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Abstract. The peculiarities of laser evaporation of soft biological tissues in the
process of two-dimensional scanning of continuous CO:2 laser radiation were
studied experimentally and numerically. Samples from agar and pig heart
muscle in vitro were used as soft biotissue models. The depth of evaporation
and the peculiarities of the formed surface of the evaporated zone were
studied for different regimes of exposure: radiation power, scanning speed of
the laser beam, filling density of the scanned zone. A semi-empirical model of
laser evaporation of soft biological tissues with high water content is proposed
based on the energy balance and the evaporative mechanism of biotissue
removal. Studies have shown good agreement between experimental data and
data obtained based on the proposed model. © 2024 Journal of Biomedical
Photonics & Engineering.
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1 Introduction

The use of robotic and automated devices and systems in
surgery is one of the promising areas for developing and
improving the current medical technologies [1-3]. This
approach reduces the risks of the human factor, decreases
the time of surgical intervention, increases the efficiency
and safety of treatment, and allows for rapid
postoperative rehabilitation of patients.

High-precision and low-trauma laser surgical
interventions have led to widespread devices based on
CO; lasers with scanning systems. These devices make
the process of exposure to laser radiation automatic [4].
CO; lasers still remain the most common in global
medical practice and are most commonly used for the
so-called ablative (local evaporation of tissue) or non-
ablative (local heating of tissue) laser skin
resurfacing [5, 6]. This technology is considered the gold
standard in dermatological surgery. Currently, active
research is being conducted on the use of scanning laser
systems in relation to the problems of obtaining precision
cuts of complex shapes of a given depth and evaporation
of a given area of arbitrary shape on the biotissue surface.
The scanning systems can effectively control the
parameters of laser radiation in the impact zone. They
provide high speed and accuracy, safety and
reproducibility of operations using CO; lasers [7]. This
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significantly expands the possibilities and prospects for
their use in surgery.

One of the directions in the development of robot-
assisted laser surgery is predictive modeling for the
purpose of preoperative planning [8, 9]. Planning is based
on the selection of the optimal modes of automated laser
exposure, ensuring high efficiency of the laser procedure.
These approaches to carrying out precision and low-
trauma laser operations are based on experimental and
numerical modeling of laser irradiation processes using
various in vivo or ex vivo biomodels. Ref. [10] suggests
selecting the modes and predicting the depth of
automated laser incision of soft tissues by means of an
experimental database. To this end, they used ex vivo
chicken muscle tissue. The obtained accuracy of the
depth of the cut reached accuracy of £100 pm. In
Refs. [11, 12], to achieve a given depth of laser
evaporation of soft and bone tissues, it is proposed to use
simplified mathematical models for predicting the depth
of the cut using experimental data on animal tissues.
Ref. [13] proposed a method for simulating the removal
of the superficial tumors while minimizing the damage to
the healthy tissue with the help of a laser beam whose
profile corresponds to the 3D shape of the pathological
tissue. It is noted in Refs. [9, 14] that in the long term, the
development of the robot-assisted laser surgery will
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require developing predictive models of the interaction
between laser radiation and various types of tissues.

An analysis of modern trends in the development of
laser surgery shows that the creating of models of laser
evaporation of biological tissue is urgent task due to
development of robotic  automated  surgical
complexes [9, 14]. There are numerous works devoted to
modeling laser thermal and destructive effects on
biological tissue. Usually such studies investigate the
threshold conditions for laser destruction of biological
tissue [15] and the features of its thermal damage [16],
describe the formation of temperature fields during laser
action and explosive boiling of interstitial fluid [17-19],
and the generation of laser-induced mechanical
stresses [20]. The overwhelming majority of studies are
devoted to laser evaporation of biotissues in the short-
pulse mode. There are much fewer works that study the
effect of continuous laser radiation on biotissues. There
are also few works that model the depth of cut and the
depth of evaporation of the tissue zone during two-
dimensional scanning of continuous laser radiation.
There are known works [10, 12], which propose a
completely empirical approach to predicting the depth of
automated linear cutting of soft biotissues by continuous
CO; laser radiation. Samples from agar and chicken
muscle tissue were used as biomodels. This approach is
based on a linear approximation of experimental data by
the parameter of the input energy and the exposure time.
These works do not analyze the features of the influence
of the laser beam scanning speed. There is also no
physical model that would allow the surgeon to predict
the result of cutting and evaporation of a two-
dimensional tissue zone in relation to a laser installation
that has its own specific parameters of the laser beam and
scanning system (spot diameter, scanning speed, etc.).

