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mber of freeze/thawcycle applied to thematerial. A specific thermo-regulated testing
aterials is presented, alongwith the performed cyclic and rupture tests. The observed
explained by an in-depth analysis of the cross-linking phenomenon. Using the Neo-
del, the experimental data is fitted and a link between the density of macro-
aterial and its mechanical behavior is established. Strong differences are observed
Hookean hyperela
molecular chains i
and discussed.
1. Introduction

Poly(vinyl alcohol) (PVA) hydrogels are used for various pharma-
ceutical [1] and biomedical [2] applications. It is a polymer of great in-
terest since it is non-toxic, non-carcinogenic, bioadhesive and easy to
process [3]. The elastic behavior of the hydrogel, its lifetime and the sim-
plicity of its chemical composition result in its acceptance by the human
body. Its stiffness, which can easily be controlled by adjusting its chem-
ical composition, can comparewell to the one of soft tissues. PVA is used
in drug delivery systems [4], contact lenses [5], and substitutes tendons
[6], ligaments [7], cartilage [8], and more.

PVA hydrogels can be prepared by various methods which impact
their mechanical and optical properties. They can be cross-linked
through the use of cross-linking agents, resulting in residual amounts
of potentially toxic agents in the PVA gel [9]. Another method of chem-
ical cross-linking includes the use of electron beamor γ-irradiation [10].
These methods have the advantage of not leaving behind potentially
toxic agents but often result in bubble formation [10]. A “physical”
cross-linking of the hydrogel is also possible [11] due to crystallite for-
mation upon repeated freezing and thawing cycles. This method results
in a high degree of swelling in water and an elastic nature. In addition,
the properties of the hydrogel are influenced by the molecular weight
of the polymer, the concentration of the aqueous PVA solution, the tem-
perature and time of freezing and thawing and by the number of freez-
ing/thawing cycles [12]. An improvement of mechanical properties
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when using a gelation process using an aqueous solution of
dimethylsulfoxide (DMSO) has been reported [13]. This study aims at
quantifying the effect of the processing parameters of this last process
on the mechanical behavior of the ensuing hydrogel. To this day, the
available information is limited to the evolution of themechanical prop-
erties with aging [14], the effect of processing parameters on the struc-
ture [12] and basic tensile testing [13].

The correlation between the molecular weight and the size of crys-
tallites in PVA polymers has already been established [15]. It is also
known that there is a minimum PVA chain length necessary for crystal-
lization [3]. For these reasons, it was chosen to study a PVA of specific
molecular weight instead of evaluating the impact of the polydispersity
of the polymer. This paper aims at studying the influence of the process-
ing parameters on the mechanical behavior of specific PVA hydrogels.
Section 2 presents the materials and the experimental setup. Section 3
gives the results obtained for different processing parameters. The evo-
lution of themechanical behavior is discussed in Section 4. Finally, con-
cluding remarks close the paper.

2. Experimental setup

This section focuses on the presentation of the elaboration parame-
ters of the hydrogel, its preparation, the experimental setup of this
study and the description of the mechanical tests performed.

2.1. Preparation of PVA hydrogels

The polymer used in this study is a PVA (Mw 85,000–124,000,
99 + % hydrolyzed) from Sigma Aldrich. It was stored in a dry



environment to prevent moisture absorption. DMSO (ACS reagent, ≥
99.9%) was also obtained from Sigma Aldrich. Solutions were prepared
by heating a mixture of PVA in an aqueous medium of ultra-pure
water and DMSO for 2 h at 120 °C on a magnetic stirrer. DMSO is used
to regulate the freezing of the aqueousmedium,whichwould otherwise
lead to phase separation and prevent the large formation of PVA crystal-
lines [13]. Thebeaker usedwas covered to avoid loss ofwater andDMSO
vapors. After the heating step, the PVA solutions were placed in a vacu-
um bell at room temperature to facilitate the release of air bubbles. The
solutions were then injected into 2 mm thick rectangular molds and
placed in a cooling oven inwhich freeze/thaw (10 h at−20 °C followed
by 2 h at 20 °C at a constant rate) cycles were achieved. The solutions'
dosages and the number of applied cycles are listed in Table 1. Since a
physical cross-linking process is used to synthesize the polymers, no co-
valent bonds are formed between the hydrogel and the DMSO. The lat-
ter can thus be evacuated by repeated rinsing. The 2 mm rectangular
hydrogel sheets were rinsed by exposing them to a flow of water for
5 min, 3 times per day the first week following synthesis. The polymers
where then stored for 4months in containers filled with distilled water,
whichwas renewed every day. This ensured the extraction of any resid-
ual DMSO [12,13] and limited aging effects [14].

