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ABSTRACT 

 
Various approaches have been proposed to determine the material properties of different polymers based on 

dimensionless analysis and the concept of a representative strain. In this work, simulations via Comsol 

Multiphysics were carried out to determine and improve hydrogels’ mechanical and thermal properties. The 

results show that with a unique set of four key material properties (Young's modulus, Poisson's ratio, density, 
and water content), it is possible to determine the material's behavior when a load force is applied. Among the 

most significant results, are Young's modulus with a value of 4748.200 Pa, a shear modulus of 2121.874 Pa, 

and a Poisson coefficient of 0.119. In the case of the stress and strain test, the maximum values were 11807.700 

Pa and 2.381 correspondingly. Finally, a Brinell hardness of 0.358 𝑘𝑝/𝑚𝑚2 was obtained using and indenter 

of 2.5 mm and a load force of 1 kilopond for 15 seconds (2.5 / 1/15). 

 

In other hand, using the Young’s modulus is possible to observe deformations on hydrogels due to heat 

exchange. Results for every thermal test showed that heat exchanging is not significant on deformations, 

tensions, stress or displacements compared with values obtained for mechanical tests. From the results found, 

it can be stated that the implementation of graphene oxide contributes to improve the crosslinking, resistance 

and thermal properties of the material and that the use of simulated FE software does give a correct 

approximation to the physical parameters. 

 
Keywords: hydrogels, Comsol Multiphysics, Graphene oxide, Young’s module, Poisson ratio elasticity, 

plasticity, Hardness, stress and strain, finite elements, thermoelasticity, thermal stress, heat transfer.  

 

1. INTRODUCTION 
 

The research and development of biomaterials that present chemically balanced structures and that are 

mechanically functional have been increasing over the last decades. Since the high standards that industries 

have produced, generate that products such as prosthetics, implants, contact lenses, fibres, films, coatings, and 

biomedical devices improve all their mechanical properties [1]. One of the products in which a high emphasis 
is being made are hydrogels because they can incorporate water in all its dimensions and facilitate the exchange 

of molecules from the medium to the microorganism [2]. 

 

Hydrogels are crosslinked polymeric materials that at contact with water, they generate elastic, soft and flexible 

compounds with significant swelling within their structure [3]. These materials are mainly characterized by its 

extraordinary mechanical and rheological properties, making it a material of great interest, especially in 

medicine as a substrate for cultivation of cells, diagnostic devices, gels for electrophoresis and blood detoxifier 

[4]. One of the applications in which hydrogels are drawing more attention is in the production of bio-products 

via biotechnology since having high biocompatibility with different microorganisms, allows the encapsulations 

to generate higher percentages of viability and cell density inside the bioreactor. Also, thanks to its three-

dimensional structure and the flexibility that it presents in its chains, these materials can absorb water and 

different fluids, making them a suitable option for gel formation [5].  
 

The properties of hydrogels and their field of application is determined by their degree of crosslinking and the 

monomers that form them, therefore, depending on how the bonds are generated within the three-dimensional 

network, these materials may have different internal or mechanical characteristics [3]. In fact, if the formation 

between the unions is developed by covalent bonds, it is expected that the material has low mechanical 
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properties since once the bonds are broken, the hydrogels will not be able to form again, on the other hand, if 

the hydrogels are formed due to physical, molecular, ionic interactions, or hydrogen bonds, great versatility can 

be observed in the behavior of the hydrogel against the medium, because the bonds will depend on external 

stimuli such as pH, the composition solvent or temperature [6]. 

 

Nanomaterials are defined as substances with specific thermal and mechanical qualities in which at least one of 

their dimensions is less than 100 nm [7]. These materials could present different characteristics depending on 

the dimensions, for example, when we use products such as nanofibers and carbon nanotubes, we can find great 
applications in reinforcing properties such as resistance or stiffness, but if we use products that have very low 

values in all its dimensions is possible to find great applications when releasing or capturing chemicals [8]. 

Among the main benefits offered by nanomaterials are their lightness, their biocompatibility and 

biodegradability properties and their capacity to increase strength and mechanical properties [8]. 

 

One of the applications in which the most interest has been generated is in the design of hybrid materials, formed 

by the combination of synthetic and natural polymers with multiple applications, such as the generation of 

biosensors capable of recognizing chemical signals or polymeric biomaterials with modified surfaces that 

contain inside molecules capable of interact with the biological medium [9]. 

 

The matrix where microorganisms are immobilized is composed of biopolymers such as agar, alginate or gelatin 
[10]. Immobilization contributes to improving the production and viability inside bioreactors because the matrix 

acts as a protector from the environment and for its porosity, the colonies can be established in a right way 

inside the hydrogels [11]. For example, yeast cells used for alcoholic fermentation were encapsulated in sodic 

alginate in order to improve wine fermentation [12]. As discussed by Marañon et al., yeast cells are best 

preserved in an inert atmosphere, and results for viability are close up to 90%. Additionally, immobilized yeast 

improves the alcoholic fermentation.  

 

Substances such as glutaraldehyde (GA) are frequently used in hydrogels formulation as a crosslinking agent, 

since GA reacts with amino groups present in collagen molecules, which improve its physical characteristics 

considerably (in low concentrations to avoid toxic effects) [13]. Figure 1 shows the reaction that occurs between 

gelatin and glutaraldehyde. 

 
Figure 1. Crosslinking reaction between glutaraldehyde and gelatin [14]. 

 
Other compounds can be used to improve the resistance of the material. Graphene oxide (GO) is a nano-

compound obtained, generally, from an oxidation process of graphite flakes in presence of strong acids [15]. 

GO is soluble in water and other solvents. This compound has different applications due to its antimicrobial 

properties, molecular organization and reaction in presence of electric fields, which allows changing the 

physical and mechanical characteristics of the material that contains GO [16]. 

 

On the other hand, Kluyveromyces lactis has been used as a versatile microorganism for biotechnology 

processes, in fact, it has been possible to demonstrate a great use in food and cosmetic industries for those kinds 

of bacteria, since its homofermentative behavior allows the microorganism to produce lactic acid as a metabolic 

product by using sugars. This substance is formed by alcohol and carboxyl functional groups, forming an 

asymmetric carbon that gives its optical activity. In consequence, there exist two optical isomers, D (-) lactic 
and L (+) lactic. D(-) isomer is harmful to metabolism on humans and can generate acidosis and descaling [17], 

while L(+) isomer is a safe substance for use as a food additive due it is biodegradable and can be metabolized 
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by the human body. This property is important to lead the applications of lactic acid in biomaterials and 

biomedical field [18], [19]. 

 

The production of hydrogel and nanoparticle materials allows diversifying the structure of the composite 

material, as well as improving its mechanical properties. As discussed by Skelton et al [20], a hydrogel 

composed of silica nanoparticles and modified polyethylene glycol showed improvements regarding the 

mechanical rigidity of the material in contrast to the hydrogel without nanoparticles. Likewise, it has been 

reported that the mechanical properties and the thermal response observed in poly N-isopropylamide hydrogels 
with immobilized nanoparticles of gold improved considerably [21]. Another example that showed the 

improvements of using nano-compounds is in the study presented by Karnit Bahartan [22], where the 

encapsulation of Saccharomyces cerevisiae is carried out in a graphene oxide hydrogel, in this case, it was found 

that the application of nano-compounds to this type of materials, not only increases physical integrity but also 

improves cell viability and proliferation in minimum periods of 15 days. 

 

Within the biomedical area, the application of hydrogels can be found in medical implants, muscle prostheses, 

diagnostic devices for muscles, and bone stabilization. As described by Park [23], hydrogels can transform 

electrochemical stimuli into mechanical work, that is, reversible contraction and stretching for artificial muscles 

[24]. On the other hand, regarding biotechnological applications, hydrogels can be used to increase the 

concentration of dilute aqueous solutions of macromolecular solutes without altering the enzymatic activity by 
adjusting the temperature or the pH of the medium [25] [26], in turn, can be used in purification devices [27]. 

Similarly, in the pharmaceutical area, they are used to carry out controlled transport of medications in the 

intestinal, circulatory, nervous gastric system or to treat tumors. In turn, there are various applications such as 

those described by Ullah [24]. 

 

Physical properties are measures that allow to determining the state of a physical system, within these properties 

are density, thermal conductivity, specific heat, thermal diffusivity, among others. Usually, changes in these 

properties allow us to describe transformations within a system and their evolution over time between different 

states [28]. On the other hand, the mechanical properties are measures that a body presents under the application 

of external forces and do not depend on the amount of the material. Normally, the mechanical properties are 

measured from specialized equipment where uniaxial compression tests or tensile techniques are applied, those 
kinds of tests consisted in applying low deformations in such a way that the material is as close as possible to 

Hooke's law. Among these properties are: Elasticity, plasticity and hardness.  

 

Elasticity indicates the capacity of a body to recover its shape and dimensions, this property is measured with 

the volumetric compressibility modulus (K); which indicates the resistance of a material to uniform compression 

and the shear modulus (G) which determines the change in shape that an elastic material undergoes against 

shear stresses, the Poisson coefficient (v) [29]; which relates the lateral contraction and longitudinal elongation 

of material within its elastic range, and Young's modulus (E); which indicates the relationship between stress 

and deformation of the material. Plasticity is defined as the ability of a material to maintain deformation without 

exceeding its breaking point, this property is calculated from the main stresses applied to a body. Finally, 

hardness is defined as the ability of a material to resist penetration forces, in this case, this property is measured 

with the Birnell test (𝐻𝑏) [30]. 

 

Regarding recent studies on hydrogels, a wide variety of applications can be observed at the moment of 

evaluating mechanical properties without the need for using specific equipment. For example, Malzbender [31] 

used numerical simulation to evaluate hardness and elasticity for compounds based on graphene oxide and 

polyacrylic acid, in general, the test consisted of assigning a load to the indenter in such a way that the profile 

of the footprint and its depth could be known. Another type of method that is normally applied to simulate 

mechanical properties is the Monte Carlo method, which is used to solve physical-statistical problems. The 

basic idea of this method is to simulate randomly the thermal and mechanical fluctuations of the system, passing 

from one state to another using a Markov chain through the operating space. In the Monte Carlo method, the 

study process is simulated directly, creating a model of the system and passing it over a large number of possible 

states that are statistically calculated [31]. 
 

The main idea of using finite elements in gels lies in using colloidal particles as meshing nodes, and the 

interactions between them as an element that describes correctly its properties. Specific programs like Ansys 
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[32], allows the users to simulate different uniaxial forces by evaluating the positions of the particles and 

applying continuous charges in such a way that different states of charge can be resolved. The process is started 

by applying a volumetric force and taking the fifth-highest particle to characterize the upper interface.  

 

If we emphasize specific properties within the material, it is possible to find even more models to calculate this 

type of properties, for example, JM Meza [33] uses ultrasound to calculate elastic properties of gels, in this 

case, making use of the isotropic properties is possible to determine the young module from the constants of 

the stiffness matrix and the speed of the waves (𝑣|) since the shear stiffness of a material is generally less than 

the compression, it is possible to relate those parameters in an equation as is shown below. 

 

𝐸 =
𝜌(𝑣|

2 − 2𝑣|
2)

(𝑣| − 𝑣|)
2

− 1
       Eq 1. [33] 

 

By understanding the importance of using different applications to calculate mechanical properties, it is possible 

to understand how the development of computerized measurement techniques has allowed researchers to study 

and analyze the response to mechanical stresses of different materials under controlled conditions, in fact, 
programs such as Comsol Multiphysics offers us new alternatives to improve design processes and identify 

areas with complex problems [26] by solving multiphysical phenomena with the use of finite elements. 

 

Considering the information provided above and the versatility of these materials, it is vitally important to 

characterize this type of material in such a way that the capacity of the material to transmit and resist forces or 

deformations can be known. For this, it will be necessary to modulate specific properties such as Young's 

modulus, Poisson coefficient, water content and density and also to modulate mechanical properties employing 

uniaxial stress tests. The influence of these properties within the component is vital for the production of bio 

products since these parameters and calculations could show variations in the mechanical behavior of the 

material. 

 
Similarly, in this document, the different phenomena that take place during the heat transfer between the 

reaction medium and the hydrogel will be evaluated, considering that the thermal properties of the material are 

not reported in the literature, mathematical approximations based on each one of the components of the hydrogel 

will be done in order to obtain the best possible approximation for the reaction system under heating conditions, 

to understand and study the effects of temperature change on biological materials and to determine the effects 

that it can undergo during the reaction period. 

 

Accordingly, the main objective of the present study was to develop a crosslinked polymeric matrix between 

gelatin type A, GA, and GO, in order to encapsulate yeast Kluyveromyces lactis and develop modelling tests to 

learn about mechanical and thermal properties of the material. This modelling will be developed from finite 

element methods, using the Comsol Multiphysics program. 

 

2. THEORETICAL FRAMEWORK 
 

2.1. ACID LACTIC PRODUCTION 

 

Currently, the production of lactic acid is being developed by two main methods. The first consists of a mixture 

of acetaldehyde and hydrocyanic acid, which reacts and produces lactronitrile, then this product passes through 

a hydrolyzing process that converts lactronitrile into lactic acid. The problem with this method is that lactic acid 

production is reflected in a mixture of L (+) and D (-) enantiomers, so a large percentage of the final product 

will be optically inactive [10]. 
 

