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Abstract

The effect of drying on the viscoelastic, tensile behavior of a dual cross-linked poly(vinyl
alcohol)(PVA) hydrogel is studied experimentally. This gel contains about 90% water when
fully hydrated and is highly stretchable. Using a microbalance with a density kit it is
found that as the gel dries its volume shrinks in linear proportion to the mass. The impact
of drying on the gel’s mechanical properties is measured in uniaxial tension tests, which
include loading-unloading tests at three different stretch rates, a complex loading history
test consisting of two different loading segments and a stress-relaxation test. The resulting
data show that the gel becomes much stiffer as the gel dries and that drier gels do not fully
recover upon unloading. The viscoelastic response from specimens with different hydration
levels can be described by a previously developed constitutive model of the gel. The results
show that the constitutive model parameters are strongly dependent on hydration level.

Keywords: Hydration, Large strain, Uniaxial stress, Stiffness, Time dependent material,
Constitutive model

1. Introduction

A hydrogel is essentially a network of polymer chains swollen in water. A wide range
of hydrogels have been developed in the last decades [1-10| with intriguing properties such
as the ability to self-heal, to undergo extremely large deformations and to show elastic or
viscoelastic behaviors. The poly(vinyl alcohol) (PVA) gel studied here contains a large
fraction of water (90%), is soft and can be highly elongated prior to failure. However, these
properties will change greatly if the gel dries, even partially.

The gel we study consists of dual-crosslinked PVA polymer chains. Dual cross-linked
means that the crosslinks are a mixture of physical (ionic) and chemical (covalent) bonds.
The physical cross links can break and reform providing an energy dissipation mechanism
that leads to viscoelastic behavior and well as a degree of self-healing [4, 6, 8-12|. The
chemical cross-links do not break (until final failure) and impart long-term elasticity to the
gel.

*Corresponding author.
Email address: atz2@cornell.edu (Alan Zehnder)

May 12, 2021



The idea of a dual cross-linked gel is motivated by the result that typical single cross-
linked chemical hydrogels have poor mechanical strength, hence limiting their applications.
To overcome this limitation, researchers have developed several new approaches to gel design
to enhance the mechanical properties [13-15] . One method introduced by Gong et al. [16] is
to introduce a double-network (DN) structure. In this DN gel, the gel contains two types of
networks. The highly cross-linked first network has a relatively high Young’s modulus but
is rather brittle. The loosely cross-linked second network is highly extensible and prevents
the formation of macroscopic cracks. However, this gel cannot fully recover to its original
state after damage since the first sacrificial network is chemically cross-linked and cannot
reattach after breaking [17] . Nevertheless, these DN gels still have good resistance to
fatigue crack propagation [18]. Several groups of researchers also have synthesized highly
stretchable and tough hydrogels by introducing non-covalent (physical) transient bonds as a
sacrificial network [8, 9, 11, 12, 19, 20]. These physically cross-linked networks are reversibly
broken during loading but they can reform and recover to their initial state after unloading
and resting. Sun et al. [4] reported the synthesis of a tough polyampholyte (PA) hydrogel
which has a fracture energy of about 4000 J/m? with only ionic bonds. This PA gel has a
phase-separated structure composed of soft and stiff phases, with a structure length of ~100
nm [21-24]|. The ionic bonds have a wide distribution of strength and serve as sacrificial
networks, enhancing fatigue life [25], fracture resistance and the self-healing behavior [26] of
PA gels.