The purpose of this work is an experimental and
numerical study of the efficiency and characteristics of
the evaporation of soft biological tissues in the process of
automated two-dimensional scanning of CO; laser
radiation. A physical evaluation model of the depth of the
evaporated region of soft biological tissue with high
water content is proposed depending on the modes of
two-dimensional laser scanning and the parameters of the
laser beam.

2 Methods and Materials

For automated surface laser evaporation of biomodels, we
used a setup consisting of a laser unit, an articulated-mirror
manipulator and a 2-coordinate galvanic Galvo Scanner,
Model JS1105 (Sino-Galvo Technology Co., China)
coupled to it. The setup is based on the C-20A single-mode
CO; laser (Coherent, USA) with a power up to 20 W. A
detailed description of the setup is given in Ref. [21].

The scanner control unit and the specially developed
software make it possible to set any shape of the
evaporation area within 20 x 20 mm, the speed of the
laser beam within 1-50 mm/s, and the required filling
density of the evaporated surface by laser hatching. The
surface scanning area is a set of parallel lines (hereinafter,
‘hatching lines’). The required density of filling the

J of Biomedical Photonics & Eng 10(4) 2024

040307-2

doi: 10.18287/JBPE24.10.040307

evaporated area of the surface by laser hatching was
secured by changing the distance between the hatching
lines.

The samples based on Difco™ agar and pig heart
muscle tissue in vitro were used as biomodels. Biotissues
were used within 48 h post mortem. The samples were
stored at the temperature of 0-4°C with constant
humidity. The heart muscle was used for the following
reasons. Firstly, it is known that pig tissues are most
similar in their parameters to human ones and are used in
modeling surgical processes. Secondly, relatively large
areas of tissue that would be homogeneous could be
found quite easily in the heart muscle. Other soft tissues
are much less homogeneous. For example, skeletal
muscles often contain ligaments, fat, vessels, and
tendons. This would significantly complicate the
experiments and analysis of the data obtained. For
experiments with agar, the prepared samples contained
15% agar mass fraction and 85% water fraction. These
samples simulated soft water-containing tissues. The
cross sections of biomodels were studied under a digital
USB microscope (magnification 10x—200x, resolution
1600 x 1200, China).

In experiments on automated evaporation of the
biomodel surface areas, a single scan of the rectangular
area measuring 8.5 mm x 11.6 mm was performed (the
lens focal length = 50 mm). The radiation was focused
onto the surface of the biomodel. The focal spot size was
175 um at the 86% level. During the experiments, some
exposure and scanning modes were changed: the power of
laser radiation (2-5 W), the speed of the laser beam (from 2
mm/s to 20 mm/s), the density of filling the evaporated area
of the surface of the biotissue by hatching. The distance
between the hatching lines ranged from 75 to 450 pm.

