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ARTICLE INFO ABSTRACT

For high-water content hydrogels in compression, the water inside of hydrogels contributes to the response of
hydrogels to external loads directly, but part of the water is expelled from hydrogels in the meantime to change
the volume of the hydrogel and reduce the contribution. In order to consider the contribution of the water in the
constitution equation, PVA (polyvinyl alcohol) hydrogels with high-water content were used as examples, and
compressive experiments were carried out to measure both the stress-strain relation and the change of the
volume in the meantime. By considering the effect of the difference of the contribution of water in different
directions of the hydrogel, we deduced a new constitutive equation, which can pretty well depict the stress-strain
of hydrogels with different water contents. The results showed that the contribution of water to the total stress
increases with the compression strain and even exceed that of the polymer, although the expelled water reduces
the contribution at the early loading stage, which well explains the difference of elastic moduli of hydrogels in
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compression and tension.

1. Introduction

Polymeric hydrogels are promising soft materials in tissue en-
gineering and medicine; that consist of continuous polymerized net-
work structures that can absorb and retain a large amount of water
(Baker et al., 2012; Hodge et al., 2015; Kobayashi and Oka, 2004; Oyen,
2013). For tissue engineering applications, the mechanical properties of
hydrogels, especially their compressive performance are critical (Curley
et al., 2014; Gofman and Buyanov, 2017; Hayes et al., 2016; Kanca
et al., 2018; Tingting et al., 2017). The water content of hydrogels can
be higher than 90% and even up to 99.7% (Appel et al., 2012; Si et al.,
2017), and water is one of the significant factors that causes the hy-
drogel to respond differently in tension and compression. Polyvinyl
alcohol (PVA) hydrogels with about 80% water content are shown in
Fig. 1, and the tensile curve is more nonlinear than the compression
curve. This is mainly due to the greater change in fiber alignment
during the stretching (Dong et al., 2017). Even under small deformation
(< 5%), the tension elastic modulus (about 0.15 MPa) of the hydrogel is
smaller than the compression modulus (about 0.25 MPa). Within such a
small deformation, the tensile and the compressive responses of the

polymer network should be similar. Thus, what making the difference
between tension and compression in the hydrogel only be the water
inside the hydrogel. The water may resist compression but not tension.

The high-water content of hydrogels is one of the key factors that
contributes to their excellent biocompatibility and resemblance of
living tissues (Ovsianikov et al., 2011; Van Vlierberghe et al., 2011).
Free water in hydrogels with high-water content can be expelled out of
the specimen under compression, which means that the volume will
change even in air (Frensemeier et al., 2010; Milimouk et al., 2001;
Nakamura et al., 2001; Urayama et al., 2008; Urayama and Takigawa,
2012; Vervoort et al., 2005; Zhang et al., 2017); therefore, it is neces-
sary to measure the change of volume induced by the expelled water in
compression. Most compressive constitutions of hydrogels were sum-
marized phenomenologically from experiment (Kaufman et al., 2008;
Korchagin et al., 2007; Sasson et al., 2012; Swieszkowski et al., 2006)
without considering the effect of expelled water. Professor Suo and his
team considered the change of Helmholtz free energy generated by the
polymer network stretching and the surrounding environment, and
proposed a set of equations of state in which the changes of hydrogel
volume were included (Cai and Suo, 2012; Faghihi et al., 2014; Hong
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Fig. 1. The difference of the tensile and compressive properties of the PVA hydrogel with about 80% water content.

et al.,, 2008; Hong et al., 2009; Hong et al., 2010; Li et al., 2014;
Marcombe et al., 2010). In these models, the contributions of water are
directly related to the change of volume of water, which means that the
water's contributions to hydrogel stresses are the same in all directions.
However, such an assumption is questionable when the deformation of
the hydrogel is large.

To study the contribution of water, the volume change should be
measured first. Although the measurement of expelled water from hy-
drogels is very difficult, several researchers have reported experiments.
Urayama et al. (2008), Urayama and Takigawa (2012) and Vervoort
et al. (2005) measured the volume loss by digital image processing and
obtained the correlation between the loss amount and some experi-
mental conditions such as loading rate, water content of specimens and
boundary friction. These experiments with digital image methods have
great reference value, but there are still some technical difficulties for
measuring the volume changes of hydrogels: hydrogels are so soft that
the samples may not maintain their revolving shape, and the semi-
transparency may blur the specimen boundaries.

