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Experimental and theoretical description of the process
of contact laser surgery with a titanium-doped

optothermal fibre converter
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Abstract. In an in vitro experiment simulating a surgeon’s actions
in the process of contact laser surgery of soft biological tissue, the
dependences of the temperature of a titanium-doped optothermal
fibre converter (TOTFC) and the depths of coagulation and abla-
tion of biological tissue on the average radiation power of a diode
laser with a wavelength of 980 nm and on the speed of the converter
movement along biological tissue are obtained. The structural, opt-
ical, and thermophysical models of TOTFC are discussed, as well
as the thermophysical model of the interaction of a laser-heated
converter with biological tissue, which takes into account the tem-
perature dependences of the basic thermophysical parameters of
the converter and biological tissue, as well as the contribution of the
thickness /;, of the water vapour layer between the converter and
biotissue. It is shown that the proposed model allows describing the
result of contact laser surgery of soft biotissue with TOTFC ade-
quately to the experiment.

Keywords: laser, converter, heating, biological tissue, surgery, water
vapour, laser wound.

1. Introduction

The development of new high-efficiency laser devices and
methods to improve the quality of biological tissue processing
and reduce the number of postoperative complications is one
of the important tasks of modern laser physics, technology
and medicine. In laser surgery, diode lasers are widely used
for excision of soft tissues [1—4]. The radiation from most of
these lasers lies in the wavelength range from 0.81 to 0.98 um.
The coefficient of light absorption by soft biological tissues in
this spectral range does not exceed 1 cm™! [4—6]. Such a small
absorption leads to the fact that during the surgery of soft
biological tissues, light penetrates deep enough into the bio-
logical tissue and is converted into heat with extremely low
efficiency. As a result, biological tissues surrounding the
affected area are seriously damaged; in some cases, the zone
of thermal damage reaches several millimetres, which
increases the healing time of the laser wound [7—10].

To increase the efficiency of the diode laser impact in con-
tact surgery, optothermal fibre converters (OTFCs) are used,
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the purpose of which is to efficiently convert laser radiation
into heat and to provide further destruction of biological tis-
sue contacting with the converter heated to high temperatures
[5,11-15]. OTFCs are used for excision and coagulation of soft
tissue during angioplasty [16—18], in dermatology [19-24],
dentistry [25—27], neuroendoscopy [28 —30], urology [31], etc.

Currently, a wide range of converters has been developed,
differing primarily by light-absorbing material. For contact
surgery using diode lasers, carbon-containing OTFCs are most
often used [11,14,32-36]. As shown in Refs [15,36], these
converters are able to heat up to 1000°C; however, a further
increase in the temperature or average power of the laser radi-
ation incident on the converter leads to their destruction and
loss of their performance. The latter circumstance stimulates
the search for alternative media for OTFCs. In [37], the fabri-
cation technique, heating dynamics, and luminescence spec-
tra of titanium-doped and erbium-doped OTFCs have been
discussed. It has been shown that these converters are more
resistant to laser heating than carbon-containing OTFCs, and
the titanium-doped converter is capable of heating up to
2700°C in air without destruction. In Ref. [38], life tests of
carbon-containing and titanium-doped OTFC were perfor-
med. It was shown that the average lifetime of the Epic Pro
C&Ti tip titanium-doped converter is 350 s, while the average
lifetime of the Cork initiated tip and Pre-initiated tip carbon-
containing converters is 10 and 60 s, respectively. In this reg-
ard, the titanium-doped OTFC (TOTFC) can be considered
the most promising alternative to the widespread, but short-
lived carbon-containing converter, and its optimisation is an
urgent task. In Ref. [39], a comparative in vitro study of the
effect of carbon-, titanium-, and erbium-doped converters on
soft biological tissue in contact laser surgery using a diode
laser was performed. It was demonstrated that the efficiency
of excision of soft biological tissue, the thermal damage zone,
and the temperature of the converters in contact with the soft
biological tissue vary depending on the type of converter, the
average laser radiation power, and the speed of the converter
moving along the surface of the biological tissue. The maxi-
mum temperature of 1980 &+ 154°C, achieved by the converter
during excision of the biological tissue, was recorded for
TOTFC with an average laser power of 4.0 W and a speed of
its movement along the biological tissue of 1 mm s~!. The
minimum temperature (540 £ 30°C) at which tissue destruc-
tion occurs was also recorded for TOTFC with an average
laser power of 1.0 W and a speed of its movement along the
biological tissue of 6 mm s~!. The maximum coagulation
depth (0.72+0.10 mm) was observed when using TOTFC
with an average laser radiation power of 4.0 W and a speed of
its movement along the biological tissue of 1 mm s~'. The
minimum coagulation depth (0.11 £0.02 mm) corresponded
to the carbon-containing OTFC with an average radiation
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power of 0.3 W and a movement speed of 3 mm s~!. The max-
imum excision efficiency (0.57 mm? W-!) was observed for an
erbium-doped OTFC at an average power of 1.0 W and a
speed of 1 mm s~!, and the minimum (0.02 mm?® W-') for a
carbon-containing converter at an average power of 4.0 W
and a speed of 6 mm s~

