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Based on the optical holography method, studies of the occurrence and
development of convective flows in hydrogels of various concentrations with the
addition of graphene oxide in relation to 3D-bioprinting technology have been
performed. For quantitative measurement of temperature fields, the optical
holography method was used in combination with the gradient thermometry
method, based on the dependence of the refractive index on the properties of
hydrogel systems modified with graphene oxide with different concentrations
and temperatures. Under conditions of changes in the thermophysical
properties of hydrogels, as well as the magnitude of the supplied heat flux, the
features of heating the wall area are studied in order to determine the
coefficients of thermal conductivity and heat capacity, as well as the nature of
the formation of convective flows near the wall heated from below.
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1. Introduction

Currently area of regenerative technology and bioprinting is actively developing. These
technologies cannot be developed without the parallel creation of a new cluster of materials, and these are
mainly hydrogels, which not only create favorable conditions for a wide range of cell cultures, but also
allow controlling of their properties. At the same time, the range of such properties is so wide, and the
need for their combinations is so diverse that the study of their dependencies on a large number of factors
becomes a separate field of research to which a number of works are devoted aimed at studying
properties, creating methods for their diagnosis and technologies for their production [1-4] and their
number is only growing.

Today, there is also a tendency to create bioinks modified by various components on different
bases, the addition of which, even in very low concentrations, can significantly affect both the structure
and properties of the main, in particular hydrogel, composition. One of these components is graphene in
its various variants. The study of its effect on a wide range of materials has been carried out for quite a
long time and continues, in particular, in the form of an analysis of the mechanical and chemical
properties of composites and polymers with graphene additives in relation, among other things, to
additive technologies [5-7]. Recent advances in the use of this material in relation to technologies for
creating modified bioinks and technologies for working with them are described in [8]. This paper

describes both various types of graphene-based materials and their application options to achieve the



specified properties of bioinks. It is also worth noting the highlighted areas of research on the effect of
graphene and its derivatives, which can be divided into several independent sections such as: analysis of
the effect on structure and rheology [9-11], the effect on thermal and electrical properties [12], as well as
biocompatibility and manufacturability [13,14]. At the same time, it should also be noted that the list of
graphene-based materials, as well as the sizes and form factors of the particles planned for use, are quite
extensive, which further complicates both the application of various diagnostic techniques for such
systems and the generalization of experimental and calculated data. For example, the particles of
graphene, as a material consisting of two-dimensional hexagonal layers of sp2-hybridized carbon atoms
forming layered structures with a clear geometry [15], despite the relative chemical inertia along the
surface, still have activity with various chemical groups, which must be taken into account when using
them. The use of graphene oxide obtained in various ways, such as [16] or [17], is also of interest.
Graphene oxide particles have increased mechanical strength, can be manufactured in various form
factors and size groups, which also makes this material suitable for various applications in tissue
engineering [18,19]. There are also several other modifications, for example, Reduced Graphene Oxide
and especially Functionalized Graphene Oxide, which are of particular interest for the engineering of
bone and cartilage tissues, which was shown in [20,21].

However, despite the growing number of studies, large gaps remain regarding both the methods
of studying the properties of hydrogel and other materials modified by graphene-based components, as
well as the dependencies of the properties themselves on various types, form factors and concentrations of
the modifying component. At the same time, if the number of works on the study of electrically
conductive [22,23] and mechanical properties [24,25], as well as biocompatibility [26,27] is quite high,
then issues related to the study of thermal and mass-conducting properties are considered much less often,
which does not negate their importance.

Thus, the issue of determining the thermophysical and mass-transfer properties of modified
hydrogel materials, as well as the creation of reliable calculation methods for modeling heat and mass
transfer processes in such systems is of high importance. The purpose of this work is to implement an
experimental complex for non-contact diagnostics of temperature fields and heat fluxes during non-
stationary heating of hydrogel materials with the addition of graphene oxide, which allows determining

their thermophysical properties.

2. Experimental setup and measurement methodology

In experiments investigating heat exchange processes in hydrogel materials with the addition of
graphene oxide of different concentrations, which were accompanied by phase transitions, the previously
described [28] method of holographic interferometry in combination with gradient thermometry was used.

This method provides high sensitivity and accuracy of measurements.
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Figure 1. Diagram of the working area: 1 — optical cell, 2 — hydrogel, 3 — graphene oxide, 4 —
thermal paste, 5 — gradient heat flow sensor, 6 — electrical insulation layer, 7 — heater, 8 — thermal

insulation.

