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SUMMARY

This dissertation details the research of elastography applied specifically to the human

fingertip. Vibrations are induced on the surface of the fingertip and resulting wave propagation

is measured to recreate mechanical properties such as shear modulus. In particular, three

methods were used to measure wave propagation, Scanning Laser Doppler Vibrometry (SLDV),

Magnetic Resonance Imaging (MRI), and Optical Coherence Tomography (OCT). All methods

used Geometric Focused (GF) waves. GF waves use a annular ring actuator on the surface

to produce converging waves to a focus point. Previous lab work used analytical equations to

approximate the shear modulus. However, throughout the project, it was determined that the

analytical solution proved to be invalid and a new post processing method to determine shear

modulus was developed using Finite Element Analysis (FEA).

For SLDV measurements, an actuator was designed to apply vibrations to the surface of

the fingertip while maintaining line of sight for the equipment to measure wave propagation

through a laser. Measured wave propagations were originally post processed using MATLAB

code to estimate shear modulus. However, the governing equations used proved invalid for

surface waves. Thus the development of FE-based optimization.

FE-based optimization involved the creation of a 3D model of the human fingertip. The

model was assigned initial material properties, boundary conditions, and displacement equal

to the actuation used in previous method. The resulting wave propagation is compared to

the experimental results through an error function. Then the material properties are varied

xii
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SUMMARY (Continued)

to optimize the match of simulated to experimental wave propagation. Although results were

better, more research needed to be done on the underlying tissue in the fingertip to accurately

estimate shear modulus.

OCT was used to measure waves directly below the surface of the fingertip. Using the same

actuator design as the SLDV setup, vibrations were applied to the surface of the fingertip at

100 Hz. OCT took images of the finger at 93 Hz. The slight difference in frequency allows the

measuring of waves using the strobe effect. Although a much smaller region of the finger can

be measured, being able to measure wave propagation directly below the surface gave insight

into the interaction between surface skin and its underlying layers.

For MRI measurements, a completely new actuator design needed to be created. Due to

the constraints of working in an MRI, primarily no magnetic components, small bore size, and

standard Radio Frequency (RF) coils shape, it was difficult to apply actuation directly and

normal to the surface to the fingertip. Therefore, a new surface coil was built that incorporated

the actuator in its design. The coil allows the actuator to be placed directly on the surface that

is being imaged and produces stronger waves. Results show that the underlying fat tissue of

the fingertip creates more complex wave patterns due to diffraction and reflections.

xiii



www.manaraa.com

CHAPTER 1

INTRODUCTION

1.1 Medical Motivation

Viscoelastic properties of human skin are affected by disease and injury; measurement of

these properties may be used as a diagnostic aid for detection and monitoring of conditions that

affect the epidermis and dermis. For example, Raynaud’s phenomena and scleroderma have

been shown to increase shear elasticity and shear viscosity (2; 3), as well as affect the thickness

of skin (4). However, skin viscoelastic properties are also affected by ambient temperature,

humidity, moisture content (5; 6), thickness, age (7; 8; 9), sex, and the direction of applied

stress (10). These confounders have limited the utility of elastography measurements.

Early measurement methods relied mainly on excised strips of skin and tensometer equip-

ment (7). These tests were accurate and could be performed alongside histological analysis

to correlate the stress-strain relationship with changes in molecular structure. However, this

was too invasive to be used as a diagnostic tool for skin disorders. Advances in more sensi-

tive measuring equipment led to in vivo measurements of shear strain hysteresis curves (5).

Up to this point, the majority of the studies were based on static methods until (6) studied

the dynamic viscoelastic properties of skin, over a frequency range of near zero to 1000 Hz,

using propagating surface waves. It was found that the viscoelastic properties were disper-

sive (frequency-dependent). A similar study also found comparable results; using surface wave

1
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propagation, a direct measurement of the complex Young’s modulus of excised rabbit skin was

calculated (11). Even though it has been determined that skin is viscoelastic, static methods,

such as the suction method or indentation method, have proven reliable and practical for clin-

ical use (10; 12; 13; 14); however, they cannot measure the frequency dependence or viscous

behavior, which is potentially an additional biomarker.

Focusing on the dynamic response of skin, elastography techniques have been developed

that use surface waves as the source for elastography imaging. Elastography uses the principle

that the wavelength and attenuation of a propagating mechanical wave is dependent on the

mechanical properties. Using this principle, several imaging modalities have been used to

estimate shear viscoelastic properties. Optical coherence elastography (OCE) has been used to

measure skin viscoelasticity (15; 16), and excised animal tissue (17). OCE has the advantages

of micrometer scale resolution, and 3D imaging capabilities, with limited surface penetration.

Optical elastography (OE) based on laser Doppler vibrometry has the advantage of high SNR

due to the sensitivity of LASER probes, but it cannot penetrate the surface. Also, most OE

methods for skin measure waves that are propagating radially away from a vibratory point

source which suffer significantly from attenuation, due to geometric dispersion thus limiting the

bandwidth of measurement.

In a recent article by Kearney et al. (18) optical measurement of geometrically focused (GF)

waves was introduced that allows for wider bandwidth measurements. An analytical solution for

the case of a radiating annular disk surface source was fit to experimentally measured GF surface

waves, enabling an estimate of the frequency-dependent complex-valued surface wavenumber,
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which can then be related to the dynamic complex-valued shear modulus. Several viscoelastic

models were then fit to the dynamic shear modulus dispersion curve measured on the forearm

of healthy volunteers. Viscoelastic models were evaluated based on their overall quality of fit

and variability.

In this dissertation, the analytical solution has been identified as an inaccurate model for

GF surface waves. A number of previous dynamic elastography studies have used numerical

optimization approaches, some involving finite element approximations of the experimental

system, to identify multiple and/or complex shear viscoelastic parameters simultaneously (19;

20). In this dissertation, a new approach is proposed using a finite element (FE) model of the

finger. Material properties of the model are optimized by curve fitting the FE results to the

experimental wave profiles measured using scanning laser doppler vibrometer (SLDV). Further

improvements to the method were studied such as the introduction of skin layers to the FE

model.