Being comprised mostly of water, hydrogels are prone to drying, leading to shrinkage and
to changes of mechanical properties. The effect of hydration on hydrogels including drying
and shrinkage has been studied by several researchers [27-36]. Some researchers focused
on the behaviour of the hydrogel during the dehydration-rehydration cycle |27, 28| . Lee
et al. [27] reported the shape stability of PVA hydrogels during the drying-rewetting cycle.
Thomas et al. [28] found that a poly(vinyl alcohol) and poly(vinyl pyrrolidone)(PVA /PVP)
gel shrinks in a dehydration-rehydration cycle and that the instantaneous compressive mod-
ulus increases. The more water it loses during the dehydration, the more the gel shrinks,
and the more the modulus increases. This result is broadly consistent with available data.
For example, Lee et al.’s work on PVA hydrogel [29] and Truong et al.’s work on recl-resilin
gel [30] both reported that the stiffness of their gel decreases as the hydration level increases.
Gao and Gu [31] developed a relationship between the water content and elastic modulus for
hydrated porous materials, showing that the modulus decreases with increasing hydration.
Smyth et al. [32] reported that the stiffness of hydrogel films becomes lower when soaking in
water. Zhang et al. [33] reported that for solvent treated VM-3-10-1 hydrogel, the modulus
decreases as the gel becomes hydrated until the water content reaches 75% and then changes
little as it reaches full hydration. There are some exceptions, e.g., Li et al. [34] found that
for a bacterial cellulose and polyvinyl alcohol (BC/PVA) hydrogel, the compressive modulus
of samples with PVA content less than 20% decreases compared to fully hydrated samples.
The effect of hydration on the tensile strength of hydrogel films have been studied by Olivas
et al. [35] and Pereira et al. [36] . They reported the tensile strength (breaking stress) of the
film is lower when surface humidity is higher. Zhang et al. [33] reported that for the solvent
treated VM-3-10-1 hydrogel the strain to failure increases as the water content increases.
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While stiffness and tensile strength are important mechanical properties, they do not
fully characterize the complex, time dependent behavior of viscoelastic gels. In this work,
we focus on a dual-crosslinked PVA hydrogel developed by Mayumi et al. [10] containing
both chemical and physical crosslinks. The chemical crosslinks form a permanent network.
The physical crosslinks form a temporary network which can break and reattach. About
10% of the cross-links are chemical with the balance physical bonds. For a fully hydrated
gel, we and our coworkers have established a constitutive model which accurately predicts
its behavior [37, 38]. Liu at el. demonstrated that the mechanical properties of this PVA
hydrogel over a range of temperatures can also described by this constitutive model [39].
Meacham at el. [40] performed a preliminary study of the effect of hydration on the tensile
response of this PVA hydrogel. Here we investigate the effects of drying on the volume and
time dependent constitutive response of the PVA hydrogel. We find that the constitutive
model used for the fully hydrated gel can be used to quantify our experimental results and
that changes in the model parameters provide insight into the role of hydration on the
chemical and physical bonds.

2. Experiments

2.1. Material preparation

The experiments were performed on a dual-crosslinked PVA hydrogel which contained
approximately 12% wt PVA and 88% wt an ionic solution. The details of the synthesis can be
found in [10, 41] . Here we briefly summarize the procedures. There are three steps: making
a 16% wt PVA solution, adding chemical cross-links, then adding physical crosslinks. First,
PVA powder was added to distilled water at 5 °C. The mixture was stirred and heated to 95
°C to dissolve the PVA in the water. Then the PVA solution and glutaraldehyde cross-linker
were mixed with hydrochloric acid at a pH of 1.4. The solution was injected into a mold
and rested for 24 hours to form the chemical network. Finally, the chemically cross-linked
gel was washed to neutralize the pH by soaking in distilled water for 24 hours. It was then
soaked in an ionic solution made of water, sodium chloride and borax to form the ionic
(physical) cross-links. After 3 to 4 days, the physical bonds have completely formed, and
the gel is ready to be used in experiments.

2.2. Mass and volume measurement

The sample was then allowed to dry in lab air. Hydration levels were characterized by
the amount of mass loss during drying. We also measured the mass-volume relationship at
different hydration levels. The mass and volume of a fully hydrated sample were measured
initially. We then measured its mass every 5-10 minutes until it reached 95%, 90%, 85%,
80%, 75%, 70%, 65% and 60% of the initial mass. For each of these hydration levels we also
measured its volume. The mass was measured by a Mettler Toledo AG285 microbalance
with an accuracy of 0.01 mg. The volume was measured by weighing the sample in air and
in mineral oil using a density determination kit (DDK) on the microbalance. A schematic
of the DDK is shown in figure 1. The red parts are connected to the microbalance plate so
that we can measure the mass of the sample on the plate or in the basket. The black parts
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hold up the beaker and are connected to the base of the balance, not to the balance plate
itself.

Plate

" Bracket
e
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\ Basket
Beaker - - il
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Hold outside Connect to microbalance

Figure 1: Schematics of the density determination kit.

First we measured the weight of the gel W, on the plate in air. The mass of the sample
in oil, W, is measured by placing it on the basket which is immersed in oil. By Archimedes
principle, the buoyancy equals the volume of the sample (Vigmpie) multiplied by the density
of the oil, p,y, times the gravitational acceleration, g. The buoyancy is

Fb - Wa - Wo (18“)
From
Wa - Wo = poilg‘/:sample <1b>
we obtain
W, —W,
‘/sam e — i 2 lc
" Poilg (1¢)

The density of the oil was measured by using a pipette to inject 1 mL of oil into a container
on the microbalance. The reported density value is the average of three measurements.

