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Abstract. Focused ultrasound is of great significance in the fields of medical ultrasound
imaging, diagnosis, and treatment, yet little is known about the quantification of the physical
effects of focused ultrasound and the analysis of the corresponding biological effects. In this
paper, the acoustic-solid-thermal coupled computational model is developed to study the
interaction between focused ultrasound and brain-like soft materials. Firstly, a hyper-
viscoelastic constitutive model is established to describe the dynamic and thermal-mechanical
behaviour of brain-like soft material. Due to the high compression resistance and low shear
resistance of brain-like soft materials, it will appear in the focus area that Compression strain
and shear strain are approximate, but compressive stress is much larger than shear stress.
Secondly, the dynamic mechanical response of brain-like soft materials under focused
ultrasound excitation with different frequencies and amplitudes were studied. By analyzing the
hysteresis loop of the feature points in the focus area, it can be concluded that the loss angle of
dynamic modulus of brain-like soft materials increases with the increase of load frequency and
the increase of load frequency. The higher the load amplitude is, the greater the energy input to
the focusing region is, and the faster the dissipation speed is. At last, through the multi-field
coupled simulation, it is found that the focusing accuracy of the focused ultrasound increases
with the increase of the frequency, but the focusing energy intensity will decrease. The input
energy has an optimized value in a specific frequency range. The research is helpful for the
improvement of focused ultrasound diagnosis, imaging and treatment technology, and the use
of dynamic mechanical property inversion of brain-like soft materials.

1 INTRODUCTION

Because of its non-ionizing radiation, low cost, real-time imaging, high resolution, and
portability, ultrasound is widely used in hospitals and clinics to diagnose various diseases.
Especially for obstetrics and cardiology, ultrasound is the best choice for diagnosis [X1. In the
process of medical ultrasound diagnosis, to obtain better longitudinal resolution and better echo
quality, the ultrasound is usually converged to form focused ultrasound. Ultrasound can be
applied to medical treatment by focusing the ultrasound energy in a highly localized way.
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Focused ultrasound can penetrate the skin and tissue layer, and act on the deep target position
of the human body in a non-invasive way. The target tissue was ablated or intervened by
mechanical loading, cavitation force or heating to achieve the therapeutic effect, which can
ensure the necessary strength on the target tissue without damaging the surrounding tissue.
Focused ultrasound has been used in tumor ablation, blood clot dissolution and ultrasound
enhanced drug delivery 21, Tumor ablation is achieved by absorbing the energy of the focused
beam and generating a lot of heat. Blood clot dissolution and ultrasound-enhanced drug delivery
are performed by the introduction of ultrasound contrast agents to induce cavitation 4],

In conclusion, there are a lot of applications of focused ultrasound in the diagnosis, imaging,
and treatment of medical ultrasound, but there are still some problems in the use of focused
ultrasound. For example, for the sake of safety, the ultrasonic metrology commonly used in
medical ultrasound imaging is generally less than the average sound intensity of 10w / cm?,
but the average sound intensity of ultrasound will rise significantly during the use of focused
ultrasound, especially for the application of focused ultrasound in the treatment process. During
the treatment, the average sound intensity of the focus area can reach 10%-10*w / cm?. At this
time, in addition to the effect of ultrasound on biological tissues at the target, healthy biological
tissues may also be damaged. It is not clear about the quantification of the physical effect of
focused ultrasound and the mechanism of its biological effect. Therefore, further
characterization of the process of focused ultrasound is needed to promote the clinical
application of focused ultrasound further. Numerical simulation is a powerful method for
analyzing focused ultrasound. It can obtain the fields of sound, force, and heat during the
focusing process, which is conducive to analyzing the force-thermal response law during the
focusing process.