A recent study by Zhang (21) has also introduced a dynamic elastography approach to

quantify the stiffness of the skin on the fingertip using an optical approach, a type of laser

displacement sensor. The phase gradient cross spectrum method is used to estimate the prop-

agation speed of Rayleigh (surface) waves generated via a 100 Hz harmonic excitation. While

using a related, but different means of generation and acquisition of surface wave motion on the

fingertip, some of the same issues addressed in this dissertation, with respect to identification

of shear storage and loss moduli, choice of rheological model and other modeling assumptions,

are relevant regardless of differences in means of surface wave generation and measurement.
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1.2 Sensory Tactile Motivation

Physical touch is one of the most basic ways humans interact with the world. Fingertips

heavily impact the touch perception. Understanding the mechanical properties of the fingertip

is essential to manipulating touch perception. For example, a rough surface can be made to feel

smooth or rough because of vibrations at a certain frequency. The early work of Watanabe and

Fukui showed that a surface that undergoes a normal displacement at low ultrasonic frequency

sees its friction decreased when explored with a bare fingertip (22). But, the skin and subcu-

taneous tissues of the fingertip are far from rigid. As a consequence, the surface wave created

by a harmonic excitation of 20 to 40 kHz has a wavelength on the order of one millimeter.

The wavelength is approximately one order of magnitude lower than the diameter of a typical

contact patch between the fingertip and a flat surface (22). Further studies have shown that

increase in amplitude of vibrations reduces the true contact area between the fingertip and the

surface as well as the interfacial friction (23). Consequently, there is an interest in determining

the viscoelastic properties of the skin on the fingertip in the range of frequencies spanning from

tactile exploration (100 Hz) through the lower end of the ultrasonic frequencies (< 100 kHz).

1.3 Intellectual Merit

The research applies and advances techniques of elastography and reconstruction methods,

applying them to the finger, a challenging target given its small size, rounded shape, hetero-

geneity and anisotropy. Different methods of measurements, SLDV, OCT, and MRI, allow

for seeing mechanical wave propagation at different depths of the finger. Additionally, a wide

range of frequencies can be used in each method to identify the optimal viscoelastic model of
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the fingertip. The use of FE-based optimization allows for a more accurate modeling due to

its geometric design and controlled boundary conditions. Multiple studies allow for study of

variability between healthy humans and repeatability to see the effects of room temperature

and humidity on the material properties.

1.4 Broader Impact of Study

The main goal of this study is the quantitative analysis of the material properties of the

human finger. Noninvasive methods to estimate the mechanical properties of the finger allows

us to study the effects of vibrations on the finger for use in haptic feedback. The methodological

advances in elastography that are developed could be adapted and applied to different areas of

interest, including other locations on the skin surface to quantify diseases, such as scleroderma,

in order to develop early diagnosis methods. Using multiple modes of measurements, SLDV,

OCT, and MRI, allows for a unique opportunity to measure wave propagation at different

depths: surface, near surface, and subdermal. Being able to correlate the three can lead to a

better mechanical model of tissues and organs. MRE has been used to measure wave propa-

gation in different tissues in the body. However, limitations of MRI prevent the most direct

application of vibration on the surface causing loss of wave motion. Creating RF coils that

incorporate the equipment necessary for MRE can improve elastography sensitivity. Recon-

struction methods in elastography have proven to be a challenge. General approximations are

made based on assumptions of infinite or semi-infinite homogenous mediums. Developing an

FE-based optimization method for reconstruction allows for complex analysis of the finger and

can further be applied to other tissues and organs composed of multiple materials and unique
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shapes. Understanding the mechanical properties of any organ can be used to diagnose healthy

ranges as well as fabricating synthetic materials with similar properties.

1.5 Aims

This dissertation will cover three aims. Each chapter will briefly explain any relevant theory,

the methods and working principles of the experiment, and results and discussion. A broad

conclusion of the aims will be made at the end of the dissertation.

Aim 1: develop a novel actuator design to apply vibrations to the fingertip surface to

measure wave propagation at multiple frequencies using Scanning Laser Doppler Vibrometry

and approximate shear modulus of the fingertip.

Aim 2: development of FE-based optimization to reconstruct material properties based on

measurements from SLDV experiments.

Aim 3: further implementation of actuator design and application for use with Optical

Coherence Tomography to measure wave propagation in the underlying skin layers.

Aim 4: develop a novel Radio Frequency coil with an incorporated actuator to induce and

measure wave propagation throughout the fingertip.
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CHAPTER 2

SCANNING LASER DOPPLER VIBROMETRY ON FINGERTIP

SURFACE

(Previously published as Khan, A., Kearney, S., Royston, T. (2018) Finite Element Based

Optimization of Human Fingertip Optical Elastography, J. Medical Diagnostics 1(3), 031007)

2.1 Background

SLDV uses the Doppler Effect on lasers to measure the velocity of a surface. Adding several

measuring points on the surface allows the scanning of the surface wave propagation. SLDV is

useful for measuring wave propagation on the surface of most materials as well as being able to

measure the source of the actuation. The results are given as a complex-valued displacement

showing oscillation over time. The complex-valued displacement is used to reconstruct material

properties such as shear stiffness. When working with SLDV, it is important that the laser has

a clear line of sight on the area being measured.

2.2 Theory: Analytical approximation for geometrically focused surface waves

The steady state exact analytical solution for geometrically focused (GF) shear waves that

are radially converging over a linear isotropic viscoelastic cylindrical volume can be found in

Yasar et al. (24) and is:

uz(r, t, ks) = uz(a)
J0(rks)

J0(aks)
ejωt (2.1)

7
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where J0 is the Bessel function of the first kind and zeroth order, r is the radial distance from

the central axis, ks is the complex-valued shear wavenumber, a is the radius of the cylinder,

ω is frequency in radians/sec, uz is the displacement amplitude in the axial (z) direction, and

uz(a) is the magnitude of the displacement amplitude in the axial (z) direction at r = a.

