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Abstract
Ultrasound wave propagation in materials has been used in different manners to determine the characteristics of mate-
rials including detecting defects, understanding the microstructure, thickness, density, elastic modulus, etc. Each of 
these parameters can be characterized using one or more ultrasound characteristics. Acoustic scattering is one of the 
key features of ultrasound that can be used to evaluate microstructural features. Peak density of the receiving signal in a 
pitch-catch mode is an ultrasound parameter that can be a characteristic of acoustic scattering and an indicative of micro-
structural features. The objective of this study was to establish a relationship between peak density and acoustic scatter-
ing while varying microstructural parameters like scatterer size, number of scatterer, and propagation path of ultrasound. 
Frequency range from 18 to 41 MHz was used as high-frequency ultrasound analysis. The focus was to demonstrate the 
pitch-catch technique during peak evaluation. Peak density obtained from the frequency spectrum of phantoms with 
different microstructures was compared to detect a pattern in microstructural change. An analytical study was conducted 
to measure peak density from various scatterer sizes and propagation distances. Multiple scattering was evaluated in 
computational simulation with varying scatterer size, number, and travel distance. The results were compared and vali-
dated with results obtained from the experimental analysis conducted in this same study. Inter-scatterer distance was 
also evaluated to explore randomness in scatterer position during ultrasound scattering in computation level. The level 
of significance of each parameter toward the diversification of peak density was evaluated during the study.
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1  Introduction

Ultrasound is a tool that has been used extensively to 
characterize materials for different properties. However, 
ultrasound is conventionally used at lower frequencies 
to characterize the material. Recent studies have shown 
that high-frequency ultrasound (MHz) can be utilized to 
increase the axial resolution of the detection and char-
acterizing materials at a smaller scale. However, as the 
frequency increases, the waves start to attenuate faster 
hence limiting the application of high-frequency ultra-
sound to lower size scales [1–4].

One of the main applications of ultrasound lies in can-
cer detection. Cancer is defined as the abnormal cell divi-
sion caused by mutation in the genes responsible for cell 
growth [5]. Therefore, inside a homogenous tissue medium, 
cancer can be described as a heterogeneous structure or 
malignant tumor [6]. For breast cancer treatment, during 
breast conserving therapy (BCT), in addition to the tumor, 
a neighboring tissue (margin) gets excised to be evaluated 
by a pathologist to avoid local recurrence. Since this evalu-
ation is a time-consuming process, there is always a high 
possibility to find out further presence of cancer cells in 
the margin which compels the patient for further surgery 
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[7–10]. Research has been carried out by implementing 
quantitative ultrasound (QUS) analysis which is a rapid pro-
cess to detect microstructural variation or heterogeneity in 
the margin of breast tumor [11]. In particular, low-frequency 
ultrasound is instrumental in detecting cancer and tissue 
characteristics. Low-frequency ultrasound is conventionally 
used at large scale tissues. But in the case of margin detec-
tion, the application depth is small enough to demonstrate 
high-frequency ultrasound for better resolution [11].