Modeling for focused ultrasound must consider the characteristics of brain-like soft tissue,
the target of focused ultrasound. However, due to the low stiffness and low strength, brain-like
biological soft tissue is challenging to perform mechanical characterization, especially for
mechanical characterization under dynamic loading. For example, at a strain rate of 1000s-1,
the stiffness of brain tissue is five orders of magnitude smaller than that of ordinary metal !,
which will lead to low wave velocity in the sample and unable to obtain uniform loading . At
the same time, the low intensity of the brain tissue leads to the need for more accurate
mechanical signal measurement methods 1, and the low intensity makes it difficult to
distinguish the inherent mechanical response from the inertial effect in high-speed experiments
(831 However, all brain tissues showed considerable sensitivity to the applied strain rate.

Therefore, this paper abstracts and simplifies the interaction between focused ultrasound and
brain-like soft materials in the medical field, and establishes an acoustic-solid-thermal coupling
model for studying the interaction between focused ultrasound and brain-like soft materials. By
establishing the hyper-viscoelastic constitutive equation to describe the dynamic mechanical
behavior of brain-like soft materials, the corresponding model is used to study the influence of
ultrasonic frequency on the attenuation of ultrasonic energy and the accuracy of focused
ultrasound. The dynamic mechanical response characteristics of brain-like soft materials under
different frequency and amplitude loads are further studied.

2 ACOUSTIC-SOLID-THERMAL COUPLED COMPUTATIONAL MODEL
This section describes the problem of focused ultrasound from the transducer acting on
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biological tissues through the water. An axisymmetric acoustic-solid-thermal coupling model
was established. The hyperviscoelastic constitutive model is used to describe the nonlinear
elasticity and broadband response characteristics of brain-like soft materials. The detailed
information such as the boundary, contact method, mesh division and element type in the
multiphysics coupling model are introduced.

2.1 Establishment of acoustic-solid-thermal coupling model

In this paper, the process of the interaction between focused ultrasound and brain-like soft
materials is simplified as the model shown in figure 1A, that is, the bowl-shaped acoustic
transducer and biological tissue exist in the water together. The bowl-shaped acoustic
transducer transforms the electrical signal into the focused ultrasonic signal which propagates
to the focus. The focused ultrasound propagates to the biological tissue through the water and
focuses in a specific area to form a focus area. The central opening of the bowl-shaped acoustic
transducer is 10mm, and the focal length is 63.64mm; the biological tissue height is 75.5mm,
and the radius is 48.6mm.

The above process is simulated and reproduced, and the finite element model is shown in
figure 1B is established. The model is established in an axisymmetric manner. The bowl-shaped
acoustic transducer itself is omitted in the calculation, and a water area is established at the
position of the bowl-shaped acoustic transducer, and the shape of the water area is matched
with the bowl-shaped acoustic transducer. A layer of transitional waters is established between
the transducer and the biological tissue.

A B:

Water domain

Bowl-shaped
acoustic transducer

Tissue phantom

Figure 1: A. Simplified model; B. finite element model

For the heat conduction process, a simplified Pennes equation is used:

pcpgzv-(kVT)+Q 1)

where T is the temperature, and p is the density, and C, is the specific heat, and k is the
thermal conductivity, and Q is the unit time unit volume heat production [%. The
corresponding parameters are shown in Table 1.

In the acoustic-solid-thermal coupling mode, the stress value is calculated from the strain or
displacement by using the finite element equation, and the sound intensity is calculated
according to the stress. The value of the heat source term of each integral point is calculated
from the sound intensity, which is brought into the biological heat conduction equation. The
temperature value at each point is obtained, and finally brought into the thermal expansion
equation, so that the influence of heat on displacement or strain is calculated, and finally, a
complete cycle is formed as shown in the figure 2.
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Figure 2: Acoustic-solid-thermal coupling method

2.2 Numerical calculation model building method

In this paper, a hyper-viscoelastic constitutive model is used, and material parameters
obtained by experimental fitting at different frequencies are used to ensure that the loading at
different frequencies can be simulated accurately.