The second method refers to production via biotechnology. This type of production is mainly based on the use 

of organisms such as bacteria or fungi, because when carrying out fermentation processes, mainly carbohydrate-

rich substrates are obtained. The main variables that influence this synthesis are the type of microorganism, the 

pH, the temperature, the source of carbon and nitrogen, and the mode of fermentation. In the industry, the most 

common bacteria used in the production of lactic acid are Coccus, Gram-positive bacilli, facultative anaerobes 

and catalase-negative belonging to the genera Lactobacillus, Carnobacterium, Leuconostoc, Pediococcus, 
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Streptococcus, Enterococcus, Aerococcus and Weissella [38], [39]. Mainly, those bacteria present thermophilic 

characteristics, a rapid ferment, a minimal quantity of by-products, and an advantage of growing at low pH 

conditions. The type of fermentation will depend on the genus of the bacterium, thus choosing a Homo or 

heterofermentative route [40]. 

 

For fungi, the production of lactic acid is mainly carried out in yeasts belonging to the genera Rhizopus, 

Zymomonas, Saccharomyces, and Kluyveromyces. The most notable advantages of this method of production 

are the low concentrations of organic nitrogen sources, high productivity, and the decrease in production costs 
due to the ability to use cheaper substrates [41], [42]. 

 

2.2. NANO-COMPOUNDS TO STRENGTHEN HYDROGEL FORMATION 

 

Graphene oxide (GO) is a two-dimensional substance fashioned mainly of carboxylic, phenolic, hydroxyl, and 

epoxy groups at its borders. Its description is given in the frame of a crystalline network in the form of a 

honeycomb with sp2 hybridization, this feature provides specific electrical properties to the material, making it 

need smaller amounts of electricity to transport energy. Generally, what appears in its structure is that for each 

carbon atom there is one free electron in the last valence scale, so the material creates a kind of electronic cloud 

throughout the graphene film [43]. 

 
Given its attractive properties, the uses of this material have been increasing in mechanical, thermal, and 

electrical services, for example, it is possible to see its ability to maintain high electrical current densities (one 

million times greater than copper), in generating complete impenetrability of gases and in the reinforcement of 

polymeric structures [44]. A bright example of the reinforcement of mechanical properties can be evidenced in 

the study produced by Ghorai, where by using small amounts of GO, the mechanical properties improved in 

scaffolds of hydroxyapatite, polyurethane and spermine [45]. 

 

For the characterization of the GO, it can be subdivided into two scales of different lengths, its thickness is 

mainly determined by a single atomic layer, while the lateral dimension can be extended to tens of micrometers. 

In figure 2, the route towards the synthesis of graphene can be evidenced [43]. 

 

 
Figure 2. Route towards the synthesis of graphene [43]. 

 

Thanks to its hydrophilic and biocompatible nature, this type of compound also allows solving problems of 

aggregation and dispersion within polymer matrices; in this way giving a great benefit to the industry since by 

crosslinking with other materials it can be deposited on full range substrates naturally and increases the 

structural stability of the final compound [46]. Some of the GO-polymer based nanocomposites, synthesized by 

incorporating GO into the polymer matrix, include poly (methyl methacrylate) (PMMA), high-density 

polyethene, and cationic polymers, or by intercalation of polymer layers in flakes of GO [47]. 
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2.3. MATERIAL PROPERTIES. 

 
In order to understand the capabilities of the material to transmit and resist deformation forces, it is necessary 

to characterize the material in such a way that specific properties such as Young's modulus, coefficient Poisson, 

density, and water content are achieved. For the calculation of those properties, rheology will be used, since 

this science focuses mainly on studying how the flow and deformation of a material are affected given an 

external force. 
 

In the case of reinforced polymers, the rheological behavior depends on certain specific parameters, such us the 

nature of the fillers (size, shape), the concentration, and the interactions between the fillers and the polymer. 

These parameters cause an increase in viscosity and particular phenomena such as the existence of a flow 

threshold or a shearing thickening behavior [48]. In the case of nanocomposites, all the rheological 

characteristics of the conventional filled polymers are generally observed. However, because the size of the 

charges is extremely small, the surface developed with the polymer matrix is very large [49]. For instance, it is 

necessary to use an appropriate equipment such as rheometers to calculate the mentioned behavior. 

 

A rheometer is a laboratory device used to measure the behavior of a liquid, suspension or slurry flows in 

response to applied forces. Normally, the force is imposed for a very precise geometry such us parallel plates, 
cone-plane, couette or an indenter. Its use focused in fluids which cannot be defined by a single value 

of viscosity and therefore require more parameters to be set [48]. The plane–plane geometry and the indenter 

are suitable for the characterization of pastes or gels, whereas the cone–plane geometry allows the 

characterization of homogeneous materials with particles smaller than 5 μm [50]. The behavior of the parallel 

plate and the description of the types of materials are evident in supplementary material. 

 

To characterize nanocomposite, dynamic viscosity curves are used since those curves evidenced the relationship 

between the average shape factor and the degree of exfoliation. Through different examples of rheological 

behavior in nanocomposites, it is possible to summarized specific characteristics, for example, it was found that 

the sensitivity of the rheological properties with the structure help to differentiate the different morphologies 

that the classical characterization techniques have difficulty in distinguishing, that the nanocomposites are 

extremely sensitive to the structure as well as the state of dispersion, and that nanocomposites can evolve from 
a very simple behavior to a very complex behavior [48]. 

 

Having understood the rheological behavior in nanocomposites, it is necessary to find specific tools that help 

to better understand the mechanical properties, in this case, characteristic curves such as stress vs. strain can 

help to inform about the mechanical behavior of the material, since once the body is stressed, it undergoes a 

series of dimensional changes, due to the need to dissipate the supplied energy. The essential properties applied 

in these curves are the elasticity modules, among the most important are Young's modulus, the Poisson 

coefficient, and the shear modulus. 

 

Young's modulus: Young's modulus is the maximum stress for which the deformation is reversible, in other 

words, this modulus represents the constant of proportionality that relates the stress (σ) and the strain (ε). Its 
representation is given by the letter E. 

 

𝐸 =
𝜎

휀
           Eq 2. 

 

Where σ will be equal to the force by area and ε will be equal to the change in length, it calculation is strongly 
related to Hooke's law, and in the stress vs. strain diagram, it can be identified as the slope between the origin 

and the elastic limit [51].  

 

Poisson coefficient: The Poisson coefficient is defined as the ratio of the lateral contraction and the longitudinal 

elongation of the material within the elastic range. Its representation is given by the letter 𝜈 [52]. 

 

𝜈 =

∆𝐷
𝐷
∆𝐿
𝐿

           Eq 3. 
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The Poisson coefficient generally varies from 0 to 0.5. Values of 0.5 means that the material that was 

compressed did not change. 

 

Shear modulus: The shear modulus is an elastic constant that characterizes the change in shape that an elastic 

material undergoes when shear stresses are applied. In other words, this is defined as the ratio between the 

horizontal distance traveled by the moving face and the height of the body. This property is representative of 

each material and is represented by the letter G [52][53]. 
 

𝜃 ≈ tan 𝜃 =
∆𝑥

ℎ
                                   Eq 4. 

 

 𝐺 =
𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠

𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑎𝑖𝑛
=

𝐸

2(1 +  𝜈)
       Eq 5. 

 

Where E refers to the young’s module and 𝜈 to the Poisson coefficient. The easiest way to measure it is by 

considering a rectangle, which, when applying a parallel force to one of its faces, presents a deformation where 

there is no change in volume, but in shape. So, the rectangle under this effort will become a parallelogram. For 

the calculation of the pre-simulated material properties, a Discovery HR-1 rheometer with a parallel plate 
geometry will be used, while for the simulations will be used an indenter. 

 

The rheology study for nanocomposites is mainly focused on the modules of storage G’ and  loss G’’ and the 

stress, for instance, it has been found that when applying long deformations through a dynamic mode, a 

significant decrease in the storage moduli G’ is observed [54], Krishnamoorti and Giannelis explain this 

behavior due to the orientation of the sheets in the flow direction and the transition between quasi-liquid and 

quasi-solid behavior, However, if the deformation is prolonged the material suffer a significant decrease in the 

linear viscoelastic module and the destruction of the quasi-solid state of the nanocomposite. Regarding 

nanocomposites materials, it was found that before stabilizing, an overshoot stress was obtained when the 

material had a deformation in the opposite direction [55]. The authors attribute the existence of this peak of 

stress to the orientation of the leaflets and the rupture of the initial network structure. The typical experiment in 

this field is to apply to the material, initially at rest, a deformation rate for a certain time and to measure the 
corresponding evolution of the stress [55].  

 

2.4. MECHANICAL PROPERTIES 

 

The mechanical properties determine the behavior of the material against external stresses applied to it. In 

general, those properties reflect the resistance of the material, since resistance is defined as the ability to resist 

applied stresses and forces without the material break or deform. Regarding deformation is understood as the 

change in length that a material undergoes stress [51]. These characteristics are specific to each material, so in 

design tests, it is vitally important to have a good selection of the material. 

  

From the existing relationships between resistance and deformation, properties such as Elasticity, Plasticity and 
Hardness can be calculated. 

 

Elasticity: Elasticity is defined as the property that a material has to recover its original shape and dimensions; 

this deformation can occur partially or totally. According to this definition, almost all materials are elastic to a 

certain point of load. However, the problem with this property is that it does not predict permanent 

deformations, it does not predict breakage, and the volumetric and diverter components are not correlated [56]. 

 

For the classical elasticity theory, most solids can be represented by Hooke's law, which can be expressed by 

two rheological equations: 

 

𝐾 = 𝑃/휀𝑉         Eq 6. 
 

𝐺 = 𝜎/휀            Eq 7. 
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Where K will be the modulus of volumetric compression and G the modulus of stiffness, for linear deformations 

Young's modulus (E) is mainly used. This relationship is easily identifiable in the stress and deformation 

diagram since its representation goes from the origin to the elastic limit [56]. Another parameter that is widely 

used to characterize or classify substances according to their elastic behavior is the Deborah number [57]. This 

number is defined as the quotient between the characteristic relaxation time of the substance (τ) and the 

deformation time (t). 

 

𝐷𝑒 =
𝜏

𝑡
                 Eq 8. 

 

For a Hooke solid, the relaxation time is infinite and zero for a Newton fluid. Therefore, if the number De is 

less than one, the behavior is viscous, if it is higher than one, it is elastic, and if it is equal to one, it is visco-

elastic. Based on this concept, all materials can behave as Hooke solids if the material has a very long relaxation 
time or if it is subjected to a deficient deformation process [56][57]. 

 

The test method to calculate these properties is employing a uniaxial tensile load, since being a simple and 

inexpensive test, allow the users to understand how the material reacts to stress quickly. In this test, one end of 

the specimen is attached to a load cell and the other to a controlled displacement clamp, then a transducer 

provides the load reading. This test method is used to determine the elastic moduli of the material, the elastic 

limit and the tensile strength. 

 

Plasticity: Plasticity is defined as the ability of a material to maintain deformation without it passing through 

its breaking point. Graphically, this behavior can be seen in the stress vs strain graph, where at the beginning 

of the curve, the deformation is a linear function of the applied force, but once a value f (critical yield stress) 
passes, the deformation ceases to be proportional to the force and the material will deform more easily [58]. 

This property is evidenced in figure 3. 

 

 
Figure 3. Relationship between stress and deformation [58]. 

 

The main problem with this property is that it lacks a specific physical meaning, and there is no standard 

numerical index due to the variety of manufacturing processes that exist. Therefore, the estimation of this 

property will be developed from two established methods: 

 
Direct Methods: This method consists of determining the effect produced by the water content on the 

relationship between the applied stress and the produced deformation, therefore, depending on how the stress 

is applied, specific methods such as Moore's, extrusion, tensile, shear, or twist methods can be used [58]. 

 

Indirect methods: Indirect methods are those that do not adequately evaluate plasticity but properties related to 

it [58]. 

 

In the case of hydrogels, we will use the Von Mises model to give meaning to this physical parameter, since 

this model represents the physical magnitude proportional to the distortion energy [59]. This parameter can be 
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calculated from the principal stresses applied to a certain point of a deformable solid as can be seen in equation 

9. 

 

𝜎𝑉𝑀 = [
[(𝜎1 − 𝜎2)2 + (𝜎2 + 𝜎3)2 + (𝜎3 − 𝜎1)2]

2
]

1
2

                  Eq 9. [59] 

 

Being σ1, σ2, σ3 the main efforts.  

 

To be able to use this material model, it is necessary to ensure that both the radius and the center of the surface 

can vary respect to the load history, and at the moment that a small displacement is applied plasticity must exist. 

Primarily this property is used to model unrecoverable deformations, behavioral changes, and brittle or re-
softened materials [56]. 

 

Hardness: Hardness is defined as the property that materials have to resist the penetration of an indenter under 

load; this condition is mainly related to the elastic and plastic properties of the material [22]. The values obtained 

from this property depend mainly on the method and conditions used to test; these methods can be classified 

into two groups according to the way the load is applied: 

 

Static tests: These tests are characterized because the load applied to the material is carried out in a static or 

quasi-static way. In this test, the indenter is pressed against the test surface relatively slowly, so the measured 

result will result from the quotient between the applied load and the area of the indentation [60]. The best-

known methods of this procedure are Brinell, Vickers, and Knoop [60]. 
 

Dynamic tests: These tests are characterized because the load applied to the material is in the form of an impact. 