In this paper, we used high-water content PVA hydrogels as ex-
amples to study the volume change behaviour under compression. We
used experiments to measure the uniaxial stress-strain relations and the
change of volume. The volume measurements used a digital image-
based system in which two cameras ensured the volumes of the speci-
mens under axisymmetrical deformations. Furthermore, to distinguish
the contributions of the polymer network and the water of hydrogels in
compression, we deduced a constitutive equation considering the dif-
ferent contributions of water to hydrogel stresses under different di-
rections. The model not only explains the contributions of the polymer
network and water in compression, but it also explains the differences
in elastic moduli of hydrogels in compression and tension.

2. Method
2.1. Experiment

2.1.1. Sample preparation

The mixture of PVA powder (SIGMA-ALDRICH, Mw 89000-98000)
and deionized water was maintained at 110 °C in an autoclave for ap-
proximately 5h. The mass of water was decided according to the de-
sired water content of the mixture. The viscous aqueous PVA solution
was poured into moulds and subjected to 6 cycles between —25 °C and
25 °C, and each period was 12 h. The height of samples was 30 mm, and
the diameter was also 30 mm. Fig. 2(a) is a photo of three samples with
different water contents, and Fig. 2(b) is their remaining polymer after
drying. The exact initial water content c,, of each specimen was de-
termined by a drying test after the compressive experiment,
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Fig. 2. Photos of the sample: (a) three PVA hydrogel samples with different
water content: 90%, 85% and 80%. (b) The remaining polymer after drying the
samples.

where My is the mass of the sample, and my,, is the remaining mass
after drying.

2.1.2. Volume measurement

Digital image processing can evaluate the volume variation (or
Poisson's ratio) during loading without contact (Bagherieh et al., 2008;
Chen et al., 2013; Pritchard et al., 2013; Urayama et al., 1993). We also
used this technique to measure the volume change of the hydrogels. As
mentioned above, soft specimens may deform unexpectedly during
loading. Thus, calculation methods using a revolving column become
inapplicable. Therefore, the deformations need to be monitored and
such specimens should be removed. Besides, the sharpness of the spe-
cimen contour is crucial to the reliability of the experimental results,
but the translucence of PVA hydrogels decreases photo clarity. To solve
these two problems, we used two cameras to record deformation from
different directions concurrently. We used fluorescent powder to cover
the specimen surface so that the self-luminous specimens contrast
strongly with a dark background (Fig. 3). Imaging data are sufficient to
calculate the volume of a revolving body, and the second camera can
monitor whether the specimen has shear or other unexpected de-
formation. The dark environment can be achieved with a large carton.
More details of the experimental method are introduced in Appendix I.

2.1.3. Testing system
The two SLR (single lens reflex) cameras were Canon 80D (EF-S
18-200 mm f/3.5-5.6 IS) and Sony a55 (DT 3.5-5.6/18-55 SAM). The
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Fig. 3. Schematic diagram of the experimental method.

testing machine used in this paper was made by CARE (model M-100,
China) with a loading system driven by electromagnets. The compres-
sive loading strain rate was 0.1%/s (0.03 mm/s). To reduce the friction
between the specimen and the testing machine, the upper and lower
surfaces of the sample were coated with lubricating oil. An initial photo
was taken before loading, and photos were taken every 3s as the spe-
cimen was being compressed.

2.2. Theoretical model

Fig. 4(a) illustrates a hydrogel block. In the initial state, the block is
a unit cube subjecting to no applied forces. In the current state, the
hydrogel is subject to axial applied forces and has a true stress tensor .

The stress of the hydrogel combines the contributions of the
polymer network and the water.

o=0of +c¥ 2
where of and o" are tensors that reflect the contributions of the
polymer network and the water in the true stress tensor of the hydrogel
respectively. We used F to represent the deformation gradient tensor
with stretch in three coordinate directions. The normalized cross-sec-
tional areas (comparing to initial area) against three coordinates are A,,
Ay, and A, respectively. The normalized areas of the three cross sections
are also contributed by the polymer and the water (Fig. 4(b)):

(@)
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A =AP +AY
A, =AP + A
A, =AP + A 3

Here, AP and A}’ are two normalized area of polymer and the water
in the cross section of x axis. Terms Af, A}, A? and A;’, have similar
meanings.

