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1 Introduction

The importance of the hydrogels is tremendous. They can be used in multiple systems
like scaffolds, controlled drug release systems or contact lenses. Hydrogels consists of
polymers that are cross-linked in a 3D networks. They can either be natural or synthetic,
homopolymers or copolymers. They have the ability to absorb and retain large amounts
of water. This is known as the swelling of hydrogels and is due to the hydrophilic nature
of some of the functional groups (alcohols, carboxyls, etc.) of the backbone chain. The
2 main techniques to create the cross-linking are the chemical method or the radiation
method [1]. In this case, the radiation is preferred, because the initiator and the catalyst
aren’t required and the process leaves no residue in the environment. Cross-linking is
performed under UV light radiation for the hydroxymethyl methacrylate (HEMA). HEMA
has many advantages, it’s inert to biological process and is not absorb by the body [2].
The aim of this study is to measure the mesh size of HEMA hydrogels under different
concentrations of polymers and different water ratios.
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2 Mehtod

2.1 HEMA cross-linking protocol
In order to do the cross-linking oh the hydrogel, some solutions are required

• Hydroxymethyl methycrylate (HEMA)

• EGDMA

• Demineralized Water

• Irgacure 600

• and a UV lamp

The first step is to mix the HEMA with EGDMA and then to add water and Irgacure. It’s
important to well mix the solution with the vortex to have an homogenous solution. After
that, depending on the purpose of the hydrogel (tensile test or buoyancy), the solution is
put in either small tubes or in the tensile test mold. Then, the solution is put under a
UV lamp during 10 minutes and is recovered with a coverslip.

2.2 equations
To determine the mesh size, several equations are required [10]. The first one is useful to
calculate the Young’s modulus.

τ = G ∗ (α− 1
α2 ) (2.1)

In this equation 2.1, τ is the the stress applied to the polymer sample, G is the tensile
modulus and α is the deformation ratio (deformed length divided by the initial length).

τ = ρRT

Mc

∗ (1 − 2Mc

Mn

) ∗ (α− 1
α2 ) ∗ (V2,s

V2,r

)(1/3) (2.2)
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Where ρ is the density of the polymer, R is the gas constant, T the temperature in K, Mc

is the molecular weight between the crosslinks, Mn the molecular weight of the polymer
chains, V2,r the polymer volume fraction in the relaxed state and V2,s the polymer volume
fraction in the swollen state.
From the equations 2.1 and 2.2 :

G = ρRT

Mc

∗ (1 − 2Mc

Mn

) ∗ (V2,s

V2,r

)(1/3) (2.3)

Since the hydrogels are highly cross-linked 2Mc

Mn
tends to 0. Therefore, the desired molecular

weight between crosslinks can be determined. To find the mesh size of the hydrogels, the
density of the hydrogels is needed and obtained from the buoyancy method. The density
is used to find the polymer volume fraction in the relaxed state V2,r and the polymer
volume fraction in the swollen state V2,s. Finally, the mesh size is found using the following
equation:

ε = V
(−1/3)

2,s ∗ 2McCn

Mr

∗ l (2.4)

Where ε is the mesh size, Mr is the molecular weight of HEMA monomer, Cn is the Flory
characteristic ratio and l the length of the bond along the polymer backbone

2.3 Buoyancy protocol
The cross-linked hydrogels are taken out of their containers and placed in a multi-wells
plate. The buoyancy technique is used to determine the density of the hydrogels. For this
purpose, a special balance is required. The first step is to weight the hydrogel in the air,
and then weight it again, but this time in water, because the density of water is known
and is equal to 1000 kg

m3 . The hydrogel is weighted a last time in absolute ethanol (density
= 789 kg

m3 ). The equation for the buoyancy is the following:

ρo

ρf

= mo

mo −mi

(2.5)

where:

• ρo is the density of the object.

• ρf is the density of the fluid.

• mo is the weight of the object in the air.

• mi is the apparent immersed weight.
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It’s important to measure the weight right after the polymerization but before the swelling.
Then, the hydrogels are put in water in order to swell. The weight are measured after some
days only in the air. At the end, the hydrogels are dried during 2 days just by removing
water. These measurements are useful to determine the polymerization volume and the
dried volume. The tables 2.1 and 2.2 report the values obtain from the measurements
of the mass by the buoyancy method for both 40% and 50% water with the different
concentrations of EGDMA. From these tables and with the equation 2.5, the densities of
the hydrogels can be determined.