The general procedure consists of launching the indenter with known energy on the surface, and then the 

hardness is calculated from the rebound energy of the penetrator. The best-known methods for this test are the 

Shore and Leeb's. 

 

Hardness is mainly used when it is necessary to evaluate the effectiveness of heat treatment, the resistance to 

wear of a material, the machinability of the material or to get an idea of the tensile strength of a material. In the 

case of hydrogels, the Brinell hardness test will present an excellent approximation to the tensile strength of the 

material. 

 

Brinell hardness: The Brinell hardness test consists of pressing the surface of the material with a steel ball, 
which, when making contact, produces the impression of a spherical cap corresponding to the portion of the 

sphere that penetrates [22], a basic scheme of this method is shown in figure 4. 

 

 
Figure 4. Basic scheme of a Brinell hardness test [22]. 

 

Where P will be the load to be used in the test, measured in kilopondos, D will be the diameter of the indenter 

and d will be the diameter of the printed cap. The hardness value(𝐻𝑏), from the Brinell method, is calculated 

by dividing the applied load P by the surface of the cap. Therefore, the depth of the printed cap (ℎ) will be 

measured directly on the machine, while the load is left constant to ensure good contact between indenter and 

material. Its equation is represented by: 
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𝐻𝑏 =
2𝑃

𝜋𝐷(𝐷 − √𝐷2 − 𝑑2)
 [

𝑘𝑝

𝑚𝑚2
]             Eq 10 [61]. 

 
The penetrators, are usually kept in contact with the material for 15 seconds and must be kept for at least 15 

seconds to ensure correct contact between both materials. The penetrator size is based on the IRAM or ASTM 

standard; since it is necessary to ensure that the thickness of the specimen is greater than the diameter of the 

penetrator or that the thickness of the specimen is not ten times less than the penetration depth [60] [61]. To 

express this criterion in a more straightforward way, Table 1 can be used to select the diameter of the indenter 

depending on the thickness of the specimen. 

 

Table 1. Criteria for selecting indenter diameter. 

Specimen thickness e [mm] e >6 3<e<6 e<3 

Indenter diameter D [mm] 10 5 2.5 

 

2.5. THERMAL PROPERTIES 

 

Heat Transfer: Energy from a body can be transferred to another by a very common process on the industrial 

scale such as heat transfer. In this process, energy is transferred whenever there is a difference in temperature 
in a body or between different bodies, consequently, heat will flow from the highest temperature zone to the 

lowest temperature zone [62]. It is necessary to mention that heat can be transferred by three physical 

mechanisms: conduction, convection and radiation. 

 

Conduction: Heat transfer by conduction occurs when those particles with the highest energy transfer their 

energy to the adjacent molecules with the lowest energy. In this mechanism, heat can be conducted through 

liquids, solids and gases. For example, in one gas the hottest molecules will have more energy and more 

movement, in consequence, they will transfer their energy to those molecules with a lower energy level until 

equilibrium is reached. It should be noted that this type of transfer will occur when there is a temperature 

gradient in solids, liquids, or gases [62]. The speed of conduction in a body will depend on its geometry, 

thickness and temperature difference that exists in the material. The rate of heat transfer by conduction through 

a flat layer is directly proportional to the temperature difference existing in it and the area through which it is 
transferred and inversely proportional to the thickness of the said layer. The following expression can represent 

the information described above: 

 

𝑄 = 𝑘𝐴
(𝑇1 − 𝑇2)

∆𝑥
= −𝑘𝐴

∆𝑇

𝐿
            Eq 11.  

 

Where k is the constant of thermal conductivity of the material. Now, when ∆𝑥  0, the above can be expressed 

using the following equation: 

𝑄 =  −𝑘𝐴
𝑑𝑇

𝑑𝑥
                 Eq 12. 

 

The above expression is known as the Fourier Law of heat conduction.  

 

Convection: Convective heat transfer is a mechanism that occurs between a surface of a solid body and a fluid 
(liquid or gas) that is in motion. In this case, heat transfer consists of two mechanisms that operate 

simultaneously. The first is due to the molecular motion and the second is due to the movement of the fluid 

with which the surface has contact [62]. Convection heat transfer increases when fluid movement is faster. 

When fluid movement is zero, there is only conductive heat transfer between a solid surface and the fluid. The 

heat transfer will depend, in addition to the basic thermal properties such as specific heat and thermal 

conductivity, on the density, viscosity and speed of the fluid.  
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Convection can be natural when it is produced by a difference in densities which is caused by a difference in 

temperatures or forced when matter is forced to move from one place to another [62]. Newton’s law of cooling 

is a model of convection heat transfer and is expressed under the following mathematical expression: 

 

𝑄 = ℎ𝐴(𝑇𝐴 − 𝑇)                  Eq 13. 
 

Where h is the convection coefficient expressed in
𝑊

𝑚2𝐾
, A is the surface that transfers heat at a temperature 𝑇𝐴 

to the adjacent fluid that has a temperature T. 

 

Radiation: Radiation is the energy that matter emits in the form of electromagnetic waves or photons, this is 
due to changes in the electronic configurations of atoms or molecules. In contrast to conduction and convection 

mechanisms, heat transfer by radiation does not need a medium to be transferred [63]. When heat is transferred 

by radiation, it occurs as quickly as possible, that is, at the speed of light, and is not altered in a vacuum. As an 

example, we can mention the way in which the energy of the sun reaches the earth. 

 

Thermodynamic Properties: Thermal properties such as thermal conductivity, specific thermal capacity, and 

thermal expansion, influence heat transfer processes. With the knowledge of these properties, it is possible to 

carry out different calculations with which it is possible to establish equipment and process designs. It should 

be noted that each of the properties mentioned above depends, to a greater degree, on the temperature and the 

composition of the material that makes it up [64]. Below is a brief description of each of the properties that 

were used to carry out different studies relevant to this work. 

 
Thermal Conductivity: The thermal conductivity (k) of a material is a measurement of the capacity that a 

material has to transfer energy in form of heat when a gradient or temperature change is imposed [65]. The 

value of k depends on factors such as density, crystal structure, among others [66]. This property is defined 

according to the following expression: 

𝑘 =
𝑞

∇𝑇

̇
           Eq 14. 

 

Where �̇� is the heat flux per unit time and area, while ∇𝑇 is the temperature gradient. In this case, the thermal 

conductivity is measured in 
𝑊

𝑚𝐾
. 

 

Thermal Expansion: Thermal expansion is defined as the change in the dimensions of a material or body as a 

consequence of the change in temperature and the movement and separation of the molecules that compose it. 

On the other hand, isotropic materials are those that have the same physical properties in all their dimensions, 

with this in mind, it is valid to affirm that by changing the temperature of an isotropic body it will modify its 

size in all its dimensions [67]. For the development of this work, the volumetric expansion of material will be 

considered, which is defined according to the following equation: 

 

𝑉 = 𝑉𝑜 + (1 + 𝛽∆𝑇)           Eq 15. 
 

Where V and Vo are the initial and final volume of the body, respectively, is the coefficient of volumetric 

expansion expressed as β and ∆𝑇 as the change in temperature expressed in K. It should be noted that β is 

defined as 3α, with α as the coefficient of linear expansion. 

 

Specific Heat Capacity: Specific heat capacity is defined as the amount of heat that must be supplied to the 

unit mass of system to increase its temperature by one degree [68]. Specific heat could be expressed by the 

following expression: 

𝑑𝑄 = 𝐶𝑥𝑑𝑇          Eq 16. 
 

Specific heat capacity is an example of an extensive property due its proportional to the size of the system 

examined. In SI units, specific heat capacity is the amount of energy in Joules required to raise 1 kilogram of a 

determined substance 1 Kelvin(
𝐽

𝑘𝑔𝐾
). 
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However, a simulated process uses mathematical methods that allow predicting or knowing the physical, 

Chemical, or microbiological changes of a system, which can be validated with information reported by other 

authors. Since the thermodynamic properties of hydrogels are unknown, a mathematical approximation must 

be made. This can be done using the models exposed by Choi and Okos (1985) [69] expressed in the following 

equations: 

𝐶𝑝 =  ∑ 𝐶𝑝𝑖𝑋𝑖

𝑛

𝑖=1

         Eq 17. 

𝑘 =  ∑ 𝑘𝑖𝑋𝑖                Eq 18.

𝑛

𝑖=1

 

α =  ∑ αi𝑋𝑖                Eq 19.

𝑛

𝑖=1

 

 

Where the subscript refers to each component: water, gelatin, and graphene oxide. Glutaraldehyde is not 

considered to perform these calculations since no information about its thermodynamic properties is reported 

in the literature. 

 

2.6. THERMAL STRESS 

 

Thermal Stress is the mechanical stress that a body suffers due to a change in its temperature. The tensions that 

the body experiences can lead to plastic deformations or fractures, which will depend on various variables 

during heating, such as the type of material and the restrictions to which the body is subjected [70]. Some factors 

such as temperature gradients, thermal shocks and thermal expansion or contraction, can generate thermal 

stress. Likewise, the stress experienced by the body will depend largely on the coefficient of thermal expansion 

of the material. When the temperature change is greater, the stress level will be greater. On the other hand, a 

rapid change in temperature can generate cracks or breaks in the material depending on its composition [71].  

 

2.7. THERMOELASTICITY 

 

Thermoelasticity is referred to as the existing influence of the thermal state of an elastic solid on its deformation 

or stress distribution and, in turn, the inverse effect, the deformation on the thermal state of an elastic medium. 

Besides, thermoelasticity includes heat conduction, thermal stress and the tension that is generated as a 
consequence of heat flow. Due to the interaction between deformation and thermal fields, thermoelasticity 

allows determining the stresses produced by said fields to calculate the temperature distribution that is due to 

the action of forces independent of time or heat sources, moreover, this allows to determine the structural 

displacements on [72]. 

 

2.8. COMSOL MULTIPHYSICS  

 

COMSOL Multiphysics is a finite element analysis and resolution software package specialized in modeling 

and solving all kinds of scientific and engineering problems. The main advantage of this program is the ability 

to generate multiphysical models to solve simulator phenomena, without requiring extensive knowledge of the 

program or a physical theory. On the other hand, Comsol uses interfaces from different physical modules to 
build models by defining physical quantities such as material properties, loads, limits, sources, and flows [73]. 

 

To solve the different models, COMSOL uses the finite element method (MEF), which is a tool used for 

different researchers to analyze the behavior of materials and structures subjected to different load states [24]. 

Its most significant advantage is the possibility of solving practical problems without doing experimental 

methods. The finite element method consists in making an approximation of the partial derivatives by algebraic 

expressions with the values of the dependent variable in a limited number of selected points. 

 

The way Comsol solve different models is creating sequences to record all the steps that create the geometry, 

mesh, studies, solver adjustments, and finally, it solves the problem and presents the results. The main 

application areas of COMSOL for this document were the area of structural mechanics and heat transfer. 
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3. MATERIALS AND METHODS 

 

MATERIALS:  

 

The materials used for the preparation of the hydrogels were: gelatin Type A (food grade), glutaraldehyde 

solution of 25% for synthesis (PanReac AppliChem, Barcelona, Spain), water-type II, and GO, synthetized 

from Tour method [53]. In this case, glutaraldehyde was used to create the chemical crosslinking between 

gelatin and yeast, whereas the GO was used as a reinforcement for hydrogels. As is shown in the literature, 

adding a nano-material improve the physical properties of gels, therefore the viability and production of lactic 

acid will increase considerably. Finally, for the preparation of GO, sulfuric acid (96.0%), phosphoric acid 

(85.0%), graphite flakes, potassium permanganate, ethanol (96.0%) and hydrochloric acid (36%) were used; 

this step was established by following the protocol of the biomedical engineering department. 

 

EQUIPMENT: 

 

The equipment used for the preparation of the hydrogels was a mechanical stirrer equipped with a three-blade 

curved impeller and a heating plate, for the properties of the material a rheological assay was conducted in a 

Rotational Rheometer DHR1 TA INSTRUMENTS, Stable Micro Systems T and a HDplusC Texture Analyzer. 
Finally, the modeling test will be evaluated in Comsol Multiphysics. All the equipment used within this project 

is available in the research laboratories of the University of los Andes. 

 

CELL CULTURE 

 

The microorganism selected for capsulation was Kluyveromyces lactis GG799 wild type from K. lactis Protein 

Expression Kit (New England Biolabs, Ipswich, MA, USA). The cells were cultured in YNB medium (0.68% 
w / v yeast nitrogen base, 2.0% w / v glucose, 0.001% w / v L-histidine, 2.0% lactose% w / v) and YPG medium 

(yeast extract 1.0% w / v, peptone 2.0% w / v, glucose 2.0% w / v, agar 1.5% w / v). Those mediums were 

sterilized by filtration and autoclave. For the growth process, the inoculum was incubated on an orbital shaker 

at 30 ° C and 2000 RPM for 16 hours. Then, the cells were centrifuged at 2000 RPM for 7 minutes at 4°C. 

Finally; the cells are washed twice and re-suspended with autoclaved water and then stored at 4°C. 

 

PREPARATION OF GRAPHENE OXIDE:  

 
For the preparation of the nano-compound, the protocol provided by the biomedical department was followed, 

which is mainly based on the Tour method [74]; however, this protocol presents some changes, which causes 

the ratio between reagent and product to increase beneficially. Since this formula is confidential, the method 

will be described in a very brief and concise manner.  