QUS is used to assess detailed tissue properties beyond 
the time domain into the frequency domain rather than 
obtaining direct images like medical ultrasonography 
[12–14]. Among various parameters of QUS, peak density of 
the frequency spectrum is one of the most responsive ones 
toward the structural variation [11]. Peak density is the num-
ber of peaks and valleys present in the frequency spectrum 
of the ultrasound signal. While sound travels in a heteroge-
neous medium and collides with different structures, it scat-
ters in all directions. The scattered wave contains different 
pressure levels than the incident wave. The scattered wave 
is different from the transmitted or radiated wave because 
waves scattered from different microstructures interfere with 
each other [15]. The scattered wave cannot be expressed as 
a simple function of attenuation or reflection. While using 
a broadband transducer, the resultant scattered pressure 
amplitude for each frequency level generates a spectrum for 
the whole bandwidth. The total number of peaks and valleys 
of that spectrum can be presented as peak density. A change 
in the characteristics of the propagation medium translates 
into variation in peak density patterns [16, 17]. Doyle et al. 
showed that peak density is responsive toward benign and 
malignant tissue [11, 17, 18]. Stromer et al. worked with dif-
ferent signal processing parameters such as different types 
of windowing functions to get the best response in peak 
density. But in these studies, the thickness of the sample 
or tissue was neglected as a parameter for evaluating peak 
density [19, 20]. Since the frequency is at megahertz level, 
the attenuation should be very sensitive toward the change 
in travel distance which could impact the peak density. Also, 
the heterogeneity will expand with increasing tissue thick-
ness in that direction. For these reasons, tissue thickness 
should be considered as a controlling parameter of peak 
density measurement. Furthermore, since peak density is 
measured from the frequency spectrum of the scattered 
wave, it is important to understand the effect of sound scat-
tering on peak density evaluation. To the author’s under-
standing, no study has been conducted on explaining sound 
scattering to establish it as a function of peak density as well 
as evaluating the significance level of other parameters on 
peak density measurement.

This study focuses on developing a relationship between 
peak density and acoustic scattering, hence peak density 
in soft tissues containing hard scatterers and particles. To 

relate the effect of different geometrical and microstructural 
parameters on the scattering and peak density, peak density 
was measured in different scattering conditions in a pitch-
catch method using tissue phantom containing different 
scatterer sizes and thicknesses. Furthermore, to evaluate spa-
tial distribution impact on the resulting peak density, sam-
ples with different scatterer densities were tested. Analytical 
evaluation and computational calculations were conducted 
to theoretically relate these parameters. Analytically, the 
peak density was calculated from Faran’s single scattering 
model using a spherical scatterer while varying its diameter 
[21]. Peak density was also measured from the computa-
tional model and experiment while varying the scatterer size, 
spatial distance (by changing the volume ratio of scatter-
ers), and ultrasound travel distance (by varying the sample 
thickness). Agarose phantom with glass microspheres was 
used with 3 different levels of phantom thickness, micro-
sphere size, and number. 25-MHz transducer was used to 
perform the ultrasound analysis in a pitch-catch method. The 
received scattered signal was transformed using Fast Fourier 
Transform (FFT) and passed through signal processing steps 
before the peak density was evaluated.

2 � Analytical study

When sound as a plane wave travels and collides with a 
spherical structure, it scatters away at every direction [21, 
22]. In this case, because the incident wave is considered 
as spherical, the incident sound pressure wave ( Pi ) can be 
expressed as [21],

Here, Po is the amplitude of the incident wave pressure, 
jl is the spherical Bessel function of the second kind and 
Pl is the Legendre polynomial, respectively, k is the wave-
number, and r and θ correspond to the polar coordinate.

In this model, the scatterer is considered elastic. There-
fore, the shear and compressional waves are considered 
to measure the scattered wave pressure. So, the bound-
ary conditions were (1) the fluid pressure incident ( Pi ) and 
scattered ( Ps ) pressure fields to be equal to normal stress 
component of solid, (2) normal displacements in the fluid 
and solid to be equal, and (3) the shear stress to be zero 
which are shown through the following equation:

(1)Pi = Po

∞∑
l=0

(2l + 1)il jl(kr)Pl(cos�)

(2)Pi + Ps = −Trr

(3)ui,r + us,r = −usolid,r
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Here Trr , Tr� , and TrΦ are the stress tensor of the solid, 
respectively, and ui,r and us,r normal displacement com-
ponents (incident and scattered, respectively) of fluid, and 
−usolid,r is the normal displacement component of the solid 
in the spherical coordinates, respectively.