3 Results

Laser evaporation of the surface of agar samples was
studied in accordance with the filling density of the
hatching and scanning speed. At low filling density of the
scanned area, the surface of the evaporated zone has a
sawtooth shape. At a high filling density of the area (the
distance between the hatching lines equal to or less than
the width of the evaporated channel), the surface of the
evaporated region of the sample is smoother and more
uniform than at a low filling density. A similar result is
achieved by decreasing the scanning speed at a fixed
distance between the hatching lines. Fig. 1 shows cross
sections of agar samples after evaporation for scanning
speeds of 12.5 mm/s, 9 mm/s and 4.5 mm/s and the
distance between hatching lines of 450 um. As follows
from the figure, at the scanning speed of 12.5 mm/s, the
surface has a sawtooth shape, whereas at the scanning
speed of 4.5 mm/s, the surface becomes smoother. This
is due to the fact that as the scanning speed decreases, the
width of the evaporated channel increases, since the
thermal front has time to spread over a greater distance.
As aresult, the evaporated surface is smoothed due to the
overlap of adjacent hatching channels. This is similar to
what happens when the distance between the hatches is
reduced.
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Fig. 1 Cross section of the evaporated zone in the agar
samples under various single-pass scanning modes:
P = 4 W; the distance between hatching lines = 450 um;
the scanning speed (top to bottom): 21; 14.5, and
7.4 mm/sec.

Fig. 2 Cross section of the evaporated zone of the cardiac
muscle at P = 3.6 W: (@) d = 0.445 mm, V = 7 mm/s,
(o) d = 0150 mm, V = 7 mm/s, (c) d = 0.75 mm,
V =11.3 mm/s.

The experiments have also demonstrated that the
depth of the evaporated zone increases both with
increased hatching density and with decreased scanning
speed. This is due to the fact that the energy input per unit
area increases both at a lower scanning speed and at a
filling density with hatching.

A similar picture was observed when evaporating the
biomodels based on the cardiac muscle (Fig. 2). The main
difference was that with denser hatching, the surface of
the evaporated hangar area is significantly greater even
compared to the heart muscle. This may be caused by the
fact that when melting, agar acquires a smoother surface.
Secondly, there is a change in the color of the tissue in
the vaporized area on the surface of the heart muscle
samples, which is caused by coagulation and
carbonization of the tissue at high temperatures. For the
agar samples, this effect was not observed.

In the general case, the surface of the evaporated zone
of biomodels is uneven due to scanning and the
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peculiarities of the thermophysical processes in the
irradiation zone. In the evaporated zone, a change in
depth is observed from a certain minimum value Hpi, to
a maximum Hmax (Fig. 3). Itis clear that the average value
of the depth <H> of the evaporated zone is determined by
the average value of the deposited energy by laser
radiation (for more details, see Section “Model of soft
tissue evaporation”). Due to the difficulty of determining
<H> from the photographs of cross sections, we
characterized the result of evaporation during laser
scanning by the maximum depth Hmax.

Fig. 4 shows the relationship between Hmax and the
scanning speed V for different biomodels. As can be seen
from the figure, the depth of evaporation of agar and the
cardiac muscle is almost the same. This was to be
expected, since the determining factor in such biomodels
is the absorption of radiation by water at the wavelength
of 10.6 pm. The agar-based samples present a fairly good
model of soft tissue from the point of view of assessing
the effectiveness of laser evaporation.

Fig. 5 shows the relationship between the evaporation
depth and the laser radiation power. The obtained data
fits well with the linear relationship. This suggests that
the determining factor is the input laser energy.

0
Hmin
<H>

Hmax

y /.

Fig. 3 Cross section of the evaporated zone of the cardiac
muscle at P = 3.55 W, V = 3.5 mm/sec, d = 0.445 mm.
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Fig. 4 The relationship between the evaporation depth of
biomodels and the scanning speed V, d = 0.445 mm. The
red curve is the average depth <H>, the blue curve is
without taking into account thermal conductivity, the black
curve is taking into account thermal conductivity (y = 1.2
1077 m?/s).
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Fig. 5 The relationship between evaporation depth of
cardiac muscle Hmax and the radiation power. V = 15 mm/s,
d =0.15 mm. The red line represents the calculated linear
relationship between the average evaporation depth of
cardiac muscle and the power according to Eq. (7).
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Fig. 6 The relationship between Hpax and distance d
between the hatching lines at the scanning speed of
7 mm/s. The black curve represents calculation taking into
account thermal conductivity (yx = 1.2 107 m?/s).