Paper [40] describes in detail the structure of the TOTFC
used in contact laser surgery for excision and coagulation of
soft biological tissues. Structural, optical, and thermophysi-
cal models of such a converter are proposed. The optical and
thermophysical calculations performed within the framework
of these models made it possible to estimate the fraction of the
laser energy absorbed by the converter and the dynamics of
its laser-induced heating in air. The results obtained are com-
pared with experimental data on the heating of a TOTFC in
air by radiation from a diode laser with a wavelength of 980 nm.
The influence of the temperature dependences of density, spe-
cific heat, thermal conductivity, converter blackness, and con-
verter—air and fibre—air heat transfer coefficient on the dyn-
amics of laser heating of TOTFC is discussed. It is shown that
the temperature dependence of the specific heat and the deg-
ree of blackness of the converter make the major contribution
to the simulation results.

Unfortunately, to date, the theory that could allow desc-
ribing the interaction of laser-heated OTFC with biological
tissue is practically absent. In this regard, it is urgent to dev-
elop an adequate model that takes into account the character-
istics of the interaction of TOTFC with a soft biological tissue
and allows theoretical evaluation of the temperatures reached
in the treatment zone and their comparison with the threshold
values at which coagulation and carbonisation of soft biolo-
gical tissue occur.

The objectives of this work are an experimental study of
the effect of the average radiation power of a diode laser with
a wavelength of 980 nm and the velocity of a titanium-doped
OTFC moving along the surface of a soft biological tissue on
the converter temperature, the depth of the tissue coagulation
and ablation, as well as the search for parameters and the dev-
elopment of a model that adequately describes the interaction
of TOTFC with a soft biological tissue.

2. Structure and properties of a titanium-doped
optothermal fibre converter

The process of fabricating a TOTFC is described in detail in
Ref. [37]. The structural, optical, and thermophysical models
of this converter are presented in Ref. [40]. TOTFC has a
nearly spherical shape and is located on the distal end of a sil-
ica optical fibre (Fig. 1a). The distal end of the fibre penetra-
tes deep into the converter. The fibre diameter inside the con-
verter is 400 £+ 10 um. TOTFC is slightly elongated in the dire-
ction perpendicular to the fibre axis, its size being 700—800 pm.
TOTFC has a strong mechanical bond with the fibre. The col-
our of TOTFC is mostly white with blue fragments. The blue
colour indicates the presence of Ti,O5 in the composition of
this converter, and the white colour indicates TiO, [41,42].
When the image is enlarged, microstructural elements become
visible in the TOTFC, namely, scattering centres with a diam-
eter of 1.2 £0.2 wm, almost uniformly distributed in its vol-
ume and separated by 1.6 £0.4 um from each other. X-ray
diffraction analysis shows that these scattering centres are
titanium oxide, and the space between them is filled with sili-
con oxide.

250 um

Silica fibre
(5i0,)

700 pm |

D475 um

TOTFC
b (TiO, + Si0»)

Figure 1. (a) Optical image of the TOTFC section and (b) its struc-
tural model [40].