 

Firstly, it is necessary to mix all the reagents (sulfuric acid, phosphoric acid, potassium permanganate, and 

graphite flakes). Then it goes through a 12-hour mixing process with constant stirring. Secondly, the mixture 
goes through a filtering and cleaning process, which is carried out utilizing a solution of hydrochloric acid, 

ethanol, and water. For this process, it is necessary to centrifuge the mixture before each washing. After 

obtaining the last pellet, the last step is to pass the product through a lyophilizer and store it. Finally, graphene 

oxide is diluted with water in order to pour it with gelatin[75]. Figure 5 shows the manufacturing process of 

OG. 
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Figure 5. Graphene oxide manufacturing protocol 

 

PREPARATION OF HYDROGELS REINFORCED WITH GRAPHENE OXIDE: 

 

For the preparation of these gels, Type II water was heated at 40 °C with the required amount of gelatin Type 
A (food grade). The mixture was kept at constant stirring at 180 rpm for 60 minutes until a homogeneous 

mixture is formed. Subsequently, the yeast re-suspended in type II was added while stirring the mixture at 80 

rpm. The cells must be carefully added to the hydrogel mixture since it could generate bubbles that could affect 

the formula. After adding the cells, the nano-compound must be carefully added. The operational conditions 

for this step are 40 °C, 80 rpm, and 30 minutes of mixing. Then, the corresponding amount of glutaraldehyde 

is poured dropwise with the same operational conditions; the time recommended for this step is around 2 hours. 

Finally, the mixture was cooled down, and was poured into a mold and stored at a temperature of 4 °C for 24 

hours. The reagent order must be used as is explained before since by following that order, it is possible to 

guarantee the crosslinking between gelatin and cells. This protocol was based on the Thesis of Jorge 

Patarroyo[76] and Eduardo Niño [77] and the manufacturing process is evidenced in figure 6. 

 
Figure 6. Hydrogels manufacturing protocol 

 

PRE-SIMULATION MATERIAL PROPERTIES: 

 
To evaluate the mechanical properties, Comsol requires that the user enter the material's basic properties, such 

as density, water content, Young's modulus, and Poisson ratio. Those properties were calculated from the 

document made by Eduardo Niño [77], where rheological and integrity tests were carried out to characterize 

the material. 
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The rheological analysis was developed in the Rotational Rheometer (DHR1 TA INSTRUMENTS), with a 

parallel plate geometry. The test was made with a frequency scan between 0.1 and 100 Hz at an amplitude of 

1000 Pa and 25 ° C. In this study, the storage modulus (G') and loss (G") were calculated for a sample 2 cm in 

diameter and 1 mm thick.  

 

For the integrity tests, the TA Texturometer HD plus C was used with constant bubbling, a temperature of 30 ° 

C and a pH of 5.5. The study consisted of evaluating the stress and deformation data of the material in such a 

way that the parameters of Young's modulus and Poisson's coefficient were calculated. 
 

Finally, the density and water content data of the material were calculated using the percentage ratios of reagents 

in the elaboration of the hydrogels. 

 

ELASTICITY: 

 
For the calculation of the elastic modulus, the software Comsol Multiphysics was used. In this case, uniaxial 

loads on the material were evaluated in such a way that parameters like Young's modulus, the Poisson ratio, 

and the shear modulus could be reevaluated.  

 

The calculation of the Young’s module consisted of applying a force in the middle of the material in such a way 

that the geometry deformed [52], as is shown in figure 7. The geometry used to calculate this property was a 

disk 2 cm in diameter and 1 mm thick. 
 

 
Figure 7. Flex bridge. 

 

From the deformation, the young modulus is calculated by the following mathematical expression: 

 

𝐸 =
4𝐹𝐷

3𝑑𝜋𝐿2
 [

𝑁

𝑚2
]             Eq 20. [52] 

 
The shear modulus was calculated by applying a parallel force to the upper face of the geometry, as is seen in 

the figure 8. As a restriction, we had that the lower face acted as a fixed surface. 

 

 
Figure 8. Shear modulus [52]. 

 

The intended geometry for this calculation was a sphere with a radius of 1.25 cm, however, the test requires 

that the surface where the force is applied must be evidenced. Thus, it was necessary to resort to the 

Archimedean principles to convert the sphere into a cylinder.  The cylinder will have the same radius of the 

sphere and a height of twice the radius so that the surface area is the same in both geometries. The calculation 

of the shear modulus follows the next equation: 

𝐺 =
2 ∗ 𝐹 ∗ (2 ∗ 𝑟) ∗ 𝛿

𝜋 ∗ 𝜃 ∗ 𝑟4
       Eq 21. [53]  
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Where F represents the tangential force, r will be the radius of the cylinder and δ will be the displacement that 

the geometry had given the applied force. The units of this module will be represented in 
𝑵

𝒎𝟐. 

 

For the rest of the elastic modulus, we will apply the isotropic and homogeneous properties of the material. 

Therefore, when knowing any two modules, any other can be calculated instantly, the conversion table is shown 

below. Since we know Young's and shear modulus, we will use the second column to make the conversions. 

 

Table 2. Conversion table for elastic modules [78]. 

 (𝛕, 𝐆) (𝐄, 𝐆) (𝐊, 𝛕) (𝐊, 𝐆) (𝛕, 𝜈) (𝐆, 𝜈) (𝐄, 𝜈) (𝐊, 𝜈) (𝐊, 𝐄) (𝐌, 𝐆) 

K τ +
2G

𝐸
 

EG

3(3𝐺 − 𝐸)
 - - τ [

1 + 𝜈
3𝜈

] 
2G(1 + 𝜈)

3(1 − 2𝜈)
 

E

3(1 − 2𝜈)
 - * 𝑀 −

4𝐺

3
 

E G [
3τ + 2G

τ + G
] - 9𝐾 [

K − 𝛕

3𝐾 − 𝛕
] 

9KG

3𝐾 + 𝐺
 

τ(1 + 𝜈)(1 − 2𝜈)

𝜈
 2G(1 + 𝜈) - 3K(1 − 2𝜈) * 𝐺 [

3M − 4G

𝑀 − 𝐺
] 

𝜏 - 𝐺 [
E − 2G

3𝐺 − 𝐸
] - 𝐾 −

2G

3
 - 

2G𝜈

1 − 2𝜈
 

E𝜈

(1 + 𝜈)(1 − 2𝜈)
 

3K𝜈

(1 + 𝜈)
 3𝐾 [

3K − E

9𝐾 − 𝐸
] 𝑀 − 2𝐺  

G - - 3 [
K − 𝛕

2
] - τ [

1 − 2𝜈
2𝜈

] - 
E

3(1 − 2𝜈)
 3𝐾 [

1 − 2𝜈

2(1 + 𝜈))
] 

3K𝐸

9𝐾 − 𝐸
 - 

𝜈 
τ

2(τ + G)
 

E

2𝐺
− 1 

𝛕

3𝐾 − 𝛕
 

3K − 2G

6𝐾 + 2𝐺
 - - - - 

3K − 𝐸

6𝐾
 

M − 2G

2𝑀 − 2𝐺
 

M τ + 2G 𝐺 [
4G − E

3𝐺 − 𝐸
] 3K − τ 𝐾 +

4G

3
 τ [

1 − 𝜈
𝜈

] 𝐺 [
(2 − 2𝜈)

(1 − 2𝜈)
] 

E

3(1 − 2𝜈)
 3𝐾

1 − 𝜈

1 + 𝜈
 3𝐾 [

3𝐾 + 𝐸

9𝐾 − 𝐸
] - 

 

Where K refers to the compressibility modulus, E will be the young's modulus, 𝜏 will be equal to the first lamé 

parameter, G will be the shear modulus, 𝜈 will be the Poisson coefficient and M the wave modulus P. 

 

STRESS AND STRAIN MODEL 

 

The simulation of stress and strain curves in the material was developed in Comsol Multiphysics software with 

structural mechanics. The test consisted of measuring the stresses and deformations that occurred in the 
hydrogel, by applying a force of 5 N on the surface. Generally, what is sought with this type of test is 

approximating the values obtained from a texture analyzer. 

 

PLASTICITY 

 

The plasticity tests of the material were developed following the procedure described in the Stress and strain 

models for the hydrogels; thus, plasticity was calculated by applying a force of 5 N on the spherical surface 

with the Von Mises model. The compression was carried out by simulation using Comsol Multiphysics 

software. 

 

HARDNESS 

 

For the calculation of the hardness of the material, the Brinell test was used. This test consists of pressing the 

surface of the material with a steel ball, which, when making contact, produces the impression of a spherical 

cap corresponding to the portion of the sphere that penetrates [22].  
 

The dimensions of the indenter are given by the IRAM and ASTM standards, so the sphere's dimension will be 

2.5 mm in diameter. Regarding the geometry of the material, we will apply the hydrogel in the form of a disk 

with dimensions of 2 cm in diameter and 1 mm thick. The test is carried out via simulation, applying Comsol 

Multiphysics software. 

 

 

THERMAL PROPERTIES 
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As stated by Choi and Okos [69], the thermal properties can be estimated by knowing the composition of the 

material and its individual properties. The values for each thermal property of the 3 materials that make up the 

majority of the hydrogels are presented below. These values were reported in the literature and therefore allow 

a numerical approximation to the real properties of the hydrogels. Values for water were obtained from Comsol 

Multiphysics. 

 

Table 3. Thermal properties calculation applying Choi and Okos method [79] [80] [81] [82] [83] [84] 

Property Water Gelatin GO  Hydrogel (Tot) 

Thermal Conductivity (k) 

[W/(K*m)] 
0.58 0.38 8.8 0.6472 

Thermal Expansion Coefficient 
(a) [1/K] 

0.000207 0.0002812 -0.000067 0.0002098 

Specific Heat Capacity (Cp) 

[J/(kg*K)] 
4186 2500 710 4024.79 

. 

HEAT TRANSFER IN HYDROGELS IN THE REACTION SYSTEM 

 

The reaction system is made up of a reactor and an aqueous medium in which the gels with which it is intended 

to obtain lactic acid are introduced. In turn, the system is introduced into an incubator for 72 hours and at a 

temperature constant temperature of 30°C. In this case, the heat transfer model aims to predict the thermal 

behavior in the gel as well as in the medium. For this, the following scheme is proposed that simulates the heat 
exchange between a gel and the aqueous medium in which it is found, this in turn will allow observing the 

different physical-mechanical phenomena that the body experiences due to the change in temperature during 

the first few minutes of operation. In this case, an initial gel temperature of 4°C and a medium temperature of 

30°C will be assumed, additionally, it will be assumed that the medium has the same thermal and physical 

properties of water. Figure 9 shows the reaction system, represented by a cylinder with a radius of 2.5cm and 

4cm in height, in the center of which is a hydrogel with the previously calculated thermal properties. Comsol 

Multiphysics fluid and solid heat transfer modules are used for this test. 

 

 
Figure 9. Simulation of Reaction System for Heat Transfer. 

 

THERMAL STRESS  

 

As a consequence of the temperature change of a material, it can expand or contract depending on its coefficient 

of thermal expansion. If the material is not fixed (it is free to move), it can undergo expansion or contraction 
without generating stresses. On the other hand, if the body of interest joins another rigid body at different 

locations, thermal stresses can be generated in the restricted region. 

 

To observe the thermal stress experienced by the hydrogels under heat conditions, a simulation was performed 

in Comsol Multiphysics with the application of physics such as solid mechanics, heat transfer in solids, thermal 

expansion and temperature coupling. For the development of this test, an initial temperature of 4°C was defined 

for the gels, while they are in an aqueous medium, which simulates the reaction medium, which is at a 

temperature of 30°C. 
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THERMOELASTICITY 

 
In order to observe the thermoelasticity generated on hydrogels when a temperature change is generated, a 

simulation was carried out in Comsol Multiphysics using the heat transfer modules in solids, solids mechanics, 

thermoelasticity, thermal coupling, and thermal expansion. For this test, the same conditions described in the 

previous test were used in addition to restricting the movement of the flat surface of the hydrogel. Consequently, 

the equation that governs this test is a mathematical relationship derived from the heat transfer expression shown 

above.  

 

4. MESH AND BOUNDARY CONDITIONS 
 
Young's module: 

Following the methodology proposed for the calculation of Young's modulus, it is necessary to design a 

meshing process in such a way that Comsol can correctly calculate the contact constrains. To achieve that, it is 

necessary that the contact regions present finer characteristics than the rest of the contours and that the 

destination boundary is at least twice finer than the source boundary [85]. The corresponding meshing of this 

calculation is shown in Figure 10. 
 

 
Figure 10. Mesh for young module calculation. 

 

The construction of the mesh consists of 2660 domain elements and 238 contour elements. In the hydrogel case, 

the mesh was defined with a maximum element size of 0.1 mm with an extremely fine calibration, while for the 

indenter, the contact region was predetermined with an extra-fine mesh calibration with a maximum element 

size of 0.2 mm. Regarding the boundary conditions, three important regions were specified for the indenter and 

the hydrogel, these specifications are evidenced in figure 11. 

 

 
Figure 11. A) Contact regions for the uniaxial test. B) Surface load on the indenter. B) Fixed restriction on the 

right edge of the disk. 
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Figure 11A shows the contact regions between the indenter and the hydrogel, this step is important because at 

this point the user specifies the contact constrain between the geometries and Comsol could understand when 

to decrease the speed of the indenter because of the perturbation. Figure 11B shows the region where the load 

or force is applied to the indenter. Finally, Figure 11C shows the surfaces where movement is restricted to the 

material, in this case, it is chosen the right edge of the disk, since the objective of this calculation is to deform 

the material like a bridge, as is seen in figure 7. 

