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Abstract—Ultrasound is a continually developing technology
that is broadly used for fast, non-destructive mechanical property
detection of hard and soft materials in applications ranging from
manufacturing to biomedical. In this study, a novel monostatic
longitudinal ultrasonic pulsing elastography imaging method is
introduced. Existing elastography methods require an acoustic
radiational or dynamic compressive externally applied force to
determine the effective bulk modulus or density. This new, passive
M-mode imaging technique does not require an external stress,
and can be effectively utilized for both soft and hard materials.
Strain map imaging and shear wave elastography are two current
categories of M-mode imaging that show both relative and
absolute elasticity information. The new technique is applied to
hard materials and soft material tissue phantoms for
demonstrating effective bulk modulus and effective density
mapping. As compared to standard techniques, the effective
parameters fall within 10% of standard characterization methods
for both hard and soft materials. As neither the standard A-mode
imaging technique nor the presented technique require an external
applied force, the techniques are applied to composite
heterostructures and the findings presented for comparison. The
presented passive M-mode technique is found to have enhanced
resolution over standard A-mode modalities.

Index Terms— Ultrasonic imaging, bulk modulus elastography,
density mapping, longitudinal pulse, tissue phantoms contrast.

L INTRODUCTION

Itrasound technologies are continuously developing and

enjoy broad usage in biomedical and manufacturing
engineering applications for sensors [1], cleaning [2], welding
[3], material characterization [4], and imaging [5]. In
manufacturing engineering, ultrasonic characterization is an
alternative test method for mechanical properties that is faster
than tensile and compression tests on stiff, isotropic materials
such as metals and alloys [6]. By utilizing both the measured
longitudinal and transverse speed of sound, the sample
thickness, and material density, mechanical properties such as
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the Young’s modulus, shear modulus, and Poisson’s ratio can
be extrapolated [4]. However, many methods are commonly
insufficient for simultaneous application to soft materials like
biological tissues due to the effects of dispersion and
attenuation [7].

Ultrasonic imaging, which is widely used across many
disciplines in both academic and industrial settings,
incorporates  ultrasonic  characterization techniques for
visualization. Basic ultrasonic imaging (B mode imaging) is
based on time-of-flight measurement of the ultrasound pulse,
and is often displayed as a greyscale map where intensities are
connected to an elastic property [8]. Conversely, A-mode
imaging measures the energy level (amplitude) of reflected
waves at a fixed distance [9]. Resolution of the imaging modes
are closely related to wave frequency for the axial direction, and
beam waist size for the lateral direction. Frequencies between 1
to 20 MHz are most often used [5]. Higher frequency devices
are used to improve imaging resolution, with frequencies
reaching as high as 100 MHz [10] or even hypersound [11]. For
ultrasonic attenuation, measures of the ratio of the attenuation
coefficient between a sample phantom and reference phantom
are collected and mapped in color grades to provide in depth
detail of the features of a sample [12].

Ultrasound elastography is more commonly used in
biomedical applications, with elastographic imaging (M-mode
imaging) a particular focus of recent research. Strain map
elastography, one of the earliest developed methods in M-mode
imaging, is dependent on compressive changes in a composite
sample’s thickness. Compressive stress on materials with
differing elastic properties causes varying degrees of
deformation in the linear elastic range. Strain mapping utilizes
the change in time of flight information between a sample with
and without stress to reconstruct the change in thickness of
composites within the sample. Subsequently, the Young’s
modulus and Poisson ratio are derived [13].

The earliest designs of strain elastography applied
compressive force on a sample manually using an ultrasonic
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transducer [14], but further developed to be an automated
applied and held force [15]. In practicality, ultrasound
elastography is ineffective when a target material is hard, deep,
and/or has fluid in interstitial spacings [16]. Additionally,
though this method doesn’t offer quantitative values for the
bulk and Young’s modulus, it can distinguish materials which
have distinct Poisson’s ratios in real time [17].

Techniques that use acoustic radiational force instead of
mechanical forces to determine elastic properties fall under
impulse strain imaging [18]. From multiple measurements of
displacement information with acoustic radiational force, small
deformation differences can be found and used for calculating
the Young’s modulus. Elasticity information is wusually
represented on a color scale with hard, or stiff, features
represented by warm tones and soft, more malleable features by
cold tones [19].

Impulse strain mapping and strain map elastography are
commonly used methods in both laboratory and commercial
settings. Poisson’s ratio mapping, however, is a technique
looking for vertical strain information similar to strain and
impulse strain imaging, but is restricted to laboratory use. For
the method, the sample is in water ambient, and a vertical
compressional force on the sample raises the water level in the
tank. The measured horizontal elongation provides effective
Poisson’s ratio map calculated on a scale from 0 to 0.5 [20]. In
commercial devices, strain elastography or impulse strain
mapping are usually used, with either the absolute or relative
elastic values represented in a color scale overlapped on grey
scale B-mode images [21].

Another popular M-mode imaging modality is shear wave
elasticity imaging (SWEI) and is comprised of three methods:
Point Shear Wave (PSW) imaging, Surface Shear Wave (SSW)
imaging, and Transient Shear Wave (TSW) imaging. Whereas
strain elastography or impulse strain mapping primarily are
determined with longitudinal waves, SWEI techniques require
shear waves. SSW imaging, a relatively recent SWEI method,
measures shear wave dispersion and velocity in the temporal
domain. The method uses a bistatic setup to provide one focal
surface by two overlapped focal zones and combines the
overlapped focal zones with an external radiation force to
obtain the non-quantitative shear elasticity distribution [22].
PSW and TSW differ from SSW in that they require a
monostatic setup.

Point shear wave imaging utilizes shear waves and is used to
find either the Young’s or shear modulus (elasticity) by
measuring the change of the shear wave propagation speed in a
focal zone with an applied radiational compressive force [23],
lateral force [24], or shear force [25]. SWEI is dependent on
adequate sample deformation to modify the measured shear
wave speed of sound [26]. For point shear applications, SWEI
provides accurate results when used in samples greater than
20mm thick [27] or harder tissue materials such as muscle [28].

In the lower frequency range, Supersonic Shear imaging
(SSI), also called Transient Shear imaging, is setup using a
monostatic ultrasound probe connected to an external acoustic
radiational force generator. The probe continuously records B
mode images to find deformation in a specified temporal range

after the shear force propagates in the sample [29]. The
deformation information forms the basis of a quantitative
Young’s modulus map.

Shear wave velocity and temporal dispersion, represented
quantitatively by echo phase shift due to an external dynamic
force, is also wused for transient shear imaging in
inhomogeneous tissues using a monostatic arrangement [30].
Drawbacks of SWEI in biomedical applications are primarily
functions of the impact of body fluids on elastographic results
due to the inability of fluid to transmit shear waves [31].

Techniques to image the elastic properties of materials have
been primarily geared towards soft, biological samples for
biomedical applications, whereas for hard materials the
techniques have been used primarily in non-imaging
modalities. Effective stiffness (bulk modulus) of monoatomic
metal and alloys undergoes significant cavitation erosion due to
environmental impact [32]. However, the limitations of current
techniques include the need for an external pressure, difficulty
in detecting deformation in stiff materials, and the need for a
bistatic setup for some methods.