The structural model of TOTFC is a spherical element
with a diameter of D = 780 um, deformed along the fibre axis
by the size of a spherical segment with a height of 4 = 80 um.
A fragment of the light-guiding core of a cylindrical optical
waveguide having a diameter of d = 400 um is located inside
the TOTFC at a depth of / = 380 wum (Fig. 1b). The internal
microstructure of the TOTFC is modelled as a set of compo-
nents uniformly distributed in the volume of the converter and
representing densely packed cubes with the side @ =2.0 um. In
the middle of each cube there is a spherical titanium dioxide
particle with the diameter drio, = 1.2 um. The remaining free
space of the cube is filled with silicon dioxide (silica). The vol-
ume fraction of silica ksjo, in TOTFC is 0.78; the volume frac-
tion of titanium dioxide ki, is 0.22. The refractive index of
the converter is 1.68, the absorption coefficient is 1.247 mm™',
the scattering coefficient is 520.024 mm™', and the anisotropy
factor is 0.38 [40].

TOTFC absorbs 83.5% of the laser radiation with a wave-
length of 980 nm incident on it from the fibre side. In air,
under the action of cw laser radiation with a wavelength of
980 nm and a power of 4.0 W, the TOTFC is heated to
2700 %+ 50 °C, while it does not become destroyed and glows in
the visible and IR spectral ranges [37,40].

The main thermophysical parameters of TOTFC [40] at
room temperature are presented below.
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Density p /kg m™
Specific heat capacity ¢, T kg ' K= .00 727
Thermal conductivity 1 /W m™! K~

The heat transfer coefficients at room temperature for
fibre—air (a,) and converter—air (c,) pairs are 5.6 W m=2 K-!
[43]. The degree of blackness ¢ for TOTFC at room tempera-
ture is 0.906.

The temperature dependences of the above parameters in
the temperature range of 20—3000°C are discussed in detail in
Ref. [40].

3. In vitro contact laser surgery of soft tissue
with TOTFC

3.1. Experiment

In the process of in vitro contact surgery of soft biological tis-
sue, TOTFC was in contact with the biological tissue and
mechanically deformed its surface to a depth of about 200 um.
The converter moved along the surface of the biological tissue
with a velocity V equal to 1, 3 or 6 mm s~'. The average laser
power P was 0.3,1.0, or 4.0 W.

The muscle tissue of the chicken thigh, stored in a refrig-
erator at a temperature of 4°C, was used as samples for in
vitro studies. Before surgery, the biological tissue was kept at
room temperature for 60 £ 1 min. In total, in the experiments,
for each combination of the average power of laser radiation
and the speed of TOTFC moving along the surface of the bio-
logical tissue, 10 cuts were performed on one sample of the
biological tissue. The number 9 of biological tissue samples
corresponded to the number of combinations.

In the study we used a diode-based laser system with a
wavelength radiation of 980 = 10 nm (IPG Photonics, USA).
Laser radiation was transmitted through a silica—silica opti-
cal fibre. The diameter of the guiding core of the optical fibre
was 400 £ 5 um, the total diameter of the fibre without a poly-
mer coating was 440 =5 um, and with a polymer coating it

was 475+ 10 um. The average radiation power at the fibre
output reached 4.0 W. The laser generated a sequence of pul-
ses with a duration of 400 us, following each other with a rep-
etition rate of 2 kHz. A pause of 100 ps between the laser
pulses was necessary for recording the residual (after the laser
pulse) heating in the zone of interaction between the TOTFC
and biological tissue with a large signal-to-noise ratio. The laser
setup incorporated an IR sensor FD10D (Thorlabs, USA),
which measured the intensity of thermal radiation resulting
from heating the TOTFC with laser radiation. The minimum
temperature that could be measured due to the limited spec-
tral sensitivity of the IR sensor and the internal noise of the
receiving path was 270 £ 10°C. The temperature was measu-
red every 30 ms, and its values were stored in a computer
memory. The temperature measurement error did not exceed 5%.

In the experiment, the sequence of actions (steps) that the
surgeon performs when excising soft biological tissue was imi-
tated (Fig. 2). The temperature of the TOTFC was recorded
almost throughout the entire experiment (‘thermo ON’, see
Fig. 2).