2.2. Mechanical testing of the hydrogel

Rectangular samples of 40 mmwidth and 10 mm height were then
cut from the rinsed hydrogel sheets for pure shear testing and inserted
in the sample holders. The resulting area of interest (AOI) is a 40 mm
width and 2 mm height rectangle, as shown in Fig. 1.

Fig. 2 shows the tested sample in both its initial and deformed states.
It is supposed that the sample stays rectangular and border effects are

neglected [16]. The material deformation gradient tensor F describes
themotion of a continuum. It characterizes the transformation of a ma-
terial point from the reference configuration to a deformed one. Thema-
terial is considered incompressible, which translates into detðF Þ ¼ 1.

This implies that F can be written as:

F ¼
λ 0 0
0 1 0
0 0 λ−1

2
4

3
5 ð1Þ

where λ ¼ l
l0
is the stretch (l and l0 are the initial and instantaneous

height of the specimen, as presented in Fig. 2). The tests are analyzed
by measuring the nominal stress defined as:

π ¼ F
A0

ð2Þ

where F is the applied force and A0 the initial cross section.
Being hydrophilic, PVA hydrogels tend to dry up when removed

from water. To attend this problem, a thermostatic tank was designed
to conduct immersed mechanical tests at a controlled temperature on
a Gabo Eplexor 500 N mechanical test machine fitted with a 10 N
force transducer. Fig. 3 shows the device that consists of a hermetic
steel tank, heat cartridges, a thermocouple sensor and a proportional-
integral-derivative closed loop controller to adjust the temperature of
Table 1
Processing parameters of the PVA hydrogels.

Sample Initial PVA concentration in solution [wt%]

A1, A2, A3 10
B1, B2, B3 5
C1, C2, C3 10
D1, D2, D3 5
E1, E2, E3 5

2

the tank. The tests were performed at a constant temperature of 37 ±
1 °C.

In order to investigate the behavior of thematerial, different types of
mechanical tests are performed. The first consists in a series of 5 load-
unload cycles reaching a stretch of λ=1.25 to analyze the cyclic behav-
ior of the material. The second type is a load until failure in order to ob-
tain the ultimate strain and stress of the material.
3. Test results

3.1. Cyclic tests

Results obtained on gels processed with a PVA concentration of
10wt% and 5wt% are presented in Figs. 4 and 5 respectively. The general
shape of the curves is the same for all the testedmaterials, although the
reached values differ. Hence the description of a single curve can apply
to all the others. Focusing on A1 for example, all the loading phases are
superimposed except for the first one. This softening phenomenon is
often present in polymeric material and is known as stress-softening
[17]. In the present case, however, the phenomenon is small and can
be neglected. The unloading phases are all overlaid. Also, the difference
between the loading and unloading phases, however small it may be,
can be associated to hysteresis which is characteristic of the behavior
of viscoelastic materials. It can be noted that the hysteresis is very
small. The viscoelastic phenomenon is negligible in comparison to the
hyperelastic behavior. Nevertheless, a residual strain appears. The evo-
lution of the phenomena mentioned earlier - i.e. stress level reached,
hysteresis, residual strain and softening- will be evaluated function of
the processing parameters.

Fig. 4a shows the mechanical response of materials composed of
10 wt% PVA and 80% DMSO. The stress level reached for a stretch of
1.25 decreases with the number of freeze/thaw cycles. Residual strain
and hysteresis, however, aremaximal for 2 freeze/thaw cycles andmin-
imal for 1. Samples A2 and A3, unlike A1, exhibit some stress softening.