In this study, Effective Bulk Modulus Elastography (EBME)
imaging is presented as a new imaging technique. From
measuring the acoustic impedance of the scanned sample,
effective bulk modulus and effective density mapping can be
constructed using classical speed of sound theories K = pc? =
Zc and p = Zc™1. The method can provide effective stiffness
information with bulk modulus scale elastography using a
monostatic setup with longitudinal pulses absent any external
radiational or cyclidic stress application on the sample.
Derivation of the method is given below.

Three experiments were performed to evaluate the efficiency
of this new method and are discussed below. In Experiment 1,
a hard and soft material combined as a single sample were
examined. The hard, low dispersion material was an aluminum
slab with a well-defined, large, rectangular area filled with the
soft, dispersive material, silicone rubber. For Experiment 2, a
series of hard materials in parallel were evaluated using the
EBME technique to examine the effectiveness of EBME for
distinguishing hard materials monostatically without an
external applied stress or direct physical contact. The series of
hard materials consisted of copper, PVC plastic, and aluminum.
Experiment 3 pertained to application of EBME to soft, tissue-
like materials and the capability of EBME to distinguish
between soft materials that mimic healthy tissues and calcified
or hardened tissues that may indicate ailments. The experiment
contrasts three tissue phantoms synthesized using standard
formulations for healthy and tumor-like tissue where elastic
stiffness values are similar [33, 34, 35].

1L ANALYTICAL MODEL

In ideal (inviscid) fluid the field of velocities is potential, i.e.
V= Ve . In a homogeneous fluid, the scalar potential ¢
satisfies a standard wave equation c "2y + V2@ = 0, where c is
speed of sound. The oscillating pressure produced by sound
wave is also given by the potential, p = —p¢, where p is the
density of fluid. The proposed mechanism of scanning is based
on analysis of short acoustic pulses reflected from elastic
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samples imbedded into a fluid with known mechanical
parameters. Since we operate with short pulses, the amplitude
of the reflected signal is not the same as the one obtained for a
continuous wave.
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Fig. 1. Acoustic pressure distribution from transducer emitted pulse
to the second echo which passed into sample then reflected. t is
transmission coefficient and r reflection coefficient. Illustration not
to scale.

Let us consider a reflection of a short pulse ¢, (T) emitted by
a transducer from a slab shown in Fig. 1. Two output pulses are
registered. The first one is the pulse reflected from the left
boundary of the slab, ¢y(T). The second one coming with a
time delay is reflected from the right boundary, ¢,,:(T). The
duration of the original pulse ¢, (T) is so short that it is over
by the moment the second pulse hits the left boundary. Due to
this condition the left boundary is stationary when the second
pulse reaches it. On the other hand, the duration of the input
pulse is long as compared to the period of oscillations 27 /w
generated by the transducer. The duration of the pulse is also

Y Y ~ e
Material | Material [ Material Material
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Fig. 2. A layered sample scanned by a series of pulses emitted by a
transducer. The first and last layers are of the same ambient material
which has a known acoustic impedance Z,. The internal scanned layers
are characterized by acoustic impedances Z,, Z,, Z, ... Z,.

long enough to neglect frequency dispersion of the impedances
Zy and Z,. The latter condition means that the linear relation
between the input and output signals can be obtained by
replacing the pulses by monochromatic plane waves with
angular frequency w and corresponding wave vectors ky =
w/cyand ky = w/cy.

The relation between the input signal ¢,, the first reflected
@, and the transmitted signal ¢, is obtained from the boundary
conditions at the interface between media 0 and 1, where the
acoustic pressures and velocities are continuous,

Pe + Do = Dt (D
V+V,=V,. ()

Representing the potentials in the form of plane waves
®e (x’ T) — eiklx—iwt‘
Po(x,T) = 1 1@ Hox 710k, 3)
o (x,T) = to,leiklx_imt

the following known results are obtained from Eqgs. (1) and
(2) for the reflection and transmission coefficients:

to1 = 22,/ (Zy + Zy), 4
Zy—Zy

= 5

To,1 7 + 7, ®)

Here indices 0 and 1 are related to the ambient material
(water) and to the sample, respectively.

Now the linear relation (2) for velocities can be rewritten
through pressures,

Zy
Pe = Z_(Pe = Ipol) . Z, > Z,, (6)
0

A
pt=Z—;(pe+|po|). 7, < Z,. (7)

As it follows from Eq. (5) the signal p, is reflected with
inverted phase, if Z; < Z,. In the experiment only the
amplitude |p,y| of the reflected signal is measured, therefore
Egs. (6) and (7) explicitly take into account the phase of the
reflected signal.

The unknown impedance Z; can be calculated if the second
reflected signal p; is measured. This signal originates from p;
which reaches the right boundary of the sample in Fig. 2, and
reflects from it. The reflected signalis ;o p, = —791 D¢ The
negative sign appears because Eq. (5) is antisymmetric with
respect to transformation Z; < Z, . Transmission of the
reflected signal through the left boundary of the sample (which
remains stationary) reduces its amplitude to

2Zy|Zy = Zo|

(Zy + Z,)? [pe — sign(Z1 — Zo)|pol]- (8)

P1=tioT0Pe =
This is the second echo signal received by the transducer.
Note that p; > 0. All three experimentally measured signals,

Pe > |Dol, and p; enter to Eq. (8) in a combination a =
D1

Pe-sign(Z1~Zo)lpol
experiment, the impedance Z; can be calculated from quadratic
equation (8). Depending on the value of the ratio Z;/Z,the
solution of this equation can be written as follows:

Zl__l_a_v4a+1 Zl

If the value of a is known from the

= , S
ZO (Z—Z ZO ()
Z l-a)+Vi—4a 1 Z

4L (- , —<=2<1, (10)
Z, a+2 377,

Z l1—-a)—+V1l—-4a 1

L _U-a , < D
Z, a+2 , 3
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The dependence Z;(a)/Z, is plot in Fig. 3 for 0< a < 1/4.
The values of the elastic bulk modulus and mass density are
calculated from the known impedance.

If the sample consists of n layers of different elastic
materials, as shown in Fig. 2, the incoming signal p,scans all
the layers and the transmitter registers n + 1 echo signals, |p]|,
D1, P2, --- Pn- Generalizing Eq. (8) to a multilayer stack, one
obtains,

Z
Pk = - (Pe = sign(Zy = Zo)Ipo )
0

k k
: (1_[ ti—i,i) Th—1,k (1_[ ti,i—l) ke

i=2 i=1

=121 (12)

Here t;_y; = (2Z;)/(Zi—y + Z))and 1y = (Z — Zy—1)/
(Zy + Zj,_,) are the transmission and reflection coefficients,
respectfully, for the boundary between the (n — 1)th and nth

layers. Since there is the same ambient medium (water) on the
both sides of the sample 1,,_1 o = (Zo — Z,—1)/(Zpn-1 + Zy).