The research was carried out on an experimental stand for measuring temperature fields in
hydrogel materials based on agarose and gelatin with the addition of graphene oxide. Figure 1
schematically shows the experimental section, which includes a transparent cuvette (/) with dimensions
of 5 x 10 mm and a height of 15 mm, which was filled with the studied microstructured medium based on
pure and combined agarose-gelatin hydrogels (2) and graphene oxide, the concentration of which varied
from 0.1% to 1% by weight (3). A gradient heat flow sensor (5) is mounted in the lower part of the
cuvette, a layer of thermal paste (4), an electrical insulation layer based on technical mica with a thickness
of 0.05 mm (6), thermal insulation made of textolite (§) and an electric heater (7), with which heat was
supplied with a controlled supply of thermal load power. The heating power varied in the range from 1.5-
3.5 W.

3. Visualization and study of the distribution of temperature fields in hydrogels with the addition of
graphene oxide
Based on high-speed video recording of unsteady heating of hydrogels with the addition of

graphene oxide (0.1% by weight) Interference patterns of the process under study were obtained.



(b)

AT S
thermal condu

(d)

Figure 2. Video frames of temperature fields for different hydrogel samples at the same time T =20 ¢
from the start of heating (a,b), T =25 c (c,d) at N = 1.5 W: a) agarose gel 0.4% by weight and graphene
oxide 0.1% by weight, b) gelatin gel 0.4% by weight and graphene oxide 0.1% by weight, c) agarose gel
0.4% by weight and graphene oxide 0.1% by weight, d) gelatin gel 0.4% by weight and graphene oxide
0.1% by weight.

As an example, Fig.2 (a,b) shows video frames of measuring temperature fields after 20 seconds,
Fig. 2 (¢,d) — 25 seconds from the start of heating. Here, a scale with the restored values of the
temperature fields for agarose and gelatin gels with the addition of graphene oxide is shown. The thermal
load installed on the current source was N = 1.5 W. The isotherms shown in Fig. 2 (a,b), parallel to the
heating surface, characterize the mode of classical unsteady thermal conductivity. As can be seen from
Fig. 2 (¢,d), in the case of gelatin gel Fig. 2 (d) at a characteristic time of 25 seconds, a phase transition
occurs, a convective flow is realized, while in the agarose gel Fig. 2 (¢) a mode of non-stationary thermal
conductivity is observed. Here, the estimated error of optical measurements, which depends on the
resolution of the photosensitive element of the video camera and the depth of the working area along the
light beam (L = 5 mm), did not exceed 5%.

To get numerical values the temperature dependences of the refractive index were determined for
various samples of both pure and mixed hydrogel, which contains 0.1% graphene oxide. Fig. 3 shows the
characteristic dependences of the refractive index for two pure gels and one mixed at the wavelength of



the He-Ne laser. As can be seen from the figure, the dependence of the refractive index in this
temperature range is significant.
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Figure 3. Dependence of the refractive index for different gels on the temperature at the wavelength
A =632.8 nm: 1 — gelatin gel 4.0% by weight, 2 — agarose gel 0.4% by weight, 3 — mixed gel of agarose
and gelatin, respectively 0.1% and 4.0% by weight, points are experimental data, lines are calculated

values.

As can be seen in Fig. 3, the refractive indices for pure gelatin and mixed hydrogel with the
addition of graphene oxide Fig. 3 (/,3) practically do not differ in this temperature range, but their values
are significantly higher than the data with agarose gel Fig. 3 (2). Using these approximation dependences
of refractive indices on temperature, the values were calculated temperature gradients for both pure and
mixed gel samples. These data make it possible to further determine the coefficients of thermal
conductivity and heat capacity for hydrogel materials modified with graphene oxide.

Using the implemented technique [29], characteristic, temperature differences were obtained for
both pure gelatin and agarose and mixed hydrogels (with graphene oxide 0.1% by weight), which
amounted to AT =1 °C, 1.6°C and 2.5°C, respectively. These data allow us to obtain temperature values
at any point of the test sample in time, which are necessary to solve the inverse problem of thermal

conductivity and determine the calculated values of heat transfer coefficients.

