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Abstract—One of the undesirable effects of using ultrasound for extracorporeal therapy is skin overheating,
caused by both ultrasound absorption and contact with the heated surface of the acoustic transducer. To sup-
press this effect, a forcibly cooled contact medium can be placed between the skin and the irradiating surface.
A novel ultrasound applicator implementing this approach has recently been proposed and developed at
Southern Federal University. It uses a rectangular piezoelectric transducer bonded to an aluminum plate for
volumetric heating of subcutaneous biological tissue. The plate is cooled by circulating cold water through
laterally drilled channels. This article presents a numerical algorithm for calculating the three-dimensional
temperature field in tissue during the operation of this applicator. The simulation was based on the inhomo-
geneous heat equation. Experimental acoustic holography data obtained for the developed transducer were
used to calculate the heat sources in tissue. An example of heating bovine liver tissue ex vivo is considered,
with irradiation times ranging from several seconds to several min. The simulation results were compared with
experimental data on tissue thermal ablation at an acoustic power of 12 W and an ultrasound frequency of
6.96 MHz. It is shown that the combination of thermal tissue exposure and contact boundary cooling allows
for volumetric tissue heating with a temperature maximum at a depth of 8 to 15 mm, while maintaining a neg-
ligible temperature change at depths up to 2–3 mm.
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INTRODUCTION
Important limitations in the clinical application of

ultrasound physiotherapy [1] and noninvasive surgery
using high-intensity focused ultrasound (HIFU) [2–
4] concern the risk of thermal damage to the skin. In
physiotherapeutic procedures using relatively low
ultrasound intensities (up to 3 W/cm2) [1, 5, 6], this
problem, although rare, remains a potential complica-
tion. The risk of skin damage increases with improper
placement of the transducer, with increased radiation
intensity, prolonged exposure, or insufficient acoustic
contact between the transducer and the skin. HIFU
technology is characterized by significantly higher
intensity levels in the treatment area (hundreds of
W/cm2), although focusing of the field allows for
reduced intensity levels on the skin [5, 6]. However,
when creating volumetric tissue ablation by moving
the focus, the problem of skin overheating becomes
critical due to the increase in exposure time [2–4].

Skin overheating can occur when both deep and
subcutaneous layers of biological tissue are irradiated.
Thus, in recent years, HIFU technology has become

widespread in aesthetic medicine, in particular, for
procedures for tightening the skin of the face and neck
(SMAS-lifting) and other areas of the body [4, 7–10].
Clinical SMAS-lifting systems use transducers that
operate in the 4–10 MHz frequency range and can be
focused at depths from 1.5 to 4.5 mm [4, 7–9]. The
transducer generates ultrasound waves that are
focused through the matching medium and superficial
layers of the skin to a specified depth, where the
acoustic energy is absorbed, heating the tissue to 60–
70°C, thereby creating discretely located point ther-
mal microcoagulation zones with a volume of about
1 mm3 [8]. During the resorption of coagulated
microablations, a reduction in tissue volume occurs,
and, as a wound healing reaction, new forms of visco-
elastic collagen and elastin begin to be synthesized
[11]. As a result, problem areas of tightened and
expression wrinkles are reduced. To localize the ultra-
sound effect at different depths, transducers with dif-
ferent focal lengths are used, and to treat a large sur-
face or volume of tissue, the transducer moves within
a specified contour [7, 12, 13]. Therefore, the proce-
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dure time increases and there is a risk of tissue over-
heating during focus progression [2–4].

To protect the skin and the transducer itself, both
in SMAS-lifting cosmetic devices and in the case of
exposure to deep areas of the human body, cooling
with a contact medium between the skin and the
HIFU transducer is used [2, 3, 14, 15]. It should be
noted that for the therapeutic effect of ultrasound on tis-
sue, in addition to the thermal mechanism, cavitation is
also used; in this case, pulse-periodic modes are used and
the effects of skin overheating are weakened [16].