The results for a DMSO concentration of 60% are presented in Fig. 4b.
In this case the highest and lowest levels of stress are observed for 2 and
1 freeze/thaw cycles respectively. Residual strains behave similarly for
materials containing 10 wt% PVA and 80% DMSO, even though the hys-
teresis is slightly more important. Stress-softening, however, does not
appear as the first load is confounded with the others.

In general, no significant trend can be extracted concerning the
stress level reached achieved by materials containing 10 wt% PVA. Hys-
teresis and residual strain, however, increasewith thenumber of freeze/
thaw cycles. Stress-softening is only observed for 80% DMSO.

Fig. 5 presents the results of the pure shear cyclic tests on hydrogels
containing 5 wt% PVA. Since materials B1 and E1 are so brittle, inserting
them in the sample holders was problematic and a couple of loading cy-
cles were enough to tear them. This explains why no cyclic data is pro-
vided for these materials.

For a DMSO concentration of 80% (Fig. 5a), the highest stress is
achieved for 2 freeze/thaw cycles, but the variation is very small. Also
both samples have the same residual strain, which can reach 10%, and
a very similar softening rate. The hysteresis is relatively large for the
first load/unload cycle but becomes quasi-null for the following ones.
Initial DMSO:H2O ratio Number of freeze/thaw cycles

80:20 1, 2, 3
60:40 1, 2, 3
80:20 1, 2, 3
60:40 1, 2, 3
40:60 1, 2, 3



Fig. 1. Sample preparation: (a) extraction of the sample from the hydrogel sheet, (b) insertion of the extracted sample in the sample holders.
Fig. 5b shows that the highest stress level is reached by materials
containing 60%DMSO and increaseswith thenumber of freeze/thaw cy-
cles, although in this case also, the variation is not very important. The
residual strain, however, ismaximal for sampleD3 andminimal for sam-
ple D1. Softening increases with freeze/thaw cycles while hysteresis re-
mains constant.

For material configuration E (Fig. 5c), the highest stress level is
reached by sample E3. In comparison with material E2, only a slightly
more important softening can be observed while the residual strain is
equivalent. Hysteresis however, does not manifest for a DMSO concen-
tration of 5%.

In general, for materials containing 5 wt% PVA, highest stresses are
achieved for a DMSO concentration of 60% while the residual strain is
maximal for 80% DMSO. These two statements compare well with the
observations made on materials containing 10 wt% PVA. Softening can
be observed for all material configurations except D1, and hysteresis
can almost be neglected.

To sum up, the initial PVA concentration has a consequent influence
on the yielded stress by thematerial: on average, for a given DMSO:H2O
ratio and a given number of freeze/thaw cycles, themaximum achieved
stress is 3 times higher for a PVA concentration of 10 wt%. The effect of
DMSO seemsmaximal for a concentration of 60%. The effect of the num-
ber of freeze/thaw cycles depends on the other two parameters.
Fig. 2. Pure shear test: (a) initial configuration of the m
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3.2. Ultimate values

The analysis of the evolution of the ultimate stress and strain of the
material gives a general overview of the effect of the processing param-
eters. Tables 2 and 3 show the results of the tests. Materials containing
10 wt% of PVA, i.e. A and C compositions, reach higher ultimate strains
and stress than gels containing 5 wt% of PVA.

Table 2 presents the results for hydrogels containing 10wt% PVA. Its
analysis shows that the ultimate stain seems to be increasing with the
number of freeze/thaw cycles in an almost linear manner for materials
containing 80% DMSO. The ultimate stress however, is maximal for 2
freeze/thaw cycles and quasi-equal for 1 and 3 cycles.

For hydrogels containing 60% DMSO, the ultimate strain is maximal
for C1 and minimal for C2, even though the difference in their values is
relatively small, i.e. 21%. The ultimate stress however, is maximal for 2
freeze/thaw cycles and minimal for 1, albeit the difference between C1
and C3 being of 18 kPa only.