4. Influence of graphene oxide concentration on the time of occurrence of convective flows in
hydrogel materials

Fig. 4,6,8 show video footage of the moment of the onset of convection in pure agarose, gelatin
and mixed gel in the presence of graphene oxide in different concentrations. The experiments were

performed at a heater power of N=3.5 W.
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Figure 4. Interference patterns of convection in a hydrogel cell at power N =3.5 W at
different time points: a) agarose gel 0.4% by weight, b) agarose gel 0.4% by weight
and graphene oxide 0.1% by weight, ¢) agarose gel 0.4% by weight and graphene oxide 1% by weight.

As can be seen, with an increase in the concentration of graphene oxide, the density of the heat
flux increases, and this in turn leads to a decrease in the generation time of convective flows. A special
feature of experimental studies of unsteady heat transfer in inhomogeneous microstructures hydrogels
was a combination of optical and thermometric methods. The use of a gradient heat flow sensor makes it
possible to record the dynamics of changes in the magnitude of the surface heat flow over time and

synchronize it with the results of high-speed video recording of the process of unsteady heating of
hydrogel samples.
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Figure 5. Changes in the heat flow density q,, (W/m’) from time under different modes of heat load in
the heater: [ — at 1.5W, a) agarose gel 0,4 % by weight, b) agarose gel 0,4 % by weight and graphene
oxide 0,1% by weight, c) agarose gel 0,4 % by weight and graphene oxide 1% by weight;
I —at 3.5W, d) agarose gel 0,4 % by weight, e) agarose gel 0,4 % by weight and graphene oxide 0,1% by
weight, f) agarose gel 0,4 % by weight and graphene oxide 1% by weight.

Fig. 5,7,9 shows the experimental results of measuring the density of the surface heat flux in the
area of the lower wall of the cell at a given power N = 1.5 and 3.5 W for both pure hydrogels and with the



addition of graphene oxide of different concentrations. The graphs show that with an increase in the
concentration of graphene oxide, the heat fluxes for all the studied hydrogels increase. In the case of a
mixed gel, the features of the behavior of the heat flow over time for N = 1.5 and 3.5 W Fig. 9 (c,e). They
are apparently related to the patterns of the phase transition of such gels. The data obtained are important
for the creation and verification of computational methods for solving the problem of the spatiotemporal
distribution of temperature fields in gels with the addition of graphene oxide, including the possibility of
predicting the onset of melting and the occurrence of microconvective flows.

Further, Fig. 6 and 8 show interference patterns of convection in a hydrogel cell at power N=3.5

W at different time points for gelatin and mixed hydrogel samples.
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Figure 6. Interference patterns of convection in a hydrogel cell at power N = 3.5 W at different time

points: a) gelatin gel 4% by weight, b) gelatin gel 4% by weight and graphene
oxide 0.1% by weight, ¢) gelatin gel 0.4% by weight and graphene oxide 1% by weight.
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Figure 6. Changes in the heat flow density q,, (W/m’) from time under different modes of heat load in
the heater: [ — at 1.5W, a) gelatin gel 4 % by weight, b) gelatin gel 0,4 % by weight and graphene oxide
0,1% by weight, c) gelatin gel 4 % by weight and graphene oxide 1% by weight;

Il —at 3.5W, d) gelatin gel 4 % by weight, e) gelatin gel 4 % by weight and graphene oxide 0,1% by
weight, f) gelatin gel 0,4 % by weight and graphene oxide 1% by weight.
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Figure 8. Interference patterns of convection in a hydrogel cell at power N = 3.5 W at different time
points:
a) mixed gel of agarose 0.1% by weight and gelatin 4.0% by weight, b) mixed gel of agarose 0.1% by
weight, gelatin 4.0% by weight and graphene oxide 0.1% by weight,
¢) mixed gel of agarose 0.1% by weight, gelatin 4.0% by weight and graphene oxide 0.1% by weight.
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Figure 9. Changes in the heat flow density q,, (W/m’) from time under different modes of heat load in
the heater: [ — at 1.5W, a) mixed gel of agarose 0.1% by weight and gelatin 4.0% by weight, b) mixed gel
of agarose 0.1% by weight, gelatin 4.0% by weight and graphene oxide 0.1% by weight, c) mixed gel of
agarose 0.1% by weight, gelatin 4.0% by weight and graphene oxide 1% by weight,

1l —at 3,5 W, d) mixed gel of agarose 0.1% by weight and gelatin 4.0% by weight,

e) mixed gel of agarose 0.1% by weight, gelatin 4.0% by weight and graphene oxide 0.1% by weight,
f) mixed gel of agarose 0.1% by weight, gelatin 4.0% by weight and graphene oxide 0.1% by weight.
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Figure 10. Dependence of the time of occurrence of convective flows in hydrogels on the concentration
of graphene oxide at a heat dissipation power at 3.5W: 1 — gelatin gel 4.0% by weight, 2 — agarose gel
0.4% by weight, 3 — mixed gel of agarose and gelatin, respectively 0.1% and 4.0% by weight.