This can also be expressed as a frequency response function (FRF) relating vertical (axial)

motion uz(r) at a radial location r < a to the imposed vertical motion uz(a) at the outer

boundary of the cylinder r = a as follows:

FRF =
uz(r)

uz(a)
=
J0(rks)

J0(aks)
(2.2)

Previously, in Kearney et al. (18), by analogy to Yasar et al. (24) and in comparison to the

theory for outward traveling surface waves driven by a disk of radius a derived in Royston et

al. (25), the following FRF was proposed to relate steady state vertical (normal) motion uz(r)

at a radial location r < a to the imposed vertical motion uz(a) at r = a on a surface driven

normally by an annular (ring-shaped) actuator of inner radius r=a.

FRF =
uz(r)

uz(a)
=
I0(jrksu)

I0(jaksu)
, (2.3)

Here, I0 is the modified Bessel function of the first kind and zeroth order, ksu denotes the

complex-valued Rayleigh (surface) wave number, whose real part correlates with surface wave

phase speed and whose imaginary part is linked to surface wave attenuation due to viscous

losses.
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Soft biological tissue can be considered as nearly incompressible since the bulk modulus

is similar to that of water and is as much as six orders of magnitude larger than the tissue’s

shear and Young’s moduli. This results in a Poisson’s ratio ν approaching, but not reaching,

0.5. Using ν=0.49995 we have the following approximation from Graff (26) relating shear and

surface wavenumbers:

ksu
ks

=
0.87 + 1.12ν

1 + ν
≈ 0.95 (2.4)

This suggests then that if one can estimate the complex surface wavenumber by fitting Equa-

tion 3.1 to measured steady state GF surface wave motion, then by Equation 2.4 one can

estimate the complex shear wave number. This is in turn can be used to estimate the com-

plex shear modulus µ = µR + jµI , where µR and µI denote shear storage and loss moduli,

respectively, as

ks = ω

√
ρ

µ
. (2.5)

where ρ is the tissue density.

2.3 Viscoelastic Models

Once the complex shear modulus at multiple frequencies has been estimated, different linear

viscoelastic models can be fit to it. The value of identifying an appropriate rheological (vis-

coelastic) model by fitting the complex shear moduli obtained at multiple frequencies is that

it enables one to predict moduli at other frequencies not measured in the experiment. Addi-
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tionally, it potentially provides insight into the structure of the material. Candidate rheological

models considered in this study are introduced in Figure 1.

Figure 1: Shear viscoelastic models used for study

The shear storage modulus, µR, and loss modulus, µI for these viscoelastic models can be

seen in Table I.

TABLE I: Shear storage and loss moduli for selected viscoelastic models

Viscoelastic Model Storage Modulus µR Loss Modulus µI

Maxwell ω2η2µ1
µ21+ω

2η2
ωηµ21

µ21+ω
2η2

Voigt µ0 ωη

SLS
µ0µ21+ω

2η2(µ0+µ1)

µ21+ω
2η2

ωηµ21
µ21+ω

2η2

Spring-pot µαω
α cos(π2α) µαω

α sin(π2α)
Fractional Voigt µ0 + µαω

α cos(π2α) µαω
α sin(π2α)
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2.4 Methods

2.4.1 Experimental Setup

The annular actuator imparts a ring of dynamic displacement around the fingertip that

generates radially converging surface waves. As the waves converge toward the center, they add

constructively to counteract attenuation due to viscosity. This allows motion to be measured

over a broader frequency range.

A three-dimensional model of an actuator was created using Autodesk Inventor Professional.

The model was printed using titanium alloy via Materialise (Leuven, Belgium) and is shown

in Figure 2. It contains a 10 mm ring for actuating and a hole for line of sight necessary for

Scanning Laser Doppler Vibrometer (SLDV) measurements. The actuator is connected to a

piezo-ceramic stack from Physik Instrumente GmbH & Co. (Karlsruhe, Germany) 7 x 7 x 36

mm which provides 30 µm displacement at 100 volts. The other end of the piezo-ceramic stack

is connected to the ground via a tabletop breadboard. The study volunteer inserts their finger

into the actuator and gently presses up against the ring. Their wrist rests on an elevated surface

to keep the arm level and comfortable.

A sinusoidal 3 Volts peak-to-peak (VPP ) waveform is created using an internal function gen-

erator on the SLDV computer. The waveform is sent to an amplifier (Yamaha Power Amplifier

P3500S, Buena Park, CA, USA) to bring amplitude to 40 VPP . This is applied to the piezo

ceramic stack along with a 20 volt DC bias (BK Precision 1672, Yorba Linda, CA, USA) to

prevent damage to the actuator caused by applying a negative charge.



www.manaraa.com

12

Figure 2: Titanium alloy actuator (left) with arrows showing direction of motion and line of
sight required by SLDV (right) showing finger in actuator

The SLDV (Polytec PSV-400, Irving, CA, USA) is set up to measure a single line across the

surface of the fingertip along an internal radius of the actuator. About 60 equispaced points

are used along the radius. Additionally, a single point vibrometer (Polytec PDV-100) is aimed

at the surface of the actuator to be used as the reference. Frequencies are measured from 1 kHz

to 3 kHz in steps of 500 Hz. Complex displacement measurements (real and imaginary that can

also be represented as amplitude and phase) were taken and corrected for any phase delay from

the reference signal. A 3-point moving average filter was applied to reduce noise. Additionally,

due to line of sight constraints, the SLDV could not measure points directly at the contact

point of the actuator and finger. Therefore, a complex-valued displacement is extrapolated as

the maximum amplitude and zero phase at the radius of the actuator.
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2.4.2 Post Processing using Analytical Approximation

Displacement measurements were processed using MATLAB. A custom code was created

using the Global Optimization Toolbox as used by Yasar et al. (24). Additional parameters

were used as in Kearney et al. (18) to account for variations and incorporated into Equation 2.3

to form the objective function,

FRFobj = X1e
jX2

I0(jX3(r −X4))

I0(jaX3)
+X5, (2.6)

where X1 is the amplitude, X2 is the phase offset, X3 is the complex surface wavenumber ksu,

X4 is the symmetry shift, and X5 is the zero offset. The data is fit using a least square approach.