Despite the success of using sources with electronic
or mechanical movement of the focus in HIFU ther-
apy in tandem with skin cooling for volumetric action
on target areas, the development of alternative meth-
ods and devices capable of increasing the volume of
ultrasound effect, e.g., on subcutaneous tissue layers
without moving the focus but while maintaining the
intact of the skin, remains an urgent problem. In [17],
it was proposed to use the SUPERB (Synchronous
Ultrasound Parallel Beam) technology of the Sofwave
Medical system (Yokneam, Israel), which applies the
unfocused ultrasound effect. The transducer is a linear
ultrasound array consisting of seven transducers offset
approximately 1.5 mm from each other and excited in
sequence. In this case, the thermal effect is localized
in discrete zones at the same distances from each other
at a depth of 0.5–2 mm in the dermis owing to cooling
of the operating element and its neighboring elements.
This ensures localization of the effect and protects the
skin from burns. Thus, SUPERB, due to selective
cooling of elements, can produce discrete, single,
small-volume ablations at a given depth in the skin
without damaging its surface layer [17]. However,
ensuring uniform volumetric effect on subcutaneous
tissue layers both for physiotherapy and for more
intensive therapeutic effect on the specified subcuta-
neous areas of the human body at different depths
remains unresolved.

Recently, we have developed the model of a plane
transducer that can act on relatively large volumes of
subcutaneous tissue layers via superposition of the
thermal effect of the ultrasound field and surface cool-
ing [18]. By varying such parameters of action as ultra-
sound frequency and cooling temperature, it is possi-
ble to localize the volumetric effect at different depths.
Depending on the irradiation amplitude parameters,
the ultrasound effect on tissue can produce different
effects, including massage, slight heating used in phys-
iotherapy, cavitation, and even thermal ablation of tar-
get volumes.

In this study, a numerical algorithm was developed
that can simulate heating of a biological tissue sample
with an ultrasound beam in tandem with surface cool-
ing. The efficiency of the method was also demon-
strated experimentally by ex vivo irradiation of a
bovine liver sample using the developed transducer.
Since existing methods for recording soft volumetric
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effects on subcutaneous tissue layers are associated
with the occurrence of artifacts (e.g., when thermo-
couples are used to measure temperature) or are char-
acterized by high cost and complexity of implementa-
tion (e.g., magnetic resonance thermography), heat-
ing modes to tissue thermal ablation temperatures
were considered. This made it possible to visualize the
results of irradiation in experiment for comparison
with numerical calculation data [18].

FORMULATION OF THE PROBLEM

Using numerical modeling methods, a physical
experiment involving irradiation of a sample of bovine
liver tissue ex vivo was simulated with an ultrasound
applicator consisting of a plane radiating piezoelectric
plate and an aluminum plate cooling the surface of the
sample. The metallized surfaces of a rectangular
piezoelectric plate (PP) measuring 25 × 15 × 1 mm
served as electrodes and were connected electrically to
a high-frequency cable (Fig. 1a). The PP was made of
PKR 78 ferroelectric-rigid piezoceramic with a high
piezoelectric modulus (325 pC/N), electromechani-
cal coupling coefficient (0.5), and mechanical quality
factor (400) with low dielectric losses (loss tangent
0.003) [19]. All these parameters, together with the
fine-grained structure, ensure high efficiency of
piezoceramics in the continuous high-intensity ultra-
sound radiation mode. The PP was glued to the alumi-
num plate (AP) with dimensions of 25 × 40 mm,
which in the contact area was a plane-parallel layer
3 mm thick (Fig. 1b). The outer sections of the AP
were thickened and channels were drilled in them,
through which a cooling liquid circulated—water at a
temperature of 14°C (COOL, Fig. 1a).

The acoustic field generated by the transducer was
characterized experimentally in a water tank by acous-
tic holography [20]. In the experiment of ex vivo irra-
diation of bovine liver tissue, the transducer was
applied to the sample with the outer side of the alumi-
num plate (Fig. 1a). Calibration measurements of the
field in water and tissue irradiation were done at room
temperature. Thus, the initial sample temperature also
corresponded to room temperature (23°C), while the
temperature at the boundary of its contact with the
aluminum plate was maintained at 14°C. The PP
operating frequency approximately corresponded to
the third harmonic of its antiresonance frequency of
6.96 MHz. The acoustic power corresponded to the
experimental conditions and was 12 W, the duration of
exposure was 3 and 5 min, the cooling time of the sam-
ple after irradiation was 2 min, the parameters of the
biological tissue corresponded to the tabular values of
bovine liver. During the simulation, it was assumed that
cooling of the tissue with an aluminum plate and its heat-
ing with ultrasound were turned on simultaneously.
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Fig. 1. (a) Schematic diagram of the numerical experiment simulating physical ex vivo experiment. A plane ultrasound transducer,
which was a glued rectangular piezoceramic plate (PP) and an aluminum plate (AP) with channels along its lateral sections
(Cool), was applied to a sample of bovine liver with an initial temperature of 23°C. The AP was thermostatted by circulating cold
water with a temperature of 14°C through its channels. The spatial distribution of the pressure amplitude of the ultrasound field
in the tissue is shown inside the sample. (b) Front view and dimensions of the PP (shown in brown) and cooling AP (shown in
gray). The numerical window is shown in blue.
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NUMERICAL MODEL
Acoustic Field and Heat Sources