2.8. Uniazial tests

Mechanical tests were performed with a custom-built tensile tester [41] . A Zaber X-
LSM200A-EO03 translation stage was used to move the upper grip. An Interface SMT 1-1.1
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load cell, with a capacity of 4.9 N (about 1.1 Ibf), was used to measure the force. An OMEGA
LD620 linear variable displacement transducer (LVDT) was used to measure displacement.
The force and the displacement signal were recorded by a Keithley Model 2701 multiplexing
digital voltmeter every 0.1 second. Samples were cut into strips 2 mm thick, 10 mm wide
and clamped between a pair of sandpaper lined aluminum grips separated by a gauge length
of 30 mm. All tests were performed in mineral oil to prevent the sample from further drying.

At each hydration level (100, 90, 80, 70 and 60%), six tests were performed. Tests were
performed sequentially using the same sample for consistency. Between each test, the sample
was allowed to relax for about 12 minutes to fully recover to its initial state. We carried out
three different types of tests. For the fully hydrated gels (100% of mass), 90% and 80% mass
gels, we first carried out cyclic tests where the sample was loaded to a stretch of A = 1.3
at stretch rates of A = 0.003/s, 0.01/s 0.03/s and then unloaded to A\ = 1 at the same
rate. Second, we carried out a complex loading history in which the sample was loaded to a
stretch of A = 1.15 at a rate of A = 0.003/s, held for 1 minute and then loaded to A = 1.3 at
A = 0.03/s, held for another 1 minute and then unloaded to A = 1 at a rate of A = 0.01/s.
Then the sample was loaded to A = 1.3 at A = 0.1/s and unloaded to A = 1 at A = 0.001/s.
This test is followed by a tensile-relaxation test at a maximum stretch of A = 1.3 with an
initial stretch rate of A = 0.5 /s. For the 70% and 60% mass gels, the tensile relaxation test
is performed first; followed by the complex loading history test and loading-unloading tests
at different stretch rates.

Results are presented in terms of the nominal stress, o i.e. applied force divided by the
initial cross-sectional area of the sample. For the fully hydrated gel, the cross-sectional area
was 2 mm X 10 mm. For the drying gels, we assume that the gel shrinks uniformly in all
three dimensions, thus the cross-sectional area is calculated using 2 mm x 10 mm X (V%)z/ °,
where V% is the volume percentage (volume after drying divided by initial volume at full
hydration). The value of V% is found from the mass-volume relationship described below.

3. Results

3.1. Mass-volume relationship

The results of mass-volume experiments are shown in figure 2. The volume percentage
(volume after drying divided by initial volume) decreases linearly with the mass percentage
(mass after drying divided by initial mass). The data in figure 2 can be fit using V% =
1.03M% — 3.04%, where V% is the volume percentage and M% is the mass percentage.
This equation allows us to calculate the undeformed cross-section area of the gel at different
hydration levels as described above.

3.2. Uniazial tests

3.2.1. Test results

Figures 3a-d show the stress-strain curves for PVA hydrogels at different hydration levels
for the cyclic test at different loading-unloading rates. Figure 3e shows the stress-strain
curves for PVA hydrogels at different hydration levels for the complex-loading-history loading
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Figure 2: Mass-Volume relationship of PVA hydrogels during drying.

test. Figure 3f shows the stress-time curves for PVA hydrogels at different hydration levels
in tensile-relaxation tests.

These figures show that for all stretch rates the stress is significantly higher as the gel
dries. Figures 3a-e show that stress increases slowly at the initial stages of loading for the
70 and 60% hydration levels. Except for this initial dip, the maximum nominal stresses of
the drier gels are higher, and across all tests we see that the gel stiffens as it dehydrates. It
appears that that gel samples with mass percentages less than or equal to 70% did not had
sufficient time to recover after the previous experiment. Indeed, we observed that these gels
did not fully recover to their initial state after unloading to a stretch A = 1 after the tensile-
relaxation test, which indicates that in the drier gels the network may undergo permanent
change during the loading. For fully hydrated hydrogels and 70% mass hydration level
hydrogels, we did a recovery test. In this test, we first loaded the sample to stretch A = 1.3
at stretch rate A = 0.5 /s, then we held the sample at A = 1.3 to perform a relaxation test.
After 30 minutes of relaxation, we unloaded the sample to A = 1 at rate A = 0.001/s. Then
the sample was held for 4 hours to recover. We found that the 100% hydrated gels recovered
fully after 700 s. However, the 70% gel did not fully recover even after 4 hours. The results
of the recovery test are given in the supplemental material.