The hyperelastic part adopts the Mooney-Rivlin model, and the strain energy function is a
polynomial function with principal strain invariant:

U =C,(1,-3)+Cy (T, -3)+(3, -1)°/D, %)

whereC,, C,,, D, is the material parameter, and the steady shear modulus G, =2(C,,+Cy,)

and the bulk modulus k, = 2/D; ; wherein, 1, and 1, are the first and second invariants of the
principal strain, and J,, =J/J,, are related to the third invariants of the principal strain, and

Jp =(1+¢, )3 is related to the linear thermal expansion. All hyperelastic parameters are shown

in Table 1.
The viscous part adopts the Maxwell viscoelastic model, and the Cauchy stress expression
is as follows:

O = IRy S Fn:,- 3)

where o is Cauchy stress, and F is deformation gradient tensor, and S; is the second Piola
Kirchhoff stress, which can be calculated by genetic integration:

S, = j;[c;ijkl (t-7)oE, /o7 jdr @)

where E,, is the green strain component and G, is stress relaxation function. For isotropic
materials, the relaxation modulus can be expressed in the form of the Prony series:

G(t)=G, +Zn:Gie-t/fi 5)
i=1

where G_ is the long-term modulus, and z; is relaxation time. The relaxation modulus and

relaxation time refer to the results in the literature ', which is fitted with the experimental data
in the literature (brain material test is provided in the range of 0.01 Hz-10 MHz) 12281 A
viscoelastic parameters are shown in Table 1.

For the water area, the Tait equation is used to describe the change of fluid pressure:
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P=B[(p/p)"" 1] ©)
where B and I', are constants. For the water area, the value of I'; is 6.15, the bulk modulus is
2.19 GPa, and the value of B is obtained by the following formula:

K =B(I,+1) )

At the same time, a small shear modulus is assigned to the water area to ensure the stability
of the numerical calculation [*°} and the corresponding parameters are shown in Table 1.

Table 1: Material parameters

Brain tissue material parameters

p\kg/m? 1040
K\GPa 2.19
Hyperelastic Cy\Pa Cp \Pa
parameters 514.62 566.08
G, \Pa 7. \s
156,488.30 9.29%e-10
. . 326,025.80 2.79e-08
Viscoelastic
parameters 0.0016 2.61e-06
1.2313 0.001
17.583 0.1
0.0254 0.273725
Cp\J/kg/K kK\W/m/K

Thermal Parameters

3710 0.59
Water material parameter
p\kg/m*  K\GPa B\Pa I, G\Pa

6.1 2.20e+0
5 4

1040 2.19 3.06e+08

For the finite element model, as shown in figure 1B, the loading mode is selected as follows:
during the simulation, the pressure load is applied at the arc of the bowl-shaped acoustic
transducer. The selected contact mode is: the transducer water area, transitional water area, and
biological tissue area are connected by Tie mode in the simulation process. The free boundary
is adopted as the boundary condition because the time course of the loading process is in
millisecond order, the whole displacement of the model can be ignored, so the displacement of
the rigid body need not be restricted mainly. For the finite element mesh density, the mesh
density is determined according to the input load, and the corresponding wavelength is
calculated according to the wave speed and frequency:

A=c/f 8)

In the process of calculation, at least ten grids are required within a wavelength range, that
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I, the grid size is needed to be less than one-tenth of the wavelength. The entire calculation
process uses a dynamic temperature-displacement coupling explicit calculation method.

3 DISCUSSION AND RESULTS

In this section, the acoustic-solid-thermal coupling model is used to describe the propagation
characteristics of focused ultrasound in brain-like soft material, and to explain the special stress-
strain response of brain-like soft material due to the high compression resistance and low shear
resistance. The dynamic mechanical behavior and energy dissipation characteristics of the focus
area and its internal characteristic points are analyzed by using the hysteresis effect and
temperature rise rate.