After sound scattering, the scattered pressure ( Ps ) wave 
can be expressed as

Since the focus was on pitch-catch mode, at the far-field 
(r → ∞) sound pressure of the scattered field is described 
as

Here, �l is the scattering phase angle of lth wave due to 
scatterer properties; h(2)

l
 is the Hankel function. The phase 

shift angle was expressed as

where

�l , �l , �l , and � [23] are the scattering phase angle, Φl 
is the boundary impedance scattering phase angle, � 
is the Poisson’s ratio, nl is the spherical Bessel function 

(4)Tr� + TrΦ = 0

(5)Ps = −Po

∞∑
l=0

(2l + 1)(−i)l+1sin�le
i�l h

(2)

l
(kr)Pl(cos�)

(6)Ps,far = −
Po

k3r
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(2l + 1)sin�le
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of first and second kinds, respectively, �1 and �3 are the 
density of the scatterer and surrounding fluid, respec-
tively, k1 , k2, and k3 are the wavenumbers correspond-
ing to compressional wave in scatterer, shear wave in 
scatterer, and sound wave in the surrounding medium, 
respectively, where k =

2�f

c
− i� and c is the velocity and 

f  is the frequency, � is the attenuation coefficient, a is 
the scatterer diameter, and r is the far-field distance 
from the center of the scatterer. The physical parameters 
are listed in Table 1.

From Eq. 6, the pressure of the scattered ultrasound 
wave was calculated in the forward direction at differ-
ent scattering conditions. The scatterer diameter was 
10, 40, and 70 �m , and the propagation path distance 
was 1000 μm. The propagation properties were similar 
to soft tissue, and the wave velocity was 1540 m/s. Pres-
sure amplitude was measured along 18 to 41 MHz fre-
quency range for each scatterer size to achieve the pres-
sure amplitude spectrum which is shown in Fig. 1. The 
total number of peaks and valleys (peak density) in each 
spectrum was calculated using a peak counting algo-
rithm in MATLAB shown in Fig. 2 [24]. For 10, 40, and 70 
�m spheres, the calculated peak density was 0, 4, and 
21. From Fig. 1, it was observed that with the increase 
in scatterer size the pressure amplitude of the spectrum 
had been increased. Also, the variability in the spectrum 
amplitude was increased with the scatterer diameter 
which indicates the increase in peak density. Therefore, 
peak density can be defined as a parameter to express 
the level of scattering.

To understand the effect of ultrasound propagation 
path distance on peak density, the pressure spectrum was 
achieved from a 70 �m scatterer for a distance of 1000 and 

Table 1   Physical parameters used for the analytical model

Parameter Value

Poisson’s ratio (�) 0.22

Compressional wave speed in scatterer 
(
c
1

)
5770 m/s

Shear wave speed in scatterer 
(
c
2

)
3430 m/s

Sound wave speed in fluid 
(
c
3

)
1540 m/s

Glass density 
(
�
1

)
2500 kg/m3

Fluid density (�
3
) 1000 kg/m3

Attenuation coefficient ( �) 8.05 Np/m-MHz
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3000 �m and is plotted in Fig. 3. The far-field distance was 
measured from the center of the sphere which was half 
of the total travel path 500 and 1500 �m . From Fig. 3, it 

was observed that with increasing distance, only pressure 
amplitude level changed, but the pattern of the pressure 
amplitude remained the same. Since the wave was going 

Fig. 1   Frequency spectrum for scatterer size of a 10 �m , b 40 �m , and c 70 �m 4

Fig. 2   Peak and valley counting algorithm

Fig. 3   Frequency spectrum for 
a scatterer of 70 �m diameter 
at far field of a 500 �m and b 
1500 �m
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through single scattering, the scattered wave was not get-
ting interfered with any other wave in the way. Therefore, 
increasing travel distance only decreased the amplitude 
level because of attenuation, but the pattern, as well as 
the peak density, remained the same.

To understand the effect of multiple scattering created 
from several scatterers, computation model had been 
developed and evaluated.