3.2.2. Review of constitutive model

The constitutive model of this PVA dual-crosslinked hydrogel was first developed by
Long et al. and later modified by Guo et al. [37, 38|. Here we briefly review this model. The
key assumptions are: Macroscopically the gel is isotropic and incompressible. It has two
independent types of crosslinks. The chemical crosslinks form a permanent elastic network
and do not break. The network formed by the physical crosslinks can break and reattach
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Figure 3: a) Nominal stress vs. stretch at five hydration states. Loading-unloading at stretch rate of
A= 0.003/s. b) Nominal stress vs. stretch at five hydration states. Loading-unloading at stretch rate of
A= 0.01 /s. c¢) Nominal stress vs. stretch at five hydration states. Loading-unloading at stretch rate of
A =0.03 /s. d) Nominal stress vs. stretch at five hydration states. Loading at stretch rate of A=0.1 /s and
unloading at stretch rate of A = 0.001 /s. e) Nominal stress vs. stretch at five hydration states. A complex
loading history (see text for description). f) Nominal stress vs. time in log scale for five hydration states in
relaxation tests. Samples are loaded at A = 0.5/s to a maximum stretch of 1.3.
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with rates independent of strain. The breaking and reattaching reach an equilibrium soon
after the gel is synthesized. A physical chain instantaneously releases all its strain energy
when it breaks and it reattaches with zero strain energy. With these assumptions and using
the neo-Hookean strain energy function, the nominal stress ¢ in a uniaxial tension test is
related to the stretch A by

o=l 0) 30 - | e x Sion () [l - e ar e

where
1 is the small strain shear modulus of neo-Hookean model.
p is the molar fraction of the chemical crosslinks.
Y is the steady state reattachment rate of the physical chains, i.e., molar fraction of the
physical chains reattached per unit time, hence 7_d7 is the number of newly reattached
physical chains,

The integrand

(atr) o (57 ) =7 (1+<a31>ti)11@3 ir (2b)

tg B

is the number of chains that healed between 7 and 7 + d7 and survives until t, where tp is
the characteristic time for breaking; 2 > ap > 1 is a material constant that specifies the
rate of decay of ¢p.

n (t) is the molar fraction of physical bonds at ¢ = 0 and still attached at ¢ ; it is given
by

2—OZB

00 =7 uts (T )ar=mg 2 (14— L))

tB 2-0(3 B

In this model, the constitutive relationship is completely specified by four independent ma-
terial parameters:up, p7y.,, ap and tp. For physical understanding, pp corresponds to the
shear modulus of the network crosslinked only by the chemical crosslinks. w7y, can be
roughly thought of as a parameter measuring how stresses increase with the number of reat-
tached physical chains per unit time. 2 > apg > 1 controls the average survival time of a
newly attached transient bond and tg is the characteristic time for breaking.

3.2.3. Determination of material parameters

In our previous work, we determined the four material parameters mainly using the
stress relaxation test parameters [38]. We then used these parameters and equation (2c)
to predict the stress-stretch curve for cyclic test. These predicted stress strain curves are
then compared with experiments and manually adjusted to proivde a good overall fit. Here
we accelerated the fitting process using a machine learning algorithm (MLA) to determine
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these material parameters. Details of this method can be found in our recent paper [42] and
a brief summary of the method is given in the supplemental material. We use all the six
experiments to fit the data of 100%, 90%, 80% mass hydration levels. We use only the first
200 seconds of the relaxation tests to fit the data for the 70% and 60% mass hydration level
hydrogels since the initial dip in stress that occurs in the cyclic loading tests cannot be fit
by the model.

The parameters obtained using our MLA are shown in table 1.

Table 1: Data fitting results for PVA hydrogels atdifferent hydration levels.