Initially (step 1), the TOTFC was in air for 1.0 s in the
immediate vicinity of biological tissue. Next (step 2), laser
radiation (‘laser ON’) was supplied to the TOTFC for 1.5 s.
Then (step 3), the TOTFC was in contact with the biological
tissue, after which (step 4) it moved along the surface of the
biological tissue for 10.0 s. Further, the TOTFC contact with
the biological tissue was interrupted (step 5), and the conver-
ter was exposed to air in the immediate vicinity of the biolo-
gical tissue for 1.5 s (step 6), after which the laser radiation
was turned off (step 7, ‘laser OFF’) and the temperature mea-
surement of the TOTFC was stopped (step 8, ‘thermo OFF".).
On completion, the samples were photographed from above
by a Nikon D80 digital camera (Nikon Corporation, Japan),
and then were cut along the TOTFC displacement axis using
Feather Microtome blades High Profile pfm (Feather Safety
Razor Co., Japan) and stained with NBTC dye. The painted
sections were also photographed. The resulting photographs
were analysed using the programme AxioVision rel. 4.8.2

Observer Laser ra.diﬂlion
| = i = > 14
,JSilica t=10s L;.J t=15s 1=10.0s
% fibre 4 (/] * | o o
[+ () . |
Laser OFF TOTEC Laser ON Laser ON LH Laser ON Incision Lj
Thermo ON Thermo ON Thermo ON 7 Thermo ON \ 2
© o
Biotissue
Step 1 Step 2 Step 3 Step 4
Step 8 Step 7 Step 6 Step 5
? ﬂj ? ;ﬂ ? ? ﬂ
| | ‘J r=15s |
(4} o o o T
Laser OFF Laser OFF Laser ON Laser ON
Thermo OFF Thermo ON Thermo ON Thermo ON

Figure 2. Sequence of actions (steps) imitating the actions of a surgeon in the process of laser excision of a soft biological tissue.
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(Carl Zeiss GmbH, Germany) for determining the size of the
zones of ablation and coagulation.

The complex of studies carried out allowed experimental
determination of the dependences of the TOTFC tempera-
ture, the depths of ablation and coagulation of soft biological
tissue during the interaction of the converter (step 4 in Fig. 2)
on the average laser radiation power and the speed of the
TOTFC movement (Figs 3 and 4).

At a constant speed of TOTFC movement, an increase in
the average laser radiation power (Figs 3a and 4a) leads to an
increase in the converter temperature, an increase in the
depths of ablation and coagulation of biological tissue. At a
constant average laser radiation power, an increase in the
TOTFC moving speed (Figs 3b and 4b) leads to a decrease in
the converter temperature and a decrease in the ablation and
coagulation depths of the biological tissue.

An increase in the TOTFC temperature is accompanied
by an increase in the depths of ablation and coagulation of
biological tissue. The highest depths of biological tissue abla-
tion and coagulation are 1030 = 150 and 720 = 100 um,
respectively, and are achieved at a TOTFC temperature of
1980 £ 154°C. An increase in the TOTFC temperature with
an increase in the average laser power is obviously associated
with an increase in the average laser power absorbed by the
converter. At the same time, the temperature of the TOTFC is
also influenced by the speed of its movement through soft
biological tissue. This may occur due to a change in the thick-
ness of the layer of water vapour located between the TOTFC
and the biological tissue, and a related change in the condi-
tions of heat transfer from the TOTFC to its environment.
For each converter moving speed its own optimal thickness of
this layer is established. Such self-regulation occurs due to the
equalisation of the speeds of movement of the evaporation
front (from the converter to the biological tissue) and the
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Figure 3. Dependences of the TOTFC temperature during contact sur-
gery of soft biological tissue on (a ) the average power of laser radiation
and (b) its velocity of moving along the biological tissue surface.
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Figure 4. Dependences of the depths of ablation and coagulation of
soft biological tissue during contact surgery using TOTFC on (a,c) the
average laser radiation power and (b,d) its speed of movement along
the surface of the biological tissue.

movement of the converter. If the speed of movement of the
evaporation front is greater than that of the converter, then
the thickness of the layer of water vapour increases, and vice
versa.

3.2. Theory

The laser heating of the TOTFC in air is described in detail in
Ref. [40]. Unfortunately, in the literature the theory of the
interaction of converters heated by laser radiation with bio-
logical tissue is virtually not discussed. In the present study,
for the theoretical modelling of the TOTFC interaction with
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a soft biological tissue, we used the scheme shown in Fig. 5.
According to this scheme, laser radiation arrives at the
TOTFC via an optical silica fibre with a diameter of 400 um.
The converter is buried in biological tissue (chicken thigh
muscle tissue) to a depth of 200 um. A layer of water vapour
with the thickness #;,, is located between the TOTFC and the
biological tissue.

