Cooling and
solidification may take some time, depending on the size and thickness of the
material. It is crucial to allow sufficient cooling time to ensure the material
retains its intended shape and properties.

6. Demold the Muscle Mimicking Material:
Once the material has fully cooled and solidified, carefully remove it from the
mold. Applying a mold release agent before pouring the material can aid in
easy demolding.

The fabrication process produces an acoustic muscle-mimicking material that effec-
tively replicates the speckle pattern of muscles using graphite. Its flexibility and
characteristics make it well-suited for ultrasound applications. Although promising,
further research is necessary to fully explore its potential and applications.

Benchtop Test Setup

In our benchtop test setup designed for muscle simulation, we aimed to replicate the
horizontal motion of muscle beneath the skin. The benchtop test setup we employed
to achieve this objective is depicted in Figure 4.6 on the left.

Figure 4.6: On the left the benchtop setup and on the right the phantom inside of
the tank on the moveable cart
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In the benchtop setup, a tank to contain the phantom was incorporated, which can
be viewed in Figure 4.6 on the right. The tank was positioned on a moveable cart
which on one side was anchored to the structure through a spring, while the opposite
side was attached to a wheel. This wheel was set in motion by a DC motor equipped
with an encoder. This configuration not only ensured controlled movement of the
phantom but also provided motion tracking, with the encoder serving as a reliable
reference for movement accuracy.
To capture ultrasound signals efficiently, a linear array transducer was positioned on
the surface of the tissue-mimicking material, with a gentle indentation to optimize
signal reception. Additionally, ultrasound gel was applied to the surface of this
material, ensuring effective index matching and enhancing signal transmission as
previously explained. Figure 4.7 showcases the complete Benchtop Test Setup. At
the rear, the structure housing the phantom tank is visible. To the left, the computer
designated to control the motor, while the right side features a computer to analyze
the received ultrasound signal.

Figure 4.7: Complete Benchtop Test Setup. Illustration by Elizabeth Suitor
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4.3.3 Results

To identify the optimal recipe to replicate muscle properties, we conducted exper-
iments considering various factors: graphite percentages, pouring speeds, tempera-
tures, degassing processes, and stirring techniques. Initially, we planned to explore
graphite concentrations ranging from 1% to 4% (Table 4.1) to ascertain its impact
on the speckle pattern of the phantom. However, as we will elaborate later, the full
exploration proved unnecessary.

Material Mixture 1 Mixture 2 Mixture 3 Mixture 4
Regular Liquid
Plastic PVC Poly-
mer

91.1% 90.2% 89.2% 88.3%

Mineral Oil 7.9% 7.8% 7.8% 7.7%
Graphite 1.0% 2.0% 3.0% 4.0%

Table 4.1: Initial mixture plan

Muscle reference Firstly, to set a clear target, we conducted ultrasound mea-
surements on a real muscle. In Figure 4.8 on the left it is possible to see a B-mode
image of a leg. The first layer is the skin, then there is fat, and then the muscle.
On the muscle, a red rectangle surrounding the Region Of Interest (ROI) of 15x5
mm [41] is shown. Specifically, from this image, we examined the pixel intensity
within the ROI across all video frames and it is possible to see the result in Figure
4.8 on the right. Pixel intensity values are represented using 8 bits, which means
the maximum intensity, corresponding to white, is set at 255.
Additionally, we analyzed the distribution of the intensity across columns and rows
to discern if there was some sort of pattern, and the results are shown in Figure 4.9.
From these latter pictures, it is possible to understand that no pattern is expected
except an almost constant mean intensity along columns and rows in the ROI.

