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Abstract

The speed of the surface Rayleigh wave, which is related to the viscoelastic properties of the
medium, can be measured by noninvasive and noncontact methods. This technique has been
applied in biomedical applications such as detecting skin diseases. Static spherical indentation,
which quantifies material elasticity through the relationship between loading force and
displacement, has been applied in various areas including a number of biomedical applications.
This paper compares the results obtained from these two methods on five gelatin phantoms of
different concentrations (5%, 7.5%, 10%, 12.5% and 15%). The concentrations are chosen because
the elasticity of such gelatin phantoms is close to that of tissue types such as skin. The results
show that both the surface wave method and the static spherical indentation method produce the
same values for shear elasticity. For example, the shear elasticities measured by the surface wave
method are 1.51, 2.75, 5.34, 6.90 and 8.40 kPa on the five phantoms, respectively. In addition, by
studying the dispersion curve of the surface wave speed, shear viscosity can be extracted. The
measured shear viscosities are 0.00, 0.00, 0.13, 0.39 and 1.22 Pa-s on the five phantoms,
respectively. The results also show that the shear elasticity of the gelatin phantoms increases
linearly with their prepared concentrations. The linear regressions between concentration and
shear elasticity have R? values larger than 0.98 for both methods.
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l. INTRODUCTION

Viscoelastic properties of soft tissue have generated considerable interest in medicine due to
their clinical relevance to establishing the existence and quantifying the severity of diseases
such as cancer [1],[2] and systemic sclerosis (SSc) [3], as well as monitoring and
understanding physiological processes such as aging [4],[5]. Therefore, tissue electrography
has been actively researched in recent years and a number of technological advancements
have been achieved. Methods such as Magnetic Resonance Elastography (MRE) [6],[7],
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Vibro-acoustography [8],[9] and Optical Coherence Elastography (OCE) [10],[11], excite a
tissue by a vibrating source of frequency under 1000 Hz and the shear wave propagating
inside the tissue is monitored by Magnetic Resonance (MR), ultrasound or optical methods,
respectively. More recently, ultrasound probes with dedicated emission and reception
electronics for each channel and parallelized signal processing algorithms are applied to
elastography, which enable the visualization of tissue elasticity in real time [12],[13].

The aforementioned methods require monitoring the shear wave propagation inside the
tissue sample. On the other hand, since the discovery of the surface Rayleigh wave [14],
surface waves have been applied extensively in various engineering areas as well as
biomedical applications, such as the skin [15-18], lung [19] and artery [20]. The surface
wave can only propagate on the surface of a medium, whereas the shear wave propagates
inside a medium. Therefore, one of the advantages of the surface wave method is that it can
be measured by noninvasive and noncontact methods. For example, laser vibrometry can be
used to monitor the propagation of surface wave on soft tissue [15]. However, because the
optical scattering coefficient of the biological tissues is usually one order of magnitude
higher than their absorption coefficient [21], optical methods may suffer from the phase
distortion cause by the diffuse reflectance. One viable alternative is to use an ultrasound
linear array, which can measure multiple lines simultaneously. This not only can identify the
surface motion easily but also can notably decrease the amount of time required to perform
the test, eliminating the need for synchronizations between measurements.

Mechanical indentation has been developed to quantify material viscoelastic properties for
biomedical applications by analyzing the load-displacement curves [22-30]. In fact, the
widely practiced modified Rodnan skin test in diagnosing SSc is a form of static indentation,
although a relative score instead of the absolute value of the skin elasticity is produced from
the test [31]. Indenters of many different shapes have been studied. Among them, the most
often used are flat-top [22—24] and sphere-top indenters [22],[23],[25],[26]. Spherical
indentation is less sensitive to the surface flatness of the sample and introduces less risk of
damaging the tissue than the flat-top indentation [27], although the displacement-load
relationship is intrinsically nonlinear because the contact area changes with the indentation
depth. A static indentation test assumes that the loading force has ignorable dependence on
time, which is generally true for highly elastic materials such as gelatin.