1.6

1.4 ﬁ_—a—l—\}4a+1
Zo a-2
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Fig. 3. Multivalue function Z; (a)/Z, given by Egs. (9)-(11).

The recorded echo-pulses are time-dependent functions.
From the equipment datasheet, calibrated probe sensitivity was
a single coefficient in term of p/V, where the V was the signal
amplitude in volts. For the numerical values of |py|, p1, D2, ---
pn are taken the corresponding absolute peak values of the
measured echo-pulses. Before executing the raster scan the
pulse p, was emitted in the ambient medium without a sample
using bistatic calibration. The distance between two transducers
is selected to be twice the distance between the emitting
transducer’s surface and the interface between the ambient
material 0 and the first layer in following experiments.

In the case of an n-layered sample the measured quantities
are

o = P1
Y pe —sign(Zy — Zo)Ipol
P2
az =

pe — sign(Z; — Zo) |pol '

Pn
pe — sign(Z; — Zo)Ipol’

If all a’s are recorded, the set of n nonlinear equations (12)
for the unknown impedances Z;,Z,,.. Z, can be solved
numerically. We applied the iterative method which requires
the initial values for each unknown impedance. These initial
values should be selected from reasonable physical
considerations based on cursory knowledge of the initial
material in which the initial pressure wave is emitted (Z,) and
the subsequent material in comparison to the initial material
(Z1). If the general ratio of the impedance of the primary to
secondary material is known, the solutions for Eq. 12 converge.

a, =

(13)

The exact position of each reflected pulse within the
recorded temporal window, are defined by two instants, T; , and
Tf ., corresponding to the beginning and the end of the £ pulse,
i.e. the pulse reflected from the layer with impedance Zj,. In the
time domain, T; ; and Tf were found algorithmically.

For this work, the beginning of a pulse is particularly
important as it is necessary for determining time of flight delay
and subsequently speed of sound. A noise reference level is set
by taking the absolute value of the maximum signal amplitude
in the first 2% of sampled data points from the calibration of p,.
During calibration of p,, the pulse window was set such that the
center of p, was near the center of the time window of collected
data points. This procedure greatly reduced the chance of
overlap between the calibration pulse and the beginning of the
time window used for setting the noise level.

The beginning of a pulse envelope, T;,,, is set as the first
point in which a continuous 0.05 us of signal, 5% of the pulse
width in water, exceeds 105% of the noise reference level. The
ensuing end of that pulse envelope, Ty, was calculated by
examining the transient data from T; ,, and set as the point when
a continuous 0.05 us of signal reduced to less than 90% of the
noise reference level.

The speed of longitudinal sound c¢ in each layer can be
calculated if the time delay between two echo signals obtained
as reflections from its boundaries is measured. From impedance
and speed of sound the bulk modulus and mass density of each
elastic layer are easily calculated as

K = pc? = Zc, (14)

(15)

z
p=r

III. EXPERIMENTAL SETUP

Raster scanned imaging was completed using a MATLAB®
controlled, automated experimental system shown in Fig. 4.
Two Newport UE41PP stepper motor translation stages were
connected and moved along the lateral (y-) and vertical (z-) axes
with an attached sample wusing a Universal Motion
Controller/Driver Model ESP300. A JSR Ultrasonics DPR 300
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Pulser/Receiver was connected to a single Olympus
Panametrics V301 17 0.5 MHz unfocused immersion
transducer, and data acquired with on a Tektronix MDO 3024b
oscilloscope.

| |2D Translation )
Stage Controller

Oscilloscope

7

Computer

Pulse/
Receiver DI Water
Ambient
Y
Transducer
Z

Fig. 4. Experiment setup. Scanned sample was connected to two dimensional
translation stage that underwent automated raster scanning in the vertical and
lateral directions.

The waveform and frequency spectrum was recorded for 20s
at each raster scan location at 2mm (Imm in experiment 3)
intervals on the y-axis and 1mm intervals on the vertical, z-axis.
The ambient medium consisted of DI water for more efficient
signal generation and detection from the immersion transducer.
All samples and materials that comprised the samples were at
least the transducer width to ensure they would be detectable by
the unfocused transducer. The collected data was then post-
processed to create elasticity maps.

IV. RESULTS AND DISCUSSION

A. Experiment 1- Hard and soft material composite sample

(wgp)
Ajisuaju|

(snem)
Apsuajuj

Fig. 5. A-Mode scanned imaging. (A) is whole raster scanned area for visible
comparison with (B) and (C). The sample width is 38mm with the silicone
rubber filled defect 8mm wide in the center. The rest of the scanned area was DI
water ambient. (B) is the traditional A-Mode imaging logarithmically scaled.
(C) is traditional A-Mode imaging in linear scale.

Experiment 1 concerns the application of the EBME
technique to a sample comprised of both a hard material and a
soft material. The scanned sample was a 38mm wide aluminum
slab with an 8mm wide rectangular defect filled with silicone
rubber as shown in Fig. SA. Data was collected from a 2D, 70
x 10 mm (lateral x vertical) raster scan in deionized (DI) water
ambient. Fig. 5B and Fig 5C represent the intensity data in the

x10" g
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Fig. 6. Effective bulk modulus elastography and effective density mapping
of aluminum with silicone on a linear scale. (A) is the raster scanned area
for visible comparison with (B) and (C). (B) is the EBME mapping of the
bulk modulus (K) from Eq. 14. The color bar range is 0 GPa to 72.5 GPa.
(C) is the effective density mapping from Eq. 15.

logarithmic (5B) and linear (5C) scales. As Fig. 5 (B) shows,
logarithmic intensity mapping (A-Mode imaging) clearly
shows the silicone rubber filled rectangular defect between two
sides of aluminum. The average width of the silicone rubber is
around 9mm and average aluminum width of each sides are
both around 13mm in the imaging.

Due to the size of transducer and the lateral beam width of
the unfocused transducer, large diffraction patterns appear close
to both sides of the aluminum. Water ambient exhibits similar
contrast to the silicon as is to be expected due to the high
impedance mismatch with aluminum, but relatively low
impedance mismatch with silicon (Fig. 6B).

Linear scale A-Mode imaging is rarely utilized in practice.
However, in the linear scale, resolution of the object decreases
whereas the contrast increases greatly (Fig. 5C). The intensity
gradients in the linear scale, resultant, again, from the
transducer size and lateral beam width, make determination of
the material boundaries tenuous at best. In comparison with Fig.
5B, the contrast between water, aluminum, and silicone
increases greatly which has the potential to aid in the
identification of heterostructures. The average width of the
scanned sample is around 39mm in linear scale, within 3% of
the actual width.