Laser radiation P

Silica fibre

TOTFC

Water vapour
layer

<
200 um

Biological tissue

Figure 5. Scheme illustrating the interaction of the TOTFC with bio-
logical tissue.

Optical modelling was performed using the Monte Carlo met-
hod implemented in the programme TracePro®Expert-7.0.1
Release (Lambda Research Corporation, USA). Thermophy-
sical modelling was performed in the COMSOL Multiphy-
sics® software package (COMSOL Inc., USA; version No. 5.4).

Using the COMSOL Multiphysics® software package, the
TOTFC geometric model was constructed identical to the
structural one (see Section 2). This geometric model was part
of the general geometric model, which, in addition to the
TOTFC, also contains biological tissue and a layer of water
vapour between them. In the COMSOL Multiphysics® soft-
ware package, using the Heat Transfer in Solids and Time
Dependent programmes of the general geometric model, the
heat conduction equation was obtained in the form:

ox

oy

oy

Oz

P = o\t oz

(j; _ ai( 6T)+ 0 <16T>+ 0 <16T>

+ Oux.y,2,1,T), (1

where p is the density; ¢ is the specific heat; A is the coefficient
of thermal conductivity; and Q,(x,y,z,t,T) is the power of
internal heat sources [characterises the power released by a
heat source, located at a point with coordinates (x,y,z) at
time ¢, with temperature 77].

The above equation is the Fourier—Kirchhoff equation. It
relates the temporal and spatial changes in temperature 07 at

any point in the body for a three-dimensional temperature
field in a Cartesian coordinate system. To solve it, it is neces-
sary to add uniqueness conditions, which include geometric,
physical, initial and boundary conditions. In our case, the
optical fibre with the TOTFC located on its distal end is pla-
ced vertically; the environment is air; there is no airflow; the
initial temperature of the fibre, biological tissue, TOTFC and
ambient air is the room temperature (here 300 K). In addition
to natural convection, heat exchange with the environment
was implemented via thermal radiation. For the input end of
the optical fibre, the condition of thermal insulation was set.
The conditions of heat exchange with the environment were
specified by the Diffuse Surface programme.

In the COMSOL Multiphysics® software package, the
solution to Eqn (1) is obtained by means of the finite differ-
ence method, using which a solid is represented as a set of
nodes, i.e., the domain of continuous change of arguments
(e. g., coordinate and time) is replaced by a finite (discrete) set
of points called a grid. In addition to the geometric condi-
tions, the knowledge of the numerical values of such thermo-
physical characteristics of the materials as density, specific heat,
thermal conductivity and degree of blackness is also required
for unambiguous solution to Eqn (1). The results of the analy-
sis of a large number of reference information sources describ-
ing the temperature dependences of these thermophysical cha-
racteristics of the TOTFC are presented in Ref. [40]. In the
present work, such an analysis allowed setting the temperature
dependences of the thermophysical characteristics for biolog-
ical tissue and water vapour (see below). In the COMSOL
Multiphysics® software package, the calculation is program-
med so that at each step such values of thermophysical char-
acteristics are used that correspond to the temperature atta-
ined by the object (TOTFC, biological tissue, water vapour)
by the end of the previous step.

It should be noted that the contribution of vapours pro-
duced by laser impact during laser processing of materials is
widely discussed [44]. At the same time, because of the diver-
sity and extreme complexity of the simultaneously occurring
processes no complete adequate theoretical model of a gas-
vapour channel has been created yet. The experimental data,
however, indicate the mutual influence and competition of
various physical processes and effects in the gas—vapour
channel. In some cases, under the impact of laser radiation,
the vapour is additionally heated, which increases the thermal
load on the processed material. However, the use of the
TOTFC has some specific features, namely, the converter its-
elf efficiently absorbs radiation and the laser radiation practi-
cally does not penetrate into the resulting vapour layer, which
makes it possible not to take into account the contribution of
laser radiation to the formation of the vapour layer.

The fraction of laser radiation absorbed in the TOTFC
corresponded to the value determined at the stage of optical
modelling (see above), and the distribution of heat sources
was uniform. Earlier in Ref. [40], attention was drawn to the
fact that the thermophysical properties of the TOTFC can
depend on temperature. These dependences were used in the
calculations of the present study, too. In addition, the model-
ling took into account the effects of coagulation, dehydration
and carbonisation of biological tissue.