Fig. 6 shows the relationship between the maximum
evaporation depth Hmax and distance d between the
hatching lines at the scanning speed of 7 mm/s. A rapid
increase in the evaporation depth is observed with
decreased distance d. As d increases, there is no change
in the evaporation depth. This is due to the fact that at
large distances d, scanning turns into separate cuts whose
depth is constant and depends only on the scanning
power and speed.

4 Model of Soft Tissue Evaporation

For soft biotissues with high water content (70-80% and
more), we propose a semi-empirical model that allows
determining the depth of the evaporated area of biotissue
during laser scanning with continuous CO. laser
radiation. This model assumes that the process of
biotissue evaporation by continuous radiation occurs far
beyond the threshold of the onset of evaporation. In this
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case, the intensity of the laser energy input is such that
the interstitial water reaches the boiling point and higher.
This leads to its intensive evaporation, accompanied by
microexplosions with the mass removal from the impact
zone. The model is based on the energy balance, taking
into account that almost all the energy of laser radiation
input into the tissue is spent on the vaporization of the
water contained in it.

To justify this assumption, we will conduct some
assessments. First, let us make an assessment of the
threshold at which water begins to boil. The rate of
temperature rise in the center of the laser spot at the initial
moment of time, when the thermal conductivity is
negligible, can be defined as:

ar _ Pu,
ac npCré’ @
where P =Py (1-R), Py — laser radiation power,

R — reflection coefficient from the tissue surface, ro is the
radius of the laser beam, p, C, pa density, specific heat
and absorption coefficient for biotissue.

In this paper, only soft tissues with high water content
are considered. In this regard, for further estimations we
will take the values of thermophysical characteristics for
water: p = 10% kg/m® and C = 4200 J/kg. The presented
model does not take into account light scattering, since
the determining factor in the propagation of 10 um
radiation in soft tissues is the high absorption of water. In
this regard, to estimate the absorption of soft tissue, we
will use the absorption coefficient for water
ta =792 cm™ [22].

The rate of temperature rise during the passage of a
laser beam with scanning speed V can be approximately
estimated as follows:

ar _ AT _ Py,
dat ~ 2rg/V mpCrE

)

From this relationship, we obtain the water boiling
(AT = 100 °C) threshold power for a given scanning
speed:

npCroVAT
2pg

@)

Py =

From Eqg. (3) we obtain that at the scanning speed of
10 mm/s and the beam radius of 90 um, the power
threshold for boiling point is 11 mW. This estimate is
made under the assumption that during the time 2ro/Vo,
the thermal front propagates over a distance that is
significantly shorter than 1/pa. This is true for the
scanning speed Vo >> 2royua® = 27 cm/s. At speeds lower
than this value, the thermal front spreads over the
distance of Az = (x2ro/Vo)° in the time interval of 2ro/Vo.
From energy considerations it is easy to obtain the
boiling threshold for this case:

Pth — npCroVAT <i + Zﬂx) (4)

2 Ua v
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At V=10 m/s and ro = 90 um, the threshold power
will be Py = 39 mW. The estimates have shown that for
both high and low scanning speeds, the water boiling
power threshold is significantly smaller than 1 W.

Thus, when soft biological tissues are exposed to
radiation power of one W or above at the wavelength of
10.6 um, the temperature in the exposure zone quickly
reaches the boiling point. Upon reaching this
temperature, the process of intense evaporation of water
begins. The excess energy deposited in the laser radiation
zone is no longer spent on heating but on the vaporization
process. This is accompanied by micro-explosions and
the removal of vapor-droplet mixture from the impact
zone [23, 24]. In this model, we also assume that the
mechanical energy associated with the removal of mass
from the impact zone is negligible (this will be shown
below after obtaining the estimates of the evaporation
depth). Thus, for this model, it is assumed that the
removal of tissue volume is determined solely by
vaporization.