As part of EBME, the bulk modulus and density can be
extrapolated from acquired data using Eq. 9 and Eq. 10. Since

il
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Fig. 7. A-Mode scanned imaging and bulk modulus elastography both
logarithmically scaled. (A) Scanned sample area for visible comparison with
(B) and (C). (B) Logarithmic scale intensity as shown in Fig. 7B. (C) EBME
bulk modulus logarithmically scaled (log,oK). Compared with linear
mapping, the logirithmic scale mapping exhibits visually higher spatial
resolntion
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the method is functionally dependent on the impedance of the
ambient medium, and the accurate characterization of the
pressure-voltage sensitivity of the detector, the bulk modulus
and density are more correctly termed as effective bulk modulus
and effective density. Quantitatively correct bulk modulus and
density from EBME can be derived when the ambient medium
and equipment characterization are accounted for accurately.

For Experiment 1, the effective bulk modulus and density are
given in Figs. 6B and 6C. As both the bulk modulus and density
are on a linear scale, the impact of the low lateral resolution of
the setup becomes apparent. The material boundaries are not
well defined due to the gradient values at the transitions
between materials. However, as with the intensity, the contrast
in the elastic properties between the materials is very clearly
seen in the contrasting values, especially at the center of a
particular material.

In this setup, the bulk modulus and density values of

3 (wgp)
Aysuaju|

(snem)
Aysuaju|

0 20 30
Z (mm)
Fig. 8. A-Mode scanned image of hard material composite. (A) is entire raster
scanned area for visible comparison with (B) and (C). From left to right, copper
is 15mm wide. PVC plastic is 35mm wide. Aluminum is 10mm. (B) is
traditional A-mode imaging in logarithmic (dBm) scale. (C) is traditional A-
mode imaging in linear (watts) scale.

aluminum are found to be 63.4 GPa and 2720 kg - m~3, a 6.76% material in the sample area were non-uniform, with copper

and 1.47% error respectively as compared with standard
techniques [36, 37]. Silicon, a soft material, was found by
EBME to have a bulk modulus of 1.9 GPa and density of 1380
kg - m™3. Errors as compared to standard methods are -9.7%
for the bulk modulus and -9.6% for the density. The relatively
close density and bulk modulus values of silicone to water
caused a decrease in the signal to noise ratio (SNR) during the
data acquisition phase. The silicon rubber had less width than
the half size of the transducer surface. The peak values were
considered as suitable bulk modulus and density values. As the
transition zone showed, the regions besides the location of peak
values were scanned partially on the aluminum and the other
materials (water or silicone rubber). For this work, to maintain
uniformity and focus on the application of the EBME technique,
no additional advanced signal processing techniques were
performed to increase the SNR for silicon or other soft materials.

The logarithmically scaled EBME is given in Fig. 7, where
the bulk modulus (K) is scaled as log;, K. The visual impact of
the gradients in effective bulk modulus are reduced by
logarithmic binning. As compared to the normal A-Mode
methods that map intensity, the EBME bulk modulus spatial
resolution does not replicate the distinct aluminum-silicone
boundaries. However, logarithmic EBME bulk modulus much
more clearly delineates between different materials as the
silicone in the center of the aluminum is clearly distinguishable
from the ambient water. For diagnostics of hard and soft
systems, this can be invaluable in determining potential defects
that are undesirable versus those that are inconsequential.

B. Experiment 2 - Hard material composite sample

In the second experiment, a hard material composite
consisting of independent blocks of copper, PVC plastic, and
aluminum was scanned using the same setup as Experiment 1.
The sample was used to evaluate the capability of EBME to
distinguish between hard materials. The total scanned area was
10 mm along the vertical, y-axis at 2 mm intervals, and 60 mm
along the lateral, z-axis at 1 mm intervals. The widths of each

occupying 15mm of the total width, and PVC and aluminum at
35 mm and 10 mm, respectively.

Fig. 8 gives both the linear and logarithmic A-Mode resultant
image from the hard sample composite. The setup is not
optimized for high resolution of material boundaries. However,

whereas the logarithmic scale does give a relatively accurate
representation of the hard material boundaries, the intensity

scale alone does not adequately distinguish between copper and
aluminum on the far left and far right of Fig. 8B. The linear A-

Mode method performs much worse as the boundaries are not

clear, and the aluminum and copper are not distinguishable. In

both cases, A-mode imaging does show the PVC material as

significantly different than both aluminum and copper.

From the EBME derived bulk modulus and density, three
distinct materials and their boundaries can be readily
recognized. The large contrast in elastic properties between the
PVC plastic and metals allows for the estimation of its width
from the linear EBME. Using the bulk modulus in Fig. 8B, PVC
is 31mm with a bulk modulus of 9.26 GPa resulting in -11%
error in the width resolution and 5.5% error from a bulk
modulus of 8.75 GPa determined using accepted standard
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Fig. 9. Effective bulk modulus and effective density mapping linearly scaled.
(A) is the raster scanned area for visible comparison with (B) and (C). (B) is
EBME from Eq. 14. The color bar is ranged 1 GPa to 160 GPa. (C) is the
effective density derived from Eq. 15. The density color bar is ranged 800 kg -
m~3 to 8000 kg - m™3.

0885-3010 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TUFFC.2019.2950343, IEEE

Transactions on Ultrasonics, Ferroelectrics, and Frequency Control

techniques. For copper, the averaged bulk modulus is 138 GPa,
about 4.4% off of the value derived from standard techniques.
Aluminum has the highest degree of error in the bulk modulus
at -10.5%, an averaged 60.7 GPa from EBME versus 68.6 GPa
standardized. Density is also relatively well characterized as the
EBME derived values from averaging each of the areas of the
sample materials comes to 7720 kg - m™~3, 1480 kg - m~3, and
2544 kg - m~3 for copper, PVC, and aluminum respectively.
Errors for the density as compared with non-EBME techniques
are -3.3%, 5.3%, and -5.8%. Additionally, as Fig. 9 shows,
logarithmic scaled EBME (Fig. 10C) more accurately
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Fig. 10. A-mode scanned imaging and bulk modulus elastagraphy

logarithmically scaled. (A) is the raster scanned area for visible comparison
with (B) and (C). (B) is A-mode scanned imaging logarithmically scaled. (C) is
the bulk modulus using EBME, logarithmically scaled (log,, K). The color bar
is ranged 8.3 to 11.3. 3.2 GPa, 32 GPa, and 100 GPa labels are located on the
logarithmic scale color bar.

represents the hard material distribution shown in Fig. 10A as
compared with the logarithmic A-Mode result shown in Fig.
10B.

The width from EBME showed about Smm overestimation
on the copper and aluminum side comparing with photograph.
The overestimation in width was due to the comparable size of
the transducer and the samples. The transducer was 25.4mm (1
inch) diameter large, but the copper block was about 20mm
wide and the aluminum was only 10mm wide.

C. Experiment 3 — Soft tissue phantom composite sample 2

Soft materials, specifically soft materials that mimic organic
tissues, present special challenges for ultrasonic
characterization. The materials are commonly dispersive and
attenuate sound much faster than hard materials. Additionally,
tissue-like materials may have features similar to water, making

them indistinguishable in standard A-Mode imaging modalities.