The propagation of ultrasound waves in water and
in a sample of bovine liver sample was described using
the angular spectrum method with boundary condi-
tions on the plane of an aluminum plate obtained from
experimental data: a pulsed acoustic hologram of the
considered ultrasound transducer (Fig. 2) [20, 21]. An
acoustic hologram is a recording of the time form of
acoustic pressure at the nodes of a square grid on a f lat
area located at some distance in front of the source and
oriented parallel to the transducer. The distance
between grid nodes is chosen to be approximately
equal to half the wavelength, and the recording area,
large enough so that the emitted ultrasound beam is
entirely incident on it.

The acoustic hologram measurement was carried
out in a water tank with degassed water. A pulse signal
in the form of three periods of a sinusoidal signal with
a frequency of 7 MHz and an amplitude of 5 V was fed
to the transducer from the generator (33250A, Agilent,
USA) through an electric power amplifier (210L,
Electronics & Innovation, USA). The signal repetition
period was 2 ms. The short duration of the emitted
pulse signal made it possible to study the field in a
fairly wide frequency band present in its spectrum.
The acoustic signal was measured using a capsule
hydrophone (HGL-0200, ONDA, USA) with a sensi-
tive element diameter of 200 μm. A computer-con-
trolled micropositioning system (UMS-3, Precision
Acoustics, UK) allowed the hydrophone to be moved
along three mutually perpendicular axes. The pulsed
acoustic hologram was recorded at a distance of z =
25 mm from the center of the transducer in a plane
perpendicular to its acoustic axis. The field was
scanned with a step of 0.2 mm along the transverse
coordinates x and y in the nodes of the given 201 ×
201 square grid, in a 40.2 × 40.2 mm window. At each
hologram node, the signal was recorded for 300 ms,
then averaged over 32 samplings to reduce the noise
level. The time sampling step was 8 ns. The water tem-
perature was controlled by a thermocouple and was
constant 25.1 ± 0.1°C during the hologram measure-
ment. The sound speed at a temperature of 25.1°C was
1479.2 m/s [22].

From the measured time profiles of the hydro-
phone signal at each point of the spatial grid, the com-
plex spectral signal amplitudes were extracted by Fou-
rier transform at the studied frequencies in the 6.15–
7.70 MHz range with a step of 0.01 MHz. After correc-
tion taking into account the sensitivity and directivity
pattern of the hydrophone, two-dimensional distribu-
tions of the complex amplitudes of the acoustic pres-
sure created by the transducer in the hologram mea-
surement plane at the given frequencies were obtained.
The distributions were used to calculate the forward
and backward propagation of the acoustic field in
water. The calculation was carried out using the angu-
lar spectrum method. This made it possible to model
the acoustic pressure field created by the transducer in
water at each of the frequencies considered, as well as
the distribution of the pressure amplitude and phase in
the plane (x, y, z = 0) containing the radiating surface
ACOUSTICAL PHYSICS  Vol. 71  No. 2  2025
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Fig. 2. Boundary conditions on the surface of the transducer (the outer surface of the aluminum plate) at z = 0, used to simulate
the ultrasound field generated in tissue: distributions of (a) amplitude and (b) phase of pressure for an acoustic power of the trans-
ducer of 12 W. The dashed lines show the nominal dimensions of the PP 2.5 × 1.5 cm.
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of the aluminum plate. The obtained acoustic field
distributions were compared to each other in order to
select the frequency ensuring the most uniform distri-
bution of the acoustic pressure amplitude both on the
surface and in two axial planes of the transducer. As a
result, the operating frequency of 6.96 MHz was
adopted, and the corresponding acoustic pressure
amplitude and phase distributions on the outer surface
of the aluminum plate (hereinafter, transducer) were
used in the numerical experiment as the boundary
conditions for further modeling acoustic field in tissue
(Fig. 2). Clearly, the spatial distribution of the pressure
amplitude on the transducer differs in size from the
nominal dimensions of the PP (Fig. 2, dashed lines),
occupying a smaller area. In addition, asymmetry and
nonuniformity of distribution are observed: a decrease
in amplitude at the edges of the transducer, its increase
in the central region, and more pronounced in its
upper part.

