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ABSTRACT

COMPARATIVE ANALYSIS OF FLEXIBLE TRANSDUCERS
Antarjot Kaur, M.S.
George Mason University, 2024

Thesis Director: Parag Chitnis

In 2020 the private sector reported 247,620 musculoskeletal injuries because of
day-to-day activities [1]. Musculoskeletal Injuries are a result of day-to-day activities and
rarely evaluated in a timely manner. To understand musculoskeletal injuries, there lacks a
clear, consistent, and repeatable method for capturing muscle function during dynamic
tasks. Current methods of tracking and understanding muscle function include
dynamometry, motion capture, and surface electromyography (SEMG) [2]. However,
these methods are not ideal for examining musculoskeletal injuries for dynamic tasks.

To address the shortcomings of issues in tracking muscle function during dynamic
tasks to better understand musculoskeletal injuries, the focus of this work will revolve
around ultrasound transducers specifically, the methods to design, build, test, and
compare with other flexible transducers. Characterizing methods include examining the
signal frequency components, acoustic pressure produced by the transducer, and the

imaging ability of the transducer. This thesis goes over the background and need for



flexible transducers, development and analysis of a flexible transducer, and a

comparative analysis against other flexible transducers.



INTRODUCTION

MUSCULOSKELETAL DISORDERS PREVALENCE

Musculoskeletal disorders are prevalent in over 50% of the American population
[3]. Musculoskeletal injuries (MSKIs) occur when any musculoskeletal structures, such
as tendons, ligaments, muscles, joints, etc. are injured. MSKIs occur due to acute or a
culmination of traumatic events to the musculoskeletal structures [4]. Identifying a MSKI
early can minimize the severity or even prevent the development of MSDs [5]. To
identify the presence and impact of an MSKI, biofeedback (i.e., Electromyography,
Force, Range of Movement) from the muscle must be obtained during the excitation of
the muscle of interest [6][7]. Evaluating musculoskeletal injury through employing a
diverse set of range of movement (ROM) tasks can be done using ultrasound as it is an
imaging modality that can examine musculoskeletal structures and is available in portable
form factors [8][9].

Dynamometry and surface Electromyography (SEMG) are other methods of
tracking muscle function that are limited. Dynamometry generates information about a
force applied over an area but lacks the ability to isolate the specific muscles and force
applied by the muscles without a level of assumptions and back calculations [10]. SEMG
tracks muscle function by receiving electrical signals through the skin from contracting

muscle fibers to electrodes attached to the arm [11]. Skin condition, electrode placement,



and muscle movement must be taken into consideration as any of these factors can impact
the transmission and Signal-Noise-Ratio (SNR) of received electrical signals from
contracting muscle fibers. In situations where SEMG is used to evaluate muscle function,
SEMG is limited to observing superficial muscle activity, inaccuracies due to muscle-
cross talk, and low signal-to-noise-ratio (SNR) [12]. Dynamometry and SEMG are not
tools utilized in the clinical workflow. Ultrasound is embedded into the clinical workflow
and can be used to visualize musculoskeletal structures [13][14]. However, there are
limitations of ultrasound transducers used during movement that impact the stability of
the transducer on the region of interest (ROI). Instability of the transducer results in
angling during dynamic tasks that can create issues in imaging the ROI including motion
artifact, depth penetration, limited field of view, and operator dependency [15]. Also
attempting to stabilize the transducer with a strap or holder could possibly compress the
muscle and limit ability to observe and understand the muscle function during a dynamic
task. To mitigate the issue of instability during the performance of dynamic tasks, there
has been development of flexible transducers.
FLEXIBLE TRANSDUCERS

Current research in flexible transducers includes Piezoelectric Micromachined
Ultrasonic Transducer (PMUT), Polymers with embedded piezoelectric ceramics, and
organic piezoelectric films [16].

PMUTs are transducers that utilize piezoelectric films and micromachining

techniques to produce a small, scaled transducer. PMUTS are easily integrable into



electronic systems and are broad-band devices. However, PMUTS are costly due to their
fabrication process and materials and inconsistency in reproduction [16]-[18].

Polymers with embedded piezoelectric ceramics are flexible polymers that
contain piezoelectric ceramics. The goal of polymers with embedded piezoelectric
ceramics is to reduce fragility and to increase conformability. However, there is only a
minute improvement in fragility and conformability of piezoelectric ceramics embedded
into polymers compared to isolated piezoelectric ceramics that still limits the
conformability of the piezoelectric ceramics embedded into polymers to the ROI [16]-
[19].

Piezoelectric films are thin flexible films with piezoelectric properties that can be
made biocompatible, conformable, and are economical. When considering,
conformability, cost, and safety for tracking dynamic muscle function and diagnostics of
MSiIs, a piezoelectric film is the most ideal due to material flexibility, biocompatibility,
piezoelectric properties, and economical nature [16][18]-[20].

Piezoelectric Film transducers

Piezoelectric film-based transducers are piezoelectric materials interposed
between a positive and ground electrode (Figure 1). When excited by voltage applied
across the device, the piezoelectric material deforms to allow conversion between

electrical and mechanical energy as acoustic waves [21][22].



Ground Electrode (Top)

Piezoelectric material

Positive Electrode (Bottom)

Figure 1: A basic schematic of a transducer where a piezoelectric material is interposed
between a ground and positive electrode.

Optimal choice of a piezoelectric material for a transducer is governed by the
desired SNR and resolution of pulse-echo signals from tissue interfaces [23].
Polyvinylidene Fluoride (PVDF) is a piezoelectric flexible polymer that is used for
flexible transducers [24]. To determine if a piezoelectric material used in the fabrication
of an ultrasound transducer is appropriate for the application of diagnosing
musculoskeletal disorders, it is important to characterize the signal frequency
components and acoustic pressure produced by the transducer.