3 � Computational analysis

COMSOL Multiphysics 5.5a was used for the finite element 
simulation. The software was selected to solve partial dif-
ferential equations in acoustics and solid mechanics. COM-
SOL solved the Helmholtz equation of acoustics in the fluid 
region of the model shown in Eq. 13

keq is the equivalent wave number defined for wave 
velocity cc in fluid and frequency f  shown as

Here, � is the attenuation coefficient of the medium. In 
this model, the out-of-plane wave number kz , monopole 
and dipole source term Qm and qd were set to zero. �c is the 
fluid density. The total pressure pt is the summation of the 
background pressure field 

(
pb
)
 and backscatter pressure 

field (ps) . In the model, the background pressure field was 
expressed as wave propagation in êx direction defined as 
pb = p0e

−kx . After applying all the adjustments, the modi-
fied Helmholtz equation became

In the solid region, the scatterers were modeled as lin-
early elastic isotropic material for which 2D Navier’s equa-
tion was solved

In this equation, f  is the sound frequency, S is the 
Cauchy stress tensor, �s is the solid density,� is the phase 
component of the force, F is the acting force on solid, and 
u denotes the solid displacement field.

The equations in the acoustics and solid mechanics 
were coupled by the following boundary conditions

(13)∇.

(
−
1

�c

(
∇pt − qd

))
−

k2
eq

�c
pt = Qm

(14)k2
eq

=

(
2�f

cc
− i ln (10)

�

20

)2

− k2
z
= k2 − k2

z

(15)∇2pt + k2pt = 0

(16)−(2�f )2�su = ∇.S + Fei�

(17)n.
1

�c
∇pt = −n.utt

n is the normal unit vector to the boundary, utt is the struc-
tural acceleration, and FA is the acting load on solid.

3.1 � Model description

The computational model consisted of a solid and fluid 
region. A perfectly matched layer was introduced to 
perform as a non-reflecting boundary layer to have an 
uninterrupted wave propagation through the bound-
ary where the wave pressure was recorded. To select the 
proper mesh size, mesh size was decreased gradually, 
and for each mesh size, peak density was measured. For 
the mesh size of one-eighth of the wavelength, the peak 
density result was converged for all the models. There-
fore, it was selected as the maximum mesh size for all 
models. To capture perfect multiple scattering, the scat-
terers were distributed randomly. The medium layer area 
was 1 × 1 mm2 where the sound wave would travel 1 mm 
distance. To get the effect of sample thickness or various 
travel distances, two more models having 1 × 2 and 1 × 3 
mm2 layer area were generated. For each of these three 
models, the number of scatterers used was 1, 5, and 9 
per unit (mm) wave travel distance. Also, the scatterer 
size was selected as 10, 40, and 70 �m . Therefore, a total 
of 27 models were generated.

To mimic a soft tissue medium, the fluid region’s den-
sity ( �c ) was kept 1000 kg/m3, sound velocity ( cc ) was 
considered as 1540 m/s, and the attenuation coefficient 
( � ) was selected as 70 dB/m at 1 MHz [25]. Solid struc-
tures density ( �s ) was 2500 kg/m3, Poisson’s ratio ( � ) 
was 0.22, Young’s modulus ( EY  ) was 68 GPa, and sound 
speed ( cs ) was 5570 m/s. Figure 4 shows a typical com-
putational model geometry used in this analysis having 
5 scatterers of 40 �m diameter.

(18)FA = ptn

Perfectly 
matched 

layer

Fluid 
medium

Solid 
sca�erer

Ultrasound 
wave

Back wall

Fig. 4   COMSOL model geometry for ultrasound analysis
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3.2 � Simulation parameters

To achieve the frequency spectrum, the frequency was 
increased by 100 kHz starting from 18 to 41 MHz. For each 
step frequency, the model calculated scattered pressure. 
Since the objective was to evaluate pitch-catch wave 
propagation, the pressure of the forward scattered wave 
was calculated on the far wall shown in Fig. 4. After evalu-
ating the average acoustic pressure on the back wall for 
each frequency step, it was plotted with respect to the 
frequency to achieve the frequency spectrum. In the end, 
MATLAB was used to evaluate the data for measuring peak 
density. This procedure was repeated for all the 27 models 
to compute the peak density.