Table 3 shows that the ultimate stress and strain increase with the
number of freeze/thaw cycles for all three compositions. In this case
also,materials containing 60%DMSO achieve the highest ultimate stress
for a given amount of freeze/thawcycles, except formaterialD1which is
slightly lower than B1. Hydrogels containing 80% DMSO having under-
gone 1 or 2 freeze/thaw cycles reach the highest strains before breaking,
aterial, (b) deformed configuration of the material.



Fig. 3. The mechanical testing apparatus: the sample and its holders are inserted in a stainless steel tank containing a thermostatic aqueous medium.
while D3, which contains 60% DMSO, achieves the highest ultimate
strain for materials made with 3 cycles.

Fig. 6 shows a scatter of hydrogel compositions based on ultimate
strain and stress. Higher PVA concentration clearly improves mechani-
cal behavior. On average, a hydrogel containing a concentration of
PVA of 10 wt% can yield ultimate stresses four times larger than
hydrogels containing 5 wt%. The number of freeze/thaw cycles, howev-
er, seems to improve the ultimate strain achieved bymaterials. A DMSO
concentration of 60% producesmaterials that yield the highest stress for
a given PVA dosagewhile ultimate strain seems to improvewith freeze/
thaw cycles.

In summary, cyclic tests and failure tests lead to the same conclusion.
Higher PVA concentration improves themechanical behavior of the hy-
drogel. This trend was already observed by [12], even though the ulti-
mate stresses for different materials measured in this study are
significantly lower. The ultimate strains, however, are consistent.

The DMSO's influence varies with the quantity of PVA in the initial
solution, but hydrogels containing 60% DMSO yield the highest stresses.

The influence of the number of freeze/thaw cycles is difficult to as-
sess for the cyclic tests as it did not seem to have much effect on
Fig. 4. Cyclic pure shear test results for a concentration
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hydrogels containing 5% PVA and no clear trend could be extracted for
materials made of 10% PVA.

4. Discussion

In this section, the cross-linking mechanism is first described in
order to evaluate its impact on themechanical behavior of thehydrogels
when submitted to different tests. An explanation of the observed re-
sults is then proposed accordingly. Finally, the impact of the processing
parameters on the mechanical properties of the hydrogel will be quan-
tified by considering the Neo-Hookean model.

4.1. Description of the cross-linking mechanism

According to Yokoyama et al. [18], the hydrogel is composed of three
kind of phases: the solution phases with a very low concentration of
PVA, which corresponds to the crystal phases of ice in the frozen gel;
the amorphous phases, in which every PVA chain is associated with
water; and the PVA crystal phases, which restrain gross mobility of
the amorphous chains.
of 10% PVA and (a) 80% DMSO and (b) 60% DMSO.



Fig. 5. Cyclic pure shear test results for a concentration of 5% PVA and (a) 80% DMSO, (b) 60% DMSO and (c) 40% DMSO.
During the freezing process, the ice crystals formed by the solution
phases force the amorphous chains - which are initially free and distrib-
uted homogeneously in the solution (water andDMSO in this study) - to
become constricted in whatever space is not crystallized. The amor-
phous chains, associated with water through hydrogen bonds, maintain
a fraction of the PVA in its amorphous state, which prevents complete
crystallization of the polymer thus giving it a rubbery texture. The crys-
tal phase consists of a high concentration of polymer chains linked to
each other and excluding any trace of solution. By restraining themobil-
ity of certain points of the structure, it ensures cross-linking. Repeating
the freeze/thaw process should pushmore andmore amorphous chains
to the previously established amorphous phase, thus increasing its mo-
lecular concentration, while also increasing the size of the crystallines.

DMSO is used to prevent the freezing of the PVA solution by bonding
to water molecules, thus preserving the amorphous phase and achiev-
ing cross-linking faster. Hoshino et al. [19] showed that at 23 °C, approx-
imately 800, 50 and 1100minwere needed to form gels containing 40%,
60% and 80% DMSO respectively and 5 wt% PVA. Although cross-linked
differently - at room temperature vs. −20 °C - this might explain the
fact that hydrogels containing 60% DMSO exhibit better mechanical
properties than others: the amorphous phase starts forming quicker
which leads to denser polymer chains and crystallines.