Researcher have widely used viscoelastic phantoms to simulate biological tissues [32-39].
The advantage of phantoms over tissues is that they can be conveniently made and handled.
Both homogenous and heterogeneous phantoms can be developed with careful process
control. Different materials have been explored for fabricating tissue-mimicking phantoms.
Two of the most commonly used background materials are gelatin [16],[17],[40—-42] mixed
with agar [34],[35]. Because the material properties of gelatin are much simpler than those
of tissue, gelatin is widely used as a tissue-mimicking material for testing and developing
techniques that are aimed for clinical applications. For gelatin phantoms, parameters such as
compression wave speed, density and Poisson’s ratio match those of real tissue samples
[32]. The ultrasound compression wave speed in soft tissue is in the range of 1560-1600 m/s
[43] and the in gelatin it is around 1540 m/s [32]. Mass density is around 1000 Kg/m? and
Poisson’s ratio is close to 0.5 for both soft tissue and gelatin because of their large
proportion of water. However, the viscosity of the gelatin based phantoms is generally small
(under 2 Pa:s) compared to real tissues [40] and their elasticity is sensitive to their
preparation procedures as well as the testing conditions, such as ambient temperature [34—
36]. For characterizing the phantom properties, a number of methods have been applied. For
example, a compression device can be used to measure a phantom’s elasticity [33]. A tensile
test is validated with an ultrasound method [36]. A R? = 0.93 linear correlation coefficient is
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found between the elasticity measurements obtained from both the magnetic resonance
elastography and the ultrasound transient elastography [37].

In this study, both the surface wave method and the static spherical indentation are used to
measure the mechanical properties of gelatin phantoms of different concentrations. The
purpose is to compare the two techniques as well as to find the relationship between the
mechanical properties of the gelatin phantoms and their concentrations. In a previous study
[33], Young’s modulus is reported roughly proportional to the square of the gelatin
concentration for agar/gelatin phantoms. However, no reported results are found in literature
on pure gelatin phantoms to the best knowledge of the authors. Elastic properties of gelatin
phantoms of different concentrations were studied by using a Dynamic Mechanical Analyzer
(DMA) to measure both the shear modulus and Young’s modulus [39]. The shear modulus
was measured by the shear testing on cubic phantoms. The Young’s modulus was measured
by the compression tests on cylindrical phantoms. The results are shown in Table (1). One
can see that the mechanical testing results are not consistent for all concentrations, which
can be explained by the fact that the mechanical testing is sensitive to the size of the
phantom, the boundary conditions and the clapping and holding of the phantoms and etc.

This paper is divided into the following sections. In section Il the theoretical foundations of
both the surface wave method and the indentation method are introduced. Details about the
experiments are in section 111 and the results and their discussions are included in section 1V
and V, respectively. The conclusions are drawn in section V1.

Il. THEORY

1. Surface Rayleigh wave propagation

Figure (1) shows the setup for the surface wave generation and detection. The governing
equation for the wave propagation in an isotropic, homogeneous and infinite medium is [44],

(?Zu_
an ()

A+2)VY - u+uVa - p

where u is the displacement vector, 1 and u are, the Lamé constants of the medium and p is
the mass density. Equation (1) has been solved in a cylindrical polar coordinate system [44]
and for the surface Rayleigh wave, the relationship between wave velocity ¢s and x can be
expressed as [15],

o 1 I
1.05 1.05 Vp’ ©)

Ccs X

where ¢ is the shear wave velocity. Equation (2) holds as long as the Poisson’s ratio v of the
material is close to 0.5, which is generally true for incompressible materials like soft tissues.

A Voigt’s model, which consists of a spring and a dashpot connecting in parallel, can be
used to simulate the linear viscoelastic behavior of tissue [45]. For the Voigt’s model, the
wave speed dispersion frequency range under 1000 Hz can be formulated as a function of
shear elasticity x4, shear viscosity o and the angular frequency of the excitation source w,
as show in Equation (3) [40],[42],
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2. Static spherical indentation

a. Hayes Model—For a spherical indenter of radius r acting on an elastic material as
shown in Figure (2), the relationship between the indenter center displacement dq and load L
can be described by the following series of equations [22],[23],

4(zu1¢lok
1-v ~ 4)

L=

1
k=[d(7)dr,
0 (5)

d(&)=d(§)+xdr(§) (6)