3.3 � Results

Figure 5 depicts the peak density for all the models calcu-
lated at each thickness level with varying scatterer size and 
number. An increasing trend of peak density was observed 
with the increase in each parameter. From the analytical 
study, it was understood that with increasing scatterer size 
the peak density increased from the single scattering. But 
when it came to multiple scattering, all the parameters 
which were thickness, scatterer size, and number contrib-
uted toward the multiple scattering to change the peak 
density. This result makes peak density a very sensitive 
parameter while characterizing a material microstructure 
from every aspect.

Since peak density increased with increasing thickness, 
the effect of ultrasound attenuation on multiple scatter-
ing needed to be explored. Therefore, two sets of models 
were simulated. The first set of 9 models consists of 1, 2, 
and 3 mm propagation distance with each having a total 
number of scatterers 1, 5, and 9, respectively. The scatterer 

diameter was kept as 40 μm. The second set of 9 mod-
els had 1, 2, and 3 mm propagation distance with each 
having scatterer diameter 10, 40, and 70 μm, respectively. 
The total number of scatterers was 5 in the second set of 
models.

Figure 6 shows the effect of ultrasound attenuation 
in multiple scattering as well as peak density. Figure 6a 
shows that peak density decreases with increasing thick-
ness for the same number of scatterer with a constant 
diameter. This happened due to amplitude attenuation at 
high frequency for the same level of acoustic scattering. 
But with the increasing number of scatterers, peak density 
started to increase in every thickness level. Similar results 
were found in the case of scatterer size in Fig. 6b where 
peak density was decreasing with increasing thickness. But 
it started to increase in each thickness level with increas-
ing scatterer size. This explains that by increasing scatterer 
number or size, the multiple scattering level increases 
which results in higher peak density for the same level of 
attenuation. This validates the increasing trend of peak 
density along with increasing thickness in Fig. 5. Because 
with increasing thickness, the total scatterer number was 
also increasing since the scatterer number was selected 
on a “per unit thickness” basis. This increasing amount of 
scatterer overcomes the effect of attenuation and raised 
the peak density value. But since ultrasound eventually 
attenuates faster at high frequency, it limits this peak den-
sity trend to a certain thickness level.

With the random distribution of scatterers, an impor-
tant associated factor came into consideration which 
was the distance between the scatterers. Since the scat-
terers were distributed randomly in the medium, the 
distance among them was not controlled intentionally 
to support the randomness. But after understanding the 
sensitivity level of peak density, it became an essential 

Fig. 5   Computational peak density value for different scatterer numbers and diameters at wave propagation distance of a 1 mm, b 2 mm, 
and c 3 mm
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concern to evaluate the inter-scatterer distance effect on 
peak density while keeping every other parameter con-
stant. A simple computational model of 1 × 1 mm2 layer 
area was developed to explore this phenomenon; 9 glass 
scatterers were placed in a rectangular array inside the 
fluid region. The scatterer diameter was selected to be 
40 µm. The scatterers were placed in equal distance from 
each other; 7 models were developed by varying the dis-
tance between the scatterers which were 400, 300, 250, 
150, 100, and 70 µm. Figure 7 shows two of the models 
having the inter-scatterer distance of 400 and 70 µm.

Figure 8 shows the peak density plotted against the 
inter-scatterer distance. It was evident that the distance 
between the scatterers also played a vital role in the 
peak density variation. Especially when the distance 
increased, the scattered wave interfered with each other 
along the whole way while increasing the amount of 
scattering. It resulted in higher peak density. This phe-
nomenon gave the peak density an advantage to detect 
the scatterer orientation during the analysis.