 

Shear Module: 
The mesh proposed for calculating the shear modulus consisted of 12,850 domain elements, 1,216 contour 

elements, and 104 edge elements. In the case of the hydrogel, the mesh was predetermined by physics, since in 

the absence of an identifier, the mesh does not need to adopt new parameters in its critical areas. The meshing 

for the shear module is shown in figure 12: 

 
Figure 12. Mesh for shear module calculation. 

 

The boundary conditions for the calculation of shear module consists of restricting the upper and lower surface 

of the cylinder, in such a way that the tangential force applied to the material only influences the upper part of 

the cylinder, while the bottom part remains as a fixed surface. The boundary conditions for this parameter are 

shown in figure 13. 

 
Figure 13. A) Surface load on the upper face of the cylinder. B) Fixed restriction on the underside of the 

cylinder. 

 

Stress and strain model 
To obtain the maximum and minimum values of stress and strain in the hydrogels, we will proceed to evaluate 

uniaxial force on the half sphere geometries. For this it will be necessary to propose a 3D model in Comsol with 

a mesh structure of 3961 domain elements, 590 contour elements, and 32 edge elements. Mainly the hydrogel 

mesh will be defined by Comsol physics so that the calibration will have a normal size. The meshing is evident 

in Figure 14. 
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Figure 14. Mesh for stress and strain calculation. 

 
The boundary conditions for this study are represented in two sections over the geometry, the first section shows 

the contour where the uniaxial force is applied whereas the second section shows the fixed surface of the study. 

Both sections are shown in figure 15. 

Figure 15. A) Surface load on the upper face of the sphere. B) Fixed surface in the sphere. 

 

Plasticity: 

The meshing process and boundary conditions for the calculation of plasticity followed the same procedure 

described in the calculation of stress and strain models, so the complete mesh will consist of 3961 domain 

elements, 590 contour elements, and 32 edge elements. The mesh and the boundary conditions are shown in 

figure 14 and 15. 

 

Hardness: 

Following the methodology proposed by the Brinell test, the meshing of the geometry is defined from the 

contact areas between the indenter and the material, for this specific case, it was ensured that the exterior of the 

indenter and the surface of the disk will feature extra-fine calibration and that the destination boundary would 

be at least twice finer than source boundary. The meshing for this test is evidenced in Figure 16. 

 

 
Figure 16. Mesh for Brinell test. 

 

The full mesh consists of 2660 domain elements and 238 contour elements. In the hydrogel case, the mesh was 

defined with a maximum element size of 0.1 mm with an extremely fine calibration, while for the designer, the 

contact region was predetermined with an extra-fine mesh calibration with a maximum element size of 0.2 mm. 

Regarding the boundary conditions, three important regions were specified for the indenter and the hydrogel, 

however two out of the three regions were explained in the calculation of young’s module, those were the 
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contact regions and the surface load in the indenter. The mentioned regions are shown in figure 11A and 11B. 

The last region refers to the fixed surface in the material, this specification is shown in figure 17.  

 
Figure 17. Fixed restriction on the bottom of the disk. 

 

Figure 17 shows the surfaces where movement is restricted to the material, in this case, it is chosen the bottom 

of the disk, since the objective of this calculation is to produce a spherical cap impression due to the presence 

of the indenter. 

 

Thermal Tests: 
As shown in Figure 18, the geometry for the thermal tests is modified. The proposed mesh for heat transfer tests 

and their derivatives consists of 20356 tetrahedron elements, 1992 triangular elements, 160 contour elements, 
and 13 vertex elements, the mesh is shown in figure 18. 

 
Figure 18. Mesh for thermal tests. 

 

Boundary conditions for thermal tests consist of initial temperatures for the hydrogel and the liquid medium. 

Considering that there is a thermal expansion in the hydrogel, a restriction is added to the flat surface of the 

hydrogel to observe this phenomenon. The boundary conditions described above are shown in Figure 19. 
 

 
Figure 19. Boundary conditions for reaction system. A) Initial temperature for the hydrogel. B) Initial 

temperature for medium volume. C) Fixed constraint for hydrogel. 
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In Figure 19A the initial temperature named for domain 1 (hydrogel) is set at 4°C, while in Figure 19B the 

initial temperature for domain 2 (liquid medium) is 30°C. On the other hand, Figure 19C shows the surface that 

presents a restriction of movement in the hydrogel for the tests of thermal stress and thermoelasticity. 

 

5. GOVERNING EQUATIONS 
 
Mechanical Tests: 

For mechanical tests the following equations govern the simulation on Comsol: 

 

𝜌
𝜕2𝒖

𝜕𝑡2
= 𝛻 ∙ 𝑆 +  𝐹𝑣          Eq 22. 

 
𝑆 = 𝐶: 휀𝑒𝑙                            Eq 23. 

 
휀𝑒𝑙 = 휀 − 휀𝑖𝑛𝑒𝑙                     Eq 24. 

 
𝑆𝑎𝑑 = 𝑆0 + 𝑆𝑒𝑥𝑡 + 𝑆𝑞        Eq 25. 

 
휀𝑖𝑛𝑒𝑙 = 휀0 + 휀𝑒𝑥𝑡 + 휀𝑡ℎ + 휀ℎ𝑠 + 휀𝑝𝑙 + 휀𝑐𝑟 + 휀𝑣𝑝             Eq 26. 

 

휀 =
1

2
[(𝛻𝒖)𝑇 + 𝛻𝒖]          Eq 27. 

 
𝐶 = 𝐶(𝐸, 𝑣)                        Eq 28. 

 

Where 𝜌 is the density, u is the velocity vector, 𝐹𝑣 is the volume force, 𝑆 is the second Piola-Kirchoff stress, 𝐶  

is a fourth order constitutive tensor, symbol ‘:’ denotes a contraction on two indices (i.e. 𝜎𝑖𝑗), 휀𝑒𝑙 is the elastic 

strain, 휀 is the total strain, 휀0 is the initial strain, 휀𝑒𝑥𝑡  is the external strain, 휀𝑡ℎ is the thermal strain, 휀ℎ𝑠 is the 

hygroscopic strain, 휀𝑝𝑙  is the plastic strain,  휀𝑐𝑟 is the creep strain, 휀𝑣𝑝 is the viscoplastic strain, E is the Young’s 

modulus, and 𝑣 is the Poisson coefficient. Equation 24 denotes the state of internal stress; next equations are 

needed to calculate the second Piola-Kirchhoff stress. In addition, test to calculate stress and strain require 

equations to denote the external force, these equations are: 

 

𝑆 ∙ 𝐧 = 𝐹𝐴                           Eq 29. 
 

𝐹𝐴 =
𝐹𝑇𝑂𝑇

𝐴
                           Eq 30. 

 

Where n corresponds to the un-deformed surface element, 𝐹𝐴 is the boundary load vector, 𝐹𝑇𝑂𝑇  is the total force 

and A is the perpendicular area to the load. For stress and strain tests, 𝐹𝑇𝑂𝑇  takes the value of 5N, while for 

shear test takes the value of 0.26N. 

 

Heat Transfer Tests: 
For this tests, the solids heat transfer module is used. In this case, the process is governing by the following 

equations: 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
+ 𝜌𝐶𝑝𝐮 ∙ ∇𝑇 + ∇ ∙ 𝐪 = 𝑄 + 𝑄𝑡𝑒𝑑  Eq 31. 

 

𝐪 = −𝑘∇𝑇                                                       Eq 32. 
 

𝑄𝑡𝑒𝑑 =  −𝛼𝑇:
𝑑𝑆

𝑑𝑡
                                            Eq 33. 

 

Where 𝜌 is the density of the material, 𝐶𝑝 is the specific heat at constant pressure, T is the absolute temperature, 

u is the translational motion speed vector, q is the conduction heat flux, 𝑄 is the heat generated by other sources, 
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𝑄𝑡𝑒𝑑 is the heat source due to compression or expansion of the solid in, α is the coefficient of thermal expansion, 

S is the second Piola-Kirchhoff stress tensor; which relates forces and areas on the initial un-deformed 

configuration, and the expression 
𝜕𝑇

𝜕𝑡
 indicates the change in temperature over time. In this case, the terms u and 

𝑄 are equal to zero since the solid is not in motion and there is no heat generation from other sources. 

 

The equation that governs the boundary conditions, that is, on the gel surface, is given by the following 

expression: 

−𝑘
𝑑𝑇

𝑑𝑥
|𝑥=𝑟 = ℎ(𝑇|𝑥=𝑟 − 𝑇∞)                    Eq 34. 

 

Equation 34 links the heat transfer within the gel, given by conduction, and the heat transfer of the medium, by 

convection. 

 

Thermal Stress: 

Considering the information described above, the equations that govern thermal stress are established, which 
involve the heat transfer in solids described in the Equations 31, 32, 33 and 34, and the following equations: 

 

0 =  ∇ ∙ 𝑆 + 𝐹𝑣                       Eq 35. 
 

𝑆 = 𝐶: 휀𝑒𝑙                                Eq 36. 
 

휀𝑒𝑙 = 휀 − 휀𝑖𝑛𝑒𝑙                        Eq 37. 
 

휀𝑖𝑛𝑒𝑙 = 휀𝑡ℎ = 𝛼(𝑇 − 𝑇𝑟𝑒𝑓)  Eq 38. 

 

휀 =
1

2
[(∇𝐮)𝑇 − ∇𝐮]              Eq 39. 

 

𝐶 = 𝐶(𝐸, 𝑣)                           Eq40. 
 

𝜎 = 𝐸𝛼(𝑇 − 𝑇𝑟𝑒𝑓)                Eq 41. 

 

Where 𝑆 is the second Piola-Kirchoff stress, 𝐹𝑣 is the volume force, 𝐶 is a fourth order constitutive tensor, 

symbol ‘:’ is a contraction on two indices (i.e. 𝜎𝑖𝑗), 휀𝑒𝑙 is the elastic strain, 휀 is the total strain, 휀𝑖𝑛𝑒𝑙 is the 

inelastic strain, 휀𝑡ℎ is the thermal strain, 𝛼 is the coefficient of thermal expansion, 𝑇 is the temperature, 𝑇𝑟𝑒𝑓  is 

the reference temperature for the strain, u is the velocity vector, 𝐸  is the Young’s modulus and 𝑣  is the Poisson 

coefficient. 

 

Thermoelasticity: 
The equation that describes the thermoelasticity phenomena in Comsol is presented in the equation 31, in 

addition, equations _ to _ are involved in this test. 

 

𝜌0𝐶𝑝

𝑑𝑇

𝑑𝑡
= ∇ ∙ (𝑘∇𝑇) + 𝑄 − 𝑇0  (

𝜕𝜖

𝜕𝑇
)

𝜎
:
𝑑𝜎

𝑑𝑡
               Eq 42. 

 

Terms described in equation _ can be found in the equation _ showed above. The term 𝜖 indicates the initial 

strain at reference temperature, and the parameter 𝜎 is the elastic part of the second Piola-Kirchhoff stress.  

 

6. RESULTS AND DISCUSSION 
PRE-SIMULATION MATERIAL PROPERTIES: 

 

From the rheological and integrity tests carried out by Eduardo Niño [77], it was possible to determinate 
properties of the material such as Young's modulus, density, and water content, whereas the Poisson coefficient 
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was estimated by literature. For the calculation of those parameters, we will start with the results of the 

rheometric tests. These are shown in Figure 20. 

 

 
Figure 20. A) Storage module (Pa vs rad/s) B) Loss module, for different GO compositions (Pa vs rad/s) [77]. 

 

The oscillatory test reveals that the storage moduli (G ') are always greater than the loss module (G "), which 

means that within the material, the elastic properties dominate over the viscous properties. Therefore, we can 

affirm that simulating this material will approximate its elastic behavior using Hooke's law since thanks that 

the viscous forces do not influence significantly, it is most likely that its Deborah number is greater than 1. On 

the other hand, it can be observed that the relationship between the amount of OG and the final stiffness of the 

material is directly proportional since the use of nano-compound increases the biocompatibility between the 

reagents and the crosslinking. 

 

From the description of the results above, it is possible to conclude that the application of a crosslinking agent 
and OG is sufficient to make a hydrogel with isotropic and homogeneous properties that help encapsulate yeast 

and increase the viability in bioreactors. 

 

The calculation of Young's modulus was made from the stress vs. strain curve of the integrity tests carried out 

on the texture meter. Mainly we will make use of formulation one since, from the characterization and rheology 

results exposed by Eduardo Niño [77], this formulation presented higher levels of crosslinking and a higher 

cured matrix. The results are evidenced in Figure 21. 

 
Figure 21. Stress vs strain curve for formulation 1 (Pa vs %) [77]. 

 

Young's modulus represents the constant proportionality that relates to the stress (σ) and the unit deformation 

(ε), in the stress vs. strain diagram, this can be identified as the slope between the origin and the elastic limit 

[51]. Therefore, Young's modulus will be expressed by the following equation: 

 

𝐸 =
𝜎

휀
=

∆𝑦

∆𝑥
           Eq 43. 

 
Where σ will be equal to the force by area, and ε will be equal to the change in length. Replacing the values 

presented in the linear behavior of the curve, Young's modulus for the hydrogels will be 4748.20 Pascal. The 
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calculation is evident below: The curves for all the formulations that were developed in Eduardo Niño's work 

are evidenced in supplementary material. 