PVC phantom with 1% graphite Our first experiment, as mentioned earlier,
involved a mixture with 1% graphite content. Figure 4.10 displays a B-mode image
of the phantom. As in the previous case, the red rectangle in the figure delineates
the studied Region Of Interest (ROI). The results of the pixel intensity analysis are
reported in Figure 4.11. As it is possible to see, when compared to the previous
muscle analysis, it is evident that the mean pixel intensity is marginally lower, for
this reason, we proceeded with the next mixture.
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Figure 4.8: On the left is a B-mode image of a leg and on the right the pixel intensity
study inside the ROI

Figure 4.9: Pixel intensity study of a real muscle along columns and rows within
the ROI

Figure 4.10: Mixture with 1% graphite
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Figure 4.11: Analysis of pixel intensity, mixture with 1% graphite

PVC phantom with 3% graphite We next tested a mixture comprising PVC
phantom with 3% graphite content. Notably, the ultrasound image of this phantom
(Figure 4.12) appeared darker compared to the 1% graphite mixture. This darkening
could be attributed to bubble presence or potentially due to increased attenuation.

Figure 4.12: Mixture with 3% graphite

An analysis of pixel intensity across rows and columns shown in Figure 4.13 revealed
a lower mean intensity than the previous mixture. Thus, increasing the graphite per-
centage might not be the optimal approach to create a muscle-mimicking material.
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Figure 4.13: Analysis of pixel intensity, mixture with 3% graphite

PVC phantom with Psyllium For our third mixture, we opted for Psyllium
as the backscattering material, replacing graphite. Notably, Psyllium had been
previously utilized in our initial gelatin phantom creations that were later set aside
because gelatin goes bad in 3 days and so a gelatin phantom could not be a long
term solution. Hence, we sought to investigate Psyllium behavior further. Figure
4.14 presents three distinct B-mode images of PVC phantoms. Moving from left to
right, these phantoms contain 1%, 2%, and 3% psyllium, respectively.

Figure 4.14: Mixture with 1%,2% and 3% psyllium

Upon analysis, the impact of Psyllium appears minimal. Varying its concentration
does not seem to significantly adjust the phantom’s behavior to mimic muscle tissue.
Thus, Psyllium might not be an ideal choice as a backscattering material for a PVC
phantom.
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PVC phantom with 0.5% graphite and 2.5% psyllium Given that psyllium
alone did not significantly influence the phantom’s properties, we explored a com-
bination of psyllium and graphite to evaluate the resultant behavior. Figure 4.15
displays the B-mode image of this composite phantom.

Figure 4.15: Mixture with 0.5% graphite and 2.5% psyllium

As observed in Figure 4.16, the mean pixel intensity within the ROI declines rapidly.
Since this behavior is not characteristic of human muscle tissue, this combination
was subsequently deemed unsuitable.

Figure 4.16: Analysis of pixel intensity, mixture with 0.5% graphite and 2.5% psyl-
lium
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Muscle vs PVC graphite phantom Having set aside the PVC with Psyllium
option, we were left to consider PVC phantoms with graphite percentages of 1%
and 3%. Figure 4.17 shows the muscle tissue with the two aforementioned phan-
toms. Notably, the 3% graphite PVC phantom exhibits greater attenuation com-
pared to human muscle. Consequently, the 1% graphite phantom emerged as the
most promising PVC variant evaluated thus far. This has piqued our interest in
examining a phantom with 0.5% graphite content.

Figure 4.17: From left to right: B-mode image of muscle tissue, 1% graphite phantom
and 3% graphite phantom

PVC phantom with 0.5% graphite Based on our earlier investigations, the
ROI has been shifted to a higher position in the image as it is possible to observe in
Figure 4.18, aiming to enhance the mean pixel intensity within the ROI. Observing
Figure 4.19, it’s clear that this configuration given by a higher position ROI and 0.5%
graphite presents the most promising muscle-mimicking material to date. Thus,
we’ve resolved to adopt this graphite concentration for subsequent studies.

Figure 4.18: Mixture with 0.5% graphite
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Figure 4.19: Analysis of pixel intensity, mixture with 0.5% graphite

PVC muscle phantom

Figure 4.20 displays the resulting phantom on the left, alongside a real muscle. As
mentioned earlier, this phantom is characterized by a 0.5% graphite content. The
distinct white line, that is possible to see in the PVC phantom, arises from the
backer’s limited size, leading us to craft two separate phantoms and place them on
top of each other to fill the cart in the benchtop setup.