For Experiment 3, examination of two separate samples
comprised of composites of gelatin tissue phantoms was carried
out. Sample 1 consisted of gelatin tissue phantoms synthesized
using [35], where three (3) gelatin blocks, 22.5%, 18.0%, and
3.5% gelatin respectively, were placed adjacent to each other.
The total scanned area for Sample 1 was 100 x 10 mm, where
the 22.5% gelatin tissue phantom was 28mm wide, the 18.0%
gelatin tissue phantom 52mm in width, and 3.5% gelatin a
width of 20mm. The A-Mode image of Sample 1 is given in Fig.
11. In both the logarithmic (Fig. 11B) and linear (Fig. 11C)
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Fig. 11. A-Mode scanning method for Sample 1, comprised of three tissue
phantoms with 22.5% (far left), 18% (middle), and 3.5% (far right) gelatin
by weight. (A) is whole raster scanned area for visible comparison. (B)
Logarithmic scaled intensity. (C) Linear scaled intensity. Only the highest
weight % gelatin is clearly distinguishable.

scaled images, only the boundary of the highest weight %
gelatin is clearly distinguishable, with an average width of
31.5mm between the logarithmic and linear scales. Based on
comparison of the image of the sample (Fig. 11A), and the A-
Mode mapping, no reasonable information is gleaned for the 18%
and 3.5% gelatin samples using the A-Mode modality.

Unlike standard A-Mode, the three different tissue phantoms
can clearly be distinguished by the EBME technique as seen in
Fig. 12. From Fig, 12B, EBME shows the 22.5% gelatin to be
~29mm wide with a bulk modulus of 2.45 GPa. The 18.0% and
3.5% gelatin tissue phantoms are ~52mm and 18mm with
averaged effective bulk modulus of 2.17 GPa and 1.31 GPa.
The efficacy of the EBME is supported by bulk modulus values
determined using standard evaluation method as 2.82 GPa, 2.52
GPa, and 1.71 GPa.

Density values for the three composites are also clearly
distinct and able to be used to characterize the sample as a
composite of three distinct materials (Fig. 12C). Averaged
density and widths from EBME are 1329.4 kg - m~2 and 26mm
for 22.5% gelatin, 1182.5 kg-m™3 and ~54mm for 18.0%
gelatin, and 877.3 kg - m~2 and 20mm for the lowest ratio 3.5%
gelatin tissue phantom.

Ultrasonic images used for evaluation are commonly scaled
to a standard material or medium. Here, we created a scaled
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Fig. 12. EBME bulk modulus and density, linearly scaled. (A) is the
photographic image of the sample, with materials in the same order as Fig. 11.
(B) Effective bulk modulus using Eq. 14 with a color range of 1.5 GPa to 3.25
GPa. (C) Effective density using Eq. 15 where the color bar scales from 900
kg-m™3to 1400 kg - m™3.
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Fig. 13. Relative bulk modulus and density of the Sample 1 as compared to

water. (A) Image of the entire scanned area for reference. (B) Relative EBME

derived bulk modulus ratio where K, = Ksgmpie/Kwater- (C) Relative density

of the tissue phantoms defined as p, = Psample

Pwater

parameter for the EBME determined bulk modulus and density,
where the values are scaled to the ambient medium, water (Fig.
13). The relative bulk modulus, K- = Ksgmpie /Kwater, and the

Psample

relative density, p, = , serve to indicate the extent of the

Pwater
deviation of an examined material from the ambient medium.

All the tissue samples maintain relative values close to that of
water. In practical applications, K, and p,- could be calibrated
to an ideal sample where K, = Kgampie/Kigear and
Pr = Psample/ Prdear> Which might be easier to use.

Unlike the standard A-Mode case, the relative values for the
samples allow for the 3.5% tissue phantom to be visualized with
an apt comparison to water. In medical applications, scaling to
healthy tissues values may lead to faster recognition of
potentially harmful artifacts in tissue.

For Sample 2, we applied the same techniques to tissue
phantoms with compositions that were more similar than
Sample 1. Three tissue phantoms of 16.8%, 10.0%, and 6.8%
gelatin were synthesized using the method described in ref [35].
The widths of the phantoms were 16mm, 35mm, and 19mm,
with densities from standard techniques of 1163 kg -m™3,
1106 kg - m™3, and 1064 kg - m™3, and bulk modulus values
of 2.31 GPa, 2.13 GPa, and 2.01 GPa. The low variation in
physical properties amongst the phantoms was selected to
mimic low variation experienced in tissues in practice.
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Fig. 14. A-Mode of Sample 2. (A) Image of Sample 2 for reference. Gelatin
weights of the tissue phantoms are 16.8% (left — 16mm)), 10.0% (middle-
35mm), and 6.8% (right-19mm). (B) Standard A-Mode image scaled
logarithmically. (C) Linear scaled A-Mode image of Sample 2.

The reference A-Mode scan of Sample 2 is given in Fig. 14.
Both the logarithmic and linear scale figures identify the
existence of the lowest concentration tissue phantom as
relatively homogenous material on the right (Fig. 14B, 14C).

The relative bulk modulus and density of Sample 2 is shown
in Fig. 15 with much greater clarity than standard A-Mode
imaging. Visually, K, most strongly indicates the existence of
three distinct materials in the sample (Fig. 15B). The widths of
the samples using EBME with scaled elastic values are 18mm
for the 16.5% phantom on the left, 30mm for the 10.0%
phantom in the center, and 20mm for the lowest gelatin
concentration material on the far right of Fig. 15. The estimated
widths are 12.5%, -14.3%, and 5.3% off the actual values, but
still vastly superior to the A-Mode technique which could not
identify three clear materials.

For Sample 2, weak reflection from the tissue phantoms and
the lack of application of advanced signal processing
techniques led to relatively high SNR as compared with hard
materials such as steel. The impact of the low SNR was most
strongly manifested in the EBME derived average density and
bulk modulus values for the samples which had errors of -7.7%,
8.6%, and 18.4% for the bulk modulus, and 11.2%, -5.6%, and
3.1% for density. Regardless, without advanced signal
processing techniques, the EBME method greatly improved the
clarity of the samples as compared with standard A-Mode
methods while being effective with remote application.

Ell ;
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Fig. 15. Relative bulk modulus and density mapping of Sample 2 using EBME.
(A) Image of Sample 2 for reference. Gelatin weights of the tissue phantoms
are 16.8% (left— 18mm)), 10.0% (middle-33mm), and 6.8% (right-19mm). (B)
Relative bulk modulus scaled to water, K, = Ksqmpie/Kwater- (C) Relative

density scaled to water, p, = Psampie/ Pwater-

D. Discussion

Existing research shows measured mechanical properties and
acoustic properties of tissue using ultrasound occupy a range of
values instead [38]. Organic tissues normally possess much
larger acoustic impedance than water. In this experiment, 6.8%
gelatin tissue phantom is representative of very soft liver tissue
[34]. The 10% and 16.8% gelatin tissue phantom are
representative of tumors at different stages [34, 39]. Prior work
on the difference of speed of sound between healthy tissue and
tumor tissue has been measured at less than 2% [33]. The
density and bulk modulus of tumor tissue, however, has been
found to be discernably larger than healthy tissue [39]. The
Effective Bulk Modulus elastography (EBME) technique for
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the remotely determining the bulk modulus and density map in
this work was able to clearly distinguish between tissue
phantom equivalents of tumorous and healthy tissue. For
medical applications, EBME may provide a new path to

practical biomedical elastography and tomography applications.