The cross-linking mechanism is thus responsible for the cyclic re-
sponse of the hydrogels: the amorphous chains being randomly orga-
nized, the first tensile load applied to the material is expected to
unfold them to a certain measure. After unloading, the chains recover
their initial state through elasticity, but are unable to retrieve their tan-
gled configuration. Due to this new configuration of the amorphous
phase, a smaller effort is needed to reach the desired strain thus
explaining the difference between the first load and all the following
loads. This explanation also accounts for the residual strain observed
on the tested materials. The hysteresis, however small in the loading
Table 2
Ultimate stress and strain of the material for different processing parameters at a fixed
PVA concentration of 10%.

Sample ID A1 A2 A3 C1 C2 C3

Ultimate strain [%] 222 310 434 358 337 349
Ultimate stress [kPa] 188 230 189 198 292 216

5

range, is a result of the viscous behavior of the polymer chains of the
amorphous phase. Stress softening might be caused by the rupture of
some polymer chains during loading. Being fragile, the crystal phase
might have also been damaged during cyclic loading, thus explaining
the failures of materials B1 and E1.

For hydrogels containing 5 wt% PVA, the results concur with the ob-
servations of Hoshino et al. [19], i.e. the stress level reached is highest for
a DMSO concentration of 60% and lowest for one of 80%. The effect of
freeze/thaw cycles is less obvious at this stretch level, but the fact that
materials B1 and E1 did not achieve the cyclic test while materials B2,3
and E2,3 did, suggests that the resistance to tearing during cyclic loading
is improved.

For hydrogels containing 10 wt% PVA also, the highest stress levels
are alsomost important for the configuration containing 60% DMSO ex-
cept for material made by a single freeze/thaw cycle.

The response of thematerial to rupture tests can be explained by the
fact that a larger PVA concentration ultimately leads to denser amor-
phous and crystal phases. More amorphous polymer chains increase
the resistance to strain and lead to a larger yielded stress. This is easily
visible on Fig. 6: on average, configurations A and C yield ultimate
stresses four times larger than materials B, D and E and ultimate strains
twice as big. For configurations A, B, D and E, the ultimate strain
achieved by most tested hydrogels improves with the number of
freeze/thaw cycles. This can be explained by the increase of PVA chains
in the crystal phase with the number of freeze/thaw cycles, resulting in
an improvement of resistance to rupture of the hydrogels. For configu-
ration C, achieved ultimate strains remain constant regardless of the
number of freeze/thaw cycles. This might be due to a fully cross-
linked structure after a single cycle. The variation of ultimate stress in-
creases with the number of cycles for materials containing 5 wt% PVA.
For hydrogel compositions A and C, however, no clear trend can be
extracted.
Table 3
Ultimate stress and strain of the material for different processing parameters at a fixed
PVA concentration of 5%.

Sample ID E1 E2 E3 D1 D2 D3 E1 E2 E3

Ultimate strain [%] 154 218 261 84 187 323 72 117 200
Ultimate stress [kPa] 38 48 77 31 81 95 10 31 56



Fig. 6. Repartition of hydrogel compositions based on ultimate strain and ultimate stress. Fig. 7. Comparison of the cyclic behavior of material A1 with the corresponding Neo-
Hookean fit.

Table 4
Values of the C1NHmaterial parameters, the initial moduli E and the densities of macromo-
lecular chains by unit of volume n of hydrogels containing a PVA concentration of 10%.

Sample ID A1 A2 A3 C1 C2 C3

C1
NH [kPa] 16.92 13.86 5.03 13.74 21.23 19.47

Initial modulus [kPa] 135.39 110.92 40.29 109.92 169.84 155.75
n[1014 mm−3] 39.53 32.38 11.75 32.10 49.60 45.49
4.2. Modeling the mechanical response

As presented in Section 3, the mechanical behavior of the PVA pre-
sents few viscoelastic effects. This means that it can be modeled by a
pure elastic model. It is proposed to fit a hyper-elastic model on the
first loading curve of the cyclic tests of the material. For this purpose,
the Neo-Hookean constitutive law [20] is used to predict the experi-
mental results previously presented. The Neo-Hookean equation is
written as:

W ¼ CNH
1 I1−3ð Þ ð3Þ

WhereW the strain energy, I1 is the first invariant of the left Cauchy-
Green strain tensor, and
C1
NH is a material parameter that can be linked to the initial modulus.