1 1
di($)=1 - = [di(E[K(+E)+K (T - O))dr
Yy (7)

(&)= - & - = f(lw(f)[A(T+E)+K(T )dr o
8

K(u)= (a) f(3 4y)sinh(@)e™® — [a(l+a)+4(1 — v?)] cos l’a(g)"] do

[@2+4(1 — v)*]+(3 — 4v)sinh(a) (9)

X‘i‘ _d()
doR  dy(1) (10)

In Equations (4-10), a is the contact radius between the indenter and sample surface. k is a
correction factor for L-dg function and it is a function of a/h and Poisson’s ratio v, where h is
the thickness of the sample. As the indenter displacement dq changes, a also changes. The
value of k, therefore, varies with dg. Equations (7-8) are Fredholm integral equations of
second kind and can be solved numerically by techniques described in [46]. Details of the
derivation of Equation (4-10) are discussed in [22],[23].
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The procedure for calculating the elasticity x4 from a known L-dg curve is described as
follows:

1. For aseries of contact radius a, dy(¢) and dy(&) can be solved by Equations (7-8).
Then the values of y and indenter displacement dg can be calculated by Equation
(10) and the correction factor k can be calculated by Equation (5-6). This way a
lookup table of a-dg-k values is obtained.

2. For a series indenter displacement dg, their corresponding contact radius a and
correction factor k can be evaluated by interpolating the tabular values.

3. The elasticity uq is calculated by a linear regression between L and (4adgk)/(1-v)
based on Equation (4).

b. Finite Element (FE) validation—The classic Hayes model described by Equations
(4-10) has been applied in a number of applications, such as measuring the elasticity of a
thin-layer material [47], studying the nonlinearity indentation test [48], and estimating the
elasticity of cartilage [49]. To further characterize the performance of this model and to
validate the implementation of the algorithms, a series of FE simulations have been carried
out in COMSOL MULTIPHYSICS® (version 3.5a, COMSOL, Inc., 1 New England
Executive Park, Suite 350, Burlington, MA 01803). From a simulated load-displacement
curve, the elasticity x4 can be estimated. Table (2) lists the parameters and results of the FE
simulations. One can see that the model fits the simulated data sets quite well and the
maximum absolute error of x4 estimations is only 1.5%.

lll. EXPERIMENT

1. Phantom preparation

Five gelatin phantoms of different concentrations are prepared with porcine skin gelatin
powder (Type G2500, Sigma-Aldrich Corporation, 3050 Spruce St. St. Louis, MO 63103).
The concentrations are 5.0%, 7.5%, 10.0%, 12.5% and 15.0%, all calculated by volume.
From the authors’ experience, gelatin phantoms in this concentration range resemble soft
tissue types such as skin. In addition, gelatin phantoms with concentration smaller than 5%
or larger than 15% seem difficult to maintain uniformity. 10% glycerol (Type G7757,
Glycerol Reagent Plus, Sigma-Aldrich Corporation) by volume is added to increase the
stiffness of the phantoms. 1 g/L of scatterers with mean diameter of 20 um (Type S3504,
Sigma-Aldrich Corporation) are embedded to improve the Radio Frequency (RF) echoes of
the ultrasound measurements. The size and the material of the scatterers are selected so that
the scatterers maintain uniformly suspended in the gelatin solution during the curing
process. 5g/L of potassium sorbate (Type 359769, Sigma-Aldrich Corporation) is added as
an antibacterial preservative.

The procedure for making these phantoms is described as follows. The gelatin, scatterers
and potassium sorbate are mixed with water in room temperature. Then they are heated and
the glycerol is added. The content is constantly stirred until the solids are completely
dissolved. When the temperature reaches 60 °C, heat is removed and the content is placed in
a vacuum chamber (Type RE2, BrandTech Scientific, Inc., 11 Bokum Rd. Essex, CT
06426-1506) to remove air bubbles. Then it is poured into a container and kept in 4 °C
overnight. The final phantom measures 14x14x4.5 cm3. The size of the phantom is chosen
so that the generated waves do not interfere with the reflected waves. The dimensions are
used according to the testing experience that pure surface wave can be generated and
detected. The same size is used for each concentration, so that the size effect, if there is any,
can be minimized. Before experiments are conducted, the temperature of the phantoms is
equilibrated using room temperature, which is set at 25 °C.
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2. Surface wave measurement