The physical properties of healthy and tumor tissues vary
amongst and between states of health of patients [33].
Additionally, the accurate determination of elastic properties
using a monostatic setup requires adequate pressure wave
reflection which presents challenges for some liquids in soft
materials. Elastography maps that use absolute values for the
bulk modulus, density, and any other elastic properties may not
be the most effective modality for examination of a material.
Relative density (p,) and relative bulk modulus (K, ) can
potentially provide greater insight into the examination of a
material. Setting the scale according to a fixed density or bulk
modulus that is preferred, the user of EBME can qualitatively
determine the elastic properties of a sample as shown in Fig. 11.
For medical applications, this may be interpreted as setting the
relative scales to the values of a known healthy tissue in an
analysis, giving the trained eye more efficient guidance to areas
of a sample that may be of concern.

The elastography technique presented in this study is unique
as compared with other existing elastography methods. Table 1
is a comparison of the existing ultrasonic elastography methods.
All existing methods need an external force or sonic pulse
induced deformation of the sample, unlike EBME.
Deformations of a sample may incur unwanted peripheral
effects. As with other methods, some knowledge of at least the
ambient materials must be known for EBME to be effective.
Standard practice for prior methods is the knowledge or
assumption of a reference bulk modulus or density for creating
elastography maps. In EBME, direct knowledge of the bulk
modulus or density of a reference material is not explicitly
required.

The need to deform a medium for gathering elastographic
information make characterizations of hard materials more
difficult. Metals or hard plastic, specifically, do not easily
deform without significant applied pressure due to large
elasticity constants. Moreover, the linear elasticity strain range
is normally small for metals and alloys [40, 41, 42], and
especially for hard plastic [43, 44]. Strain map and Poisson’s
ratio map might be not capable on those materials, because of
non-ultrasonic measurable small linear range strain. Large
stress easily exceeds the small linear deformation range.
Polymer plastics [45, 46], many alloys [47, 48, 49], even
polycrystalline metals [50] are usually non-isotropic materials,
which their anisotropy were measured by shear waves. Once the
results from shear wave maps become directional. Those shear
wave methods are not reliable anymore in imaging. EBME, as
demonstrated in the experiments above, maintains an advantage
over existing techniques it is effective for both hard and soft
materials. The lack of a required external, deforming pressure
also means EBME is a form of remote sensing that can readily
be transportable.

EBME is the first noninvasive elastography method without
any external stress or applying any noise correlation (time
reversal) techniques [51, 52, 53, 54, 55, 56]. The main
advantage of our EBME is its noninvasive nature and the
capability of applying the technique to both hard and soft
materials without issue. For imaging soft biomass (M mode),
external stress or vibration is able to provide material
deformation that can be measured with ultrasound to calculate
elasticity. However, hard materials present a particular
challenge for techniques that require deformation that’s
measurable with ultrasound. The linear elastic deformation with
applied pressure is normally too small in hard materials to be
measured with ultrasound. The lack of need for external stress
means EBME can effectively evaluate elasticity in both hard
and soft materials without perturbing the sample under
evaluation. Though calibration before a scan with a known
material will increase the accuracy of the effective bulk
modulus as compared to other means, it is not necessary to
determine the contrast in elastic properties. For clinical
applications, the mechanical properties of the initial material do
not vary significantly enough to require calibration for each in
vivo test. Transferring the method to practice would require
input from physicians and others in the medical field on, at
minimum, the primary material encountered in their field.

TABLEI
ULTRASONIC ELASTOGRAPHY METHODS COMPARISON
Wave || External || Elasticity Water Input
Methods Mode || force values ambient Values
Strain Map
[14, 15, 17] L 4 X X X
Impulse
strainmap || LorT v E X Z,fy0
[18, 19]
Poisson’
ratio map L N4 v N4 X
[13,20]
Transient
shear wave
map T v E X P, fs
[29]
Point shear
wave map T N4 EorG X 0,0, f;
[23, 24, 25]
Surface
shear wave
map T v EorG X P, 0, fo
[22]
EBME
Bulk L X K N4 d,Z,
Modulus
EBME
Density L X p v 4.7

Table. 1 Comparison between existing ultrasonic elastography techniques and
the new, EBME method (Bold font) presented in this study. L is the
longitudinal mode wave, T is the transverse (shear) mode wave, E is Young’s
Modulus, G is shear Modulus, K is Bulk Modulus, v is Poisson’s ratio, p is
sample density, Z is sample material acoustic impedance, f; is dynamics force
frequency, o is applied external stress or radiational force on imaged sample,
and d is sample thickness. Z is acoustic impedance of reference ambient
material. v/indicated required and X"means not required or none.
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As mentioned throughout the work, additional signal
processing to improve the SNR of the collected data may
improve accuracy of EBME method as applied in this work.
Additionally, analysis was undertaken with the premise of
exclusive use of longitudinal waves as the ambient medium was
liquid. Further considerations of transverse waves and their
impact on the efficacy of EBME may improve effectiveness of
the method as applied to hard and soft materials. This study
presented a novel M mode imaging technique for both biomass
and industrial materials under controlled, laboratory conditions.
Further investigation is needed for the method for addressing
complex geometries, advanced signal processing, and
automated detection of internal interfaces.

V. CONCLUSON

In this study, a new remote, non-destructive monostatic
method to produce the bulk modulus elastography and effective
density mapping was introduced. The Elastic Bulk Modulus
Elastography (EBME) method does not require an external,
forced deformation of the material being analyzed, and is
functional for both hard and soft materials. The technique does
not require explicit knowledge of the elastic properties of a
reference material for application. EBME proved effective in
discerning between tissue phantoms with small variations in
their bulk elastic properties in addition to accurately
determining the density and bulk modulus of hard materials.
Use of the relative density and bulk modulus of a material using
EBME may enable faster detection of unwanted defects in a
material. Errors in EBME in this work were primarily a function
of low signal to noise ratios from impedance matched tissue
phantoms that have low reflectivity in water ambient. In all, the
method provides a promising alternative to existing methods for
the ultrasonic characterization of the elastic properties of hard
and soft materials.

REFERENCES

[1] A. Carullo and M. Parvis, "An ultrasonic sensor for distance
measurement in automotive applications," [EEE Sensors journal, vol.
1, p. 143,2001.

[2] M. O. Lamminen, H. W. Walker and L. K. Weavers, "Mechanisms
and factors influencing the ultrasonic cleaning of particle-fouled
ceramic membranes," Journal of Membrane Science, vol. 237, pp.
213-223,2004.

[3] C. Q. Zhang, J. D. Robson, O. Ciuca and P. B. Prangnell,
"Microstructural characterization and mechanical properties of high
power ultrasonic spot welded aluminum alloy AA6111-TiAl6V4
dissimilar joints," Materials Characterization, vol. 97, pp. 83-91,
2014.