3.1 Loading form with 1IMHz frequency and 1MPa amplitude

First, an ultrasonic signal with a load frequency of 1 MHz and a pressure amplitude of 1
MPa is applied as an example to observe the situation during the focusing process on an acoustic
solid thermal coupling model. According to the observation of the compression wave, as shown
in figure 3, the compression wave is emitted from the bowl-shaped transducer, and the beam
gradually converges to the symmetry axis through the water area and brain like soft material
area. During the focusing process, the amplitude of compressed wave in the water area increases
gradually, and the amplitude of compressed wave in the brain like soft material area decreases
gradually due to the energy attenuation. Finally, a stable elliptical focusing area is formed near
the symmetry axis as shown in figure 4A. The long axis of the ellipse is the longitudinal
resolution in ultrasonic imaging.

During the focusing process, it can be found that the pressure wave will deflect significantly
at the interface between the water area and the brain-like soft material domain, and the pressure
wave deflection generates a secondary shear wave. The focusing process of the secondary shear
wave and the compression wave is similar, but the distribution of the deviatoric stress in the
focusing area is different from that of the compression stress as shown in figure 4. The
deviatoric stress is linearly distributed on both sides of the symmetry axis, and the overall phase
difference is basically constant.

There are both compressional waves and secondary shear waves in the brain-like soft
material domain, so the stress state in the brain-like soft material domain is relatively
complicated. We can use the Von Mises stress to characterize the complex stress state. The
expression of Von Mises stress is as follows:

S= \/|:(O_11 — 0, )2 +(O'll — Oy )2 +(O'22 — 0y )2 + 6(0‘122 +o-123 +o-223 ):|/2 )

where o,,,0,,,0,;,0,,,0,3, 0, are the stress components. As shown in figure 5A, observing

the distribution of Von Mises stress, it can be found that the overall stress distribution is
basically consistent with the distribution of pressure and shear stress, and the magnitude of the
stress amplitude at the focal area and the interface are larger, which is consistent with the shear
stress distribution.

Energy attenuation in brain-like soft material domains, which causes temperature changes
in the acoustic-solid-thermal coupling model. As shown in figure 5B, observing the temperature
distribution at the same time as the Von Mises stress cloud map, it can be found that the
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temperature distribution is basically consistent with the VVon Mises stress distribution. The area
corresponding to the high-temperature region is the place where the Von Mises stress is higher,
and the contour of the temperature rise region is basically consistent with the contour of Von
Mises stress.

Figure 4: The cloud map of steady-state pressure distribution: A. Pressure distribution in the focus area; B.
Shear stress distribution in the focus area

o
o0z

Unit: MPa

Figure 5: Comparison of the distribution of Von Mises stress and temperature: A. Von Mises stress distribution;
B. Temperature distribution

Furthermore, in order to observe the stress-strain response in the focus area, ultrasonic
signals with different loads and frequencies are applied to the model. As shown in figure 6,
taking the central point of the focus area for observation, it can be found that the strain
amplitudes of compression wave and secondary shear wave are close no matter how the load
amplitude changes.

In order to observe the change of stress state caused by compression wave and secondary
shear wave, the concept of stress triaxiality can be further introduced

P/oy, :\/5(0'1+02 +0'3)/3\/(01—02)2 +(0'1—(73)2 +(o, —0'3)2 (10)

which is the ratio of pressure to Mises stress. As shown in figure 7, the stress triaxiality
decreases with the increase of load frequency, and the stress triaxiality basically remains
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unchanged with the increase of load amplitude.

The reason for this may be that the brain-like soft material itself has approximately
incompressible properties, with a bulk modulus of 2.19 GPa, but relatively weaker shear
resistance, with the steady-state shear modulus of 2161.4 Pa. Therefore, although the stress
amplitude of the secondary shear wave is small, it can also cause a large shear strain in the soft-
brain-like material domain and cause damage to the soft-brain-like material.