Hydration pp (kPa) ap tg (s) 1Yo (kPa/s) % (kPa)
100% mass 2.347 1.634 0.4618 19.91 25.15
90% mass 2.567 1.633 0.4335 26.72 31.53
80% mass 2.640 1.664 0.4250 31.62 40.05
70% mass 2.994 1.674 0.3383 48.76 20.62
60% mass 3.439 1.687 0.2338 101.2 75.55

Comparisons of model and experiments are shown in figures 4-8. Figures 4-6 show that
there is excellent agreement between experiments with different loading histories and con-
stitutive model as long as drying is not so severe that permanent deformation is experienced
by the samples. For the 60% and 70% hydrated gels, our model fails to predict the cyclic
tests and the complex loading test. As shown in section 3.2.1, for samples at 70% and 60%
mass, the stress increases slowly at the initial part of loading for the loading-unloading tests.
This is likely due to permanent deformation remaining after the relaxation test. For these
samples, our constitutive model does not work well. Hence, we use only the first 200 seconds
of relaxation test to compare with the model (recall that the relaxation test was performed
on a virgin sample at 70% and 60% mass hydration level).

4. Discussion

4.1. Effect of dehydration

4.1.1. Volume change
In section 3.1 and figure 2, we showed that the volume percentage (volume after drying
divided by initial volume) decreases linearly with the mass percentage (mass after drying
divided by initial mass). The relationship can be described by equation V% = 1.03M% —
3.04%, where V% is the volume percentage and M % is the mass percentage. The equation
can also be written as,
Vb

Mp
— =1.03 x — —0.0304 3
v X AL (3a)
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Figure 4: Comparsion between model and experiments for fully hydrated(100% mass) PVA hydrogel. Nom-
inal Stress vs. Stretch for (a) Loading-unloading to stretch A = 1.3 at stretch rate 0.003/s. (b) Loading-
unloading to stretch A = 1.3 at stretch rate 0.01/s. (¢) Loading-unloading to stretch A = 1.3 at stretch rate
0.03/s. (d) Loading to stretch A = 1.3 at stretch rate 0.1/s and unloading at stretch rate 0.001/s. (e) A
complex loading history which was mentioned above. (f) Nominal Stress vs. Time for loading at stretch
rate 0.5/s to a stretch of 1.3 and then holding as the stress relaxes.
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Figure 5: Comparsion between model and experiments for 90% mass PVA hydrogel. Nominal Stress vs.
Stretch for (a) Loading-unloading to stretch A = 1.3 at stretch rate 0.003/s. (b) Loading-unloading to
stretch A = 1.3 at stretch rate 0.01/s. (c) Loading-unloading to stretch A = 1.3 at stretch rate 0.03/s.
(d) Loading to stretch A = 1.3 at stretch rate 0.1/s and unloading at stretch rate 0.001/s. (e) A complex
loading history which was mentioned above. (f) Nominal Stress vs. Time for loading at stretch rate 0.5/s
to a stretch of 1.3 and then holding as the stress relaxes.
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Figure 6: Comparsion between model and experiments for 80% mass PVA hydrogel. Nominal Stress vs.
Stretch for (a) Loading-unloading to stretch A = 1.3 at stretch rate 0.003/s. (b) Loading-unloading to
stretch A = 1.3 at stretch rate 0.01/s. (c) Loading-unloading to stretch A = 1.3 at stretch rate 0.03/s.
(d) Loading to stretch A = 1.3 at stretch rate 0.1/s and unloading at stretch rate 0.001/s. (e) A complex
loading history which was mentioned above. (f) Nominal Stress vs. Time for loading at stretch rate 0.5/s
to a stretch of 1.3 and then holding as the stress relaxes.
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Figure 8: Comparsion between model and experiments for 60% mass PVA hydrogel. (a) Nominal Stress
vs. Stretch for loading at stretch rate 0.5/s to a stretch of 1.3 and then holding as the stress relaxes. (b)
Nominal Stress vs. Time for loading at stretch rate 0.5/s to a stretch of 1.3 and then holding as the stress
relaxes.

where Vp is the volume after drying, V7 is the initial volume, Mp is the mass after drying
and M is the initial mass. Rounding the above, equation (3a) can be written as

Vb Mp
— —1=103( — -1 3b
Vi (MI ) (3b)
or
My M;— Mp
— =103 x ———— 3
Vv Vi~ (3¢)

The left side of the equation is the density of the initial sample which is fully hydrated. In our
experiment, the measured density of the fully hydrated PVA hydrogel is 1.006 g/cm?®. So we
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can obtain that (M; — Mp) / (Vi — Vp) = 0.977g/cm?3. We know that M; — Mp is the mass
loss of water during drying. If we consider the water and polymer network as two separate
parts, then (M; — Mp) /(V; — Vp) should be exactly the density of the water, which is 1
g/cm3. Therefore, the results show that while the volume loss of the PVA gel during drying
is mainly caused by water loss, additional shrinkage occurs due to other mechanisms.