[4] C. O. Ruud and R. E. Green, Nondestructive methods for material
property determination, Springer, 1984.

[5] P.M. Taylor, "The physics of ultrasound," Springer, 2012, pp. 23-26.

[6] D.S. Kupperman, K. J. Reimann and J. Abrego-Lopez, "Ultrasonic
NDE of cast stainless steel," Ndt International, vol. 20, pp. 145-152,
1987.

[7]1 J. M. Walker, A. M. Myers, M. D. Schluchter, V. M. Goldberg, A. L.
Caplan, J. A. Berilla, J. M. Mansour and J. F. Welter, "Nondestructive

evaluation of hydrogel mechanical properties using ultrasound,"
Annals of Biomedical Engineering, vol. 39, p. 2521, 2011.

[8] M. Fatemi and A. C. Kak, "Ultrasonic B-scan imaging: Theory of
image formation and a technique for restoration," Ultrasonic imaging,
vol. 2, pp. 1-47, 1980.

[91 H. Tu, T. Varghese, E. L. Madsen, Q. Chen and J. A. Zagzebski,
"Ultrasound attenuation imaging using compound acquisition and
processing," Ultrasonic imaging, vol. 25, pp. 245-261, 2003.

[10] C. Passmann and H. Ermert, "A 100-MHz ultrasound imaging system
for dermatologic and ophthalmologic diagnostics," IEEE transactions
on ultrasonics, ferroelectrics, and frequency control, vol. 43, pp. 545-
552, 1996.

[11] T. Saito, O. Matsuda, M. Tomoda and O. B. Wright, "Imaging
gigahertz surface acoustic waves through the photoelastic effect,"
JOSA B, vol. 27, pp. 2632-2638, 2010.

[12]  P. D. Bevan and M. D. Sherar, "B-scan ultrasound imaging of
thermal coagulation in bovine liver: frequency shift attenuation
mapping," Ultrasound in medicine & biology, vol. 27, pp. 809-817,
2001.

[13] M. T. Islam, A. Chaudhry, S. Tang, E. Tasciotti and R. Righetti, "A
new method for estimating the effective Poisson’s ratio in ultrasound
poroelastography," IEEE Transactions on Medical Imaging, vol. 37,
pp. 1178-1191, 2018.

[14]J. Ophir, 1. Cespedes, H. Ponnekanti, Y. Yazdi and X. Li,
"Elastography: a quantitative method for imaging the elasticity of
biological tissues," Ultrasonic imaging, vol. 13, pp. 111-134, 1991.

[15] J.-L. Gennisson, T. Deffieux, M. Fink and M. Tanter, "Ultrasound
elastography: principles and techniques," Diagnostic —and
interventional imaging, vol. 94, pp. 487-495, 2013.

[16] H. Morikawa, K. Fukuda, S. Kobayashi, H. Fujii, S. Iwai, M.
Enomoto, A. Tamori, H. Sakaguchi and N. Kawada, "Real-time tissue
elastography as a tool for the noninvasive assessment of liver stiffness
in patients with chronic hepatitis C," Journal of gastroenterology, vol.
46, pp. 350-358,2011.

[17] A. Heimdal, A. Steylen, H. Torp and T. Skjerpe, "Real-time strain
rate imaging of the left ventricle by ultrasound," Journal of the
American Society of Echocardiography, vol. 11, pp. 1013-1019,
1998.

[18] K. Nightingale, "Acoustic radiation force impulse (ARFI) imaging: a
review," Current medical imaging reviews, vol. 7, pp. 328-339, 2011.

[19] K. S. S. Bhatia, Y. Y. P. Lee, E. H. Y. Yuen and A. T. Ahuja,
"Ultrasound elastography in the head and neck. Part 1. Basic
principles and practical aspects," Cancer imaging, vol. 13, p. 253,
2013.

[20] R. Righetti, J. Ophir, S. Srinivasan and T. A. Krouskop, "The
feasibility of using elastography for imaging the Poisson's ratio in
porous media," Ultrasound in medicine & biology, vol. 30, pp. 215-
228, 2004.

[21] T. Faruk, M. K. Islam, S. Arefin and M. Z. Haq, "The journey of
elastography: background, current status, and future possibilities in
breast cancer diagnosis," Clinical breast cancer, vol. 15, pp. 313-324,
2015.

[22] A. P. Sarvazyan, O. V. Rudenko, S. D. Swanson, J. B. Fowlkes and
S. Y. Emelianov, "Shear wave elasticity imaging: a new ultrasonic
technology of medical diagnostics," Ultrasound in medicine &
biology, vol. 24, pp. 1419-1435, 1998.

[23] M. Dhyani, A. Anvari and A. E. Samir, "Ultrasound elastography:
liver," Abdominal Imaging, vol. 40, pp. 698-708, 2015.

[24] T. Deffieux, G. Montaldo, M. Tanter and M. Fink, "Shear wave
spectroscopy for in vivo quantification of human soft tissues visco-
elasticity," IEEE Transactions on Medical Imaging, vol. 28, pp. 313-
322, 20009.

[25] P. Song, M. C. Macdonald, R. H. Behler, J. D. Lanning, M. H. Wang,
M. W. Urban, A. Manduca, H. Zhao, M. R. Callstrom and A. Alizad,
"Two-dimensional shear-wave elastography on conventional
ultrasound scanners with time-aligned sequential tracking (TAST)
and comb-push ultrasound shear elastography (CUSE)," IEEE

0885-3010 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TUFFC.2019.2950343, IEEE

Transactions on Ultrasonics, Ferroelectrics, and Frequency Control

transactions on ultrasonics, ferroelectrics, and frequency control,
vol. 62, pp. 290-302, 2015.

[26] M. Friedrich-Rust, J. Nierhoff, M. Lupsor, L. Sporea, C. Fierbinteanu-
Braticevici, D. Strobel, H. Takahashi, M. Yoneda, T. Suda and S.
Zeuzem, "Performance of Acoustic Radiation Force Impulse imaging
for the staging of liver fibrosis: a pooled meta-analysis," Journal of
viral hepatitis, vol. 19, pp. e212-e219, 2012.

[27] L. Castera, X. Forns and A. Alberti, "Non-invasive evaluation of liver
fibrosis using transient elastography," Journal of hepatology, vol. 48,
pp- 835-847, 2008.

[28] A. Evans, P. Whelehan, K. Thomson, D. McLean, K. Brauer, C.
Purdie, L. Jordan, L. Baker and A. Thompson, "Quantitative shear
wave ultrasound elastography: initial experience in solid breast
masses," Breast cancer research, vol. 12, p. R104, 2010.

[29] J. Bercoft, M. Tanter and M. Fink, "Supersonic shear imaging: a new
technique for soft tissue elasticity mapping," IEEE transactions on
ultrasonics, ferroelectrics, and frequency control, vol. 51, pp. 396-
409, 2004.