 

𝐸 =
∆𝑦

∆𝑥
=

(461.5885 − 4.0318)[𝑃𝑎]

(0.0998 − 0.0034)
= 4748.20 [𝑃𝑎]          Eq 44. 

 

Regarding the Poisson coefficient calculation, it will be necessary to approximate its result from the literature, 

since, in the studies of this formulation, no calculations were developed against lateral and longitudinal 

contractions. From the studies presented by Jeon [86] and Diako Khodai [87] in the characterization of 

hydrogels based on alignate and gelatin with Persia gum, it was found that a possible value for the Poisson 
coefficient is between the range of 0.08 and 0.1. Therefore, we will assume that this study's value will be 0.1 

due to the high crosslinking that GO generates. It is important to emphasize that this value will be corrected 

when applying the elasticity test. 

 

Finally, the properties of density and water content were calculated from the protocol developed by Jorge 

Patarroyo [76] and Eduardo Niño [77], in those studies, it can be seen that the volume of the geometries to be 

used is 13.09x10−5[𝑚3] and the amount of water to prepare around 30 gels is 0.15 kg, so the water content  

presented in the geometry will be 38.08 [𝑘𝑔/𝑚^3]. Density is defined as the relationship between the mass and 
volume of a substance, so for a gel with a diameter of 2.5 cm, the weight will be 0.0056 kg. Therefore the 

density of the material will be equal to 42.78[𝑘𝑔/𝑚^3]. 
 

With the information mentioned above, the material properties to start the simulations will be summarized in 

the following table: 

 
Table 4. Summarized properties for hydrogels. 

Pre-simulation hydrogel properties Values 

Material behavior Elastic 

Material type Isotropic and homogeneous 

Young´s module 4748.20 [Pa] 

Poisson coefficient 0.1 

Water content 38.0826 [𝑘𝑔/𝑚^3] 
Density 42.7808 [𝑘𝑔/𝑚^3] 

 

ELASTICITY: 

Young's module: 

To follow the methodology proposed for the calculation of Young's modulus, firstly, it is necessary to ensure 

that the implemented mesh allows the convergence of the study and that the constant constraints are correctly 

calculated. To achieve that, it will be necessary to evaluate different sizes of the mesh and evaluate a specific 

variable, at one point in the hydrogel in such a way that at least two sizes present equivalent results. The 

corresponding convergence of this study is shown in figure 22. 

 
Figure 22. Mesh convergence for young’s module 
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From figure 22, it is possible to observe that the finer the mesh size becomes, the greater the response of the 

evaluated variable is. This behavior is explained because having a greater number of nodes in the geometry 

allows the program to increase the boundary conditions for each particular node and improve the accuracy of 

the behavior of the material. Regarding the calculation of convergence, an absolute difference of 4 ∗ 10−5 can 

be observed between the results of the extra fine and extremely fine mesh, which means that the selected meshes 

will not present significant changes in their results and for instance the results will approximate to the real 
material. 

 

Having ensured that the mesh presents convergence and that the destination boundary is at least twice finer than 

the source boundary, the next step is to calculate Young's modulus from equation 20. To use this equation, it is 

necessary that the deformations are not greater than 3% and that the material is isotropic, homogeneous, and 

continued. Therefore, from trial and error tests, it was found that applying a force of 2 N generates a flexion (δ) 

of 0.0004306 m in the hydrogel with a maximum deformation of 3%. Figure 23 describe the mentioned 

behavior. 

 
Figure 23. Strain curve due to the presence of an indenter. 

 

From the applied force and the flexion (δ) that occurs in the disk, Young's modulus was calculated as: 

 

𝐸 =
4𝐹𝐷

3𝑑𝜋𝐿2
=

4 ∗ 2 𝑁 ∗ 0.001 𝑚

3 ∗ 0.0004306 𝑚 ∗ 𝜋 ∗ (0.02 𝑚)2
= 4918.1605

𝑁

𝑚2
            Eq 45. 

 

Comparing the results of the experimental data with the simulated data, it is possible to observe that the elastic 

module presents an error of 3.78%, this may be due to the merely elastic behavior that was assigned to the 

hydrogel and the difference in methodologies at the moment of calculating Young´s module. For example, in 
the experimental test, the viscous forces did influence the final behavior of the material and the deformation 

could not exceed 10%, while in the simulation, the maximum deformation could not exceed 3%. 

 

Based on what was previously explained, we will use the experimental value to calculate the other elastic 

parameters, since this value is more consistent with the interactions of the material and the relations of elastic 

and viscous forces. Therefore, E = 4748.20 Pa. 
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Another way, to show this particular behavior is with the stress vs strain curves in a specific cut point in the 

geometry. The selected points and the stress vs strain curves are evidenced in figure 24.  

 
Figure 24. A) Cut point [1,0.4] in computational domain B) Point Graph [1,0.4]: Stress vs Strain C) Cut point 

[9.8,0.2] in computational domain Stress surface curve. D) Point Graph [9.8,0.2]: Stress vs Strain  

 

Since the contact between the indenter and the material occurs mainly in the center of the disk, it is necessary 

to evaluate stress and strain at a point near and far from where flexion occurs. Having said that, Figures 24A 

and 24C will show the chosen coordinates within the geometry, these being (1,0.4) and (9.8,0.2) respectively. 

 

Regarding Figure 24B, it can be seen that, in the chosen coordinate, the relationship between stress and strain 

behaves linearly, which evidence the elastic behavior of the material. If Young's modulus were calculated using 

the slope of the curve, a value of 4990 Pa would be found, however, as this point presents minimum values of 

strain, the result will not be taken into account since some errors could be produced. However, it is possible to 

observe a clear proximity to the value found in Equation 45, for instance, it is possible to conclude that by 
simulation, it is very feasible to calculate mechanical parameters. 

 

Figure 19D shows a linear behavior between the stress and the strain, but with a negative slope. This can be 

explained by the boundary conditions specified for this study since the right end of the disk was designed as a 

fixed surface; therefore, when the indenter applies its tension in the center of the geometry, the direction of the 

force at the chosen point will act in a counter direction due to newton's third law. 

 

Shear Module: 
The mesh convergence for the shear module consisted in evaluate different element sizes in a central point of 

the cylinder, in such a way that at least two sizes present equivalent results, in this case the Strain was the 

variable evaluated. The corresponding convergence of this study is shown in figure 25. 
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Figure 25. Mesh convergence for Shear module 

 

Figure 25 shows that the convergence of the mesh is achieved when fine and normal element sizes are used. In 

this case, it is possible to observe an absolute difference of 0.0001 between meshes and an overlap between the 

fine and normal curves. For the analysis, the convergence of the mesh was evaluated up to a maximum of 25425 

domain elements, 1944 boundary elements, and 132 edge elements since the computational resources that were 

available did not allow the mesh to be calibrated with larger element sizes. Having said that, it is possible to 

affirm that whatever the choice between fine and normal sizes is, it will be possible to find a consistent result 

without a significant difference. 

 

After finishing the meshing process and its convergence, the next step is to calculate the shear modulus from 

the variables displacement δ and angle θ. To do so, we will use the measure application that Comsol has and 
the trigonometric properties. The angle and modulus calculations are evidenced in supplementary material. The 

equation and results of this test are evidenced in figure 26. 

 

 
Figure 26. Strain curve for a shear module test. 

 

𝐺 =
2 ∗ 𝐹 ∗ (2 ∗ 𝑟) ∗ 𝛿

𝜋 ∗ 𝜃 ∗ 𝑟4
       Eq 46.  

 

Figure 26 shows that when applying a force of 0.26 N, the displacement (δ) of the geometry will be 0.001685 

m, with a theta angle of 0.06729 rad. replacing these values in equation 46, we obtain a shear modulus of 

2121.875 Pa. One way to understand whether the approach and the result are consistent for the material is from 

the literature, since generally for isotropic and homogeneous materials, the shear module is 2 to 3 times less 

than Young's modulus [52]. The calculation of the shear modulus is evidenced below: 

 

𝐺 =
2 ∗ 0.26 𝑁 ∗ (2 ∗ 0.0125 𝑚𝑡𝑠) ∗ 0.001685 𝑚𝑡𝑠

𝜋 ∗ 0.06729 𝑟𝑎𝑑 ∗ 0.01524 𝑚𝑡𝑠
= 2121.875

𝑁

𝑚2
             Eq 47.     
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The calculation of the Poisson coefficient was done with the conversion table described in materials and 

methods. As was explained above, if two modules are known, and it is ensured that the material has isotropic 

and homogeneous properties, it is possible to calculate any other elastic modulus. For instance, the Poisson 

coefficient will be equal to 0.118, the equation that represent this result is shown in equation 48: 

 

𝜈 =
𝐸

2𝐺
− 1 =

4748.20 𝑃𝑎

2 ∗ 2121.8749 𝑃𝑎
− 1 = 0.118                 Eq 48. 

 
Doing a conversion for the rest of the modules, we will find that a hydrogel based on gelatin, yeast, 

glutaraldehyde, and graphene oxide will have the following elastic modules: 

 
Table 5. Summarized elastic properties for hydrogels. 

Elastic modules Values 

E [Pa] 4748.200 

G [Pa] 2121.875 

𝜈 0.118 

𝜏 [Pa] 661.787 

K [Pa] 2076.371 

M [Pa] 4905.537 

 

Where K refers to the compressibility modulus, E will be the young's modulus, 𝜏 will be equal to the first lamé 

parameter, G will be the shear modulus, 𝜈 will be the Poisson coefficient and M the wave modulus P. The 

calculations of the elastic modules are presented in supplementary material. 

 

From the results found by simulation, it is necessary to make a pertinent comparison with the literature in such 

a way that it is possible to demonstrate the performance of the new formulation against materials with similar 

characteristics. In this case, we will make use of the study carried out by Jianfeng Shen [88], where mechanical 
tests are performed on hydrogels based on poly (acrylic acid) and Graphene oxide. In this study, Shen found 

that adding amounts of graphene oxide close to 2 mg into the gel reduced the deformations considerably, 

whereas gels that did not include OG within their structure presented less resistance and breaking points of 

70%. In quantitative terms, these gels presented a close difference of 3200 Pa in their Young's modulus. From 

this difference, it is possible to conclude that the formulation proposed in this document does show a significant 

improvement in the structure and the crosslinking. 

 

One way to easily verify if the conclusions proposed by Shen [88] are correct is by using the blanks formulated 

in Eduardo Niño's thesis [77]. In that work, he evaluated different concentrations of graphene oxide in gels 

based on gelatin, glutaraldehyde, and yeast. The results of the young's module for the blanks are evidenced in 

figure 27. 
 

 
Figure 27. Stress vs strain curve for hydrogels without OG (Pa vs %) [77]. 
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From figure 27, it was found that with smaller amounts of graphene oxide, less resistance to deformations the 

material will have. Comparing Young's modules of gels with OG and blanks, it is possible to observe a decrease 

of almost double the magnitude since the elastic modulus form figure 27 took a value of 2340 Pa. From this 

result, it is possible to rectify that the crosslinking and the mechanical properties of the material improve when 

nanomaterials are applied to the polymeric structure. The calculation of Young's modulus for the targets is 

calculated from the slope of the curve. 

 

STRESS AND STRAIN MODEL. 

 
The mesh convergence for the stress and strain model was developed following a different methodology, since 

the high color distribution that Comsol generates within the material, allows that at nearby points, positive and 
negative values were found in the evaluated variable, this condition leads the results to change significantly 

from one mesh size to another. Therefore, the convergence calculation for this study will be developed taking 

the maximum value of stress in the curve and assigning the mesh element number to the value. Finally, the 

behavior will be evaluated as the element number increase until a homogeneous trend is found. The behavior 

of the mesh size with respect to the number of elements is evidenced in figure 28. 

 

 
Figure 28. Mesh convergence for Stress and Strain. 

 
Figure 28 shows that the mesh converges at 1130 elements with a maximum value of 3748, in this case, it is 

possible to observe a linear and homogeneous behavior when the normal and fine mesh is applied, however, it 

is important to say that the line is not completely straight due to the high distribution in the results of stress. On 

the other hand, it was not possible to evaluate larger element sizes in the calibration because of the 

computational resources and the problems in the calibration mesh when varying the maximum element size 

significantly. 

 

After verifying the convergence of the mesh, we will proceed to evaluate a uniaxial force on the half sphere 

geometries. From the selected mesh and the new elastic parameters of the material, the maximum and minimum 

points of stress and strain in the material are calculated by applying a surface load of 5 N. The results are 

evidenced in Figure 29. 

Figure 29. A) Strain surface curve B) Stress surface curve (N/𝑚2). 
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From the force applied to the material, it can be seen that in the half-sphere, the deformation and the stress are 

not distributed proportionally, since there is a significant change between the top and bottom of the geometry. 

Specifically, it can be seen that the modulations do not follow any radial pattern and that the values of both 

parameters increase where the load was applied. From this, it is inferred that the material presents higher levels 

of brittleness at the top of the surface or its edges. 

 

Figure 29.A shows the type of deformation that was generated by implying a surface load, mainly a significant 

change in the edges of the sphere can be observed, which leads to the height to experiment small displacements 
in the Y direction. In this case, the deformation has a maximum of 2.381 and a minimum of -0.044. 