Figure 4.20: On the left the final PVC phantom with 0.5% graphite and on the right
a human muscle
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Phantom Building on the phantom depicted in Figure 4.20, we conducted four
distinct measurements, specifically focusing on the mean intensity and standard
deviation across the frames of the recorded B-mode videos, as illustrated in 4.21.

Figure 4.21: Pixel intensity analysis, muscle mimicking material

We then derived the overall average intensity and average standard deviation inside
of the ROI for each one of the measurements, details of which are presented in Table
4.2.

DataSet Mean Intensity Mean St.Dev
01 74.38 34.37
02 74.34 34.11
03 73.65 34.05
04 73.24 33.29

ALL 73.90 33.96

Table 4.2: Intensity analysis of 4 B-mode videos of the phantom

In Vivo Following the phantom analysis, in vivo studies were undertaken. Specifi-
cally, B-mode videos of the gastrocnemius muscle were collected from 10 participants
as they performed the movement depicted in Figure 4.22.
The gathered data varied widely: some results appeared markedly different from
the phantom, as illustrated in Figure 4.23, while others exhibited behavior closely
resembling the phantom, as showcased in Figure 4.24.
The intensity data derived from the in vivo study can be found in Table 4.3.

58



CHAPTER 4. EVALUATION OF MUSCLE VELOCITY

Figure 4.22: Movement computed by the participants. Image by [42]

Figure 4.23: B-mode image and intensity analysis of participant #2

Figure 4.24: B-mode image and intensity analysis of participant #4
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Participant Mean Intensity Mean St.Dev
01 91.78 31.40
02 97.82 29.36
03 109.51 36.39
04 83.66 35.75
05 51.91 34.21
06 68.99 40.75
07 71.96 33.91
08 44.93 29.89
09 85.09 32.91
10 78.96 37.20

ALL 78.49 34.18

Table 4.3: Intensity analysis of 10 B-mode videos of real muscle

Phantom vs In Vivo Observing Figure 4.25, there isn’t a significant difference
between the data from the muscle-mimicking material and the in vivo results. No-
tably, the in vivo mean intensity of different participants appears to fluctuate around
the phantom’s mean intensity value.

Figure 4.25: Mean intensity and standard deviation of B-mode videos of phantom
in red and real muscle in blue

When we shift our focus from individual data sets to the overall mean value, as
presented in Figure 4.26, the similarity between the two data groups becomes more

60



CHAPTER 4. EVALUATION OF MUSCLE VELOCITY

pronounced and compelling.

Figure 4.26: Mean intensity and standard deviation of phantoms in red and blue of
real muscle

Statistical analysis In order to validate the coherence of the data collected from
the fabricated phantom as compared to the muscular data, an exhaustive statis-
tical analysis was carried out. This included the use of two critical statistical
tests, namely the Kolmogorov-Smirnov test and the Mann-Whitney-Wilcoxon non-
parametric test.
The Kolmogorov-Smirnov test is a non-parametric method used to determine whether
two sets of data are significantly different from each other. This was applied to eval-
uate the distribution of the collected data. The test results indicated that the data
did not conform to a normal distribution, providing us with an understanding of the
underlying statistical characteristics of the data set.
The Mann-Whitney-Wilcoxon test, another non-parametric method, was subse-
quently employed. This test is used to compare two independent samples to de-
termine if they come from the same distribution or, equivalently, from identical
populations. In this case, it was used to discern any significant differences between
the two sets of data: the data from the fabricated phantom and the muscular data.
The results indicated no significant difference between these two data sets, lend-
ing confidence to the accuracy and consistency of using the phantom to tune the
algorithm to measure muscle velocity.
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4.4 Optical flow