Two hundred initial guesses are used for ksu over a range from 10 to 2000. The optimization is

run for 10 trials. Using more trials did not lead to different or better results. Once all guesses

are evaluated, the least square fit (r2) is used to determine the ksu with highest correlation. The

resulting ksu is converted to a complex shear modulus using Equation 2.4 and Equation 2.5.

2.4.3 Post Processing using Viscoelastic Models

Once µR and µI are obtained using either the analytical approximation or FE-based Op-

timization method detailed above, best fit viscoelastic models are estimated. Using another

custom MATLAB code utilizing the Global Optimization Toolbox, the storage and loss mod-

ulus simultaneously are fit to each viscoelastic model in Table I. The parameters yielding the

best correlation are then selected to represent each viscoelastic model.
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TABLE II: Storage and loss moduli calculated using analytical approximation

Frequency Storage Modulus µR (kPa) Loss Modulus µI (kPa) R2

1000 118.0 44.1 0.88
1500 125.9 60.7 0.78
2000 161.2 63.1 0.81
2500 155.1 46.6 0.66
3000 204.9 45.1 0.52

2.5 Results

The derived Storage and Loss Modulus are shown in Table II along with the corresponding

R2 values to show correlation. An example of the curve fit can be seen in Figure 3.

The Storage and Loss modulus were then processed to curve fit multiple viscoelastic models.

Table III details the parameters derived along with R2 values to show correlation. The model

with the best fit was SLS. A plot of the fits can be seen in Figure 4.

TABLE III: Viscoelastic models based on analytical approximation

Model 1st parameter 2nd parameter 3rd parameter R2

Fractional Voigt µ0=0.0 kPa µα=21.2 kPa sα α=0.22 0.92
Maxwell µ1=92.7 kPa η =41.2 Pa s - 0.89
SLS µ0=92.7 kPa µ1=117.4 kPa η=10.3 Pa s 0.96
Spring-pot µα=21.2 kPa sα α=0.22 - 0.92
Voigt µ0=153 kPa η=3.63 Pa s - 0.78
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Figure 3: Analytical curve fit for experimental data at 1 kHz

2.6 Discussion

Results shown in Table II and Figure 4 illustrate that the analytical approach do not ac-

curately model the behavior of the fingertip. The analytical model assumes a semi-infinite

halfspace and actuation of an infinite cylinder going through the medium. The large errors

in approximation was an area of much study to improve the experimental setup and remove

any extraneous variables. Eventually the approximation was studied itself and found to be an
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Figure 4: Viscoelastic models fit to analytical approximation of experimental data: (left) storage
and, (right) loss moduli

inaccurate approximation. Therefore a new method of post processing needed to be developed.

Enter Finite element-based optimization.
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CHAPTER 3

FINITE ELEMENT BASED OPTIMIZATION OF MATERIAL

PROPERTIES FROM EXPERIMENTAL RESULTS

(Previously published as Khan, A., Kearney, S., Royston, T. (2018) Finite Element Based

Optimization of Human Fingertip Optical Elastography, J. Medical Diagnostics 1(3), 031007)

Since the results in section 2.5 are not satisfactory, Finite element analysis (FEA) was used to

further study the analytical model. FEA involves breaking down a model into smaller elements.

Then physics simulations can be applied to the smaller elements with known equations and a

larger approximated simulation can be derived from the summation of the elements. Using

FEA is a more accurate way of solving equations where the geometry is not ideal case.

3.1 Theory: Analytical Approximation Validation

The theory covered in section 2.2 is further studied in this section. By substituting In(x) =

i−nJn(ix), where n = 0, into Equation 2.3 it can be rewritten in terms of Bessel function of the

first kind. Since Bessel functions of the first kind and zeroth order are even functions further

simplifications can be made to yield:

FRF =
uz(r)

uz(a)
=
J0(−rksu)

J0(−aksu)
=
J0(rksu)

J0(aksu)
(3.1)

As this is equivalent to Equation 2.2, it required further study. To assess the validity of this

analytical analogy FEA simulations were conducted and are presented in this dissertation.

17
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3.2 Method

3.2.1 Evaluating analytical approximation with Finite Element optimization

To assess the validity of assumptions in the analytical approximation and FE-based op-

timization methods introduced in the previous sections, FE models with material properties

comparable to soft biological tissue were generated and tested. Two cases are studied to see

how the equations fit to semi-infinite halfspace and semi-infinite cylinder models. To reduce

calculation time and memory usage, a 2D axisymmetric model was used to create a cylinder of

1 meter radius and 5 meters length to simulate the infinite halfspace. Low reflecting boundaries

were used to minimize boundary effects,such as reflections and mode conversion. The material

is given a springpot model to be similar to materials previously studied by our group (Yasar et

al. 2013), where, where µα is 4571 Pasα and α is 0.34. The mesh was automatically generated

by COMSOL and the finest mesh was selected (30,965 triangular elements, 239 elements dis-

tributed along surface from r=0 to 4 mm, and remaining elements sized between 0.1 mm to 50

mm). The model is actuated for multiple frequencies by an 8 mm ring on the surface.