CHARACTERIZING TRANSDUCERS

When characterizing a transducer, key factors to consider are the signal frequency
components, acoustic pressure, and the ability to image through tissue . Frequency
response and bandwidth of the signal are important to understand as the penetration depth
and resolution of the signal produced by the transducer are frequency dependent [25].
Below is Eq 1 that shows the wavelength A is inversely proportional to the center

frequency, f [26].

Q

A~c/f (Eql)



The Bandwidth is also inversely proportional as shown below in Eq 3 [26][27].

BW = fmax - fmin (Eq 2)
BW c c (Eq 3)

Q

Amax Amin

A shorter wavelength results in better axial resolution but attenuates faster and does not
have deep penetration [27][28]. The longer the wavelength, the signal penetration depth
increases, but axial resolution is sacrificed [27][28]. The signal frequency components,
center frequency and bandwidth, can be used to understand the penetration depth and
axial resolution.

Frequency response and usability can be determined using pulse-echo testing. The
beam profile is characterized through hydrophone testing. Understanding the beam
profile homogeneity and the pressure produced by the transducer is necessary to
understand the strength and direction of the signal [25]. Along with the understanding of
the signal frequency components and acoustic pressure of transducer, understanding the
transducer’s imaging capabilities during movement is important. Thus, taking m-modes
using the transducer to observe the signal depth is important [26]. Based on these three
forms of characterization, literature suggests a minimum requirement for imaging
musculoskeletal structures with a frequency between 2 to 6 MHz [27][28]. This is
because common musculoskeletal injuries occur in the leg, thighs, knees, and hips that
require deeper penetration depth [29][30][31]. Since the injuries in 4 MHz transducer
with a Bandwidth of 2 MHz would be a good trade-off between penetration depth and

resolution [32]-[35].



Pulse-Echo

In an ultrasound system that uses pulse-echo, an electrical pulse is sent from a
pulser-receiver to a transducer. The transducer contains a material that is piezoelectric,
and the electrical signal is applied across the piezoelectric material interposed between
two electrodes. When excited by the electrical pulse, the piezoelectric material vibrates,
and acoustic waves propagate from the transducer through a medium [35]. The transducer
receives and translates the reflected acoustic energy into electrical energy that is then

stored and processed (Figure 2).

Signal
Propagates
Through
Medium

Transducer
Excited
(Transmitter)

Pulse
Generated

Transducer
receives signal
(Receiver

Displayed Signal Stored
signal/image & Processed

Figure 2: A diagram of the pulse-echo principal in ultrasound

A one-dimensional signal is received by the transducer observing the amplitude of
the signal (voltage) over time, also known in ultrasound as acquiring an A-mode scan. In
ultrasound, an A-mode scan is used to understand the signal strength, thickness of a

material, and distance between different materials [36]. Applying a Fourier transform to



the same signal allows translation of the signal from the time domain to the frequency
domain to understand key signal frequency components of the transducer related to the
transducer’s imaging capabilities[37].

Pulse-echo testing allows understanding of signal frequency components, but
understanding the acoustic pressure profile of the transducer is also important to ensure
proper signal propagation through confirming homogeneity of pressure across the cross-
section and the entire distance of the beam profile. The next section will discuss how
information about the pressure profile is acquired and interpreted through hydrophone
testing.

Hydrophone

A hydrophone is an instrument used to characterize the acoustic pressure of a
transducer with the environment being water. In hydrophone testing, the transducer acts
as the signal transmitter and the hydrophone is the signal receiver [38][39]. An electrical
signal is first applied to a transducer to excite the transducer. The acoustic waves
produced by the transducer then propagate through water and are received by the
hydrophone. The hydrophone scans each point across the face of the transducer and the
expected beam of the transducer to produce 2D pressure maps of the cross-sectional and
axial view of acoustic pressure profile in kilopascals (kPA) [40][41]. The acoustic
pressure profile provides information on the direction the acoustic signal propagates, the
penetration depth of the signal, and the homogeneity of the beam profile across the
surface of the transducer and the distance the signal propagates (Figure 3). Utilizing the

hydrophone to understand the acoustic pressure profile is important because it impacts



the resolution, image formation, safety, and beamforming in multi-elemental transducer

arrays.
I Transducer Signal
e::r:ied excited Propagates
g (Transmitter) Thro.ugh
Medium
2Dorsb Signal Stored Hydrophone
profile obtains signal
& Processed .
produced (Receiver)
Figure 3: A diagram of the hydrophone testing
Imaging

When a region of interest (ROI) is observed over time during ultrasound data
acquisition, this image is known as an m-mode scan [42]-[44]. As a signal is transmitted
from a transducer, each time the signal reaches the acoustic boundary between two
mediums, energy from the acoustic wave is reflected to the transducer due to acoustic
impedance mismatch between the materials [45]. The m-mode scan is shown below in
grayscale where the x-axis is time and the y-axis is the depth.

The white pixels correspond to areas that have a high acoustic impedance
mismatch and black pixels correspond to low acoustic impedance differences. Acoustic

impedance is high when reaching the boundary of two different tissue types [46]. Thus,



anatomical structures are identifiable as the change in tissue type will appear in the
image. When a muscle is compressed or flexed, the distance of reflections from each
anatomical structure relative to the transducer interface changes [47][48]. The change in
distance between the transducer and the interface of the anatomical structure over time is
trackable through acquisition of m-modes. Since musculoskeletal structures do compress
or flex during a dynamic task and can be imaged through ultrasound, ultrasound is ideal
for understanding muscle function during dynamic tasks.
PROJECT AND PAPER OVERVIEW

The goal of this project was to fabricate, characterize, and compare fabricated
flexible transducers. The purpose behind fabricating and characterizing the transducer is
to determine if the approach would be viable for imaging musculoskeletal injuries.
Comparison between three fabrication strategies is done to determine and move forward
with an optimal fabrication process for flexible transducers. The goal of this research will
review several factors in fabricating the flexible piezoelectric transducer, a comparative
analysis between the piezoelectric transducer fabricated against two other alternatives and
the standard piezoelectric composites used in the field of ultrasound. These transducers
will be compared using the above-mentioned characterization methods of pulse-echo,
hydrophone testing, and imaging to understand the signal strength, functionality, acoustic
pressure, and image quality. Understanding each transducer fabrication method and their
effectiveness as well shortcoming as a transducer will add information to the field of

flexible transducers used to assess musculoskeletal conditions during dynamic tasks.