To set the acoustic power of the piezoelectric trans-
ducer used in the experiment (12 W), the obtained
pressure amplitude distribution on the transducer
plane (x, y, z = 0 mm) was scaled by a factor equal to
the square root of the ratio of the specified power to
the transducer power calculated from the holographic
data. The transducer power was calculated as the inte-
gral of the intensity over its surface: 9 × 10–4 W at 1 V
on the transducer. In the numerical experiment, the
ACOUSTICAL PHYSICS  Vol. 71  No. 2  2025
power was 12 W. Thus, the amplitude scaling factor
was 114.

Using the obtained boundary conditions for the
complex amplitude p0(x, y, z = 0) on the surface of the
transducer, the pressure distribution p(x, y, z) was cal-
culated using the angular spectrum method on the
entire numerical grid in a propagation medium with
the sound speed corresponding to bovine liver tissue.
The absorption in the tissue was taken into account by
multiplying the propagator by quantity exp(-αz) [23]:

(1)

(2)

where  is the initial spatial spectrum corresponding
to complex pressure distribution p0(x,y,z = 0) and kx
and ky are spatial frequencies. Next, when calculating
intensity distributions I(x, y, z) = pp*/2ρ0c0 (p* is the
complex conjugate of pressure p) and spatial distribu-
tion of the power density of heat sources Q(x, y, z) =
2αI(x, y, z) in the inhomogeneous heat conduction
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was taken into account in the plane wave approxima-
tion. Here c0, ρ0, and α are the sound speed, density,
and attenuation coefficient in bovine liver tissue at the
transducer frequency f0. To ensure a constant tempera-
ture at the boundary with the cooling plate, an image
method was used, consisting of a mirror image of the dis-
tribution Q(x, y, z) in the area of negative values z with
replacement of the sign:

(3)

The simulation was carried out for the radiation of
a PP at a frequency of f0 = 6.96 MHz; the acoustic
parameters of the tissue corresponded to bovine liver:
c0 = 1580 m/s, ρ0 = 1050 kg/m3, and α = 49.78 m–1

[24–26].

Temperature Field
The three-dimensional temperature field in a

bovine liver tissue sample ex vivo, taking into account
its volumetric heating by ultrasound and surface cool-
ing, was calculated using the numerical algorithm
developed in the study, which solves the inhomoge-
neous heat conduction equation:

(4)

where T = T(x, y, z, t) is the temperature in tissue, t is
time, χ is the thermal diffusivity coefficient, C

v
 is the vol-

umetric heat capacity of the sample, and Q = Q(x, y, z) is
the power density of the heat sources in tissue, calcu-
lated in the plane wave approximation.

Due to the linearity of Eq. (4), the heating and
cooling effects were modeled independently. The
solution was presented as a sum:

(5)
where Tsam is the background (initial) temperature of
the sample, 23°C; T1(x, y, z, t) is the solution to the
three-dimensional homogeneous heat equation with
nonuniform boundary conditions (BCs) correspond-
ing to a constant temperature on the surface of the
cooling (aluminum) plate, equal to its difference from
the background (T1= Tcool – Tsam, where Tcool = 14°C
is the cooling plate temperature) and zero on all other
surfaces (Fig. 1a); T2(x, y, z, t)—solution to Eq. (4),
describing the change in tissue temperature relative to
the background, with uniform BCs (T2 = 0 at the
boundaries of the numerical window) and thermal
sources Q, associated with the absorption of ultra-
sound beam energy in tissue. This division is due to the
fact that for temperature distributions T1 and T2 it is
convenient to use various solution methods.