Then, to simulate a cylinder driven harmonically with a displacement at its outer radial

boundary in the axial direction, the model is modified to be only 4 mm in radius and the

simulation is repeated with the entire outer wall of the cylinder being actuated. Again the

mesh was automatically generated by COMSOL and the finest mesh setting was selected (20,550

triangular elements, 239 elements distributed along surface from r=0 to 4 mm, and remaining

elements sized between 0.1 mm to 50 mm).
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3.2.2 Post Processing experimental results using FE-based optimization

A finite element model is created in COMSOL 5.3 Multiphysics in 3D space using the Solid

Mechanics Module and Optimization Module in the Frequency Domain. A CAD model of the

fingertip, created from segmented slices of MRI images taken using a Bruker Preclinical 7T

MRI (Bruker Instruments, Billerica, MA, USA), is imported into the model. A circular ring is

defined on the surface using the same dimensions as the experimental setup. The bottom of the

fingertip is defined as a fixed surface. The base of the model that would connect with the rest

of the finger is treated as a low reflecting boundary condition. A low reflecting boundary is a

boundary condition used in COMSOL to minimize reflections from the edge, by using material

data from adjacent domain in order to create a perfect impedance match for compression and

shear waves. It is primarily used to reduce the computational domain to a practical size while

ensuring accurate simulation results (27). Rather than simulating an actuator, the model

treats the area of contact, in this case a circle on the surface, to be a prescribed displacement

in the z direction, orthogonal to the surface of the fingertip. The ring is excited at a given

displacement and frequency. The amplitude of displacement is selected based on measurements

of the actuator during the experimental procedure. The materials are considered viscoelastic,

isotropic, nearly incompressible (Poissons ratio 0.49995). The mesh is automatically generated

through COMSOL’s built in physics-controlled mesh (122,699 tetrahedral elements, maximum

element size 0.733 mm, minimum element size 0.0314 mm). The second finest mesh setting was

selected. Selecting the finest mesh possible increased computation time significantly and had a

negligible impact on the results.
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Figure 5: FE solid model of finger. Blue circle denotes actuation

Although the wave motion can be in multiple directions, the SLDV only measures motion

normal to the surface of the fingertip, and measurements were taken along a radial profile within

the annular region of excitation. Therefore, we only extract the displacement in the z direction

from the FE simulation along this same radial profile for comparison. Displacement measure-

ments from the SLDV are imported into COMSOL as experimental data points. A function

is created from the points using interpolation to create an experimental profile to account for

any gaps in measurements. The model is run through the Optimization Module where the
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shear storage and loss modulus are varied. The resulting displacement is then compared to the

experimental profile using,

∫ a

−a
(vexp(r)− voptim(r))2dr ∗ 1015, (3.2)

where vexp and voptim are displacement in the z direction of the experimental and FE-based

optimization data, respectively. The scaling of 1015 at the end is to improve the sensitivity of

the error function as per recommendation through COMSOL support. The optimization uses

the Nelder-Mead method. The optimization tolerance is set to 0.0001 for the error function.

The maximum iterations are set to 1000 although optimization completes before the maximum

iteration limit is reached due to the tolerance limit.

3.3 Results

3.3.1 Evaluation of Analytical Approximation and FE Based Optimization using

Synthetic Data

The resulting synthetic data of displacements seen in Figure 6 are run through the analytical

curve fit procedure (Section 2.4.2) yielding results seen in Figure 7 along with the actual values

of storage and loss moduli; identified viscoelastic model values can be seen in Table IV.

In place of the analytical approximation, the FE-based optimization method was applied

to the same synthetic data to reconstruct material properties as well. To reduce bias, starting

points for the optimization method were varied from the known material properties. Both solu-
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Figure 6: Wave propagation at 1 kHz for (left) ring actuator on surface and (right) cylindrical
wall actuation

tions for the ring and cylindrical excitation can be found in Figure 8. Additional reconstructed

values can be seen in Table IV.

3.3.2 FE-based optimization to identify viscoelastic properties based on experimental

data

Experimentally measured displacements from SLDV were post-processed in COMSOL using

the method detailed in Section 3.2.2. The procedure was repeated multiple times with varied

initial guesses to avoid reaching a local extremum. In the rare case that a limit was reached,

the limits were expanded and the initial guess was based on where the previous optimization

left off. Figure 9 shows an example of the optimization output. Table V shows the derived
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Figure 7: Identifying shear storage and loss moduli using analytical approximation: (left) ring
actuator on surface; (right) cylindrical wall actuation. Key: Actual storage (blue dash) and
loss (green dash) moduli; X and O best fits to storage and loss moduli, respectively, using
analytical approximation. Resulting best fit rheological (springpot) model based on X and O
best fits (solid lines).

Storage and Loss Modulus at each frequency. 3 kHz was rejected due to a failure to converge

to an appropriate solution.

Values from Table V were used for fitting viscoelastic (rheological) models. Table VI shows

the derived values for the viscoelastic models along with corresponding R2 values to show

correlation. The best fit was the SLS model while the Fractional Voigt and Spring-pot models

were comparable. Their corresponding plots can be seen in Figure 10.
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Figure 8: Identifying shear storage and loss moduli using FE-based optimization method: (left)
ring actuator on surface; (right) cylindrical wall actuation. Key: Actual storage (blue dash)
and loss (green dash) moduli; X and O best fits to storage and loss moduli, respectively, using
FE-based optimization method. Resulting best fit rheological (springpot) model based on X
and O best fits (solid line exact match and overlays the actual values)

3.3.3 Layered Materials

From Table V and Table VI, as well as Figure 10, it is clear that the simple viscoelastic

models considered here that are based on an assumption of homogeneity and isotropy are a poor

fit and cannot capture the frequency dependence of the apparent shear storage and loss moduli

of the fingertip based on experimental measurements from 1 to 2.5 kHz. In fact, over this

frequency range there is a near doubling of the shear storage modulus and an increase in shear

loss modulus by more than a factor of ten. Such significant increases defy conventional models

of viscoelasticity and highlight the limitation of assuming homogeneity of material properties.
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TABLE IV: Viscoelastic models estimated using analytical (Sec. 2.4.2) and FE-based optimiza-
tion (Sec. 3.2.2)

Model µ0 α R2

Actual 4571 Pa sα 0.34 -
Analytically Optimized Ring 475 Pa sα 0.59 0.015
Analytically Optimized Cylinder 4628 Pa sα 0.33 0.99
FE Optimized Ring 4571 Pa sα 0.34 1.00
FE Optimized Cylinder 4570 Pa sα 0.34 1.00