SINGLE-ELEMENT TRANSDUCER

In fabricating a flexible multi-elemental transducer, it is important to break-down
the problem to ensure optimized and reproducible fabrication and characterization
methods of a transducer. Also, for several applications a single-element transducer is
desired for wearable systems. The focus of this paper will be fabrication and
characterization of a one-element transducer.

FABRICATION OF A ONE-ELEMENT TRANSDUCER
The flexible one-element transducer has a simple design of three layers

shown below (Figure 4).

Ground Electrode (Top)

Piezoelectric material

Positive Electrode (Bottom)

Figure 4: A basic schematic of a transducer where a piezoelectric material is interposed
between a ground and positive electrode.

The bottom layer is a positive electrode made of a proprietary conductive ink printed by a

3D circuit board printer (\Voltera) [49]. The active element area is a circle with a 7 mm

10



diameter. The active element is connected by an interconnect to a contact pad that

connects to the excitation source (Figure 5).

Connector to
Excitation source

Figure 5: A basic schematic of the positive electrode of the transducer(right). The active
element is a 7mm circle(red) connected by the interconnect(blue) to the contact pad(grey)
where the excitation source will connect. The real device is shown on the left.

A piezoelectric film with a ground silver electrode on top is then adhered to the positive
electrode with a 2-part adhesive known as Hysol [50]. A Polyethylene Terephthalate
(PET) substrate is adhered over the positive interconnect to act as barrier between the two
electrodes to prevent shorting [51][52]. Shorting between the positive and ground
electrodes can happen due to ultrasound requiring direct contact between the transducer
and a coupling medium such as gel or water. Thus, to prevent shorting, a PET substrate is
added as a passivation layer over the positive electrode interconnect. The ground
electrode on the piezoelectric material is extended by an interconnect on top of the PET

substrate to a contact pad (Figure 6).
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PET
Substrate

Figure 6: A basic schematic of the ground electrode of the transducer (right). The ground
electrode(black) is already screen printed by the manufacturer on top of the PVDF layer
and is connected by the interconnect(orange) to the contact pad(grey) where the ground
source will connect. The real device is shown on the left.

When optimizing fabrication of the devices, the Hysol thickness and
piezoelectric thickness were two parameters that impacted the performance of the
transducer. Hysol was chosen as it is known to bond materials with minimal amounts,
disperses evenly and easily due to its low-viscosity and ensures contact and minimal air
gaps. The thickness of the piezoelectric can change the frequency response of the
transducer and the penetration depth. Thus, two parametric experiments were performed
with differing Hysol levels and differing PVDF film thicknesses to understand the

optimal parameters for fabrication of the flexible transducer.
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PARAMETRIC EXPERIMENTS
Hysol Experiments

Contact between the piezoelectric material and two electrodes is imperative for
transmission of the acoustic signal. Enough adhesive needs to be applied to mitigate air
gaps between the piezoelectric material for signal transmission. Excessive amounts of
adhesive can impede the movement of the flexible piezoelectric material once cured.
Impairment to the piezoelectric material’s signal directly impacts the frequency
components of the signal, acoustic pressure of the device, and imaging quality of the
transducer.

When understanding the impact of the Hysol added between layers of the device,
it is important to have a baseline expectation of the piezoelectric film’s frequency
components. One component that can be easily calculated is the center frequency of a
piezoelectric material. A transducer’s piezoelectric center frequency (f) can be calculated
by knowing the thickness (d) and speed of sound (v) based on the equation below (Eq 4)

[39].

f=5 (Eq 4)

If a piezoelectric material has only two electrodes, the piezoelectric material functions
close to center frequency. The piezoelectric material used for the parametric experiment

with different levels of Hysol is a 100 um thick PVDF film with screen printed silver

electrodes purchased from PolyK. A speed of sound for the PVDF was provided by the

13



manufacturer at 2,200 m/s and a thickness of 100 um. Thus, the expected center
frequency calculated from Eq 4 of the PVDF film with screen printed electrodes is 11
MHz. Before adhering the piezoelectric material to the positive Voltera electrode, the
screen-printed positive electrode applied by the manufacturer was swabbed with acetone
and completely removed. The PVDF film was then adhered to the Voltera ink electrode.
Nine devices in total were tested that had a Hysol level of 1 uL, 2 uL, or 5 puL. The
purpose of testing the varying levels of Hysol were to ensure good adhesion and observe
any impact of the Hysol on the device performance. The devices were then characterized
through pulse-echo, hydrophone, and image testing.
Hysol Deposition

Devices were fabricated with a 100 um thick PVDF film and adhered to the
positive electrode with either 1 uL, 2 uL, or 5 uL of Hysol. Using a micropipette, the
Hysol was deposited on the center of the PVDF and adhered to the active element of the
positive electrode. A glass slide and 200 g weight were placed on top of the device

sequentially (Figure 7).
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Figure 7: A basic schematic Hysol deposition and spreading. The Hysol is deposited
using a micropipette in the center of the PVDF (Top left). A glass slide and 200 g weight
are put on top of device to help the Hysol spread evenly (Right).