Inhomogeneous heat conduction equation (4) was
calculated on a grid consisting of 242 nodes for each of
the transverse coordinates x and y with a spatial step of
0.35 mm (–4.2 ≤ x(y) ≤ 4.2 cm). The size of the simu-
lation area along the beam axis z (axial direction) var-
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ied depending on the problem being solved: a grid of
1001 nodes with a step of 0.1 mm (0 ≤ z ≤ 10 cm was
used to simulate the cooling process), whereas for the
heating simulation, the size of the axial domain was
doubled to ensure uniform boundary conditions at the
boundaries of the numerical window (2001 nodes, step
0.1 mm, –10 ≤ z ≤ 10 cm). The values of the physical
parameters corresponded to liver tissue: χ = 1.93 ×
10–7 m2/s, C

v
 = 5 × 106 J/(m3 °C) [25, 26].

Sample Cooling Calculation

To calculate the cooling effects, it was assumed that
the temperature on the surface of the aluminum plate
was kept constant, Tcool = 14°C. The initial back-
ground temperature of the biological tissue sample
and the temperature at its boundaries, except for the
surface of the aluminum plate, was Tsam = 23°C
(Fig. 1a). The process of cooling a tissue sample rela-
tive to the temperature Tsam described by the variable
T1, the equation, the initial and boundary conditions
for which, taking into account (4) and (5), can be writ-
ten as

(6)

where  for

, i.e., inside the surface

of the aluminum plate and 0 outside; Lx = 25 mm,
Ly = 40 mm are the plate dimensions; θ(t) is the
Heaviside function.

The solution to problem (6) can be written as an
inverse two-dimensional Fourier transform of the
solution in the -space for each component of the spa-
tial spectrum of the transducer [27]:

(7)

where is the spatial spectrum  for a rect-
angular transducer has an exact analytical solution:

(8)

∂ = χΔ =
∂

= θ

1
1 1

1 0

; ( , , ,0) 0;

( , ,0, ) ( , ) ( ),

T T T x y z
t
T x y t T x y t

= δ = − = − °0 cool sam( , ) ( ) 9 CT x y T T T

− ≤ ≤ − ≤ ≤,
2 2 2 2

y yx x L LL Lx y

+∞ +∞
+

−∞ −∞

=
π

×   1

1 2
1( , , , )

(2 )

( , , , ) ,x yik x ik y
x y T x y

T x y z t

dk dk S k k z t e

1
( , , , )T x yS k k z t

− +

+

 δ  =    
   

   × + χ + −   χ   

  + − χ + +   χ  

1

2 2

2 2

2 2

2 2

( , , , ) sinc sinc
2 2 2

1 erf
4

1 erf .
4

x y

x y

y yx x
T x y x y

z k k
x y

z k k
x y

k Lk LTS k k z t L L

ze t k k
t

ze t k k
t

ACOUSTICAL PHYSICS  Vol. 71  No. 2  2025



NUMERICAL SIMULATION OF VOLUMETRIC ULTRASOUND HEATING 195
Here  erf(z) =  is the

error function.
Solution (7)–(8) for the function T1(x, y, z, t)

describes the change over time in the spatial distribu-
tion of temperature in the tissue volume due to cooling
by an aluminum plate with the ultrasound transducer
turned off. In the limiting case of long cooling times, a
stationary temperature distribution is established in
the tissue.

Sample Heating Calculation
The distribution of the temperature field in the tis-

sue during its heating due to absorption of the ultra-
sound beam energy was calculated by numerically
solving the inhomogeneous heat conduction equation
with homogeneous boundary conditions:

(9)

where T2(x, y, z, t) describes the difference in tissue
temperature with respect to the background (initial)
temperature Tsam = 23°C without cooling;  is
the tissue temperature at the boundaries of the numer-
ical window (Fig. 1), and Q(x, y, z) are the spatial dis-
tributions of the power density of antisymmetric ther-
mal sources, specified by relation (3). After the end of
irradiation, the sample cooling process was simulated
for 2 min to take into account ongoing heat diffusion.

Problem (9) has an analytical solution in the
k-space [28]:
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where  and  are spatial
Fourier spectra of Q(x, y, z) and T2(x, y, z, t). Next, the
temperature distribution T2(x, y, z, t) was calculated as
the inverse Fourier transform of analytical solution (10):
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time in the spatial distribution of temperature in the
tissue volume due to absorption of ultrasound radia-
tion energy at a constant temperature at the sample
boundaries. The final distribution of the temperature
field of the sample, combining ultrasound heating and
surface cooling, is described by the sum of solutions
T1(x, y, z, t), T2(x, y, z, t), and Tsam.