C1
NH can also be considered equal to nkT [20] where n is the density of

macromolecular chains of the amorphous phase by unit of volume
(mm−3), k the Boltzmann constant (JK−1) and T the temperature (in
K). In the case of pure shear deformation, the evolution of nominal
stress is written with the stretch λ as follows:

π ¼ 2CNH
1 λ−

1

λ3

� �
ð4Þ

The material parameter C1NH was fitted on the first load of the cyclic
tests issued on all hydrogel compositions. As an example, Fig. 7 shows
theNeo-Hookean fit corresponding to the cyclic tests performed onma-
terial A1. The model fits the data perfectly.

Tables 4 and 5 show the mean values of material parameter C1NH for
all the proposed compositions of the hydrogel in the [1; 1.25] stretch
range. 10 samples of each configuration were tested. The initial moduli
are also shown, as they can be deduced from the nominal stress π: dur-
ing infinitesimal deformations, one can assume that the deformed and
initial configurations coincide. The Cauchy stress σ, in pure shear test,
can consequently be written as:

σ ¼ π
λ

ð5Þ

In the small deformation framework, the Cauchy stress is written:

σ ¼ E
ε

ð6Þ
6

where ε is the engineering strain measured by the testing device and E
the initial modulus.

Since λ=1+ε, by combining Eqs. (4) and (5), σ can be written as:

σ ¼ 2CNH
1 λ2−

1

λ2

� �
¼ 2CNH

1 1þ εð Þ2− 1

1þ εð Þ2
!

¼ 8CNH
1 ε þ o εð Þ ð7Þ

Using Eqs. (5) and (7), the link between the C1NH material parameter
and the initial modulus E=8C1NH=8nkT is deduced. The calculated
values of n for a temperature of 37 °C are also presented in Tables 4
and 5.

The evolution of themean values of C1NH and their standard deviation
for a given PVA concentration function of the DMSO:H2O ratio is repre-
sented in Figs. 8a and 8}b for all the freeze/thaw cycles. For the sake of
comparison, materials having undergone a single freeze/thaw cycle
are chosen as references. Normalizing the values obtained for 2 and
3 cycles in relation to 1 cycle allows for the evaluation of the influence
of the number of freeze/thaw cycles. Fig. 8c and d show the normalized
data of each material configuration.

For hydrogels containing 10 wt% PVA, Fig. 8a and c show an increase
of C1NHwith DMSO concentration for a single freeze/thaw cycle. Also C1

NH

goes from being the lowest value for a DMSO concentration of 60% to
being the highest for 80% DMSO. Materials having undergone more
than 1 cycle present a decrease in C1

NH with the increase of DMSO.
Fig. 8b, shows that C1NH is maximal for a DMSO concentration of 60%

and almost twice larger than the values calculated for DMSO concentra-
tions of 40% and 80%, which are almost equal. Also a general increase of
C1
NH is observedwith the increased number of freeze/thaw cycles. This is

more obvious in Fig. 8d: for DMSO concentrations of 40% and 80%, C1NH

increases with the number of cycles, while for the gel containing 60%
DMSO, the structure seems to have stabilized after 2 freeze/thaw cycles.

For hydrogels containing 10 wt% PVA, Fig. 8a and c show an increase
of C1NH with DMSO concentration for a single freeze/thaw cycle. Mate-
rials having undergone more than 1 cycle present a decrease in



Table 5
Values of the C1

NH material parameters, the initial moduli E and the densities of macromolecular chains by unit of volume n of hydrogels containing a PVA concentration of 5%.