TABLE V: Storage and loss moduli from an FE-based optimization

Frequency Storage Modulus µR (kPa) Loss Modulus µI (kPa) Error (1015)

1000 92.8 3.06 0.011
1500 121 6.43 0.045
2000 131 12.3 0.201
2500 173 39.1 0.0092

To investigate this, we return to the numerical FE simulation study of Section 4.1, but modify

the halfspace model by tripling the complex shear modulus for a 1 mm thick layer of the

material at the surface. Using the output of the FE simulation of this layered halfspace the

FE optimization routine, which assumes homogeneity, produced estimates of shear storage and

loss moduli shown in Table VII. Note, the complex shear modulus of both the top 1 mm layer

and the underlying layer are modeled with a Spring-pot model with α=0.34. So, from 1 to 2.5

kHz both of their storage and loss moduli should increase by a factor of 2.50.34 = 1.37. Yet,

by neglecting the layering effect and assuming homogeneity, the optimization routine predicts
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TABLE VI: Viscoelastic models based on FE optimization

Model 1st parameter 2nd parameter 3rd parameter R2

Fractional Voigt µ0=96.2 kPa µα=1.45 kPa sα α=0.35 0.89
Maxwell µ1=131 kPa η =122 Pa s - 0.85
SLS µ0=114 kPa µ1=51.7 kPa η=3.17 Pa s 0.91
Spring-pot µα=51.2 kPa sα α=0.10 - 0.89
Voigt µ0=130 kPa η=1.59 Pa s - 0.88

increases in shear storage and loss moduli by factors of 1.52 and 6.62. Moderate over-prediction

of shear storage modulus and significant over-prediction of shear loss modulus is consistent with

trends in values calculated based on the experimental fingertip measurements, which is evident

in Figure 10.

TABLE VII: Storage and loss moduli from an FE-based optimization of layered materials

Frequency Storage Modulus µR (kPa) Loss Modulus µI (kPa) Error (1015)

1000 121 4.45 0.477
1500 144 7.09 0.133
2000 163 17.5 0.060
2500 184 29.4 0.047
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3.4 Discussion

The FE study in Section 3.3.1 suggests that the analytical approximation for geometrically

focused surface waves caused by an annular actuator on the surface is not exact. It was also

noticed that the surface wave response within the annular region was affected by the width

(radial extent) of the annular actuator, which is not a factor in the analytical approximation.

Nonetheless, this simple approximation, as it is, which took only a few seconds to obtain can

be used to provide an initial estimate of shear viscoelasticity, which can serve as a starting

point for numerical optimization using the FE-based approach. Figure 8 and Table IV show

that the FE-based optimization more accurately approximates the material properties in both

annular and cylindrical actuation cases. Speed and accuracy of optimization using FEA for this

complex optimization problem with multiple local optima improves when the starting point is

within a factor of the optimal solution.

The FE-based optimization to estimate the complex shear modulus of the fingertip, with ge-

ometry derived from ultra high field MR imaging, could be improved. By viewing an animation

of the wave motion, it appears that the boundary conditions have a non-negligible influence on

the propagation. Since the fingertip FE model is truncated, it would be better to extend the

geometry of the fingertip to include the rest of the finger. There is a non-zero displacement

near the truncation boundary, which in turn results in reflection of wave motion that would not

occur in a an untruncated model. Additionally, the entire fingertip was treated as having the

same homogeneous material properties. This is not accurate as the actual composition of the

finger includes bone, muscle, fatty tissue, and layers of skin. Each of these would have their
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own material properties. The numerical study in Section 3.3.3 highlighted how increased shear

viscoelasticity near the surface is likely the reason for the significant increase in shear moduli

with respect to frequency based on the FE optimization strategy that assumes homogeneity.

Although the feasibility study in this paper covers the methods of material property recon-

struction, the derived values should not be considered as normal values. Multiple samples must

be taken to test for repeatability. It has been seen that the air humidity as well as the moisture

content of the fingertip can alter the wave propagation and therefore the material properties.

Future work could involve measuring both humidity and moisture content and testing on the

same volunteer on different days as well as multiple volunteers on the same day.
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Figure 9: FEA optimization fit at 1 kHz
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Figure 10: Best fits of different viscoelastic models to FE-based estimate of storage and loss
moduli based on experimental measurements.: (left) storage and (right) loss moduli
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CHAPTER 4

OPTICAL COHERENCE TOMOGRAPHY ON FINGERTIP

SUBSURFACE

4.1 Background

Optical coherence tomography (OCT) takes images near the surface of an object to a small

penetration depth. It is an interferometric imaging method that utilizes short coherence lengths

of broadband light sources. It can penetrate up to 1-2 mm below the surface. Although

ultrasound has been used in the past in elastography, OCT was first used in elastography in

1998 on a smaller scale than ultrasound (28). Although it is a light-based and optical approach

like SLDV, it adds the ability to measure wave propagation below the surface. This allows us

to see how structures and materials below the surface affect the wave propagation.

Optical Coherence Elastography (OCE) uses three different methods to estimate material

properties: static, transient, and harmonic (15). The static method estimates elastic proper-

ties based on deformation to an applied force. Transient measures the response to an impulse

force to estimate dynamic elastic properties. Finally, harmonic OCE uses low frequency vibra-

tions, below kHz range, to measure wave propagation of shear and Rayleigh waves to estimate

viscoelastic properties.

Combining OCE with the same setup used in section 2.4.1 allows us to measure wave

propagation below the surface of the fingertip. Challenges with the OCT system involve taking

31
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images at a frequency that is similar to the actuation frequency with a small offset. This is

similar to using the strobe effect to visualize high frequency vibrations in a setup. The frame

rate of capture severely limits the frequencies that can be measured.