Thermal Dose
The value of the thermal dose was used as the cri-

terion for achieving thermal tissue necrosis:

(13)

where the coefficient R0 takes the value 0.5 at
T(x, y, z, t) ≥ 43°C and 0.25 at T(x, y, z, t) < 43°C [29];
t56.0 is the time equivalent of the threshold destructive
thermal dose commonly used in HIFU modes,
240 min at a temperature of 43°C and 1.76 s for a tem-
perature of 56°C [30–32].

RESULTS
1. Acoustic Field in water

Figure 3 shows the spatial distributions of the pres-
sure amplitude in water in the axial planes xz and yz,
passing through the center of the transducer for real
and ideal transducers with a frequency of 6.96 MHz
and an acoustic power of 12 W. For the real transducer
used in the experiments (Fig. 3a), boundary condi-
tions were used obtained from experimental acoustic
holography data (Fig. 2). In the case of an ideal trans-
ducer (Fig. 3b), a uniform distribution of the ampli-
tude of the oscillatory velocity perpendicular to its sur-
face with dimensions corresponding to the nominal
dimensions of the PP 2.5 × 1.5 cm and with the same
total power of 12 W was assumed.

A comparative analysis of the results of modeling
the acoustic pressure field obtained for real and ideal
rectangular transducers (Fig. 3) revealed significant
differences. The pressure amplitude distributions for
an ideal transducer are symmetrical with respect its
axis and are characterized by larger beam sizes along
both coordinates x and y and approximately twice as
small absolute values of the pressure amplitude com-
pared to the field generated by the PP. Although the
radiation at the selected frequency of 6.96 MHz near
the third harmonic of the fundamental frequency of
the PP is characterized by the most uniform and sym-
metrical pressure distribution among the studied fre-
quencies, the spatial structure of the field of the real
transducer remains nonuniform and asymmetrical
with respect to its axis (x = 0, y = 0, z). The discrep-
ancy between the nominal dimensions of the radiating
surface of the PP and the effective dimensions of the
real transducer also manifests itself in the suppression
of radiation in its edge regions (Fig. 2). Thus, the use
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Fig. 3. Spatial distributions of pressure amplitude in water in two axial planes xz (top line) and yz (bottom line) at a frequency of
6.96 MHz for an acoustic power of the transducer of 12 W. The distributions are calculated based on acoustic holography data (a)
for the transducer considered and (b) for an ideal piston transducer with nominal dimensions.
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of the ideal piston radiator model as an approximation
of a real radiator seems incorrect. In this case, the use
of experimental data from acoustic holography allows
us to obtain boundary conditions that correspond to
the conditions of a physical experiment.

2. Acoustic Field in Tissue and Heat Sources

Fig. 4 shows the spatial distributions of the acoustic
pressure amplitude calculated numerically in the tis-
sue of a bovine liver sample in planes containing the
transducer axis: xz at y = 0 and yz at x = 0. The simu-
lation was carried out based on the boundary condi-
tions (Fig. 2) obtained from the measured acoustic
hologram for a frequency of 6.96 MHz and an acoustic
transducer power of 12 W. As follows from the expo-
nential dependence of the solution (1) along the axis z,
the characteristic penetration depth of the ultrasound
field, determined by the level of the decrease in the
amplitude of the pressure wave in e once, located at a
depth of 1/α, equal to about 2 cm. At this depth, the
maximum value of the pressure amplitude decreases
from 6.9 × 105 to 2.5 × 105 Pa.

In the specified depth range, effective absorption of
acoustic energy by biological tissue occurs, followed
by its conversion into thermal energy, which leads to
an increase in tissue temperature. Figure 5 shows the
corresponding power density distributions of antisym-
metric thermal sources in two axial planes xz and yz:
clearly, the effective heating depth 1/2α at which the
power of heat sources decreases by e times, is about
1 cm. However, with prolonged heating (several min),
thermal diffusion effects play a major role and there-
fore it can be expected that the tissue temperature will
increase at greater depths. Recall that the antisymme-
ACOUSTICAL PHYSICS  Vol. 71  No. 2  2025
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Fig. 5. Spatial distribution of the power density of antisymmetric heat sources Q in tissue in axial planes (a) xz and (b) yz at an
operating frequency of 6.96 MHz for a transducer power of 12 W.
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try of heat sources applied in the numerical model
(Fig. 5) ensures that a constant temperature is main-
tained at the boundary z = 0.