4.1.2. Mechanical properties

According to our constitutive model [38], at long time (when the physical network does
not carry any load), the behavior of the nominal stress ¢ = 0, in a relaxation test of stretch
)\0 is

1
Ooo = [P (Ao - p) (4a)
0

Thus, the parameter up is the equilibrium modulus which is governed by the permanent
(chemical) network.
The initial slope of the stress versus time curve in a tensile relaxation test is

, 7t
lim;_o % =3\ (up - M) (4b)

2—(13

The parameter 7 tp/ (2 — ap) represents the molar fraction of connected physical chains
and hence 7y _tg/ (2 — ap) can be interpreted as the instantaneous modulus associated with
the physical (transient) network. Figure 9 shows the change of both pp and 7y tg/ (2 — ag)
with respect to hydration level.

From table 1 or figure 9, up increases by about 47% when the PVA gel dries from 100%
to 60% mass. This means the chemical network is stiffer and carries more load when the gel
dries. Table 1 shows that ap changes little when the gel dehydrates while 5 decreases and
WY, increases. This suggests physical bonds break and reattach faster when the gel loses
water. From the last column in table 1, and figure 9, 7.t/ (2 — ag), increases by a factor
or three when the PVA gel dries from 100% to 60% mass. Thus, the short time modulus
of the gel, which involves both the physical bonds and chemical network, increases strongly
with drying. From table 1 and figure 9, we see that the drier PVA gels are stiffer and hat
the water content has a much more significant influence on the physical crosslinks than the
chemical crosslinks as evidenced by the far greater increase in p7y, tg/ (2 — ag) relative to
pup. Physically, the loss of water will enhance the ion concentration inside the hydrogel,
reduce screening and making the ionic interaction more active and stronger. Hence, the
hydration level should have a more significant influence on the physical interaction than the
permanent chemical network. This is consistent with our experimental results.

4.2. Limitations of the model

For the 70% and 60% mass PVA dual-crosslinked hydrogels, our constitutive model
cannot totally explain the experimental results. These gels do not fully recover to their initial
state after the tensile-relaxation test, which indicates that the network may have suffered
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Figure 9: The change of pp and p7tg/ (2 — ap) with respect to the hydration level.

permanent change during the test. In the supplemental material, we compare the results
of the recovery test for fully hydrated hydrogels and 70% mass hydration level hydrogels.
Our result shows that the 70% mass gels have a large residual stress after unloading to their
initial length and that this residual stress persists even after the gel is rested for several
hours. Figure 3f shows that the nominal stress in tensile-relaxation test after 1000 second
drops rapidly for the 70% and 60% mass gels and the stress eventually becomes smaller
than the stress of gels at higher hydration levels (please see the zoom-in figure for the long-
time stresses for these cases in supplemental material). This result contradicts our model
which predicts that at long times, physical bonds do not carry load in a relaxation test and
the stress should plateau at up ()\0 — A 2), where )¢ is the imposed stretch. Since up is
the modulus associated with the chemical crosslinks, which increases as the gel dries (see
table 1), the plateau stress should be higher as the gels dry instead of lower. Likewise,
the stress of 60% mass hydration level hydrogel did not reach a plateau within our time of
observation. Recall that we fit the relaxation experiment using first 200 seconds of data and
it fits well for the loading part and the start of the relaxation part. These results, i.e., the
rapid drop in stress and the lower long-time stress for gels at 70% and 60% mass hydration
level suggest some permanent change to the chemical network during deformation of the
60% and 70% mass gels. Thus, our constitutive model does not totally explain the last part
of the relaxation test as well as the tension tests performed following the relaxation tests.
This is a subject for future work.
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5. Conclusion

In summary, we present experimental results on how drying changes the mechanical prop-
erties of a PVA dual-crosslinked hydrogel. We performed six experiments on this hydrogel
with different strain histories under uniaxial stress state and use a new fitting method which
is based on Gaussian Process Machine learning to obtain the material parameters for our
constitutive model. For gels that are moderately hydrated, our constitutive model is shown
to be highly accurate and able to predict complex loading behavior. Our model shows both
the physical and chemical network stiffens as the gel dries. However, drying stiffens the
physical network much more than the chemical network.
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