Using this assumption, it is possible to obtain the
average depth of the evaporated zone when scanning a
laser beam. Let laser scanning be carried out at the speed
V of the rectangular zone of dimensions L x M, along the
face of length M. Let the distance between the hatching
lines be d. In this case, the total scanning time will be
At = (M-(L/d)+L)/V. From the condition that all the
adsorbed energy is spent on evaporation, it turns out:

PAt = pQLM<h>, (5)

where <h> is the average depth of the evaporated zone
and Q = 2.26:10° J/kg represents specific heat of
vaporization. Assuming that M >>d, we obtain the
average depth of the evaporated zone:

<h>=—— (6)

" povd’

Itis clear that when d >> r, the result of scanning will
not be an evaporated layer of tissue, but individual cuts
in the area of the rectangular scanning zone. In this case,
the average depth taken over the scanning area L x M will
also be equal to <h>.

Let us assume that all the evaporated tissue of layer
<h> was removed from the impact zone at speed u. Then
the  mechanical energy will be equal to
Em= p<h>M-Lu%2. The energy delivered to the
biological tissue when scanning the area M-L is equal to
Eias = P At. The ratio of the mechanical energy of mass
removal to laser energy, taking into account Eq. (6) will
be: Em/Elas = U?/(2Q). Even if we take a sufficiently high
mass removal rate of 10 m/s (the characteristic velocity
of 1-3 m/s [23, 24]) for estimation, we obtain a fairly
small value of En/Ejss = 3.8-107° ratio of the mechanical
energy to the delivered laser energy during evaporation
of layer <h>.

Thus, the accepted approximation that mechanical
energy of mass removal and thermal energy can be
neglected is satisfied quite well. Fig. 5 shows the linear
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dependence of <h> on the radiation power at a scanning
speed of 15 mm/s and the distance between lines
d=0.15 mm. The figure demonstrates a fairly good
agreement with the experiment. At the same time, the
value of the average evaporation depth <h> is not quite
suitable for characterizing the scanning result with
relatively sparse hatching (d>ro). For example,
photographs of sections of an evaporated myocardial
sample show explicit laser cuts (Fig. 2 and Fig. 3). A
simple calculation of one value <h> is not very
informative in cases where the average evaporation depth
<h> is less than or comparable to the cutting depth.
Fig. 4 shows the evaporation depth as a function of
scanning speed at radiation power P = 3.55W and
d = 0.445 mm. The difference between the calculated
curve of the average evaporation depth (Eg. (6)) and the
measured values is quite strong. This is due to the fact
that the measurements were taken not for the average
evaporation depth but for the maximum depth Hmax that
is observed in the scanning area. With a relatively sparse
hatching, this value Hmax is greater than the average
evaporation value over the entire scanning area.

To describe of this process in more detail, the shape
of the channel during cutting and the overlap of these cuts
with each other at d < ro must be taken into account. This
can also be done under the assumption that all energy
goes into evaporation. Let us consider a single cut of
length M, which is obtained when a laser beam passes at
aspeed V.

Then, pertaining to energy, we find that the energy
deposited during the passage of the laser beam at distance
M was spent on evaporating water with volume M-Sy,
where Sy is the cross-section area of the resulting channel.
Thus we get:

So = J, h()dx =5, @)

where h(x) is the shape of the cross-section of a separate
cut.

In our model, the depth of the evaporated zone is
determined by the absorbed energy. Therefore, at high
scanning speeds, when the thermal front extends over a
distance significantly less than the beam radius during
2ro/V, the depth h(x) will repeat the shape of the laser
beam profile. If the laser beam has a Gaussian shape, then
h(x) will also have a Gaussian shape:

x\2
h(x) = Hoe_(%) . (8)
From energy considerations it is easy to obtain that:

_ P
VIV pQro'

©)

0

According to energy considerations, the resulting
shape of the evaporated layer will be the sum of depths
h(x) for all hatching lines of the evaporated zone LxM
that are located equidistantly with a period d:
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H(x) = S0 h(x = kd), (10)

where N = int(L/d) is the number of hatching lines in the
evaporated zone (int is the integer part of the division).