Hysol Spread by
weight applied

The devices were in the oven for 8 hours at 50 C to cure the Hysol. Some devices
were damaged during the fabrication process due to poor or excessive bonding. Poor
bonding was due uneven spreading of Hysol for devices with insufficient amounts of
Hysol. Excessive adhesion was due to an excess of Hysol leaking and bonding the glass
slide with the top electrode. In the case of excessive adhesion, once the Hysol was cured,
either the top electrode or the entire PVDF film would adhere to the glass slide. The
devices undamaged were then tested through acoustic testing, hydrophone testing, and m-

mode testing (Figure 8).
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Figure 8: Above are the end results after fabrication using 1 uL, 2 uL, or 5 uL of Hysol.
1 uL kept the piezoelectric film adhered to the electrode (left). The 2 uL devices had
fabrication issues when the Hysol would leak out from under and create a layer of
adhesion between the top electrode and glass slide (center) . The 5 uL Hysol devices had
similar failures to the 2 pL devices, but the PVDF came off of the bottom electrode
(Right).

The devices undamaged were then tested through acoustic testing, hydrophone testing,

and m-mode testing.

Acoustic Testing

For acoustic testing, he set-up was comprised of a pulser-receiver (OLYMPUS
5073PR Pulser Receiver), a connector for the transducer, and an oscilloscope (LeCroy
LT344L) as seen below (Figure 9). Acoustic tests were done with a gel-pad medium and
pulser-receiver for excitation of the transducer. The device was laid flat with the ground

electrode side of the transducer in contact with the gel-pad (Figure 9).
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Figure 9: Above is the set-up of the pulse-echo testing(left) and the placement of the
transducer on the gel-pad.

Optimal parameters for the pulser-receiver were chosen to amplify the signal and
remove noise (Table 1). The pulse repetition frequency(PRF) is the frequency of the
pulses emitted from the pulser-receiver to the transducer. The energy refers to the energy
of the transmitted pulse and the highest energy was chosen as PVDF transmitting abilities
are weaker than standard piezoceramics. The damping was chosen at the lowest setting of
12 ohms as the signal received is weak. The maximum gain available was chosen to
amplify the signal to observe the signal. When applying a high gain, the signal noise was

amplified. Thus, the low-pass filter on the pulser-receiver was used to reduce the noise.
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Table 1: Above are the settings of the pulser-receiver for the pulse-echo tests of the
transducer on the gel-pad.

Pulse-Echo Setting Value
Setting

PRF 1000 Hz
Energy 4 (16 pnJ)
Damping 1(12 Ohms)
Gain 39dB
High Pass Filter OFF
Low Pass Filter ON

The low pass filter was always applied to remove low frequency noise. The pulser-
receiver was connected to the oscilloscope as the oscilloscope is a tool used to
pictographically display the time-variant signal from the transducer. Based on the
thickness of the gel pad and the speed of sound, we can validate that the signal acquired

is the signal expected (Eq 6).

Distance = (v * t) /2 (Eq 5)

Gel Pad thickness = (gelpad speed of sound * time of flight) / 2 (Eq 6)

The estimated speed of sound is 1540 m/s with a thickness of 2 cm. The estimated
time was 26.02 us and the time of the signal to be transmitted was approximately the
same. Once the signal was received and stored. The received signal was then recorded

and stored on a computer. MATLAB was used to process the signal by taking the Fast
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Fourier Transform (FFT) to obtain the frequency components of the signal. This allowed
observation of the signal in the frequency domain and acquire metrics such as the center
frequency and bandwidth of the signal.

The table below shows the testing for frequency components of the devices with 1 uL, 2

uL, or 5 uL of Hysol for Pulse-echo testing ( Table 2, Table 3, Table 4).

Table 2: This is a table for the devices with 1 uL of Hysol

Device Name Pulse-echo Center Bandwidth
Amplitude Frequency

Micl_Device 1 0.4V 3.42 MHz 1.89 MHz
Micl_Device 2 1.2V 3.78 MHz 2.11 MHz
Micl_Device 3 1V 7.83 MHz 3.42 MHz
Micl_Device 4 0.9V 6.85 MHz 4.89 MHz
Micl_Device 5 0.4V 3.43 MHz 5.87 MHz

Table 3: This is a table for the devices with 2 pL of Hysol

Device Name Pulse-echo Center Bandwidth
Amplitude Frequency

Mic2_Device 1 0.9V 7.34 MHz 2.25 MHz

Mic2_Device 2 0.45V 3.66 MHz 1.90 MHz

Table 4: This is a table for the devices with 5 uL of Hysol

19



Device Name Pulse-echo Center Bandwidth
Amplitude Frequency

Mic5_Device 1 0.4V 3.66 MHz 1.61 MHz
Mic5_Device 2 09V 4.21 MHz 2.44 MHz

The tables above have been translated into graphs below to observe trends between
devices with Hysol levels of either 1 pL, 2 pL, or 5 pL. The two observations when
interpreting the results for the pulse-echo tests were the change in bandwidth and center
frequency due to the different levels of Hysol. When comparing the center frequency
between the devices with different Hysol levels, there was a decrease in center frequency
as the Hysol amount increased (Figure 10). The bandwidth was also reduced as the
Hysol amount was increased (Figure 11). The primary reason for focusing on these two
frequency components is because the center frequency impacts the penetration depth of
the image and the bandwidth impacts the resolution of the image in ultrasound. The ideal
center frequency is a 4MHz transducer with a Bandwidth of 2 MHz. The Hysol amount
that gives a center frequency close to the desired 4MHz and a bandwidth of 2 MHz is 5

uL of Hysol.

20



Hysol Volume: 1 L Hysol Volume: 2L Hysol Volume: 5 uL

9t 1 o 1 ot -
8t 8t 18 :
p——
|
|
< 7f 4 {1 7
T
<
= 6f 6f 1 6 .
[&]
c
S
2 st 5t 1 5 -
o
(TR
i 1 14 =
3t 3t {1 3 -
2t 1 2p 12t

Figure 10: A decrease in center frequency as Hysol amount increases. This was taken
from pulse-echo testing
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Figure 11: Center frequency decreases as Hysol amount increases. This was taken from
pulse-echo testing data.