 

Figure 29.B shows how the stresses of the material are distributed over the cleaved geometry; in this case, the 

stress has a maximum of 11807.7 Pa and a minimum of -2859.20 Pa. It is expected that the maximum value 

will be on the surface where the force was applied, since having a smaller area in the upper part of the sphere, 

increases the stress due to the inversely proportional relationship between them. Recall that stress is defined as 

the intensity of force per unit of transverse area or as the consequence of internal forces that are produced in a 

body by the application of an external load. 

 

Using the simulated results can be seen as an improvement in the firmness properties of the material since there 

are no points in the middle of the geometry that contains high values of stress or possible points of breakage. 
Therefore, it is possible to conclude that the use of nano-compounds helped improve crosslinking levels. 

 

Concerning the experimental values, it can be seen that the simulated values present some inconsistencies by 

not taking into account the effects of load friction or degradation due to the stay inside the reactor. 

 

PLASTICITY 

The meshing process followed the same procedure described in the calculation of stress and strain models so 

the mesh will consist of 3961 domain elements, 590 contour elements, and 32 edge elements, regarding the 

mesh convergence it is possible to affirm that a normal element size will correctly approximate the results 

without a significant difference from the real material.  

 

Having ensured that the mesh has converged, the following step is calculated the Von Mises model, to do so, 

the hydrogel was evaluated by applying a surface charge of 5 Newtons over the geometry and making use of 

the new elastic parameters. The results are evidenced in Figure 30. 
 

 
Figure 30. Von Mises model (N/𝑚2). 

 

Figure 30 shows that the highest concentration of stresses is located in the lower area of the geometry since in 

this place, the surface load is not affected due to the applied contour restriction. For instance, this point will be 

where the greatest amount of distortion energy is concentrated. The least stress area is located near the 

intermediate of the base and the curved surface since at this point that values of stress and strain are significant 
in the geometry.  
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The maximum Von Mises value for this test is 21056.9 Pascals, whereas the minimum Von Mises value is 

1228.02 Pascals. Regarding the behavior of the graph, it is possible to observe a proportional distribution at the 

ends of the base, and the beginning of the surface since at these points is where the geometry changes faster 

than the resistance of the material, which leads to evidence of the behavior material plastic. 

 

One way to further improve the simulation process of plastic behavior would be to know the initial creep stress 

parameters and the isotropic tangential modulus. These could show the point where the deformation stops 

behaving proportionally to the force that applies the material, known as critical yield stress. Future work is 
proposed to make a complete graph of the behavior between stress and strain in such a way that the missing 

parameters are found. 

 

HARDNESS  

Following the methodology proposed for the Brinell test, firstly, it is necessary to evaluate the convergence of 

the mesh in such a way that at least two mesh element numbers present equivalent results between them and 

that the destination boundary is at least twice finer than the source boundary. Therefore, evaluating the two 

finest meshes within our study will be sufficient to ensure the restrictions. Figure 31 shows the corresponding 

convergence of the mesh. 

 

 
Figure 31. Mesh convergence for the Brinell test. 

 

Figure 31 shows that the convergence of the mesh is reached when the finest sizes in the construction of the 
mesh are used, in this case, it was not necessary to evaluate lower mesh element numbers since it was necessary 

to assure that the destination boundary were always finer than the source boundary, also as the hydrogel was 

the material of concern the calibration was focused on that material. Regarding the calculation of convergence, 

an absolute difference of 8.9 ∗ 10−4 can be observed between the results of the extremely fine and extra fine 

mesh, with this result it is possible to affirm that the next results will have consistency compared with the real 

material. 
 

Having assured the calibration of the mesh, the hardness test consisted of pressing the surface of the material 

with a steel ball in such a way that the impression of a spherical cap is produced in the geometry. However, 

since Comsol only allows interaction between materials with similar properties, the indenter will present shared 
characteristics between the steel and the hydrogel. Therefore, the indenter properties are specified in Table 6: 

 

Table 6. Summarized indenter properties. 

Identator Value 

material Structural Steel 

Density [𝑘𝑔/𝑚3]  7850 

Poisson coefficient 0.45 

Young’s modulus [Pa] 4748.20 

Diameter [mts] 0.025 

Lamé Parameter [𝑘𝑔/𝑚2]   1.15𝑥1011 

 



33 
 

From the ISO 6505 standard, the minimum load that must be applied to a material to measure its hardness must 

be 1kgf or 9,807 N, at applying that force to the indenter, the following results are obtained: 

 
Figure 32. Brinell test. 

 

From Figure 32, it can be seen that with the new conditions of the indenter, it manages to generate a spherical 

cap (d) of 1.7464 mm in diameter, therefore, by replacing d in equation 10, a Brinell hardness of 0.3581 

𝑘𝑝/𝑚𝑚2 can be obtained, using and indenter of 2.5 mm and a load force of 1 kilopond for 15 seconds (2.5 / 

1/15). The calculations are evident below: 

 

𝐻𝑏 =
2𝑃

𝜋𝐷(𝐷 − √𝐷2 − 𝑑2)
=

2 ∗ 1

𝜋 ∗ 2.5(2.5 − √2.52 − 1.74642)
= 0.3581 [

𝑘𝑝

𝑚𝑚2
]          Eq 49.        

 

This result shows that hydrogels have very low properties in terms of hardness due to the high amount of water 

that they possess within their structure and their mainly elastic behavior. For instance, the material will not 

resist when it is subjected to a load. Despite this result, it is possible to observe an increase in the resistance of 

the material due to the implementation of nano-compounds. When comparing the hardness with the hydrogels 
made from acrylamide in the Julia Laya study [89], it is possible to observe the low mechanical properties of 

this type of materials. It should be clarified that hardness is more intrinsic to the surface layer of the material 

than to a property of the material. 

 

One way to further improve the mechanical properties would be to dehydrate the gel a little more or even take 

it to a Xerogel point since recent studies have shown increased rigidity and resistance to compression in this 

type of material [89]. However, we would not know with certainty how this property would affect the exchange 

of sugars between the medium and the yeasts inside the reactor, which would affect the production of lactic 

acid. 

 

To understand the hardness values calculated in this document, it is necessary to compare the results with the 

literature in such a way that it is possible to understand the effectiveness of the simulation at the moment of 
calculating mechanical properties. In this case, we will make use of the studies presented by Julia Laya [89] 

and Laura Nicolae [90] where hardness parameters were evaluated for hydrogels used in drug absorption and 

dental resins. Its most relevant results were values of 12.25 𝑘𝑝/𝑚𝑚2 and 15 𝑘𝑝/𝑚𝑚2 for PAAM xerogels and 

dental resins respectively. The difference in hardnesses in the previous materials is obtained because dental 

resins have a higher resistance to deformations than the xerogels, however, if we compared the hydrogels with 

OG, it is possible to see that the calculated hardness presents similar results to the xerogels and the dental resins 

since both evaluated tests are focused in applying loads not greater than 1 kgf in characteristic materials such 

as gels or pastes. 
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When comparing the Vickers test with the Brinell test, it is possible to observe that the values will not have 

equal magnitudes since the Vickers test is represented with a different indenter and with a different equation:   

 

𝐻𝑉 = 1.854
𝐹

𝑑2
              Eq 50 [90] 

 

With the mentioned equation, it is possible to observe that the magnitudes will be higher due to the type of 

indenter utilized, but if a conversion between the different tests is made, it will be possible to make the pertinent 

comparison. In this case, using an application, it was found that the values of the xerogel and the resins in terms 

of Brinell were 1.22 and 1.5 𝑘𝑝/𝑚𝑚2 respectively. According to the mentioned values, it is possible to conclude 

that the calculation of the hardness by the simulation route is viable since the footprint diameter is according to 

the mentioned examples. 

 

For future work, this result will be compared against an experimental test carried out on a specialized durometer 

to evaluate more effectively the value presented in this document. 

 

About the errors present in the simulation process, some inconsistencies can be observed in the temporal studies, 

since it was not possible to apply the friction parameters of the hydrogels in Comsol. Regarding the type of 
material for the indenter, it was necessary to change Young's modulus of the steel because Comsol only allows 

the interaction between materials with similar properties, which meant that in the Brinell test, the indenter also 

suffered a small deformation. 

 

HEAT TRANSFER IN HYDROGELS 

 

To assure that the calculated values present congruence in the heat transfer that occurs over the entire volume 

of the hydrogel and the medium, it is necessary to evaluate the convergence in the mesh in such a way that a 

property present similar values in at least two mesh sizes. In this case, the temperature was the evaluated 

parameter. The results for the mesh convergence for the heat transfer tests are shown in the following figure. 

 
Figure 33. Mesh convergence for thermals tests. 

 

Figure 33 shows that the finer the mesh, the more accurate and precise the results are. The above is a 

consequence of the number of elements available in the geometry, if there are more elements more accurate and 

precise will be the answer. However, despite the differences between each type of mesh, each one converges to 

the final temperature of 30°C. Mesh converges when using a normal mesh with 10521 elements and a maximum 
element size of 0.4cm. 

 

Considering the information provided above, a simulation time of 600s with intervals of 1s was stipulated, 

which allows observing the heat exchange between the medium and the hydrogel step by step. The following 

graph shows the change in temperature around the gel and within it as time passes. 
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Figure 34. A) Temperature profile at 0s. B) Temperature profile at 5s. C) Temperature profile at 10s. D) 

Temperature profile at 20s. E) Temperature profile at 50s. F) Temperature profile at 600s. 

 

As can be seen in Figure 34.A for a simulation time 0, the temperature inside the gel is at 4°C while the medium 

is at a temperature of 30°C, that is, at initial conditions. On the other hand, a slight temperature change can be 

observed on the internal and external surface of the gel, this is a consequence of the immediate heat exchange 

that occurs due to the difference in temperatures of the solid and liquid bodies. As initially described, the 

convection phenomenon includes two heat transfer mechanisms, in this case, convection takes place in the 

layers adjacent to the boundary layer between the solid and the liquid, however, there is conduction from the 

surface to the interior of the hydrogel. 
 

On the other hand, Figure 34.B shows a change in temperature both on the surface of the gel and inside it, after 

5 seconds, the gel has a temperature of 18°C in its center, while its surroundings are between 20°C and 24°C. 

Otherwise, as a consequence of heat transfer, the external surface of the gel acquires a temperature that is 

between 26°C and 28°C. 

 

Unlike the previous Figures, in Figures 34.C, 34.D, and 34.F it can be seen that both the contour of the gel and 

its internal volume present a lower temperature difference. This is due to the conduction generated inside the 

gel, in which each layer of the gel transfers its energy to the innermost layer to reach equilibrium at a 

temperature of 30°C. Finally, in Figure 34.F it is observed that the system reaches the equilibrium point at a 

temperature of 30°C. This happens within 10 minutes from the start of heat transfer within the system. In 

addition, a similar behavior can be observed in the study carried out by Meenach et al in [91] in which the 
hydrogels are subjected to heating conditions to check their thermostability. However, since the composition of 

the [91] hydrogels is different from that of the ones exposed in this document, the increase in their temperature 

is carried out in a shorter time. 

 

As noted, heat transfer is most effective when the temperature difference is significant between two bodies or 

regions. As presented in Figure 23.A and B, due to the existing temperature difference, the heat transferred will 

be greater. This is closely related to conduction and convection mechanisms since the heat transferred is directly 

proportional to the temperature difference as outlined in Newton's law of cooling and the Fourier law described 

above. However, it is also necessary to emphasize that the heat transfer in hydrogels depends on its thermal 

properties. In this case, when applying the models presented by Choi and Okos [69], the properties of the gel 

are affected by the influence of graphene oxide, since it has a much higher coefficient of thermal conductivity 
than water and gelatin, which causes the thermal conductivity of the gel to increase. As reported by Zaragoza 

et al in [92], the concentration of nanoparticles modifies the thermal properties, therefore, the presence of GO 

in the mixture and an increase in its concentration would generate a reinforcement regarding these properties 

[88]. 
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It is necessary to mention that the temperature has a direct effect on the gels since when there are temperature 

changes they can swell, that is, they increase in size or undergo thermal expansion, which is favorable for the 

medium to enter the gel and yeast [93]. Besides, the swelling will generate a dilation in the surface pores, so 

there will be a greater content of the medium inside the gels. 

 
Figure 35. Temperature profile at the center of the hydrogel over time. 

 

Figure 35 shows the behavior of the temperature in the center of the gel. In this graph, it can be seen in more 

detail how the temperature increases significantly in the first seconds, while after 50 seconds the system begins 

to reach thermal equilibrium to finally reach a temperature of 30°C. As a consequence of thermal equilibrium, 
heat flux through the center will decrease due to the low-temperature differences. Besides, studies reported by 

Wang et al in [94], describe a similar behavior for the temperature around the hydrogel, moreover, swelling can 

be observed while the temperature is increasing. 

 

THERMAL STRESS 

 

Considering the effect of heat exchange on hydrogels, the same points were evaluated to obtain information on 

the thermal stress generated on the gels. Since Young's modulus value was determined by mechanical tests, the 

Equation 41 can be applied to obtain a theoretical value for the heat stress coefficient at each of the evaluated 

points. In this case, the temperature conditions are the same as those detailed for heat transfer, however, 

auxiliary modules for thermal expansion and thermal coupling to the model are used. In the Figure 35 the 

maximums and minimums of the simulation performed for thermal stress in Comsol are shown, while in Table 

6 the maximum values for the thermal stress are calculated using the Equation 41. 
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Figure 35. A) Thermal stress (Pa) at 0s. B) Thermal stress (Pa) at 5s. C) Thermal stress (Pa) at 10s. D) 

Thermal stress (Pa) at 20s. E) Thermal stress (Pa) at 50s. F) Thermal stress (Pa) at 600s. 
 