Figure 6 shows the temperature dependences of density,
specific heat, thermal conductivity coefficient, and degree of
blackness for the soft biological tissue (chicken thigh muscle
tissue) [45—-56], and Fig. 7 shows similar parameters for water
vapour [57-60].



100 A.V. Belikov, A.V. Skrypnik

The temperature dependences of the degree of blackness  of the built-in library of COMSOL Multiphysics® (COMSOL
of the titanium-doped converter [40], biological tissue (Fig. 6d)  Inc., USA; version number 5.4).
and water vapour (Fig. 7d) made it possible to allow for the Within the framework of the proposed model, we deter-
contribution of the secondary radiation from the burning-hot ~ mined the relationship between the thickness /;,, of the water
converter. vapour layer, on the one hand, and the average power of laser
The temperature dependences of the biotissue—air and  radiation and the velocity of the TOTFC movement, on the
vapour—air heat transfer coefficients corresponded to those  other hand (Fig. 8). The layer thickness /;,, was determined as

a result of an iterative calculation, the purpose of which was
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ed biotissue, (IV) carbonised biotissue (amorphous carbon) [45—-56]. [57-60], and the dashed line is the approximation.
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V'=1,3, and 6 mm s~!, and curves (4) and (5) correspond to P = 4.0
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to achieve the coincidence of the values of the theoretical and
experimental temperatures of the TOTFC averaged over the
entire volume of the converter at a given average laser radia-
tion power and the converter moving speed. Based on the res-
ults of the iterative calculation, approximation dependences
of h;, on the average laser radiation power and the speed of
converter movement were also plotted in Fig. 8. It is seen that
with an increase in the average laser radiation power, the
thickness of the water vapour layer between the converter and
the biological tissue increases, and with an increase in the spe-
ed of the converter moving along the biological tissue surface
hin decreases. As a result of the modelling, the spatial distri-
butions of temperature in the biological tissue were determi-
ned at various average powers of laser radiation with a wave-
length of 980 nm and the speeds of the TOTFC movement
along the surface of the biological tissue. The calculated res-
ults were compared with the experiment, and the boundaries
of the carbonisation and coagulation zones of laser wounds
were compared with the isotherms for temperatures charac-
teristic of these effects.

The appearance of a laser wound formed in soft biological
tissue by the TOTFC with the average laser power of 4.0 W
and the movement speed 1 mm s! is presented in Fig. 9. The
same figure shows the distribution of temperature (isotherms)
over the surface of the biological tissue, obtained by thermo-
physical modelling, the layer thickness of water vapour being
him =64 Hm.

Figure 10 presents an NBTC image of a longitudinal sec-
tion of the laser wound formed in the soft biological tissue at
P =4.0 W using a TOTFC moving with the speed V=1 mm ™!

and the depth distribution of temperature (isotherms) in the
biological tissue obtained by thermophysical modelling at
hint =64 wm.

It can be seen that the boundary between the intact and
coagulated biological tissue both on the surface (Fig. 9) and
in the depth (Fig. 10) of the biological tissue coincides with
the +60°C isotherm. The boundary between the coagulated
and carbonised biological tissue both on the surface (Fig. 9)
and in the depth (Fig. 10) of the biological tissue coincides
with the +150°C isotherm.

Silica fibre
+TOTFC

Isotherm +150°C

Carbonisation

(0
I 300
200

Coagulation Isotherm +60°C

Figure 9. (Colour online) Photograph of the laser wound (left, [39])
and the temperature distribution on the surface of the biotissue obtai-
ned by modelling at P =4.0 W and V=1 mm s~ (/;, = 64 um).

Silica fibre
Carbonisation Isotherm +150°C +TOTFC .
Water T(°C)
vapour M 300

200

Isotherm +60°C

Coagulation

Figure 10. (Colour online) NBTC photograph of the laser wound lon-
gitudinal section (left, [39]) and the depth distribution of the biotissue
temperature obtained by modelling at P = 4.0 W and ¥ = | mm s!
(hine = 64 m).