Figure 2.1: Mass obtained in different media for 40% water.

Figure 2.2: Mass obtained in different media for 50% water.

The densities are obtained by dividing the first column of the tables 2.1 and 2.2 by the
addition of the first and second columns of the same tables and then multiplied by the
density of water for the first column of table 2.3. For the second column of table 2.3,
the first column of tables 2.1 and 2.2 is divided by the addition of the first and second
columns of the same tables and then multiplied by the density of ethanol. Then, the
third column is obtained by taking the mean value of the 2 first columns and finally for
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each concentration of EGDMA, the average of all the densities is taken for the following
calculations. An example might be useful, so for the first density of the 40% water and
2% EGDMA is found by doing 91.4

91.4+12 ∗ 1000 = 1151.133501.

Figure 2.3: density obtained in different media for 40% water.

Figure 2.4: density obtained in different media for 50% water.

Figure 2.5: Swelling mass obtained at different time and dried mass for 40% water.
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Figure 2.6: Swelling mass obtained at different time and dried mass for 50% water.

Then with the mean values of the swelling mass and the dried mass reported in tables 2.5
and 2.6, the volume of the hydrogels can be calculated. Indeed, the volume is the mass
in kg divided by the density in kg

m3 . To get the volume in µl, the results are multiplied by
109.

Figure 2.7: Volume of hydrogels in µl for 40% water.
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Figure 2.8: Volume of hydrogels in µl for 50% water.

Finally, the polymer volume fraction in the relaxed state V2,r and the polymer volume
fraction in the swollen state V2,s can be found. They are calculated by dividing the
polymerization volume or the swelling volume by the dried volume respectively.

Figure 2.9: Polymer volume fractions for 40% water.
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Figure 2.10: Polymer volume fractions for 50% water.

2.4 Tensile test
For the tensile test, the hydrogels were taken out of the mold and put into the Instron
machine (pictures of the system can be seen in the annexes part). The hydrogel is put
as shown in figure 2.11 between the big pieces that act like tweezers. Then, the machine
begin to move further apart the 2 "tweezers", this will cause the tension of the hydrogel.
The Instron allows to adjust not only the rate of elongation of the hydrogel but also the
maximal displacement of the 2 pieces. These pieces are recovered with white rubber in
order to enable the camera to visualize properly the 2 spots on the hydrogel. Therefore,
the elongation and the deformation ratio can be recorded precisely. A second system
of recording is used. It’s directly linked to the Instron machine and saved data about:
time, position, load, displacement,... It’s really important to keep the hydrogels in water,
otherwise they become dry and have an higher tendency to break.

Figure 2.11: Set up of the hydrogel in the Instron machine
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3 Results

3.1 Young’s modulus
Since the Instron machine apply a preload of 1N, the load recorded in the files should be
subtracted by 1N. Then, to calculate the strain applied to the hydrogel, the cross section
on the middle part of the hydrogels 3.1 is calculated and is equal to 0.000008m2. The
strain is thus simply the division from the load by the cross section. A second set of values
is recorded by the camera and is useful to determine the Young’s modulus. By using the
time of the elongation and the percentage of elongation, the rate of elongation can be
found. A tendency curve 3.2 is used to ascertain that the rate is linear and to obtain the
value of the equation. After that, this value is used to synchronize the 2 set of recorded
data. The synchronization is basically the elongation rate times 1000, divided by 100 and
times the time of the first set of values.The multiplication by 1000 is due to the fact that
the second set is recorded in milliseconds and seconds are required and the division by
100 is simply due to the fact that the elongation is recorded in percentage. And then to
find the Young’s modulus, the stress is divided by the synchronized time as seen in the
right part of 3.2.
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Figure 3.1: Overview of all the samples used to determine the Young’s modulus and mesh
size.

The following images will show the different Young’s modulus obtained from the different
conditions of the experiment. The last-but-one image is simply the mean value of the
Young’s modulus for each condition. The last picture is an example of what the Young’s
modulus looks like when the polymer breaks during the tensile test.