First, from Figure 35 it can be seen that the thermal stress coefficient increases in each of the sub-figures, except 

for Figures 35.B and 35.C. The above is due to the fact that the temperature in the system is increasing during 

the simulation time, consequently, the value of the coefficient will increase as there is a greater difference 

between the hydrogel and the initial temperature at which it was. It should be emphasized that on the hydrogel 

surface the initial temperature is not established at 4°C, due to the heat exchange between the solid and liquid 

borders. Otherwise, in Figure 35.F, the maximum possible thermal stress is obtained (24.6789 Pa) that the 

hydrogel reaches when it reaches a temperature close to 30°C. Considering the maximum and minimum stress, 

mechanical deformations would be expected to exist at these points, however, since the flat surface of the 

hydrogel has been restricted for simulation purposes, the places of maximum stress are distributed on said 

surface, while the minimum values are generated on the curvature of the gel. 
 

Secondly, the simulation shows that the hydrogel shows a slight change in geometry at low temperatures, this 

happens due to the thermal expansion of the hydrogel. In the case of Figures 35.A, the gel has contracted, so its 

volume is slightly less than that established for the simulations. However, in Figure 35.B, an expansion in the 

hydrogel can be seen, again, due to the increase in temperature in it, the gel begins to expand to recover its 

initial volume. Nevertheless, in the later figures, it can be seen that the gel experiences a greater expansion that 

makes its size slightly larger than the original size. Similar behavior can be observed in the studies carried out 

by Khuruma, where swelling is reported in the gels due to the increase in temperature of the gels, however, it 

must be taken into account that said study presents different evaluation conditions and different composition 

for the formulation of the gels. For example, the effect of pH in the gel medium would also influence their 

swelling [95]. Based on these results, it can be affirmed that hydrogels are sensitive to temperature since they 

can swell with increasing temperature of the surrounding fluid, and shrink when it decreases [96].  
 

Table 6. Calculations and error percentage for thermal stress coefficient. 

 
 

Finally, the results of Table 6 identify that there is a marked deviation for the coefficients specified for the times 

of 5, 10, 20, and 50 seconds and is due to the thermal expansion experienced by the gel and by the temperatures 

at which it is found each region as mentioned above, the temperature of the gel contour is not uniform during 
the simulation, which is why the points specified in the simulation differ from the values calculated with the 

Equation 21. However, the coefficients calculated for the times of 0 and 600 seconds show a minor error, which 

indicates the initial state of the gel, which experienced thermal stress when it came into direct thermal contact 

0 5 10 20 50 600

21.321 22.317 22.496 23.015 23.612 25.650

8.293 235.945 142.224 75.783 34.129 3.936

Thermal Stress Coefficient Max (σ) [N/m2]

Time [s]

% Error
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with a medium at a higher temperature, while in the final state the hydrogel presents the maximum thermal 

stress due to an increase in temperature. 

 

Now, from the Equation 41 it can be stated that the increase in thermal stress depends on the initial temperature 

and the final temperature of the body on which the analysis is performed since the temperature delta is directly 

proportional to the coefficient. Similarly, the coefficient depends on the physical properties of the material such 

as Young's modulus and the coefficient of thermal expansion. The higher the values of these properties, the 

thermal stress will be much higher in hot conditions. 
 

THERMOELASTICITY 

 

Considering the theory of thermoelasticity, a simulation under the same conditions for heat transfer in solids 

was carried out. The following graphs show the structural displacement present in the hydrogels, in the same 

way, the mechanical losses caused by the change in temperature in the gel geometry can be reduced. 

 

 
Figure 36. Displacements generated (cm) on hydrogels on thermoelasticity test. 

 

Figure 36 shows the minimum and maximum values of displacement that were obtained for the hydrogel. 

Although the material undergoes thermal deformation, as previously observed, during the simulation time, the 

total structural displacement is not significant. In this case, a maximum displacement of 0.0032 cm is obtained 

on the upper surface of the gel, which has a close relationship with the deformation suffered by the gel that can 

be seen in the thermal stress graph. 

 

 
Figure 37. Von Mises Stress (Pa) generated on thermoelasticity test. 

 

Now, Figure 37 shows the distribution on plastic behavior generated when thermoelasticity module is used, in 

addition, is possible to observe the maximums and minimums which take values of 25.3080Pa and 0.108897Pa. 

Considering that the flat surface is the one that presents a movement restriction, which was defined for the 

entire simulation, it is expected that stress will be generated at some point in that place. Similarly, the minimum 

tension is expected to be on the upper surface of the hydrogel since it presents freedom of expansion and 

therefore the energy accumulated on this surface will not present significant values. 
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When comparing the mechanical and thermal tests carried out in this document, a similarity can be observed 

regarding the places where the greatest stress of Von Mises is generated. This is due to the constraints posed in 

both thermal and physical tests, as one of the hydrogel surfaces needs to be fixed for simulation. However, the 

values generated for these stresses are much more significant in mechanical tests than in thermal tests, which is 

a consequence of the external forces to which the hydrogel is subjected to mechanical simulations. In contrast, 

during thermal tests, the hydrogel undergoes heat exchange with the medium which does not generate stresses 

with very high values in the volume of the gel. 
 

7. CONCLUSSIONS 
 
From different types of tests and thermal and mechanical simulations carried out in Comsol Multiphysics, the 

physical response of a hydrogel composed of gelatin, glutaraldehyde, and graphene oxide was characterized. 

The characterization allowed evaluating elastic, plastic, tension, deformation, and hardness properties in 

hydrogels since the main objective of this document was to determine the behavior of the material against 

external stresses. However, the response of thermal properties such as heat transfer, thermal stress experienced, 
thermal expansion, and thermoelasticity of the hydrogel within a reaction medium was also characterized. 

 

Based on the results of the physical simulations, it was possible to determine the mechanical stability of the 

hydrogels in such a way that specific parameters such as Young's modulus, shear modulus, and the Poisson 

coefficient could be known in the crosslinked system. From these calculations, stress, tension, plasticity, and 

hardness were evaluated in the material, also through a bibliographic review it was possible to compare the 

elasticity and resistance properties of the material with and without nanocomposites. 

 

The results expressed in the literature can be confirmed from the elasticity and hardness analyzes calculated in 

Comsol. In those studies, it was found that Young's moduli, shear moduli, and Poisson's coefficient increased 

significantly for materials that include OG within its polymeric structure whereas material without GO 

presented poor resistance properties. On the other hand, from the calculations of the hardness, it was possible 
to understand the ability of these materials to resist deformations when indentations test was carried out, in this 

case, the Brinell tests were used and we obtained a HB of 0.3581 𝑘𝑝/𝑚𝑚2. 

 

In the case of the stress and strain tests, good results were obtained for the geometry in the form of a half-sphere, 

since in the graphics, it was not possible to show points in the middle of the geometry that contain high-stress 

values or possible points breakage. Finally, in the case of plasticity, the Von Mises model was used to give 

physical meaning to this property. 

 

On the other hand, heat transfer tests allowed observing the behavior of hydrogels under heating conditions and 

the change in their thermal properties. The results showed that the system reaches its thermal equilibrium after 

10 minutes of starting the operation. Likewise, it shows that due to heat transfer, the hydrogel presents swelling 

at temperatures above 15 ° C, in contrast to the contraction observed at low temperatures. Due to the swelling, 

the system presents changes in its volume and therefore slight stress forces derived from heating and expansion. 
However, the results showed that the stress and tension forces are not significant when compared to the 

mechanical tests carried out, where higher tension and stress forces are observed on the hydrogel. 

 

Finally, it is valid to affirm that both the mechanical and thermal properties are affected by the addition of a 

nano compound such as GO since it contributes to the strengthening of the material's physical properties. In the 

same way, an increase in the concentration of this compound will generate a more effective response in the 

physical properties of a material, however, these concentrations and the response of the microorganisms to be 

encapsulated must be evaluated. 
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8. FUTURE WORK 
 

Firstly, a texture analyzer test will be carried out to observe all the material's elastic and plastic behavior in such 

a way that the elastic limit, the initial creep stress, the isotropic tangential modulus, and the critical yield stress 

can be known. 
 

The rheometry tests will be repeated to report the lateral and longitudinal contractions' values and observe all 

the behavior of the stress and strain curves in the material. This process must be done for the hydrogels with 

OG and without OG. With these new calculations, the elastic moduli of the material can be better estimated, 

and a comparative simulation can be performed to determine how Young's modulus changes when adding OG. 

 

The missing experimental work will be reconsidered since proliferation, growth tests, and metabolite production 

curves on GO hydrogels are required. Lastly, it would be necessary to evaluate different packaging geometries 

for implementation within the reactor and verify how metabolite production, viability, and proliferation in the 

material change. 

 

In order to obtain more accurate results to thermal tests, different experiments must be carried out that can 
determine the real values of the thermal properties such as the coefficient of thermal expansion, the coefficient 

of thermal conductivity and the specific heat at constant pressure, since in this work, mathematical methods to 

determine the values of various properties were applied. It should be taken into account that the thermal 

properties of glutaraldehyde are not reported in the literature, so for future work they should be included to 

obtain a behavior more limited to the actual composition of the hydrogels. 
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10. ANNEXES 

 
A. TWO PLATE MODEL AND TYPES OF MATERIALS 

 
For the viscosity measurement, the two-plate model is used. In this case, the soft material is trapped between 

two surfaces; one is fixed and the other moves at a constant speed. Figure 3 shows the behavior of the two plate 
model. 

 
Figure3. Flow between two parallel plates [97]. 

 

The tangential force that is applied to the material is evidenced in the figure above, so the shear stress will be 

reflected in the ratio between the force and the surface, while the speed gradient will be reflected in the speed 

change of the fluid elements. Depending on the relationship between these properties, the materials will present 

different behaviors in their rigidity, resistance, weight, hardness, conductivity, and others. This relationship of 

properties depends mainly on the type of material, in the case of composite materials, these are classified into 

five classes: Homogeneous, heterogeneous, isotropic, orthotropic, and anisotropic [98]. 
 

Homogeneous and heterogeneous material: Homogeneous materials are characterized by maintaining 

constant the properties of the material at any point, which means that properties of materials are not a function 

of the position in the body. On the other hand, heterogeneous materials change from one point to another in the 

same direction [98]. 

 

Isotropic and orthotropic material: A material is isotropic, if all its mechanical and thermal properties are 

the same in all directions, that means, that all the planes that pass through a point in the material will be planes 

of symmetry. Orthotropic materials are characterized by having different properties in their three directions (X, 

Y, Z), so the calculation of some property will have to be defined in all directions: Ex, Ey, Ez. Both materials 

can have homogeneous or heterogeneous characteristics [98]. 
 

Anisotropic material: In anisotropic materials, all properties have different values in all directions, which 

means that there are no planes of symmetry of the properties of the material. In other words, the material 

properties are a function of the direction at a given point [98]. 

 

 

B. STRESS VS STRAIN CURVE FOR ALL THE FORMULATIONS MADE FROM EDUARDO 

NIÑO. 

 
Figure 28. Stress vs strain curve for all formulations [77]. 
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Figure 29. Young’s module for all formulations [77]. 

 

C. CALCULATION OF 𝜽 AND SHEAR MODULE 

 
Figure 30. Shear modulus [52]. 

 

The formation of a right triangle with a height of 2.5 cm, a length δ of 0.001685 m, and a hypotenuse of 

0.0251 m can be observed with the movement of the hydrogel. The angle can be calculated by using the 
definition of cosine: 

𝐻 = √𝐶2 + 𝐶2 = √0.0252 𝑚𝑡𝑠 + 0.0016852 𝑚𝑡𝑠 
 

𝐻 = 0.02505 𝑚𝑡𝑠  
 

𝑐𝑜𝑠𝜃 =
0.025 𝑚

0.02505 𝑚
= 0.9980  

 

𝜃 = 𝑐𝑜𝑠−1(0.9980) = 0.06730 𝑟𝑎𝑑 
 

Replacing in the equation we obtain: 

 

𝐺 =
2 ∗ 𝐹 ∗ (2 ∗ 𝑟) ∗ 𝛿

𝜋 ∗ 𝜃 ∗ 𝑟4
=

2 ∗ 0.26 𝑁 ∗ (2 ∗ 0.0125 𝑚𝑡𝑠) ∗ 0.001685 𝑚𝑡𝑠

𝜋 ∗ 0.06730 𝑟𝑎𝑑 ∗ 0.01254𝑚𝑡𝑠
= 2121.8749

𝑁

𝑚2
 

 

 

D. ELASTIC MODULES  

 

K =
EG

3(3G − E)
=

4748.20 Pa ∗ 2121.8749 Pa

3(3 ∗ 2121.8749 Pa − 4748.20 Pa)
= 2076.3705 Pa 
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τ = G ∗
E − 2G

3G − E
= 2121.8749 Pa ∗

4748.20 Pa − 2 ∗ 2121.8749 Pa

3 ∗ 2121.8749 Pa − 4748.20 Pa
= 661.7872 Pa 

 

 

M = G ∗
4G − E

3G − E
= 2121.8749 Pa ∗

4 ∗ 2121.8749 Pa − 4748.20 Pa

3 ∗ 2121.8749 Pa − 4748.20 Pa
= 4905.5371 Pa 
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