4.2 Methods

The same setup described in Section 2.4.1 is used to make OCT measurements. The OCT

laser is aimed at the surface of the finger. A width of 3 mm is viewed with 2-3 mm penetration

below the surface. The surface is vibrated at 100 Hz and the OCT takes measurements at 52 Hz

for approximately 4 seconds. The experiment is repeated at the same frequency but the OCT

takes measurements at 93.3 Hz to explore the differences in imaging frame rate. Individual

frames of the video are saved as images for later use in post processing.

4.3 Results

Figure 11 and Figure 12 show sample images taken from OCT. Wave propagation can be

seen in each. Multiple frames were taken over the course of 1 second leading to about 1000

images. Running multiple frames as a video shows the waves traveling across the surface.

4.4 Discussion

Several challenges when working with OCT has limited the development of its research and

feasibility. The frame rate severely limits the frequencies that can be measured. Increasing the

frame rate of the imaging lowers the field of view and penetration depth that can be studied.

Additionally, the frame rate is unable to go past 100 Hz meaning frequencies beyond that range

cannot be measured or must be used in multiples of 100 Hz.
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Figure 11: OCT image of finger at 100 Hz excitation and 93.3 Hz framerate
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Figure 12: OCT image of finger at 100 Hz excitation and 52 Hz framerate

Beyond the frame rate, the OCT is sensitive to any motion of the finger itself. Stabilizing

the finger is absolutely necessary to prevent it from shaking. Additionally, since the areas inside

the finger are moving, it creates a new challenge of tracking the motion of each specific point

inside the finger over a period of time. SLDV and MRE are able to track the points making it

easier to follow its motion over time. Therefore, there is much work needed to be done in the

OCT field which extends beyond the scope of a single Ph.D degree.
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CHAPTER 5

MAGNETIC RESONANCE IMAGING ON FINGERTIP AND SURFACE

COIL DESIGN

5.1 Background

Magnetic resonance elastography (MRE) is an MRI technique that can used to estimate

material properties of subdermal tissue. Mechanical waves are generated on the surface of the

body nearest to the tissue being studied. The resulting wave propagation is encoded in the

phase image through the use of motion encoding gradients (MEG). The wave propagation can

be inverted to estimate material properties such as shear stiffness. It has been shown that tissue

stiffness is related to tissue health.

One of the biggest challenges when working with MRE is the mechanical set up in a high

magnetic field. All parts need to be non-magnetic. Additionally, at high fields a small bore

diameter for the magnet generally constrains the setup further. Finally, due to the use of RF

coils, the actuators generally cannot be placed in the optimal position to excite the area being

studied. Therefore, the design of RF coils that incorporated MRE actuators was studied to

image the fingertip.

35
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Figure 13: Basic RF coil design

5.2 Theory

5.2.1 Theory: RF Coils

The most basic RF coil consists of an inductor and a capacitor (29) as seen in Figure 13.

Its resonant frequency is determined Equation 5.1:

ω =
1√
LC

, (5.1)

where ω is resonant frequency in rad/s, L is inductance, and C is capacitance. The resonant

frequency should be closely matched to the frequency, f (Hz), of the magnet determined by

Equation 5.2:

f =
ω

2π
= γB0, (5.2)
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where γ is the gyromagnetic ratio specific to the nucleus of the atom being studied and B0 is

the magnetic field strength of the magnet. The gyromagnetic ratio for hydrogen, the nucleus

being imaged, is 42.58 MHz/T and the B0 of the magnet is 9.4T making the frequency 400

MHz.

Since each sample being imaged has differences in impedances, a tuning matching circuit is

added to optimize energy transfer between the sample and the coil as seen in Figure 14. CT

and CM represent variable capacitors used to tune and match the coil respectively.

Figure 14: RF coil design with tuning and matching circuit
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5.2.2 Theory: MRE

MRE measures phase accumulation, φ, of waves using motion encoding gradients (MEG).

It is given by the time integral of the dot product of the motion r and MEG strength, G:

φ = γ

∫ τ

0
G(t) · r(t)dt, (5.3)

where τ is the time duration of the gradients after excitation and r(t) represents of the nuclear

spins as a function of time (30). To measure how the wave propagates over a period of time,

a phase offset can be added to either G(t) or r(t). Generally this is done at value equal to the

period of the frequency divided by an interval of 8 to get 8 time steps. The direction of motion

encoding is determined by the MEG used. SampLe Interval Modulation MRE (SLIM-MRE)

can be used to encode motion encoding in all spatial directions simultaneously to save time

(31).

5.3 Methods

5.3.1 Methods: Designing the RF Coil

The first coil designed was a birdcage coil using 6 rungs in high pass filter configuration.

A coil pattern was etched on copper sheet using Press-N-Peel Blue PCB Film (Techniks Inc.

Ringoes, NJ, USA) and ferric chloride acid. The sheet was affixed to a fiberglass tube using

Stycast 1266 epoxy (Henkel Loctite Rancho Dominguez, CA, USA). Capacitors (Johanson

Technology, Camarillo, CA) were placed along the end rungs and a tuning matching circuit

was created using two tunable capacitors. Pick up loops were used to measure the resonance
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of each window using a network analyzer. The coil was adjusted and modified to bring the coil

to as close as possible to the correct resonant frequency (400 MHz). Holes were drilled through

the coil to allow the actuators to pass through inside without damaging the RF components.

A piezoceramic actuator is affixed underneath the coil allowing it to directly apply actuation

to the fingertip in a straight line.

When complete, a water-based sample was placed inside the coil and placed inside the MRI.

Due to the complexity of the birdcage coil, the resonant frequencies of each individual window

of the birdcage coil varied enough to cause a drastic drop in SNR. Therefore, we were unable

to obtain any images using this coil.