A B

Figure 6: Shear and bulk strain amplitude under different frequency and different amplitude load: A. Obtained
at 1MPa amplitude load; B. Obtained at 1MHz frequency load

A B

Asnplitude MPa

Figure 7: Stress triaxiality under different frequency and different amplitude load: A. Obtained at 1IMPa
amplitude load; B. Obtained at LMHz frequency load

A B

Amplitude MPa

Figure 8: Regularized distortional wave component under different frequency and different amplitude load: A.
Obtained at LMPa amplitude load; B. Obtained at 1MHz frequency load

Referring to the method of magnetic resonance elastography 2%, introduce the distortional
wave component normal to the image plane:

I'=(0u,/ox, —ou, /ox, )/2 (11)

The root-mean-square value of the distortion I' was computed and normalized by the root-
mean-squared applied pressure load according to the following expression:

I/P= \/(1/T)j0T G dt/\/(l/T)joT[P(t)]z dt (12)

As shown in figure 8, using this index to analyze the shear wave in brain-like soft material,
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it can be found that the distortion wave component decreases gradually with the increase of
load frequency and increases gradually with the increase of load amplitude, which can explain
that with the decrease of load frequency and the increase of load amplitude, more distortion can
enter the focus area.

3.2 Energy dissipation characteristics of the feature point and focus area

This section mainly analyzes the energy dissipation of brain-like soft material in the process
of ultrasonic focusing. The energy dissipation is mainly related to the viscoelastic behavior of
materials. In this paper, the approximate incompressibility of brain-like soft material is taken
into account when the constitutive model is established, so it is considered that there is no
viscoelastic effect in volume deformation and only viscoelastic effect in shear deformation.

The shear stress and strain of the characteristic points in the focus area can be observed first.
It can be found that the stress-strain curve forms a series of hysteresis loops, and the dissipation
energy can be obtained by integrating the area around the hysteresis loop. Taking a single
hysteresis loop for analysis, the corresponding dynamic shear modulus can be obtained [2,

The focus model is loaded with a 1MHz load with a different amplitude (0.25-1MPa), and
the effect on the focus effect is observed. As shown in figure 9, the shear hysteresis curves of
the focus area under different amplitude loads are drawn. On the hand, it can be found that the
area of the hysteresis loop decreases gradually with the increase of frequency, that is, the speed
of corresponding dissipation energy decreases; the ratio of the long axis and the short axis of
the ellipse corresponding to the hysteresis loop is getting smaller and smaller, that is, the tano
is larger, which means that the loss modulus is constantly increasing when the storage modulus
is unchanged. On the other hand, it can be found that the shapes of the shear hysteresis curves
corresponding to different amplitudes are basically the same. As the load decreases, the area of
the hysteresis curve gradually decreases, which indicates that the magnitude does not directly
affect the magnitude of the dynamic modulus. But it shows that the smaller the load amplitude,
the smaller the energy dissipated by a single hysteresis loop. And the frequency does not change,
and the period corresponding to each hysteresis loop does not change. Therefore, the speed of
the overall dissipated energy will decrease as the load amplitude decreases.

Figure 9: Shear hysteretic curves under loads of different frequencies and amplitudes

The above analysis for the hysteresis loop mainly reflects the information of the feature point
in the focus area under the action of the ultrasonic signal, and mainly reflects the characteristics
of the constitutive equation of brain-like soft material. In order to further consider the effect of
focusing on the energy attenuation, we analyzed the attenuation coefficient of ultrasound, the
lateral resolution of focused ultrasound and the temperature rise rate directly related to the
energy attenuation.
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Futhermore, in order to obtain the attenuation coefficient of ultrasound, it can be simplified
on the original model. The load is directly applied to the lower end surface of the cylindrical
biological tissue, and the same loading mode can be used to obtain the attenuation of the
ultrasonic plane wave in the biological tissue along with the incident depth, which is used to fit
the corresponding attenuation coefficient:

a=log(A,/A)/d (13)

where A, is the amplitude of the reference pressure, and A is the pressure amplitude of the

corresponding position, and d is the distance of the corresponding position from the reference
position.

As shown by the blue curve in figure 10A, as the frequency increases, the attenuation
coefficient gradually increases. According to the empirical formula « = af”, the relationship
between the attenuation coefficient and frequency can be fitted, and the parameters a
=0.06861mm™*MHz™®, b = 1.977 can be obtained. The rising trend of the attenuation coefficient
is consistent with the rising trend of the loss modulus obtained from the hysteresis image. It
means that as the frequency increases, the attenuation of the ultrasonic amplitude will be faster,
which means that the amplitude will be smaller when the ultrasonic waves reach the focused
area.