3. Sample Cooling with an Aluminum Plate

Figure 6 shows the results of solving problem (6)–
(8) of surface cooling of a bovine liver sample with an
aluminum plate without ultrasound exposure. Two-
dimensional temperature distributions are shown in
the plane of the transducer axis yz (at x = 0) at different
moments of time (60 s and 80 min) and the time
dependence of the temperature on the transducer axis
(x = 0, y = 0) for three characteristic depths in the tis-
sue: 2 mm, 1.5, and 3 cm.

Figure 6a shows the characteristic spatial distribu-
tion of temperature in the biological tissue in the plane
of the transducer axis at a time of 60 s. For longer
exposure times (about 80 min), a stationary tempera-
ACOUSTICAL PHYSICS  Vol. 71  No. 2  2025
ture distribution is established in the sample (Fig. 6b).
At the same time, as the figure shows, the aluminum
plate effectively cools the biological tissue sample at a
depth of up to 0.5 cm. At depths from 0.5 to 2 cm, its
contribution is less significant, and further on, it is
almost completely absent. It should be noted that the
surface layers up to 0.2 cm are of primary interest for
practical applications in cosmetology [4, 17].

A rough analytical estimate of the time τ to achieve
a stationary temperature distribution at depth can be
obtained with simplified normalization of Eq. (4) as

 [33]. Estimates for the three characteristic
depths of 0.2, 1.5, and 3 cm yield values of τ = 21 s, 20,
and 78 min, respectively. Such an estimate of the time
to achieve τ a stationary temperature is of practical
interest for preliminary surface cooling, e.g., for anes-
thesia. Figure 6c plots the time dependence of tem-
perature on the transducer axis for the specified depths
of 0.2 cm (yellow curve), 1.5 cm (red curve), and 3 cm

τ ≈ χ2d
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Fig. 7. Spatial temperature distributions in axial planes (a, c) xz and (b, d) yz at the end of the irradiation of a sample of bovine
liver with a combination of heating and cooling. The tissue irradiation time was (a, b)—t = 3 min and (c, d)—t = 5 min. The white
outline shows the region within which the thermal dose exceeded the threshold value after the sample had cooled for 2 min.
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(blue curve). The estimated time to achieve the τ val-
ues for the corresponding depths are indicated by
arrows. Establishment a stationary temperature corre-
sponds to the saturation mode; i.e., the graph reaches
a plateau (dashed lines). The graphs in Fig. 6c show
that it is possible to cool the tissue at a depth of 0.2 cm
to a temperature of 15°С; at a depth of 1.5 cm, to
19.8°C; and at a depth of 3 cm, to 21.8°C. In this case,
the analytical estimate of the time τ agrees well with
the simulation results for large depths with an error no
greater than 10%. At shallow depths, there is a signifi-
cant temperature gradient, which requires correction
to the coefficient determines the characteristic scale of
its change. However, within the error limits, the char-
acteristic time to establish a stationary state at a depth
of 0.2 cm is about 2 min (Figs. 6a, 6c). The results
indicate that precooling of the superficial layers of bio-
logical tissue can help reduce the risk of overheating
and pain in the patient during the procedure. The
duration of precooling should be adjusted depending
on the required depth of action (Fig. 6c).

4. Volumetric Heating of a Sample with Surface Cooling

The results of modeling spatiotemporal tempera-
ture distributions in a biological tissue sample in two
axial planes xz and yz with simultaneous activation of
ultrasound heating and surface cooling are shown in
Fig. 7. Temperature distributions are shown for two
irradiation times: 3 min (Fig. 7a, 7b) and 5 min
(Fig. 7c, 7d).