4 � Experimental analysis

An experimental setup was built to perform ultrasound 
analysis to evaluate the peak density.

Fig. 6   Peak density at increas-
ing thickness with a increasing 
number of scatterer, b increas-
ing scatterer size

Fig. 7   Computational model 
consisting inter-scatterer dis-
tance a 400 µm, and b 70 µm

Fig. 8   Peak density vs inter-scatterer distance
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4.1 � Sample preparation

The agarose-based phantom was prepared from high-
purity agarose, water, n-propanol, evaporated milk, and 
thimerosal [26]. First, a mixture of agarose, water, and 
n-propanol was made and heated to 90 °C. The weight ratio 
of those materials was 23:1:2, respectively. Then, another 
mixture of evaporated milk and thimerosal was made and 
heated in 68 °C. The weight ratio was 1.33:800, respec-
tively. After that, both mixtures were added together in 
55 °C and then solidified. To introduce microstructural vari-
ation as well as to enhance the acoustic scattering prop-
erties of the soft material in terms of acoustic scattering, 
glass microbeads were inserted inside the sample. To keep 
similarity with the computational model, three types of 
glass microbeads of diameter 8–12 µm, 35–45 µm, and 
65–75 µm were inserted inside the phantom. Each type 
of microbeads was mixed with the phantom in three dif-
ferent volumetric ratios- 1%, 5%, and 9% (Vmicrobead/Vtotal). 
Also, three levels of sample thickness were selected which 
were 1 mm, 2 mm, and 3 mm. Therefore, there were 27 

types of phantom generated for the experimental analysis. 
The image of one of the phantoms with glass scatterers is 
shown in Fig. 9. The image was taken through an optical 
microscope and a digital camera.

4.2 � Experimental setup

Figure 10 shows the experimental setup which consisted 
of two ultrasound transducers (25 MHz, 2 mm diameter, 
TransducerWorks, Centre Hall, PA, USA), a pulser receiver 
system (UTEX UT 340, UTEX Scientific Instruments Inc. 
Mississauga, Ontario L5L 1A3, Canada) and a mix-domain 
oscilloscope (Tektronix MDO 3052, Tektronix, Inc. Bea-
verton, OR 97,077, USA), coupling gel (Aquasonic 100, 
Walmart INC), height-adjustable station for phantom and 
transducer, and tissue-mimicking phantom. The coupling 
gel was used to save the transducers from the damage 
occurring from the impedance mismatch between the 
transducer crystal and phantom. Also, the gel ensured less 
amount of intensity loss of the high-frequency wave along 
its way from the transducer to the phantom. For the ultra-
sonic transducers, the − 6 dB frequency bandwidth was in 
the range of 18–41 MHz. The station for transducers and 
phantom was made in a way that either phantom or any 
transducer position could be adjusted by changing the 
height of the structure. This was done to adjust the setup 
with different thicknesses of phantoms.

For each of the phantoms, the ultrasound analysis was 
conducted in 14 different places to calculate the peak 
density. Final peak density was then determined from the 
average of 14 results from each sample.

4.3 � Data acquisition

To proceed with the analysis, first, the high-frequency 
ultrasound signal was sent from the pulse receiver. Table 2 
lists all the pulse parameters selected for signal genera-
tion. Figure 11 shows the experimental process steps. A 
pitch-catch technique was used to conduct the ultrasound Fig. 9   Agarose-based phantom with glass microbeads

Fig. 10   Photograph of ultra-
sound analysis setup



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1418 | https://doi.org/10.1007/s42452-020-03208-w	 Research Article

analysis. Both transducers were aligned on top of each 
other to ensure proper sound propagation. The ultrasound 
signal was sent from one transducer which went through 
the coupling gel, phantom, and received by another trans-
ducer. The received signal was again sent to the pulse 
receiver for further amplification. After that, the signal 
was stored in the computer through the oscilloscope for 
further signal processing and peak density calculation.