Hydrophone

The data collected from the hydrophone scanning across the flexible transducer to
provide the pressures from the axial view and cross-sectional view of the transducer’s
beam profile. To obtain the data for the cross-sectional view, the hydrophone scanned
across the device to produce a 20 x 20-point grid. To obtain the data collected for the
axial view, the hydrophone scanned across the device to output a 21 x 16 grid. The data
collected from the hydrophone can be converted to pressure to view the beam profile and

cross-sectional view in kilopascals(kPA) as two 2D-grids (Figure 12).
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Figure 12: The cross-sectional and beam view of the beam produced by device H3.
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Table 5: This is a table for the devices with 1 pL of Hysol

Device Name Signal Center Bandwidth
Amplitude Frequency

Micl_Device 1 0.12V 3.91 MHz 5.69 MHz
Micl_Device 2 0.12v 3.05 MHz 3.27 MHz
Micl_Device 3 0.20V 4.81 MHz 6.35 MHz

Table 6: This is a table for the devices with 2 uL of Hysol

Device Name Signal Center Bandwidth
Amplitude Frequency

Mic2_Device 1 0.04V 6.59 MHz 1.59 MHz
Mic2_Device 2 0.05V 3.17 MHz 2.66 MHz

Table 7: This is a table for the devices with 5 pL of Hysol

Device Name Signal Center Bandwidth
Amplitude Frequency

Mic5_Device 1 0.05V 5.74 MHz 1.50 MHz
Mic5_Device 2 0.06 V 3.66 MHz 2.05 MHz
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Figure 13: This is a graph showing the slight downward trend as Hysol levels increase,
center frequencies decrease.
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Figure 14: This is a graph showing the slight downward trend as Hysol levels increase,
Bandwidths decrease.

From the data above there are three observations of change in center frequency,
change in bandwidth, comparison to standardized frequency metrics for application, and
comparison to center frequency and bandwidth of pulse-echo measurements. For the
hydrophone, the center-frequency seems to increase slightly as Hysol amount is increased
(Figure 13). The Bandwidth of the device decreases as the Hysol amount increases

(Figure 14). The 5 pyL Hysol devices have the center frequency and the bandwidth

closest to the desired center frequency of 4 MHz and 2 MHz bandwidth. When
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comparing the Center Frequency and Bandwidth tests between both the Pulse-echo and
Hydrophone tests, the devices for the 1 pL, 2 pL, 5 uL, 66% of the devices had similar

results. There is an expectation of a small variance in bandwidth and center frequency
from hydrophone data vs pulse-echo data. Variance can occur because in pulse-echo the
device is both the transmitter and receiver, but in hydrophone testing the device is a
transmitter and the hydrophone is the receiver of the signal. Thus, some variability is
expected. When observing the cross-section of the Beam profile for all three Hysol

levels, the homogeneity of the beam profile improves as more Hysol is added.
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Figure 15: From left to right: 1 uL of Hysol, 2 uL of Hysol, 5 uL of Hysol. As the Hysol
levels increase the homogenity of the cross-section increases.

However, the peak pressure for the 1 uL devices averaged across has a stronger peak
pressure than the 2 uL and 5 uL devices. Also, over adhesion was common for both the 2
uL and 5 uL devices (Figure 15). Thus, many were damaged in the fabrication process

(Figure 16).

Figure 16: Above are the end results after fabrication using 1 uL, 2 uL, or 5 uL of hysol.
1 uL kept the piezoelectric film adhered to the electrode (left). The 2 uL devices had
fabrication issues when the hysol would leak out from under and create a layer of
adhesion between the top electrode and glass slide (center) . The 5 uL Hysol devices had
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similar failures to the 2 pL devices, but the PVDF came off of the bottom electrode
(Right).

M-Mode
Motion mode (m-mode) is observing the movement of a ROl over time. The m-

modes below in (Figure 17) are from holding a transducer over a gel pad and pressing
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Figure 17: 1 uL of Hysol applied(Left), 2 uL of Hysol applied(center), and 5 pL of
Hysol (Right). 1 uL kept the piezoelectric film adhered to the electrode (left).

The peaks in the m-mode indicate a change in depth as depth of the gel pad

decreases when pushed down. The signal of the m-mode shown is in blue-scale with the
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lowest pixel value being blue being the lowest pixel value of zero and white being the
highest value of 1. The intensity of the signal in the image is reflective of the signal

strength.

Table 8: 1 uL Hysol device, 2 uL Hysol device, and 5 pL device. The table shows the
signal strength and frequency components of the transducer.

Device Name Pulse-echo Center Bandwidth
Amplitude Frequency

Micl_Device 2 1.20V 3.78 MHz 2.11 MHz
Mic2_Device 2 045V 3.66 MHz 1.90 MHz
Mic5_Device 2 0.90V 4.21 MHz 2.44 MHz

Analysis and Findings

Overall trends that were seen in all three tests suggest that a device with 5 uL is
optimal for fabrication of a transducer. From the pulse-echo, there as Hysol volume
decreases, signal also attenuates. The pulse-echo and hydrophone tests have similar
results and show that the device with 5 uL has the approximate desired center frequency
of 4 MHz and Bandwidth of 2 MHz. The hydrophone also showed the 5 uL device’s
ability to have an even peak pressure across the cross-section and the beam cross-section.
The 5 uL device was the only device that was also able to produce an m-mode on skin.

The depth is approximately 4 mm (Figure 18).
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Figure 18: Device H9 is a device with 5 L of Hysol a center frequency of 4.20 MHz
and bandwidth of 2.44 MHz.