As can be seen from the figures, the maximum tem-
perature in the bovine liver sample for an exposure
time of 3 min is 66°C and is achieved at a depth of
5 mm (Fig. 7a, 7b), and for 5 min, 72°C at a depth of
8 mm (Fig. 7c, 7d). As the irradiation time increases,
the volume of tissue in which the thermal dose exceeds
its threshold value corresponding to the achievement
ACOUSTICAL PHYSICS  Vol. 71  No. 2  2025
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Fig. 8. Results of comparing the results of (a, c) numerical and (b, d) physical experiments on ex vivo irradiation of bovine liver
tissue for an acoustic power of 12 W and irradiation time of (a, b) 3 and (c, d) 5 min.
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of thermal necrosis increases (Fig. 7, the area is out-
lined in white). The contour of thermal necrosis
almost completely coincides with the contour limiting
the area where the temperature exceeded 52°C. Ther-
mal ablation has the shape of an oblate spheroid, elon-
gated along the x axis, with dimensions of 1.4 × 0.96 ×
1.2 cm for 3 min and 1.5 × 1.2 × 1.5 cm for 5 min
(Fig. 7). In both cases, an intact (undamaged) surface
layer with nearly the same thickness is observed: 2.8
and 2.7 mm for 3 and 5 min, respectively.

To verify the results of numerical modeling, a com-
parison was made with the results of physical experi-
ments on thermal ablation of bovine liver tissue ex vivo
(Fig. 8) [18]. As a result of superposition of volumetric
ultrasound heating and surface cooling, thermal abla-
tion was formed in the samples without damage to the
surface layer of the liver sample with a thickness of
about 2 mm (Figs. 8b, 8d). The shape and dimensions
of thermal ablation obtained in numerical modeling
showed good qualitative and quantitative agreement
with the results of the physical experiment (Fig. 8).

Thus, the results of numerical modeling performed
using the described algorithms demonstrate an ade-
quate description of the physical experiment, con-
firming the operability of the proposed method of vol-
umetric effect on biological tissue with unfocused
ultrasound while maintaining its surface layer intact.

CONCLUSIONS
The paper presents an algorithm for solving the

nonuniform bioheat equation that describes the pro-
cess of volumetric heating of biological tissue under
the influence of unfocused ultrasound generated by a
plane piezoelectric plate (PP) and cooling of its sur-
face layer.

Analysis of the analytical solution to the problem of
volumetric cooling in the absence of ultrasound expo-
sure showed that effective tissue cooling is provided at
a depth of up to 5 mm. In this case, the time charac-
teristics for achieving a stationary temperature at
depths of 0.2, 1.5, and 3 cm are 21 s, 20 min, and
78 min, respectively. At a depth of 0.2 cm, the maxi-
mum cooling in the absence of ultrasound heating is
ACOUSTICAL PHYSICS  Vol. 71  No. 2  2025
about 8°С (the sample is cooled from the initial tem-
perature of 23 to 15°C) and is achieved within a few
min. Thus, to ensure an analgesic effect and protect
the 2-mm-thick surface layer before ultrasound expo-
sure, it is recommended to precool the surface of the
biological tissue for at least 2 min.

Numerical modeling of the process of obtaining
volumetric thermal ablation in a sample of bovine
liver, carried out using an unfocused ultrasound beam
generated by a PP, in combination with cooling of the
surface layers with an aluminum plate, showed the for-
mation of thermal ablation in the form of an oblate
spheroid. The threshold thermal dose was exceeded at
irradiation times of 3 and 5 min inside a volume with a
temperature exceeding 52°C, while the surface layer,
the thickness of which was at least 2 mm, remained
intact. Qualitative and quantitative compliance shown
the comparison of the results of modeling with exper-
imental data allowed us to verify the numerical algo-
rithm presented in this study. The obtained results also
demonstrated the potential of using the proposed
method to obtain localized volumetric thermal abla-
tion or other ultrasound volumetric effects on the sur-
face layers of biological tissue while maintaining the
surface layer intact.

In this study, an example of a specific transducer
with fixed parameters was considered. In general, the
shape and size of thermal ablation or other ultrasound
effect will depend on several factors: the geometry, fre-
quency, and power of the ultrasound transducer, as
well as the size and cooling temperature of the alumi-
num plate. For example, localization of ultrasound
exposure at a shallower depth can be achieved by
selecting a higher frequency. At low frequencies, the
penetration depth of ultrasound will be greater, so the
final area of effect will have a larger size in depth. The
thickness of the intact layer will depend on the surface
cooling temperature. By changing these parameters, it
is possible to obtain different shapes and volumes of
thermal ablation, which is the subject of further
research.
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