4.4 � Signal processing and peak density evaluation

The time-domain signal was stored in the computer from 
the oscilloscope and the signal processing was performed 
through MATLAB. The first step of the signal processing 
was windowing the signal. Stromer et al. showed that 
the rectangular window performed better compared to 
Hamming, Hann, Tukey, and Blackman windowing func-
tion while calculating the peak density [19]. Therefore, a 
rectangular window was applied on the time domain sig-
nal to capture only the pulse generated by the transducer 
crystal. The windowed signal was then transformed from 
the time domain to the frequency domain through Fast 
Fourier Transformation (FFT). To eliminate any possible sys-
temic consequences from pulse receiver and transducer, 
the signal was normalized by a reference signal. To gener-
ate a reference signal, first, the ultrasound was generated 
in the same pitch-catch setup and guided through the 
coupling gel only. The signal then went through all the 
signal processing steps stated above. Then, the FFT sample 

signals pressure amplitude was divided by the pressure 
amplitude of the reference signal on each frequency step 
of the frequency bandwidth to generate the calibrated sig-
nal. In the end, the number of peaks was counted from the 
calibrated signal between the 18 and 41 MHz frequency 
range. This procedure was repeated for each of the 27 
types of samples for 14 times. Figure 12 shows a typical 
numerical frequency spectrum (thickness 3 mm and scat-
terer diameter 70 µm with 9 scatterers per unit length) 
and an experimental frequency spectrum (thickness 3 mm, 
scatterer diameter 65–75 µm, and volume fraction 9%).

4.5 � Results

Figure 13 shows the peak density calculated from the 
experimental analysis at each thickness level. Since there 
were 14 repetitive measurements conducted for each 
sample combination, the error bar is provided in Fig. 13. 
The maximum error was ± 1.65 which indicates that the 
peak density difference between various sample combina-
tions is significant. The peak density result was similar to 
the computational values. The experimental values also 
indicated that the peak density is sensitive toward all the 
parameters in the model. The highest value of peak den-
sity was received from the sample having the maximum 
thickness, scatterer size, and quantity.

Since three different parameters were affecting the multi-
ple scattering as well as the peak density value, it was impor-
tant to statistically analyze the data to find out the significance 
level of each parameter. To achieve this, a full factorial DOF 
analysis was conducted consisting of 3 factors having three 
levels each to calculate the main effect of the parameters as 
well as interaction effects. The results are shown in Fig. 14.

From the analysis, it was found that peak density is most 
sensitive toward volumetric ratio, then scatterer diameter, 
and lastly toward sample thickness. Although the scatterer 
size was only responsible for the peak density variation in 

Table 2   Ultrasound parameter Parameter Value

Voltage 100 V
P/C gain 48 dB
Repetition rate 19 kHz
Pulse width 20 ns

Fig. 11   Schematic diagram of 
the ultrasound analysis process 
in pitch-catch setup
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single scattering, the number of scatterers also became 
effective toward the variation, in case of multiple scatter-
ing. Also, the thickness or the wave travel distance became 
active toward the change of peak density in case of multi-
ple scattering. Furthermore, there was no parameter inter-
action significance found in the analysis. It concludes that 
if one of the three parameters were kept constant, it would 
not affect the other parameters contribution toward the 
peak density variation.

5 � Discussion

In this study, the sound scattering of high-frequency 
ultrasound in a pitch-catch setup was evaluated through 
analytical, computational, and experimental analysis. The 
main goal was to establish peak density as a sensitive 
parameter of high-frequency ultrasound. To achieve the 
goal, peak density was established as a function of sound 
scattering. From the analytical study, while assessing the 
single scattering, peak density was found to be very sen-
sitive toward the change of scatterer size. Also, it showed 
an increasing trend with the increase in scatterer size. But 

in case of changing the propagation path, the peak den-
sity did not change since scattered wave did not have any 
interaction with other waves on their extended travel path. 
Therefore, to explore the effect of travel path on peak den-
sity, it was necessary to explore multiple scattering where 
the scattered wave would continuously interact with 
other scattered waves from different scatterers through 
the propagation path.