While this device penetrates through the epidermis through to subcutaneous fat and is
attenuated, with proper amplification of the signal, backing layers to prevent constructive
or destructive interference of the signal, and matching layer to ensure proper transmission
of a signal. This device shows promise and meets the requirements for the frequency

components of a device observing musculoskeletal structures.
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PVDF THICKNESS EXPERIMENTS

Different Thicknesses
A transducer’s piezoelectric center frequency can be calculated by knowing the thickness

and speed of sound (Eq 7).

f=5 (Eq7)

If a piezoelectric material has only two electrodes, the piezoelectric material
functions close to center frequency. The piezoelectric material used for the parametric
experiment with the same level of Hysol and different film thicknesses of 45um, 100 um,
or 200 um PVDF film with electrodes purchased from PolyK. As all PVDF came with
electrodes on both sides, the positive side was removed with acetone. The estimated

center frequencies for the three thicknesses can be shown is the (Table 9).

Table 9: The table above shows the calculated center frequency for each different
thickness.

Device Center Frequency
Thickness

45 24.4 MHz
100 11 MHz
200 5.5 MHz
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From the calculations above, the expectation is that as the thickness increases the
Center Frequency decreased. Mechanical loading may reduce the frequency response due
to the Hysol adding rigidity to the piezoelectric once cured. While mechanical loading
may reduce the center frequency, a downward trend in frequency response should be
expected as the PVDF film increases. Thus, the purpose of testing the device with
different film thicknesses is to make sure the device meets the desired center frequency,
bandwidth, and acoustic pressure profile when expecting mechanical loading from other
added layers on the piezoelectric material to impact the acoustic signal.
Acoustic Testing

Acoustic tests were done with a gel-pad medium and pulser-receiver for
excitation of the transducer. The device was laid flat with the ground electrode side of the

transducer placed on top of the device.

Table 10: Devices with 45 um thick film

Device Name Pulse-echo Center Bandwidth
Amplitude Frequency

45Mic_Devicel 0.80V 6.85 MHz 7.14 MHz
45Mic_Device2 0.80V 5.38 MHz 6.90 MHz
45Mic_Device 3 0.90Vv 7.34 MHz 4.45 MHz

Table 11: Devices with 100 um thick film
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Device Name Pulse-echo Center Bandwidth
Amplitude Frequency

100Mic_Devicel 1.30V 3.78 MHz 2.11 MHz
100Mic_Device2 1.20V 7.83 MHz 3.42 MHz
100Mic_Device3 0.40V 3.42 MHz 1.89 MHz
100Mic_Device4 0.90V 6.85 MHz 4.89 MHz
100Mic_Device5 0.40V 5.97 MHz 3.42 MHz

Table 12: Devices with 200 um thick film

Device Name Pulse-echo Center Bandwidth
Amplitude Frequency

200Mic_Devicel 0.20V 2.56 MHz 1.34 MHz

200Mic_Device2 0.40V 1.71 MHz 1.16 MHz

The tables above have been translated into graphs below to observe trends
between devices with film thicknesses of either 45 pm, 100 pum, or 200 um. The two
observations when interpreting the results for the pulse-echo tests were: 1) the change in
bandwidth and 2) change in center frequency due to the different film thicknesses. When
comparing the Center Frequency between the devices with different thicknesses, there
was a decrease in Center Frequency as the thickness increased (Figure 19). The
Bandwidth was reduced as the film thickness increased (Figure 20). The primary reason
for focusing on these two frequency components is because the center frequency impacts
the penetration depth of the image and the bandwidth impacts the resolution of the image

in ultrasound. The thickness that gives a center frequency close to the desired 4MHz and
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a bandwidth of 2 MHz is 100 um PVDF film transducers. Also, the signal strength, center
frequency, and bandwidth of 200 um devices is significantly below the threshold for

imaging ultrasound transducers.
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Figure 19: Comparison of the center frequencies across three different PVDF film
thicknesses. As the thickness of the film increases, the center frequency decreases.
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Figure 20: Comparison of the bandwidths across three different PVDF film thicknesses.
As the thickness of the film increases, the bandwidth decreases.

Hydrophone Testing

Table 13: Devices that have 45 um films

Device Name Signal Amplitude Center Bandwidth
Frequency

45Mic_Devicel 0.16 V 8.30 MHz 2.49 MHz
45Mic_Device2 0.12V 6.10 MHz 4.83 MHz
45Mic_Device 3 0.09V 6.35 MHz 4.64 MHz

35



Table 14: Devices that have 100 um films

Device Name Signal Center Bandwidth
Amplitude Frequency

100Mic_Devicel 0.10V 3.05 MHz 3.27 MHz
100Mic_Device2 0.20V 6.35 MHz 4.81 MHz
100Mic_Device3 0.12V 3.90 MHz 5.69 MHz

Table 15: Devices that have 200 um films

Device Name Signal Center Bandwidth
Amplitude Frequency

200Mic_Devicel 0.04V 2.56 MHz 2.31 MHz
Thickness: 45m Thickness: 100 zm
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Figure 21: Chart comparing the center frequencies of different film thicknesses
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Figure 22: Chart comparing the bandwidths of different film thicknesses

From the data above there are three observations of change in center frequency,
change in bandwidth, comparison to standardized frequency metrics for application, and
comparison to center frequency and bandwidth of pulse-echo measurements. For the
hydrophone, the center-frequency seems to decrease as thickness is increased (Figure
21). The Bandwidth of the device decreases as the thickness increases (Figure 22). The
100 um devices have the center frequency and the bandwidth closest to the desired center
frequency of 4 MHz and 2 MHz bandwidth. When comparing the Center Frequency and
Bandwidth tests between both the Pulse-echo and Hydrophone tests, the devices for the

45 pum, 100 um, 200 um, 71 % of the devices had similar results. There is an expectation
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of a small variance in bandwidth and center frequency from hydrophone data vs pulse-
echo data. Variance can occur because in pulse-echo the device is both the transmitter
and receiver, but in hydrophone testing the device is a transmitter and the hydrophone is

the receiver of the signal (Figure 23). Thus, some variability is expected.
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Figure 23: The devices are hydrophone scans with devices film thickness of 45 um (left),
100 um (center), or 200 um (center) and a Hysol level of 1 uL
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Figure 24: The devices are m-mode scans devices film thickness of 45 um (left), 100 um
(center), or 200 um (center) and a Hysol level of 1 puL

Analysis and Findings

Overall trends that were seen in all three tests suggest that a device with 100 is
optimal for fabrication of a transducer. From the pulse-echo, there as Hysol volume
decreases, signal also attenuates. The pulse-echo and hydrophone tests have similar
results and show that the device with 5 puL has the approximate desired center frequency
of 4 MHz and Bandwidth of 2 MHz. The hydrophone also showed the 5 uL device’s
ability to have an even peak pressure across the cross-section and the beam cross-section.
The 5 pL device was the only device that was also able to produce an m-mode on skin

(Figure 24). The depth is approximately 4 mm.