[30] H. H. G. Hansen, M. Pernot, S. Chatelin, M. Tanter and C. L. Korte,
"Shear wave elastography for lipid content detection in transverse
arterial cross-sections," in Ultrasonics Symposium (1US), 2015 IEEE
International, 2015.

[31] M. L. Palmeri and K. R. Nightingale, "What challenges must be
overcome before ultrasound elasticity imaging is ready for the
clinic?," Imaging in medicine, vol. 3, pp. 433-444, 8 2011.

[32] R. H. Richman and W. P. McNaughton, "Correlation of cavitation
erosion behavior with mechanical properties of metals," Wear, vol.
140, pp. 63-82, 1990.

[33] J. C. Bamber and C. R. Hill, "Acoustic properties of normal and
cancerous human liver-I. Dependence on pathological condition,"
Ultrasound in medicine & biology, vol. 7, pp. 121-133, 1981.

[34] K. Zell, J. L. Sperl, M. W. Vogel, R. Niessner and C. Haisch,
"Acoustical properties of selected tissue phantom materials for
ultrasound imaging," Physics in Medicine & Biology, vol. 52, p.
N475, 2007.

[35] R. Bude and R. Adler, "An Easily Made, Low-Cost, Tissue-Like
Ultrasound Phantom Material," J. Clin. Ultrasound, vol. 23, pp. 271-
273, 1995.

[36] M. Gerpen, T. Ertunc and J. H. Van, "Speed of sound and isentropic
bulk modulus of alkyl monoesters at elevated temperatures and
pressures," Journal of the American Oil Chemists' Society, vol. 80,
no. 12, pp. 1249-1256, 2003.

[37] B. D. NIKOLIC, B. KEGL, S. D. Markovic and M. S. MITROVIC,
"Determining The Speed Of Sound, Density, And Bulk Modulus Of
Rapeseed Oil, Biodiesel, And Diesel Fuel," THERMAL SCIENCE,
vol. 16, no. 2, pp. S505-S514, 2012.

[38] M. O. Culjat, D. Goldenberg, P. Tewari and R. S. Singh, "A review
of tissue substitutes for ultrasound imaging," Ultrasound in medicine
& biology, vol. 36, pp. 861-873, 2010.

[39] M. Ryder, R. A. Ghossein, J. C. Ricarte-Filho, J. A. Knauf and J. A.
Fagin, "Increased density of tumor-associated macrophages is
associated with decreased survival in advanced thyroid cancer,"
Endocrine-related cancer, vol. 15, pp. 1069-1074, 12 2008.

[40] T. Wang, S. Shukla, S. S. Nene, M. Frank, R. W. Wheeler and R. S.
Mishra, "Towards Obtaining Sound Butt Joint Between
Metallurgically Immiscible Pure Cu and Stainless Steel Through
Friction Stir Welding," Metallurgical and Materials Transactions A,
vol. 49A, pp. 2578-2582, 2018.

[41] Y. Wu, Y. Cai,J. T. Wang, J. Z. Si, Y. Wang and X. Hui, "A refractory
Hf25Nb25Ti25Zr25 high-entropy alloy with excellent," Materials
Letters, vol. 130, pp. 277-280, 2014.

[42] M. Yao, K. Pradeep, C. Tasan and D. Raabe, "A novel, single phase,
non-equiatomic FeMnNiCoCr high-entropy alloy with exceptional
phase stability and tensile ductility," Scripta Materialia, Vols. 72-73,
pp. 5-8,2014.

[43] A. Pawlak, "Cavitation during tensile deformation of high-density
polyethylene," Polymer, vol. 48, pp. 1397-1409, 2007.

[44] M. Shinoda and R. J. Bathurstb, "Lateral and axial deformation of PP,
HDPE and PET geogrids under tensile load," Geotextiles and
Geomembranes, vol. 22, no. 4, pp. 205-222, 2004.

[45] A. Amado-Becker, J. Ramos-Grez, M. J. Yanez, Y. Vargas and L.
Gaete, "Elastic tensor stiffness coefficients for SLS Nylon 12 under
different degrees of densification as measured by ultrasonic
technique," Rapid Prototyping Journal, vol. 14, no. 5, pp. 260-270,
2008.

[46] N. R. a. . P.J.Hine, "Measuring the fibre orientation and modelling
the elastic properties of injection-moulded long-glass-fibre-
reinforced nylon," Composites Science and Technology, vol. 53, no.
2, pp. 125-131, 1995.

[47] E. Augereau, D. Laux, L. Allais, M. Mottot and C. Caes, "Ultrasonic
measurement of anisotropy and temperature dependence,"
Ultrasonics, vol. 46, pp. 34-41, 2007.

[48] N. Pace and G. Saunders, "Ultrasonic study of lattice stability in
indium + thallium alloys," Proc. R. Soc. Lond. A4, vol. 326, pp. 521-
533, 1972.

[49] A. Planes, L. Mafiosa, D. Rios-Jara and J. Ortin, "Martensitic
transformation of Cu-based shape-memory alloys: Elastic anisotropy
and entropy change," Phys. Rev. B, vol. 45, pp. 7633-7639, 1992.

[50] Y. Iwashimizu and M. Taniguchi, "Ultrasonic study on the change in
elastic anisotropy with plastic compressive deformation,"
Ultrasonics, vol. 25, no. 3, pp. 160-165, 1987.

[51] S. Catheline, R. Souchon, M. Rupin, J. D. A. H. Brum and J.-Y.
Chapelon, "Tomography from diffuse waves: Passive shear wave
imaging using low frame rate scanners," Applied Physics Letters, vol.
103, no. 1, p. 014101, 2013.

[52] A. Zorgani, R. Souchon, A.-H. Dinh, J.-Y. Chapelon, J.-M. Ménager,
S. Lounis, O. Rouviére and S. Catheline, "Brain palpation from
physiological vibrations using MRL" Proceedings of the National
Academy of Sciences, vol. 112, no. 42, pp. 12917-12921, 2015.

[53] K. G. Sabra, S. Conti, P. Roux and W. A. Kuperman, "Passive in vivo
elastography from skeletal muscle noise," Applied physics letters, vol.
90, no. 19, p. 194101, 2007.

[54] E. J. Sanchez-Sesma and M. Campillo, "Retrieval of the Green’s
function from cross correlation: the canonical elastic problem,"
Bulletin of the Seismological Society of America, vol. 96, no. 3, pp.
1182-1191, 2006.

[55] T. Gallot, S. Catheline, P. Roux, J. Brum, N. Benech and C. Negreira,
"Passive elastography: shear-wave tomography from physiological-
noise correlation in soft tissues," IEEE transactions on ultrasonics,
ferroelectrics, and frequency control , vol. 58, no. 6, pp. 1122-1126,
2011.

[56] N. Benech, J. Brum, S. Catheline, T. Gallot and C. Negreira, "Near-
field effects in Green's function retrieval from cross-correlation of
elastic fields: Experimental study with application to elastography,"
The Journal of the Acoustical Society of America, vol. 133, no. 5, pp.
2755-2766, 2013.

0885-3010 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