Optical flow is a method used to measure the motion of objects within images or
videos [43]. It operates on the idea of a flow field, illustrating the pixel transitions
over a duration in visual data. This approach aids in determining the velocity and
trajectory of individual pixel movements.
This method is widely employed for tasks like object tracking, scene comprehension,
and action recognition. At the heart of optical flow is the tracking of changes in
pixel clusters as images change. For example, when a car moves across an image,
the pixels associated with that car will mirror its trajectory and velocity. Analyzing
these pixel changes allows us to infer the direction and speed of the car’s movement.
A fundamental principle in this context is brightness constancy, which suggests that
the brightness of a pixel in visuals stays the same over a period. This principle is
the foundation of the optical flow’s prediction method, which aims to anticipate the
future brightness of pixels.
Consider a pixel with certain characteristics, like its color values, at a moment ’t’.
A bit later, this pixel might be elsewhere but retains its characteristics. This shift
is what the flow field anticipates and is the central assumption of optical flow.
For example, if there’s a white dot in a photo at a certain moment t, it might shift
to another spot in the next moment t+dt. To measure the pixel’s movement, we
refer to the optical flow displacement vector. In this context, the vector is [dx,dy].
The new pixel’s location is determined by taking the original pixel’s spot and adding
this vector as it is possible to see in Figure 4.27.

Figure 4.27: Tracking of the pixel position to determine its velocity

Since the pixel is always the same and so its brightness remains the same, it is
possible to express the constant intensity assumption, which is at the base of optical
flow, as

I(x, y, y) = I(x+ δx, y + δy, t+ δt) (4.3)
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Using mathematical approaches, it is possible to derive the Optical Flow equation
which allows us to calculate the image gradients and the gradient over time.

fxu+ fyv + ft = 0 (4.4)

fx =
∂f

∂x
; fy =

∂f

∂y
(4.5)

u =
dx

dt
; v =

dy

dt
(4.6)

Yet, there are some unknowns in this equation for this reason is not possible to solve
the problem directly. As a consequence, various techniques have been introduced to
overcome the issue, in particular, the one we planned on using is the Lucas-Kanade
approach which will be later introduced. Other methods, such as Buxton-Buxton
and Horn-Schunck, also exist.
Lastly, there are two main kinds of optical flow: Sparse and Dense. Sparse focuses
on certain key parts of a visual as it is possible to see in Figure 4.28 on the right,
while Dense looks at every pixel shown in Figure 4.28 on the left. Though Dense
gives more detail, it requires more computer power and is slower.

Figure 4.28: Sparse optical flow on the right and dense optical flow on the left[44]

4.4.1 Implementing sparse optical flow

To optimize computing resources and focus on the essential details of our study, we
chose sparse optical flow. Our videos primarily capture the movement of muscles
and don’t require intricate detailing. Sparse optical flow, which emphasizes select
pixels, aligns perfectly with our needs, ensuring efficient tracking of motion vectors.
In order to analyze our videos the affine optic flow model on Matlab [45] was sug-
gested.
The first step in order to use the algorithm to study the velocity of muscle was to
tune the parameters of the algorithm based on the ground truth velocity that we
were able to obtain thanks to the benchtop test setup.

63



CHAPTER 4. EVALUATION OF MUSCLE VELOCITY

Tuning of the optical flow algorithm

First, we incorporated a Butterworth filter into the algorithm with a cut-off fre-
quency of 10Hz. This adjustment was crucial to address excessive noise in our data
and this frequency was used since it is commonly used in biological measurements
to counteract noise in the results. Subsequently, the model’s parameters have been
adjusted, and the optimal settings obtained are illustrated in Figure.