OPTIMAL PARAMETERS AND DISCUSSION
When observing the cross-section of the Beam profile for differing , the

homogeneity of the beam profile improves as much as. The optimal parameters from the
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data show that the 5 uL and 100 um film. The only device that was able to be used for
ultrasound was a device that had 5 uL of Hysol adhesive and 100 um film. The main
issues encountered through this process have been related to fabrication. Fabrication
issues that may have led to inconsistencies in the beam-profile of the transducer are
bubbles when mixing the two-part Hysol adhesive, gaps in between transducer and the
medium the signal is propagating through, and placement of transducer on medium.
Degassing the Hysol, adding an even layer of coupling gel, and optimizing the current set
up to make consistent placement on the medium are all factors that can be done to
optimize fabrication of the transducer. These steps have the potential to mitigate air gaps
that impact the transmission of the signal. However, a device being able to show imaging
through the skin does show promise of this fabrication method.

Several iterations of fabrication and optimization of fabrication were done before
the experiments in this paper to determine the parametric experiments and
characterization methods for the fabrication of this flexible transducer. The research in
this paper lays the foundation for further exploration and fabrication of these flexible
transducers. The future vision for these flexible transducers would be to integrate the
transducers into a wearable systems to track muscle function during dynamic tasks. The
next chapter will compare the fabricated flexible transducer against the PiezoPaint Patch

and L1G-PI-PVDF composite for the application of evaluating musculoskeletal disorders.
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COMPARATIVE ANALYSIS

For evaluation of MSKIs, several strategies are being used to fabricate flexible
transducers. A flexible transducer alone attached to a bulky ultrasound system can impact
our observations of our understanding of muscle function during dynamic tasks. Ideally, a
portable system in combination with a flexible transducer would allow observation of
muscle function during dynamic tasks. The next chapter will compare the fabricated
flexible transducer against the PiezoPaint Patch and LIG-PI-PVDF composite for the

application of evaluating musculoskeletal disorders.

COMPARISON BETWEEN THREE DEVICES

Three options of flexible transducers in consideration of being integrated into
wearable systems are the Piezopaint Patch, Graphene-PI-PVDF composites, and the
flexible transducers discussed in previous chapters. The Piezopaint Patch is a
piezoelectric ink is a device with the bottom electrode screen printed onto the on a
flexible PET substrate and the Piezopaint is interposed between two electrodes (Figure

25).
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Figure 25: Front-view (left) and cross-sectional view (right) Piezopaint Transducer

The Piezopaint Patch is a product that is manufactured by a industry specialist
using a industry standard material of PZT for ultrasound transducers in the form of a
proprietary ink. The benefit of this patch is that it uses an industry standard material for
ultrasound transducers that is known to perform well.

Another method pursued by The Kang Group is Graphene-PI1-PVDF composites
where the Graphene-PI-PVDF composites are transducers that have a PVDF with a

ground electrode on one side and a Polyimide(PI) tape on the other side (Figure 26).

Gold
PVDF
Pl

Figure 26: Front-view (left) and cross-sectional view (right) the Graphene-PI-PVDF
composites
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The side of the PI not in contact with the PVDF is graphitized through laser-
induced graphitization. Laser induced graphitization is done through using a CAD
software where the electrode can be designed and modified in minutes. The benefits of
this method are that the positive electrode dimensions and design are both customizable
the method mitigates having the variability in adhesion of the layers as seen in the device
fabricated in earlier chapters. This chapter will go over the performance of the Piezopaint
Patch, the Kang Group composites, and perform a comparative analysis against the

fabricated flexible transducer in previous chapters.

Acoustic Testing

The acoustic testing is done similarly to previous chapters with the following settings and
set-up:

Table 16: Settings for pulser-receiver

Pulse-Echo Setting Value
Setting

PRF 1000 Hz
Energy 4 (16 pJ)
Damping 1(12 Ohms)
Gain 39dB
High Pass Filter OFF
Low Pass Filter ON

The tables above have been translated into graphs below to observe trends between the

piezopaint device, the Graphene-P1-PVDF composites and the optimal flexible transducer
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device. The two observations when interpreting the results for the pulse-echo tests were:

1) the change in bandwidth and 2) change in center frequency of each device.

Table 17: Results of metrics to evaluate all devices pulse-echo test

Device Name Pulse-echo Center Bandwidth
Amplitude Frequency

PiezoPaint 200V 3.85 MHz 0.67 MHz
Flex_Device 0.90V 4,21 MHz 2.44 MHz
Graphene_1 0.15V 8.30 MHz 4.40 MHz
Graphene_2 0.20V 8.81 MHz 5.38 MHz

Center Frequency
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Figure 27: Comparison of Center Frequencies between devices
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Figure 28: Comparison of Bandwidths between devices