Figure (3) shows the setup for the surface wave experiment. Sinusoidal waves of duration
100 ms are generated by a function generator (Model 33120A, Agilent, 5301 Stevens Creek
Blvd, Santa Clara, CA 95051) and amplified by an audio amplifier (Model D150A, Crown
Audio, Inc. 1718 W. Mishawaka RD, Elkhart, IN 46517). The duration of the sinusoidal
waves is selected so that it is long enough to be detected as a plane wave and short enough
to differentiate the forward travelling waves from the reflections. The frequency of the
source is 100-400 Hz with 50 Hz separations. The amplified signal drives an
electromagnetic (EM) shaker (Model 203, LDS test and measurements, Heath works,
Baldock RD, Royston, Herts, SG8 5BQ, UK), which applies a cyclic force to the phantom
surface by a cylindrical bar that is 2 cm long and 5 mm in diameter. The generated surface
waves are detected by an ultrasound system (Model SonixRP, Ultrasonix Corporation, 130 -
4311 Viking Way, Richmond, BC, Canada, V6V 2K9) with a 9.5 MHz probe (Model
L14-5/38, Ultrasonix Corporation). The excitation and data collection are coordinated and
automated by a customized software package written in C++. The phantom is submerged in
water while the experiment is being conducted.

For each excitation frequency f, 7 lines are collected and the spatial separation between the
two adjacent lines is 0.9 mm. Therefore, a total distance of 5.4 mm is covered. The frame
rate of the ultrasound measurement is 2900 Hz. The phase of the propagating wave at each
line is calculated with a cross-spectrum method. The cross-spectrum S(f) of two signals s1(t)
and s,(t) is defined as [47-49],

S(N=S1(H) - S2(N=1S1() - S2(H)l - e 7, (11)
where S1(f) and Sy(f) are the Fourier transforms of s1(t) and sy(t), respectively; * denotes the

complex conjugate and 6(f) is the phase delay between sq(t) and s,(t) at frequency f.

Ideally, the phase of the surface wave 6 at a particular frequency has a linear relationship
with the distance |,

O=a - I[+f. (12)
So the surface wave speed cq can be calculated by,

2nf

Ccs=
(13)

3. Indentation measurement

Although there are commercially available indentation devices, in order to study the effects
of different conditions and adjust a wide range of parameters, a customized indentation
device was built. As Figure (4) shows, a load cell (Model ULC-1N, Interface Inc., 7401 East
Butherus Drive Scottsdale, Arizona 85260) is mounted on a linear translator (Model
A2506Q1-S2.5, Velmex Inc. 7550 State Route 5 and 20, Bloomfield, NY 14469). The two
indenters tested have radii of 2.4 mm and 4.1 mm, respectively. Loading force is displayed
on a digital readout unit (Model DP25B, Omega Engineering, Inc., One Omega Drive, Box
4047, Stamford, CT 06907). The indentation and readout are done manually by the operator.
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The step size of the indentation is 10 pm and 100 steps are conducted for each test, making
the total displacement 1 mm. A linear regression is used to calculate the shear elasticity xq
based on Equation (4). Note that since the load L does not vary linearly with indenter
displacement dg, a different contact radius a and a different correction factor k should be
calculated for each indentation step, as mentioned in section 11.2.

IV. RESULTS

1. Surface wave experiment

Figure (5) shows a B-mode image of the 15% phantom. In the image, the brightest
horizontal line is the water-phantom interface. The image also shows the lines that are used
for estimating the surface wave speed. B-mode images on all other phantoms are similar to
Figure (5).

Figure (6) shows the phase delays of the 7 lines relative to the first line as a function of the
distance for the 15% Gelatin phantom at 100 Hz. The phase delays are estimated with
respect to the first line by evaluating Equation (11). One can see that the data points indicate
a strong linear correlation (R2 = 0.98). The wave speed at each excitation frequency is then
calculated based on Equation (13) and the dispersion curve is fitted with the Voigt model
defined by Equation (3), as shown in Figure (7).