Figure 3.2: Rate of elongation and evolution of Young’s modulus for a 2% EGDMA, 40%
water sample
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Figure 3.3: Evolution of Young’s modulus for a 4% EGDMA, 40% water sample

Figure 3.4: Evolution of Young’s modulus for a 6% EGDMA, 40% water sample

Figure 3.5: Evolution of Young’s modulus for a 4% EGDMA, 50% water sample
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Figure 3.6: Evolution of Young’s modulus for a 6% EGDMA, 50% water sample

Figure 3.7: Young’s modulus for each condition
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Figure 3.8: Example of the Young’s modulus of a breaking polymer

With the figure 3.7, we can see that there some differences in the Young’s modulus for
the different conditions. For the same percentage of water, if the concentration of the
polymer increases, the Young’s modulus increases too. This mean that the polymer can
resist to higher stresses before breaking. So it is less susceptible to changes and will be
less prone to shatter. When there is an higher concentration of EGDMA, the polymer
can do more crosslinks during the polymerization phase under the UV lamp. Therefore,
the network is more tight and the polymer is more resistant to stresses. For the same per-
centage of EGDMA, if the percentage of water is increased, then the Young’s modulus of
the polymer is reduced. This is due to the fact that if there is more water in the solution,
there is like an higher dilution of HEMA and EGDMA, which implies a lower possibility of
making connections and crosslinks during the polymerization phase. Hence, the polymer
has a lower Young’s modulus and has higher chances of breaking when stresses are applied.

3.2 Mesh size measurement
To determine the mesh size, the equation 2.3 is required. The only unknown in this
equation is Mc, since the Young’s modulus was determined with the tensile tests and the
density was found with the buoyancy technique, R is the gas constant (8.314 J/mol K), T
is the ambient temperature (298 K), V2,r and V2,s the different polymer volume fractions.
For each calculation of Mc, the mean value of the density, the mean value of V2,r and
the mean value of V2,s were used. Then, the results is multiplied by 1000 to convert the
kg/mol in g/mol. After that, the equation 2.4 is use to determine the mesh size of the
different hydrogels. In the case of HEMA hydrogels, Cn which is the Flory characteristic
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ratio is equal to 6.2, l is the distance between the bond of the backbone chain and is equal
to 1.54 Angstrom and Mr is the molecular weight of the HEMA monomer which is equal
to 130.14 g/mol. The other elements of the equation were found as said before by the
buoyancy measurements and the tensile tests. Therefore, the mesh size of the polymers
under the different conditions can be assessed and are reported in the following table 3.9:

Figure 3.9: Assessment of the mesh size for the different polymer conditions

Finally, for each case, the mean value of the mesh size was computed and then reported on
the graph 3.10, so the comparison between the various conditions can be achieved. As we
can see, when the concentration of EGDMA is increased for the same percentage of water,
the mesh size of the polymer is reduced very drastically. Indeed with only a difference
of 2% of the EGDMA concentration, the mesh size is reduce by a coefficient 2. If the
water percentage increases and the concentration of EGDMA reminds constant, then the
mesh size of the polymer increases a lot from 1.5nm to 2nm in the case of 4% EGDMA.
With a change of only 10% in the percentage of water, to keep on constant mesh size,
the percentage of EGDMA must be doubled. So, the water and EGDMA added are of a
crucial importance to determine the mesh size of the polymer and a small change in one
concentration has an high impact on the network of the polymer. There is also a strong
relation between the Young’s modulus and the mesh size of the polymer.
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Figure 3.10: Comparison of the mesh size for the different polymer conditions
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4 Conclusion

There are many difficulties to obtain good results. The first one is during the polymeriza-
tion phase. When the solution is placed in the mold and then covered with the coverslip,
bubbles may form at the interface between the solution and the coverslip which leads to
the formation of holes in the polymer. Thus, the polymer will not resist to the tensile
tests or will cause false results for the buoyancy. An other difficulty appears during the
tensile test. When the polymer is placed between the "tweezers", it needs to be sprayed
with water. Otherwise, it will dry and it will be more susceptible to break during the
elongation phase of the tensile test. As it can be observe in the results section, the more
water is added to the solution, the more the polymer network is loose cross linked and the
higher is the mesh size. On the contrary, the more EGDMA is added to the solution, the
more the polymer network is tighten and therefore the smaller is the mesh size. Hence,
there is an high impact of the concentration of water and of the concentration of EGDMA
on the polymer network. If the cross linking is high, the polymer is more resistant to stress
and thus the Young’s modulus is higher resulting in a polymer with small mesh size. In
contrast, if the cross linking is low, the polymer is more susceptible to changes and thus
the Young’s modulus is lower resulting in a polymer with a high mesh size.
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5 Annexes

5.1 Tensile test setup
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