The Graphene-PI-PVDF has the highest average frequency at 8.55 MHz, the
flexible fabricated transducer(H9) has 4.21 MHz, and the Piezopaint has the lowest center
frequency at 3.85 MHz (Figure 27). The Graphene-PI-PVDF have the highest average
bandwidth at 5 MHz, the flexible fabricated transducer(H9) a bandwidth of 2.44 MHz,
and the Piezopaint has the lowest bandwidth at 0.67 MHz (Figure 28). Conclusions that
can be drawn from pulse-echo testing based on the frequency components of the signal of
the Graphene-PI-PVDF the device will have the best resolution, low penetration depth,

and weakest signal due to the high center frequency, wide bandwidth, and low signal
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amplitude. Piezopaint will have the worst resolution, high penetration depth, and the
strongest signal due to the low center frequency, narrow bandwidth, and high signal
amplitude. The fabricated flexible transducer discussed in earlier chapters will have the
moderate resolution, moderate penetration depth, and moderate signal due to the low
center frequency, wide bandwidth, and moderate signal amplitude. Based on the pulse-
echo results application of imaging at 4MHz with a Bandwidth of 2 MHz, the most ideal
device would be either the fabricated flexible transducer discussed in earlier chapters or

the Piezopaint transducer.

Hydrophone Testing

Table 18: Hydrophone results of metrics to evaluate all devices

Device Name Signal Center Bandwidth
Amplitude Frequency

PiezoPaint 0.10Vv 3.54 MHz 1.00 MHz
Flex_Device 0.06V 3.66 MHz 2.05 MHz
Graphene_1 0.06V 8.30 MHz 8.40 MHz
Graphene_2 0.02V 9.64 MHz 4.24 MHz

The Graphene-PI-PVDF have the highest average frequency at 8.97 MHz, the
flexible fabricated transducer(H9) has 3.66 MHz, and the Piezopaint has the lowest center
frequency at 3.54 MHz . The Graphene-PI-PVDF have the highest average bandwidth at

6.3 MHz, the flexible fabricated transducer(H9) a bandwidth of 2.05 MHz, and the
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Piezopaint has the lowest bandwidth at 1.00 MHz (Table 18). Conclusions that can be
drawn from pulse-echo testing based on the frequency components of the signal of the
Graphene-PI-PVDF the device will have the best resolution, low penetration depth, and
weakest signal due to the high center frequency, wide bandwidth, and low signal
amplitude. Piezopaint will have a will have the worst resolution, high penetration depth,
and the strongest signal due to the low center frequency, narrow bandwidth, and high
signal amplitude. The fabricated flexible transducer discussed in earlier chapters will
have the moderate resolution, moderate penetration depth, and moderate signal due to the
low center frequency, wide bandwidth, and moderate signal amplitude. Based on the
pulse-echo results application of imaging at 4MHz with a Bandwidth of 2 MHz, the most
ideal device would be either the fabricated flexible transducer discussed in earlier
chapters or the Piezopaint transducer. All three devices have an even beam profile that

spans 40 mm.

z =7 Peak Pressure (kPa)

(2] (9] S w

X (axial) (mm)

Z (elevation) (mm)
oo ~

©

x=11 Peak Pressure (kPa) 10
18

|

47

10 20
Y (lateral) (mm)

14 16 20 2
Y( )

lateral) (mm



Figure 29: Hydrophone scan cross-sectional view( left ) and axial view (right) of
fabricated flexible transducer discussed in previous chapters
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Figure 30: Hydrophone scan cross-sectional view( left ) and axial view (right) of
Graphene-PI-PVDF composite
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Figure 31: Hydrophone scan cross-sectional view( left ) and axial view (right) of
Piezopaint Transducer

The Piezopaint has highest pressure is 60 kPa (Figure 31). The Graphene-Pl-

PVDF the device has a peak pressure of 10 kPa (Figure 30). The flexible transducer has

a peak pressure of 50 kPa (Figure 29). The Graphene-PI-PVDF composites have a

48



average peak pressure of 20 kPa. Thus, the Piezopaint or the flexible transducer would be

the best for the application of observing muscle function and MSKIs.

M-Mode

When looking at an m-mode characteristics to look for are signal strength
resolution, and penetration depth. The signal strength of an m-mode is determined by the
intensity of the line. The resolution is dependent on the variation and smoothness of the
signal. The penetration depth determines how deep is the imaging ability. Piezopaint has
the strongest signal strength based on the thickness, worse resolution, and the deepest

penetration depth (Figure 32).
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Figure 32: M-mode of Piezopaint
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The Graphene-PI-PVDF has a low signal strength, a higher resolution, and the
shortest penetration depth (Figure 33, 34). The flexible transducer mentioned in
previous chapters had the half the signal strength of the Piezopaint based on the
amplitude of the signal, had better resolution based on the wide bandwidth, and had the
same depth perception as the Piezopaint (Figure 35). Thus, the Piezopaint or the flexible
transducer would be the best for the application of observing muscle function and

MSKIs.
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Figure 33: M-mode of Graphene-PI1-PVDF Transfer Device 2
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Figure 34: M-mode of Graphene-PI-PVDF Transfer Device 3
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Figure 35: M-mode of flexible transducer discussed in earlier chapters
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FUTURE WORK

LIMITATIONS AND FUTURE WORK

The flexible transducer discussed in previous chapters and the Piezopaint
transducer frequency components matched literature for imaging musculoskeletal
structures with a center frequency of 4 MHz and Bandwidth of 2 MHz, had an even beam
profile, and were able to image about 3.5 cm in depth.

While the flexible transducer discussed in previous chapters and the Piezopaint
transducer shows promise, there are a few improvements that can be made. Both devices
could be improved by adding a matching and backing layer. A matching layer is a layer
between the transducer and tissue that allows for better transmission of the signal by
reducing the acoustic impedance between the transducer and tissue. A backing layer
could also be added to increase the bandwidth of the device as improving the bandwidth
will improve the resolution [40]. On top of the fabrication methods being improved,
increasing the data size can also be done in future studies to observe fabrication and
transducer performance variability.

This work shows promise for two types of transducer fabrication methods and can
be seen as building the foundation of the flexible transducer that can eventually be

integrated into wearable systems to observe and diagnose MSKIs.
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