2. Indentation experiment

A raw data set of displacement-load measurement collected on the 15% gelatin phantom
with the 2.4 mm radius indenter is plotted in Figure (8A). Note that this curve is not linear
since the contact radius changes with indenter displacement for spherical indentations. It is
linearized by the method described in section 11.2. In Figure (8B), the slope of the linear
regression estimates the phantom elasticity ;. Note that not every point in the raw data set
is used in the calculation because the force is small (<0.01 Newton) at the beginning of the
indentation process.

V. DISCUSSIONS

1. Phantom elasticity as a function of Gelatin concentration

Table (3) lists the viscoelasticity estimations calculated by both the surface wave method
and the static spherical indentation method. One can see that both methods result in similar
values for 4 and the results are consistent and independent from the indenter size. Larger
relative differences in elasticity measurements are produced in low concentration phantoms
because the longer wavelength in softer phantoms increases the error of phase delay
calculations in the surface wave method and a softer phantom has smaller force
measurements in the indentation tests. The largest relative difference between both methods
is 15.89%, which occurs for the 5% phantom and the 4.1 mm indenter. The elasticity of the
5% and the 7.5% phantom are about 1.5 and 2.7 kPa, which are close to the elasticity of the
brain tissues of younger (1.7 kPa) and older (3.3 kPa) rats [50]. The elasticity of the 15%
phantom is 8.5 kPa, which is in the range of normal human skin (7-10 kPa) [51]. For gelatin
phantoms under low frequency (< 1000 Hz) excitations, the shear wave and the Rayleigh
wave speeds are in the range of 1-3 m/s, which is much lower than the shear wave speed
measured in mammalian tissues at 2-14 MHz (9-100 m/s) [52]. Viscosity estimations from
the surface wave method confirm that the gelatin phantoms have small viscosities under 2
Pa-s, which is consistent with the findings in literatures such as [40].

Figure (9) plots the elasticity estimations by both methods. One can see that the
concentration C and elasticity 41 have a strong linear correlation (R? > 0.98 for all three
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tests). The regression results between the two variables are listed in Table (4). In the
previous studies such as [33], Young’s modulus is reported roughly proportional to the
square of the gelatin concentration for agar/gelatin phantoms. However, the results in Figure
(9) and Table (4) suggest that for pure gelatin phantoms, the relation between the elasticity
and concentration should be linear. This finding may simplify the protocol for making
gelatin phantoms, especially when multiple phantoms with equally spaced elasticities are to
be studied.

2. The influence of viscosity on the indentation results

The static indentation tests conducted in this paper do not consider the time dependency of
the loading force. Therefore, unlike the surface wave method, viscosity is not solved. The
influence of viscosity on the accuracy of the discussed static indentation method depends on
the ratio of uq and uy, as well as the indenter moving speed. Increasing the indenter speed
would decrease the impact of relaxation on the measurements. Because of the noises
introduced from both the surrounding vibrations and the electronics, the output of the load
cell is averaged in time to produce stable readings. It is estimated that there is a 2-second
averaging time before the reading stabilizes after each indenter movement. The indentation
speed can be increased by shortening this averaging time, which may require a more robust
design in the frame of the indentation device and electronics with an improved signal to
noise ratio.

With some modifications of the current indentation setup, the relaxation and creep processes
may be measured. In addition, there are commercially available instrumented indentation
devices that can perform such dynamic tests. A number of models have been proposed to
describe the relaxation and creep response of the spherical indentation on viscoelastic
materials [25],[26],[53]. By adopting these models, not only the elastic but also the viscous
properties, such as relaxation time constants, can be solved.

3. Voigt Model and Hayes Model

The Voigt model is widely used for evaluating viscoelastic properties of tissue [40],[41],
[54]1,[55]. The dynamic property of tissue can be evaluated with the VVoigt model. Other
models such as the Maxwell model, which consists of a spring and dashpot connected in a
series, have also been applied in measuring the viscoelasticity of tissue. The advantage of
both the Voigt and the Maxwell models is that they only have two components and the
elasticity and viscosity obtained from these two models are conveniently interpreted in
clinical applications. However, the Maxwell model seems to have difficulty in predicting the
viscosity and the wave attenuation [56].