In the computational modeling of multiple scattering, 
along with scatterer size and propagation path, the num-
ber of scatterers was also considered as another factor 
for peak density. Through computation modeling, it was 
observed that with increasing scatterer size, propagation 
distance, and scatterer number, the peak density increases. 
The effect of attenuation on peak density becomes less 
significant with scatterers being added per unit length at 
an increasing level of thickness. This gave peak density an 
advantage while using high-frequency ultrasound before 
the signal fully attenuates. Furthermore, the effect of the 
randomness of the scatterer position was also evaluated 
through a simplified model. The factor which was evalu-
ated in that analysis was the inter-scatterer distance. It was 
observed that with increasing inter-scatterer distance the 

Fig. 12   Frequency spectrum 
from a computation model 
and b experimental model

Fig. 13   Experimental peak density value for different scatterer numbers and diameters at wave propagation distance of a 1 mm, b 2 mm, 
and c 3 mm
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peak density also increases. As the inter-scatterer distance 
decreases, the scattering wave interference gets limited 
in that smaller region of scatterers and does not sustain 
further while propagating as there are no other waves to 
interact with.

The experimental results validated the computational 
findings by showing similar peak density trends in terms 
of changing scatterer number, size, and propagation dis-
tance. It was important to observe the level of influence 
for each of the factors. Therefore, a full factorial design 
including three different levels of scatterer number, size, 
and propagation distance was created considering peak 
density the outcome. From the statistical analysis, it was 
observed that the number of scatterers affects the peak 
density the most compared with the other two factors. 
The increasing number of scatterers increases the level of 
multiple scattering since more scattered waves from mul-
tiple scatterers get to interact with each other. Therefore, 
peak density can be shown as a function of acoustic scat-
tering. As per the experimental setup, peak density can 
be used toward the detection of mm scale soft material. 
It has been studied that the inclusion of glass microbe-
ads in tissue phantom increases the scattering quality of 
the phantom [26]. Furthermore, controlled dispersion of 
glass microspheres was used to mimic abnormal mass in 
soft tissues like calcified fibroadenoma containing stromal 

and epithelial cells [27]. Since a higher amount of glass 
beads can provide a higher peak density value compared 
to fewer beads, this parameter can be used to evaluate 
tissue abnormality by utilizing acoustic scattering. The 
authors did not find any previous research on phantom 
preparation by glass microbeads for mimicking either lob-
ular or ductile carcinoma. But with the results obtained in 
this study, it can be concluded that peak density can be a 
very promising parameter for ultrasound analysis in cancer 
detection.

6 � Conclusion

Ultrasound scattering was evaluated in the study through 
the pitch-catch technique in high-frequency level. The 
scattering was evaluated with respect to various scatterer 
sizes, numbers, and wave propagation distances. To quan-
tify the scattering, the peak density of the frequency spec-
trum of the scattered wave was evaluated. It was found 
that the variation in scatterer number in the medium’s 
microstructure affects sound scattering the most which 
resulted in a huge impact on the peak density diversifica-
tion. Other than that, scatterer size and wave propagation 
distance also play important roles in the peak density vari-
ation. This makes peak density a very sensitive parameter 

Fig. 14   Statistical significance of a volumetric ratio, b scatterer diameter, and c sample thickness on peak density
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to the microstructural change. Also, the inter-scatterer dis-
tance plays an important role in the multiple scattering 
for providing peak variation in case of having the same 
number of scatterer in a sample in different orientations. 
Therefore, while working with the pitch-catch technique, 
peak density can be used to measure the level of multi-
ple scattering while evaluating detailed microstructural 
characteristics.
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