Fig. 10 shows the results of the dependence of the time of occurrence of convective flows in
hydrogels on the concentration of graphene oxide at a characteristic heat dissipation power of 3.5 W.
From which it can be seen that the addition of graphene oxide, even in a very small concentration, leads

to a significant change in thermophysical properties, and therefore the time of convection.

6. Numerical modeling
To determine the thermophysical properties, a physical and mathematical formulation of the one-

dimensional problem of thermal conductivity in a Cartesian coordinate system was formulated:

T 02T
Ca—t—?\ﬁ,t>0,0<x<L, )
T(x,0) = Ty; (2)
L, OT(0t) _ )
AT(X,) _
ax 0; (4)

Determining the coefficients C and 1 according to known experimental temperature values 7'(xp,
T,) at points in time T, at the points of the material sample x,, it is the essence of the coefficient inverse
problem of thermal conductivity. One of the methods for solving inverse problems of thermal
conductivity is the integral representation of the solution, when the desired coefficients of the differential
equation are written as a set of integrals of temperature and heat flow.

A feature of the method is the introduction of a weight function p(x) [30], the variation of which
allows you to explicitly express the thermal conductivity, without dependence on the heat capacity. The

method allows you to bring the differential equation modeling the process to an equivalent integral

9



equation. If we put a weight function in the integral equation, p = 1, then we get the equation for

determining the volumetric heat capacity C regardless of thermal conductivity A.

C= a®) (5)

d (L
T fo T(x,t)dx
Similarly, putting the weight function into the integral equation p = x, we obtain a calculation
formula for determining the thermal conductivity:

C*% fOL x+T (x,t)dx ©)
To()-TL(t)

The numerical solution was implemented in Python version 3.10.5. The values of the thermal

A=

conductivity and volumetric heat capacity coefficients obtained from the calculations are presented

below:
Table 1. Calculated values of thermal conductivity and heat capacity of hydrogel material
Substance type 2, [Wm'K'] C, [KJm” K]
Gelatin gel 4% and graphene oxide 0,1% 0,545 2367
Agarose gel 0,4 % and graphene oxide 0,1% 0,569 2386

Thanks to the computational and experimental complex, it is possible to achieve high accuracy in
determining the thermophysical characteristics of hydrogel materials modified with graphene oxide. This
makes it possible to use these techniques to quickly analyze the properties of promising bioinks based on

them at various concentrations.

7. Conclusions

New data on the reduced temperature fields in hydrogel materials modified with graphene oxide
have been obtained. The application of the gradient thermometry method made it possible to observe
changes in the heat flow on the surface over time and correlate them with the data of high-speed video
recording of the heating process of hydrogel samples. Quantitative values of the temperature difference
between two interference bands of the studied samples of gel materials with the addition of graphene
oxide were obtained. Using the implemented technique, characteristic temperature differences were
obtained for both pure gelatin and agarose and mixed hydrogels (with graphene oxide 0.1% by weight),
which amounted to 47 =1 °C, 1.6 °C and 2.5 °C, respectively. It was found that with an increase in the
concentration of graphene oxide, the heat fluxes for all the studied hydrogels increase. In the case of a
mixed gel, the features of the behavior of the heat flow over time for N = 1.5 and 3.5/ are apparently
related to the patterns of the phase transition of such gels. Thus, graphene oxide, present even in such
insignificant concentrations, has a significant effect on the thermophysical properties of hydrogel
materials and can be used to modify them in 3D bioprinting technologies. Therefore, when adding
graphene-based components, it is necessary to be careful and investigate their effect on the base in the
complex, since, for example, by giving electrically conductive properties to the main gel material, we
simultaneously change the thermophysical properties, which in turn will certainly affect the technological

modes in the printing device.
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Nomenclature

C — heat capacity coefficient, [kim~ K'']
GO — graphene oxide

N — power, [W]

p — weight function

t—time, [s]

(1) — heat flow density, [W/m?’]

Ty — initial temperature, [°C]

x — coordinate, [m]

Greek symbols
/ - thermal conductivity coefficient, [Wm K]

7— time, [s]
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