Coagulation and carbonisation of biological tissue result
from the absorption of laser radiation by biological tissue
with its subsequent heating and, in the general case, depend
on the temperature and the time of exposure. During coagula-
tion, the protein component of the biological tissue denatures
and the tissue whitening is observed. During carbonisation,
finely dispersed carbon is formed and the biological tissue is
charred (blackens). The issues related to coagulation and car-
bonisation of biological tissue are thoroughly discussed in
Refs [61-68]. For each biological tissue, the values of tem-
perature and exposure time at which these effects are observed
are individual, because in most cases, biological tissues are
complex multicomponent media. Each component of biologi-
cal tissue can be considered as a monostructure for which the
temperature of thermal conversion (coagulation, carbonisa-
tion) can be determined experimentally and theoretically. For
example, albumin can be considered such a monostructure,
for which the relationship between the temperature and time
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required for coagulation is determined [61], namely, albumin
coagulation occurs during an exposure time of the order of one
second at a temperature of 65°C and in several hours at a
temperature of 45°C. At the same time, it is known that the
denaturation rates for various protein structures can differ
greatly from each other [62]. Thus, for native collagen fibres,
fast denaturation occurs at a temperature of 8§0°C [63]. In
addition, the water content can strongly influence the coagu-
lation temperature in a biological tissue. For example, carti-
lage during rapid heating does not denature even at a tem-
perature close to 100°C [63]. Thus, the temperature range in
which coagulation is observed is very wide. In this regard, the
calculated +60°C isotherm coinciding with the visual bound-
ary of the biological tissue whitening (Figs 9 and 10) can be
considered an isotherm at which coagulation of the soft bio-
logical tissue occurs. The question of the carbonisation tem-
perature of a biological tissue is not as clear as that of its coa-
gulation temperature. In a number of publications, it is noted
that in the range of 100—300°C, the biotissue pyrolysis and
burnout occur, and at a temperature of 150-200 °C, its car-
bonisation occurs. This is accompanied by the blackening of
biological tissue and the appearance of smoke [64—-66]. At a
temperature of 250°C, carbonisation of red blood cells occurs
[67,68]. It can be seen that, as in the case of coagulation, it is
extremely difficult to indicate the generally accepted tempera-
ture at which carbonisation of biological tissue occurs, so
only a certain temperature range can be determined. Obvi-
ously, this is due to a variety of factors affecting the value of
the carbonisation temperature, including the composition of
the biological tissue, the measurement technique, the environ-
ment, etc. In our case, the +150°C isotherm coincides with the
boundary of the biological tissue blackening (carbonisation),
visually distinguishable in the experiment, and according to
Refs. [65, 66], the temperature of 150°C can correspond to the
temperature of carbonisation occurrence.

Thus, the thermophysical model of the interaction of
TOTFC with soft biological tissue, proposed in this work and
implemented by means of the COMSOL Multiphysics® soft-
ware package, taking into account the temperature depen-
dence of the main thermophysical parameters of TOTFC and
biological tissue, as well as the influence of the thickness of
the water vapour layer between the converter and biological
tissue, allows an adequate description of the effects observed
in the experiment.

4. Conclusions

A new converter is considered, which allows significantly exp-
anding the capabilities of contact laser surgery by reaching
high temperatures in the field of interaction. High tempera-
tures are attained due to the materials and structural features
of the titanium-doped converter and earlier could be obtained
only by changing the wavelength of the laser radiation. The
temperature depends on the average power of the laser radia-
tion and the speed of the TOTFC movement along the surface
of the biological tissue. During excision of soft biological tis-
sue, the temperature of the converter reaches 1980+ 154°C,
while the ablation and coagulation depths of soft biological
tissue are 1030 £ 150 and 720 £ 100 um, respectively.
Structural, optical, and thermophysical models of the tita-
nium-doped optothermal fibre converter of laser radiation
are considered. In the experiment simulating the sequence of
actions of a surgeon in laser contact surgery of soft tissue, we
determined how the average laser radiation power and the

speed of movement of the TOTFC along the surface of the
tissue affect the converter temperature and the depth of tissue
coagulation and ablation. For the first time, a model describ-
ing the interaction of the TOTFC with a soft biological tissue
was proposed and compared with the experiment. This model
takes into account the temperature dependences of the ther-
mophysical parameters of the converter and biological tissue,
as well as the contribution of the thickness of the layer of
water vapour between the converter and the tissue. It is shown
that the thickness of the water vapour layer has a significant
effect on the temperature of the TOTFC.
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