To reduce the complexity of the coil, a surface foil was designed and built. An oval shape

is cut out of copper tape using a Cricut Maker (Provo Craft, Spanish Fork, UT) and placed

on a bed designed in SOLIDWORKS (Dassault Systèmes, Concord MA) and 3D printed out

of polylactic acid (PLA) using a Makerbot Fifth Generation printer (Stratsys, New York City,

NY). Two capacitors of equivalent value are placed in the circuit and the resonant frequency

is measured using pick up loops and a network analyzer. Once the coil was built to resonate

at 400 MHz, one capacitor was replaced by one of lower value and placed in parallel with a

variable capacitor and connected to a tuning matching circuit. The coil was placed on a bed

and a piezoceramic actuator was affixed underneath as seen in Figure 15.

5.3.2 Methods: Finger MRE

The coil was placed in the center of a Agilent 9.4 T small animal scanner (Agilent Tech-

nologies, Santa Clara, CA). The largest set of gradients (210 mm bore) were used as the arm
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Figure 15: 3D model of surface coil and MRE actuator setup

of the volunteer needed to reach the center of the magnet, approximately one meter from the

end. The volunteer, aka the author, placed their finger on the coil by reaching through the

bore. The arm inside the bore was supported to reduce shaking.

Initial scans used gradient echo sequences to create 10 localization images along the length

of the fingertip using 1 mm slice thickness. To reduce the time of the experiments, only one

slice was used for MRE. Based on localization images the slice that contains the center of the

actuator was used selected for MRE. Frequencies for 1000, 1500, and 2000 Hz were selected for

study to match experiments done in SLDV. Running gradients at 2000 Hz led to overheating

gradients and was eventually aborted while running 1000 Hz experiments required a minimum

echo time (TE) to be much higher leading to low quality imaging. Eventually only 1500 Hz

was studied. For the MRE scans, SLIM sequences are used to image motion in all directions
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simultaneously and reduce scan time. Field of view (FOV) was set to 1.3 cm by 2.6 cm and

with 96 by 192 resolution resulting in square pixels. Slice thickness was 2 mm. Repetition

time (TR) was set to 31 msec and TE was 9 msec. 5 and 8 MEGs were used in the scans.

8 time steps are taken with 180◦ phase offsets for static noise subtraction. Imaging time was

approximately 1 minute.

Post processing of results was done using MREDeviant (UIC Acoustics and Vibrations Lab-

oratory, Chicago, IL). A mask was applied to remove the background and bone. All directions

of motion are processed and a video is made of the wave propagation.

5.4 Results

Figure 16: MRI axial images of fingertip along its length
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Figure 16 shows the localization images taken using gradient echo sequences. The superior

portion of the image shows the fingernail and the inferior is where the actuator comes in contact

with the fingertip as well as the surface coil. Images start from the tip of the finger and work

through its length for each slice. The 8th slice is chosen for MRE. Figure 17 shows wave

propagation in the y direction. The red arrows denote where the actuator comes in contact

with the fingertip, as well as its direction of travel. The bone and background have been masked

out of the image.

Figure 17: MRE image of fingertip. Red arrows denotes where actuator contacts the fingertip.
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5.5 Discussion

The RF coil has worked well for the purposes of the experiment. As seen in Figure 16, the

anatomy of the finger can be clearly made out including the interaction of the fingernail, the

soft tissue, hard tissue, the fat content on the pad of the fingertip, and the actuator contact

points. Artifacts can be seen on the sides as a result of using a much larger gradient than the

RF coil.

MRE itself has shown that wave propagation on the fingertip is much more complex than

previously anticipated. The fat content creates multiple interferences such as refraction and

reflections. The wavelengths around the hard tissue near the fingernail and bone are much more

consistent showing that the MRE is working properly. This adds to the claim in section 3.3.3

that the fingertip needs multiple layers and material properties to properly model its behavior.

The RF coil and actuator setup has proven its usefulness in simultaneously imaging and

vibrating an area of interest. It can be further applied to other areas of the body. Additionally,

it can be improved to a volume coil in order to image larger areas with high signal to noise

ratio (SNR). Using smaller and more powerful gradients can improve the signal quality as well

as increase the range of frequencies that can be studied. A limitation of the 9.4 T magnet is

its long bore length. By using a shorter bore magnet, more parts of the body can be imaged

as they can reach the center more easily.
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CONCLUSION

This dissertation has shown the implementation of multi-modal elastography on the human

fingertip. SLDV, OCT, and MRI were used to measure wave propagation across the fingertip

using GF waves. Additionally, FE-based optimization was used in the case of SLDV to esti-

mate material properties of the human fingertip. To use MRI, an RF coil was designed that

incorporated MRI and MRE components in one setup.

In the SLDV study, multiple frequencies were measured in order to obtain viscoelastic

material properties. The wave propagation was curve fit to an analytical approximation to

estimate stiffness values at a given frequency. The resulting stiffness values were then fit to

multiple viscoelastic models to find the best fit. Although SLS was identified as the best fit,

looking at the results showed that the analytical approximation was not an accurate model to

use.

FE-based optimization was used to process the SLDV results. Creating a 3D model of

the fingertip and replicating the experimental setup in COMSOL allowed the generation of

wave propagation based on a set of material properties. The material properties were then

optimized to best fit the simulated wave propagation to the experimental results. Material

properties obtained through this method showed a vast improvement in viscoelastic models.

Further studies showed that treating the finger as multiple layers of materials would improve

the material properties obtained.

44
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OCT measurements were taken using the same setup as SLDV with the exception of the

OCT measurement head. Images were taken at a framerate of 52 and 93 fps. Fingertip was

excited at 100 Hz. It is clear that wave propagation can be measured in the fingertip and that

the layers of skin can be distinguished in the images. OCT proves worth in further study.

To incorporate MRE using the fingertip, a custom RF coil was designed that incorporates

the actuator. After several iterations of coil design a surface coil was perfected and used to

measure fingertip wave propagation. Limitations of the gradient size prevented a wideband of

frequencies to be used but wave propagation could be seen. It is fairly evident that the fat tissue

below the skin plays a large role in wave propagation as it creates refractions, diffractions, and

reflections. This adds proof to the theory that the FE-based optimization needs to be treated

as a multi-material model instead of homogenous.
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