Figure 4.29: Measured phantom velocity with optical flow vs ground truth

From the beginning, we recognized the constraints of optical flow in precisely de-
termining muscle velocity. While the necessity for case-specific adjustments is a
recognized shortcoming of optical flow, we are confident that optimizing the algo-
rithm’s parameters can further improve its performance but due to time constraints,
we were not able to do it. Additionally, to correct the cart’s imprecise velocity direc-
tion assumption, we can enhance the motor’s code execution, ensuring a smoother
transition in the phantom’s directional shift.
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4.5 Doppler ultrasound method

Doppler ultrasound, traditionally recognized for its proficiency in measuring blood
flow, is now being explored for its potential in gauging muscle velocity.
Doppler ultrasound is a non-invasive diagnostic technique that harnesses the Doppler
effect to measure the velocity of moving structures within the body. When the
ultrasound’s emitted sound waves encounter movement, such as that of a muscle
as it is possible to see in Figure 4.30, they reflect back with a modified frequency,
indicative of the velocity of the movement.

Figure 4.30: The doppler effect. Illustration by Elizabeth Suitor

Using a transducer placed on the skin above the target area, as the sound waves
rebound upon detecting muscle movement, the ultrasound device interprets the re-
flected waves, deducing the muscle’s speed and direction of movement. This infor-
mation is typically visualized in real-time on a monitor, with color intensity rep-
resenting the speed of movement and varying colors indicating different directions
(Color Doppler imaging). While its primary application has been in assessing blood
flow, the potential of Doppler ultrasound in characterizing muscle velocity is an
exciting frontier, promising new insights in the medical field.
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4.6 Doppler vs Optical Flow

The Doppler ultrasound method, when compared to optical flow, presents several ad-
vantages, especially when the objective is to measure muscle velocity. Traditionally,
Doppler ultrasound has been a trusted tool in the medical field, primarily for gaug-
ing blood flow. Its precision, real-time feedback, and non-invasive nature make it a
preferred choice for many clinicians. On the other hand, optical flow, while valuable
in certain applications, has its limitations, particularly when it comes to detecting
muscle velocity. One of the primary challenges with optical flow is the need for case-
specific tuning, which can be time-consuming and may not always yield consistent
results across different scenarios. Additionally, optical flow can sometimes strug-
gle with noisy data, requiring additional filtering or processing steps. In contrast,
Doppler ultrasound provides direct, real-time measurements without the need for
extensive post-processing. Furthermore, Doppler ultrasound is inherently designed
to capture internal body movements, making it more suited for tasks like measuring
muscle velocity. As we look to the future, our aim is to substantiate the superiority
of the Doppler method over optical flow. Through rigorous testing and analysis, we
hope to demonstrate that, for muscle velocity measurements, Doppler ultrasound
stands out as the more reliable and efficient choice.
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Chapter 5

Conclusions

In conclusion, this thesis puts forth a structured approach to the design of piezoelec-
tric transducers for ultrasound applications, strategically integrating the strengths of
the KLM and finite element models. In the initial stage of design, the KLM model,
known for its low computational requirements, is invaluable for rapidly identifying
key parameters that guide the transducer design. By doing so, it provides a quick
and efficient method for sifting through various design possibilities.
Once the crucial parameters have been isolated, the finite element model allows
for more exhaustive and detailed design optimization. This model is especially
well-suited for diving deep into aspects such as complex geometries and material
anisotropies, factors that may be glossed over by the KLM model. By employing
this two-step methodology, we achieve a judicious balance between computational
efficiency and design robustness, culminating in a highly optimized and reliable
transducer.
Moreover, our research into wearable sensors for assessing skeletal muscle kinematics
accentuates the importance of creating a test phantom for refining the optical flow
algorithm. Due to time constraints, a full-scale comparison with the Doppler method
was not feasible, but preliminary findings are quite suggestive. Doppler ultrasound
stands out for its precision, real-time capabilities, and non-dependency on tissue
structure, making it a strong candidate for clinical applications. Conversely, the
optical flow method has its limitations, such as the need for case-specific fine-tuning
and susceptibility to noisy data, which often necessitates further post-processing
steps. As next steps, we are committed to a more thorough validation of Doppler
ultrasound’s superiority in measuring muscle velocity.
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