L ) ; 3 \ s Tos 06 07 08 09 1 25

& 07 08 09
FMHz fiMHz fMHz

Figure 10: A. Shear hysteretic curves under loads of different frequencies and amplitudes; B. The relationship
between lateral resolution and frequency; C. The relationship between temperature rise rate and frequency

Further, in order to study the energy input of the focused area, the longitudinal resolution of
the focused ultrasound can be taken as the amount of investigation. As shown by the green
curve in figure 10B, as the frequency increases, the lateral resolution of the focused ultrasound
increases, indicating that the degree of energy accumulation will increase as the frequency
increases.

In terms of the attenuation coefficient and lateral resolution, the higher the frequency,
the lower the amplitude of the ultrasonic wave in the focused area, but the energy will be more
concentrated. There is a contradiction between the two and it will affect the energy attenuation
in the focus area at the same time. Therefore, a direct indicator of the temperature rise effect is
needed to judge the true dissipation situation. Use the least square fitting method to fit the time-
temperature curve to get the temperature rise rate, forming the result of the red curve in figure
10C. Finally, it can be found that there is a maximum value of the temperature rise coefficient
in 0.5-0.6MHz.

This result can also be used in ultrasound imaging and focused ultrasound ablation. In
order to get better echo quality, the ultrasonic amplitude and the longitudinal resolution should
be as small as possible, and the result should be consistent with the extreme value of the

10
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temperature rise rate. In the focused ultrasound ablation, in order to avoid damaging the
biological tissue in the non-target position as far as possible, it is necessary to focus on high
precision and fast temperature rise speed, which is consistent with the frequency required by
the above maximum temperature rise rate.

4 CONCLUSIONS

Focused ultrasound is widely used in medical diagnostic imaging, non-invasive treatment,
and other fields, but the research on the quantification of its physical effects and the
corresponding biological effects is not in-depth enough. In this paper, the interaction process
between focused ultrasound and brain-like soft material is abstractly simplified, and an
acoustic-solid-thermal coupling model is established to describe the interaction between
focused ultrasound and brain-like soft material. In this paper, the dynamic mechanical behavior
of brain-like soft material is described using a hyper-viscoelastic constitutive model, and it is
used in combination with the model to process the focused ultrasound and soft-brain-like tissue
under different frequencies and amplitude loads. The following conclusions were reached:

- According to the stress-strain response, brain-like soft materials have the
characteristics of high compression resistance and low shear resistance. Under the
action of focused ultrasound, the magnitudes of shear strain and volume strain are the
same, but the volume stress is two or three orders of magnitude larger than the shear
stress.

- Under the action of focused ultrasound, the dynamic mechanical response of brain-
like soft material will change with the change of load. With the increase of load
frequency, the energy input to the focus region is smaller, but the loss ratio will
increase. With the increase of load amplitude, the more energy is input into the focus
region, the more energy is lost.

- With the increase of the load frequency of focused ultrasound, the attenuation
coefficient of ultrasound increases gradually, which has a specific exponential
relationship with the ultrasonic frequency; the width of the focused area decreases
with the increase of frequency, and the lateral resolution of focused ultrasound
increases gradually. To obtain higher imaging quality or higher temperature rise, the
optimal solution can be found in a specific frequency range.

In this paper, the law of the interaction between focused ultrasound and brain-like soft
material is simulated, and the method of obtaining dynamic modulus by using the law of stress
and strain in the focus area of ultrasound is obtained, which provides the basis for the
application of focused ultrasound in elastic imaging and viscoelastic property inversion of
materials. Meanwhile, the focusing characteristics of ultrasound and the dynamic mechanical
response of brain-like soft material under different frequency and amplitude loads are obtained,
which provides support for the application and improvement of focused ultrasound in medical
diagnosis and treatment.
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