The indentation with the Hayes model is also widely used in evaluating the elasticity of a
material [47-49]. The static property of the material is evaluated with the Hayes model. The
advantage of Hayes model is that it is the exact solution of spherical indentation which takes
account of the sample thickness. If the thickness of the sample is much larger than the size
of the indenter (h/R>20), a much simplified closed-form solution may be applied [25],

8uy |Rd}

L=———.
3(1-v) (14)

Although direct comparison of the Voigt model and the Hayes model is not possible,
indirect comparison of the two models on elasticity of tissue is feasible.
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VI. CONCLUSIONS

Five Gelatin phantoms of different concentrations are prepared and measured under the
same conditions by both a surface wave method and a static spherical indentation method.
The elasticity results are cross validated by both approaches. The surface wave method can
also solve the viscosity if the speed of surface Rayleigh wave is measured at multiple
excitation frequencies. The results also suggest that the elasticity of the gelatin phantoms
increases linearly with their concentrations.
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Figure 1.

The generation and detection of the surface wave. A circular vibrating source of radius a is
acting on the surface of the sample material. A detector monitors the wave along the
propagation axis. Both a Cartesian coordinate system (X, y, z) and a cylindrical coordinate
system (6, ¢, r) are indicated in the figure.
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Figure 2.
Sketch of a spherical indentation test. L is the load, dg is the indenter center displacement, a
is the contact radius, h is the sample thickness and R is the indenter radius.
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Figure 3.

Setup for the surface wave experiments. An electromagnetic shaker is driven by a sinusoidal
input voltage while a cylindrical bar mounted on the tip of the shaker is in touch with the
phantom surface. The generated surface waves are detected by a 9.5 MHz ultrasound probe.
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Figure 4.

Setup for the static spherical indentation experiments. A linear translator manually moves
the load cell and indenter assembly in the vertical indirection. Loading force is displayed on
a digital readout unit (not shown in the figure).
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Figure 5.

A B-mode ultrasound image of the 15% phantom. On the image, the bright line is the
surface of the phantom. The vertical bars indicate the lines where ultrasound echoes are
tracked for analyzing the surface motion of the phantom.
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Figure 6.

The phase delay as a function of the distance and their robust linear regression. The source is
100 Hz and the gelatin concentration of the phantom is 15%. The robust linear regression
results in Y = 0.23196X — 0.035197 with a 95% confidence. The wave speed is, therefore,
2.72 £ 0.07 m/s in the mean * standard error format.
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Figure 7.

The Voigt model is fitted for the wave speed dispersion data set from the 15% phantom. The
error bars indicate the standard errors of the surface wave speed at each frequency. By a
nonlinear fitting, the elasticity 4, = 8.40 + 0.59 kPa and viscosity u, = 1.22 + 0.78 Pa:s in
the mean + standard error format. 95% confidence interval of the prediction is indicated in
the figure (dotted region).
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Figure 8.

Indentation raw data set (A) and processed data points for calculating elasticity (B) for the
15% Gelatin phantom with a R = 2.4 mm indenter. Note that due to the spherical shape of
the indenter, the displacement-load curve is nonlinear in (A). In (B), the slope term of the
linear regression estimates the material elasticity 4. In this figure, uq = 8.42 £ 0.03 kPa in
the mean * standard error format.
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Figure 9.
The elasticity x4 estimations as a function of gelatin concentration C for both the surface
wave method and the indentation method. The values of the data points are listed in Table

).
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Gelatin phantom elasticity obtained from dynamic mechanical analyzer testing.

Table 1

Gelatin concentration (%) | Young’s modulus (kPa) | Shear Modulus (kPa)
5.0 36.7 4.9
7.5 65.8 13.8
10.0 36.6 13.1
12.5 41.0 115
15.0 1115 36.7
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The regression between elasticity xq and concentration C for model ¢y = AC + B.

A B R2
Surface Wave Method 0.717 | —2.192 | 0.9884
Indentation, R=2.4mm | 0.664 | —1.818 | 0.9904
Indentation, R=4.1mm | 0.648 | —1.690 | 0.9933
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