Knowing the profile of an individual cut h(x), it is
easy to calculate the profile of the entire evaporated zone
for different scanning parameters. Fig. 7 shows shapes
H(x) of the evaporated layers at various distances
between the hatches at the scanning speed of 7 mm/s with
the Gaussian shape of a single laser channel.

H’ mm ——0.15mm

1.64 ——03mm
1.0mm

0.8
0.6
0.44

0.2 |

L e e B e L

d, mm

Fig. 7 Shapes H(x) of the evaporated layers at various
distances between hatches. V =7 mm/s.

These dependencies can find the average depth and
maximum depth in the evaporation zone. Numerical
modeling has shown that the average depth <H>
calculated as the average of function H(x) coincides with
the average depth calculated using the simplified model
(Eq. (6)). Fig. 4 shows the relationship between the
maximum evaporation depth (blue line) and the scanning
speed at the distance between the hatching lines of
0.445 mm. As can be seen from the figure, the calculated
value Hmax significantly exceeds the experimentally
measured value. This is due to the fact that a Gaussian
function with a half-width equal to the radius of the laser
beam was taken as the profile of a single cut p(x). In
reality, this is not true, since during the movement of the
beam over a distance equal to the diameter of the laser
spot, the thermal front spreads over the distance of
AX = (%2ro/Vo)?. As a result, the width of the evaporation
zone can differ from the diameter of the laser beam. The
lower the scanning speed, the wider the evaporation zone
will be due to heat propagation.

Taking into account this factor, we assumed that in
the presence of thermal conductivity, the profile of a
single cut also retains the Gaussian shape, but the half-
width of the Gaussian profile re due to heat transfer
depends on the scanning speed as follows:

219

reff =T + TX (11)

By substituting the value of the effective radius res in
Eq. (8) instead of ro, we can recalculate the maximum
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evaporation depth as a function of speed. Fig. 1 shows
the relationship between Hmax (black line) and the
scanning speed when thermal conductivity is considered.
Here we can see a fairly good agreement with the
experimental data.

Fig. 6 shows the relationship between Hma and
distance d between the hatching lines at the scanning
speed of 7 mm/s in the presence of thermal conductivity.
The peculiarities of the dependence of Hmax 0N parameter
d are explained by the fact that at large distances d,
individual tissue cuts occur and their depth is determined
only by profile h(x). With denser hatching, profiles h(x)
overlap and the depth increases due to the summation of
profiles for individual cuts (Eg. (10)).

As can be seen from Fig. 6, the calculated curve of
Hmax versus d also correlates well the experiment. Thus,
the proposed model demonstrates a good agreement with
the experiment on the maximum evaporation depth of
soft tissues.

For the tasks of precision low-trauma surgery, an
important parameter is not only the depth of a single
removed layer, but also the accuracy with which the
tissue is removed to a given depth. It is clear that when
the biological tissues are evaporated using the scanning
method, the surface of the evaporated zone is uneven,
which is primarily caused by the scanning method itself
in the form of serial tissue cuts. This can be seen in
photographs of the sections of the evaporated zone of the
myocardial samples. It is clear that at sufficiently large
distances between the hatching lines, there will be a
maximum surface roughness that will represent
individual cuts. As the model shows, when the distance
between strokes decreases, the cutting zone of individual
strokes overlaps and the surface is smoothed due to the
summation of individual cut profiles (Eg. (10)). This is
clearly demonstrated in Fig. 1 that shows the profiles of
the evaporated zone obtained by calculation (Fig. 7).