Sample ID E1 E2 E3 D1 D2 D3 E1 E2 E3

C1
NH [kPa] 2.94 3.35 4.24 3.06 7.23 6.93 2.27 3.43 3.74

Initial modulus [kPa] 23.54 26.80 33.94 48.49 57.84 55.46 18.20 27.49 29.95
n[1014 mm−3] 6.89 7.82 9.90 14.16 16.89 16.19 5.30 8.01 8.73
C1
NH with the increase of DMSO. Also C1

NH goes from being the lowest
value for a DMSO concentration of 60% to being the highest for 80%
DMSO.

Fig. 8b, shows that C1NH is maximal for a DMSO concentration of 60%
and almost twice larger than the values calculated for DMSO concentra-
tions of 40% and 80%, which are almost equal. Also a general increase of
C1
NH is observedwith the increased number of freeze/thaw cycles. This is

more obvious in Fig. 8d: for DMSO concentrations of 40% and 80%, C1NH

increases with the number of cycles, while for the gel containing 60%
DMSO, the structure seems to have stabilized after 2 freeze/thaw cycles.
In general, it is safe to say that the number of freeze/thaw cycles im-
posed on a material does have an influence, but from a mechanical
point of view their effect varies with the initial composition of the
material.

Tables 4 and 5 show the mean values of material parameter C1NH, the
deduced initial moduli and the density of macromolecular chains of the
amorphous phase by unit of volume n for all the proposed compositions
of the hydrogel. Analysis of Table 4 shows that C1NH decreases for mate-
rials containing 10 wt% PVA and 80% DMSOwith the number of freeze/
thaw cycles. This translates into a decrease of the density of macromo-
lecular chains of the amorphous phase, which might be due to crystal
phase outgrowing the amorphous phase. For hydrogels containing 60%
DMSO however, C1NH, as well as n, are maximal for 2 freeze/thaw cycles
Fig. 8. Evolution of the C1
NH parameter function of the DMSO concentration for hydro

C1
NH parameter in relation to the C1

NH parameter of hydrogels prepared by one freeze/thaw c
(d) 5 wt% PVA.

7

andminimal for a single one. This is due to the fact that the gelation time
is smallest for 60% DMSO, which might lead to a fully accomplished
amorphous phase by the second cycle and an increase of the crystal
phase during the third cycle.

For materials consisting of 5 wt% PVA, C1NH increases with the num-
ber of freeze/thaw cycles for all the compositions except for sample D2

which is slightly larger than D3. It is also highest for materialD that con-
tains an initial DMSO concentration of 60%. n behaves in a similar way
thus the explanation proposed for material C also applies for materials
B ,D and E.

5. Conclusion

This study investigated the effects of the initial processing parame-
ters of PVA/DMSO hydrogels on their mechanical behavior. A mechani-
cal study in a controlled environment consisting of cyclic and failure
tensile tests wasmade. A tank containing a thermostatic aqueousmedi-
um was developed specifically to account for the hydrophilic behavior
of thematerial. This allowed for the observation of different phenomena
such as hyperelasticity, softening and residual strain. The results show
an influence of the number of freeze/thaw cycles applied to each mate-
rial configuration but a strong dependence on the initial solution, espe-
cially formaterials containing larger concentrations of PVA. In general, a
gels containing (a) 10 wt% PVA and (b) 5 wt% PVA. Evolution of the normalized
ycle function of the DMSO concentration for materials containing (c) 10 wt% PVA and



loss of mechanical properties was observed with decreasing PVA con-
centrations. In the tested strain range, the hydrogels exhibited very little
visco-elasticity which motivated the use of the Neo-Hookean
hyperelastic model to reproduce the results. This was achieved with
great success and allowed for the measurement of the elastic modulus
of the differentmaterials functionof their respective elaboration param-
eters. The strongest hydrogel was obtained for a PVA concentration of
10 wt%, a DMSO:H2O ratio of 60:40 and two freeze/thaw cycles. It is
worth noting that the elastic behavior of PVA hydrogels compares
well with soft tissue, thusmaking themexcellent candidates for produc-
ing phantoms with controlled mechanical behaviors. In perspective, a
link between the mechanical properties of PVA hydrogels and their
crystallinity would allow for a general description of their behavior, in-
dependently of the processing parameters.
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