Let us take the surface roughness AH = Hmax — Humin
as a characterizing parameter, where Hpin is the minimum
depth in the evaporation zone. Fig. 8 shows the
relationship between the roughness of the evaporated
zone and the scanning speed at d = 0.445 mm. The same
figure shows the calculation curve, which is also in good
agreement with experiment.

At the same time, the experiments on cardiac muscle
have shown that the magnitude of roughness as
AH = Hmax—Hnmin at smaller parameters d remains quite
large, while the model predicts a fairly rapid decrease in
roughness with decreased distance d. For example, as
shown in Fig. 7, the surface roughness at d = 0.15 mm is
AH = 150 um, while the experiments give the roughness
of about 400-600 um (see Fig. 2b). Apparently, this is
due to the fact that the roughness of the evaporated zone
is determined by other factors that are not taken into
account in the model. Firstly, the amount of roughness
may strongly depend on the shape of profile h(x) of the
individual cut. The model uses a Gaussian profile shape.
The superposition of several sequential Gaussian profiles
leads to noticeable smoothing due to the Gaussian tail.
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Fig. 8 The relationship between the roughness of the
evaporated zone and the scanning speed at d = 0.445 mm.
The black curve is the calculation.

With the shape of a separate channel h(x) with sharper
boundaries, such smoothing will no longer be observed.
Secondly, the removal of tissue from the impact zone
occurs by micro-explosions due to local overheating of
water that are accompanied by tissue ruptures. This may
lead to additional roughness of the resulting surface.
Therefore, description of the roughness at small values of
d requires a separate consideration.

It should be noted that almost all soft tissues with high
water content have similar characteristics [25, 26]:
density, heat capacity, thermal diffusivity, absorption
coefficient at a wavelength of 10.6 um. Such closeness of
characteristics is due to the high water content. These
characteristics can directly affect the threshold for the
onset of laser evaporation. But in our work, we study
evaporation under conditions significantly exceeding this
threshold. Under such conditions, the main role in the
energy balance is played by the evaporation of water,
which is 70-80% or more. In this regard, the resulting
evaluation formulas do not contain any specific
characteristics of the biotissue except for density and
thermal diffusivity.

However, tissues with a high water content may differ
in mechanical and strength properties. Note that the
tensile strength of soft water-containing tissues can vary
from 0.01 MPa to 10 MPa. For example, the tensile
strength of heart muscle is 0.04 MPa, while the strength
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of cartilage tissue, which also belongs to tissues with a
high water content (80%), is up to 10 MPa [27, 28].
Experiments on biomodels of agar and heart muscle
showed good agreement with the calculation. Therefore,
it can be assumed that the proposed model can be used to
estimate the depth of evaporation of other soft tissues
with high water content and low tensile strength. The
relationship between the mechanical and strength
properties of tissues and the depth of evaporation by
continuous laser radiation can be the subject of separate
studies.

5 Conclusions

The features of laser evaporation of biomodels based on
agar and pig tissues in vitro during two-coordinate
scanning of continuous CO; laser radiation at the
wavelength of 10.6 pm have been investigated both
experimentally and numerically. The evaporation depth
and the features of the formed surface of the evaporated
area were studied for different impact modes:
(1) radiation power, (2) scanning speed of the laser beam,
and (3) hatching filling densities of the scanned area. It
has been shown that the evaporation depth of the agar
samples with 85% water practically coincides with the
depth of evaporation of pig tissue samples. The agar
samples can serve as good biomodels in evaluating the
effectiveness of laser layer-by-layer evaporation of soft
tissues. The proposed semi-empirical model of laser
evaporation of soft biological tissues with high water
content is based on the energy balance and the
evaporative mechanism of biological tissue removal. The
model allows calculating the average depth of the
evaporated zone, as well as the depth of individual cuts
and the unevenness of the fabric surface with a
sufficiently low density of filling the scanning zone with
hatching. The study has demonstrated a good correlation
between the experimental data and the data obtained with
the proposed model.

The study was carried out within the state task of the
NRC “Kurchatov Institute”.
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