We first consider the polymer network. For elastic material, the
Cauchy (true) stress depends on the strain energy and the deformation
gradient (Volokh, 2016). In this case we have

FT owp
b= — ——
J OF @
where WP is the strain energy of the polymer network, and J is the
normalized volume of the hydrogel so there is J = det(F). If the tem-
perature is defaulted without change and no shearing deformation oc-
curs, then the strain energy can be calculated as (Wall and Flory, 1951)

xv
WP=""la?+a?+a? -3 -2In(gma

2 [ 1 2 3 ( 142 3)] (5)
where « is the Boltzmann constant (about 1.38 x10 ~23 J/K), v is the
number of chains in the network, o, o, and a3 are principle stretches.
For hydrogels with only axial strain, we insert Eq. (5) in Eq. (4) and
have

XV

of = 7(063 -1
v 2

oy = " (y = 1)

af = ?(ocz2 -1) ©)
where of, of and of are the stress components contributed by polymer
in coordinate directions.

We used gy, to represent the “hydrostatic pressure” of water in the
hydrogel. Although “hydrostatic pressure” is the same in all directions,
the components in the stress tensor " are different. This is because the
effective normalized area A,’ is not equal to the normalized area A, in
the x direction. It also changes with strain, which is similar to other two
directions. The water stresses in the three main directions are equal to
the following:

o

W w
= Ustatic'Ax
wo_ w w
9y = OgaricAy
wo_ _w w
O = Ustatic'Az

()
Inserting Eq. (6) and Eq. (7) in Eq. (2), we have

(b)

Fig. 4. A unit volume of a hydrogel subjected to only axial forces: (a) the total stress is contributed by both the polymer and the water; (b) the area of the three cross

sections are also contributed by the polymer and the water.
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XV
Ox = 7(“)? - 1) + O'svtvatic'A)‘cm
XL
Oy = 7(%2 = 1) + gAY
KU 2
Oz = T(O(Z -D+ O'sv;)alic'AZw (8)

For uniaxial compression, there is oy = 0, = 0, a, = a, (zis set as the
loading direction), A" = A}’ and J = a,a,a,, so Eq. (8) converts into

xu( J
0= 7[07 - 1) + Usvtvatic’A)‘c/v
Z
KV
Oz = 7(0‘z2 - 1) + o:v‘;}aticA;; (9)
Combining the two equations in Eq. (9), we obtained
AW
o= (a§—1)+—zw(1—i)
J A} a (10)
The definition of the stretch and the true strain are
Ly
a, = =<
o an
e= [
¢ I, 12)

where I and [, are the initial length and the current length of the hy-
drogel in z direction. Thus, the relationship between the stretch and the
true strain is

— p&;
a, = e%

13
Using the true strain replaces the stretch, Eq. (10) changes into

v Al _
= 7[2251 -1+ ﬁ(l —Jem=%)] 14
X

In each cross section, the area A;, A" (i = 1,2,3 to representative x,
¥, 2) will change with the deformation ¢,. Obviously, A;" will increase
but A} will decrease with increasing ¢,. Thus, A}"/A} will have an
incremental relation of the deformation ¢,. Here we simply let
A} JAY = key + 1 (k is a parameter depends on the material). Eq. (14)
then changes into:

Oz

o, %[ezsz — 1+ (keg + DA = Je )]

%(ezsZ + ke, — Je™%2 — ke e%) as)

Eq. (15) is established for high-water content hydrogels under
uniaxial compression load. Due to the water expulsive behaviour, the
hydrogel stress is not only related to the strain, but also related to the
volume change. The parameter v will take different values for diverse
hydrogels.

The contributions of the polymer and the water is expressed as Eq.
(16) and Eq. (17), respectively.

Journal of the Mechanical Behavior of Biomedical Materials 85 (2018) 181-187

o = 2 (e — 1) a6
wo_ E _ —&z
o = I (key + 1)(1 — Je™52) a7

In the above derivation, both deformation and stress are positive for
tension and negative for compression.

3. Results and discussion
3.1. Monitoring axisymmetrical deformation of specimens

Fig. 5(a) shows the photos of a sample obtained from the two
cameras under several strains. If the deformations of the two groups
were roughly the same, then the experiment was regarded as effective.
Fig. 5(b) shows the comparison of the experimental results obtained
from the two cameras. Only if the two curves were approximately the
same in the range of errors, the experimental data were believed reli-
able. If the experimental results do not satisfy these two conditions,
then we can conclude that the specimen did not remain as a revolving
body during uniaxial compression.

3.2. True stress against the strain with water content

Fig. 6(a) shows the true stress-strain curves with three different
initial water contents. True strain is the integral of each infinitesimal
deformation divided by the length, and true stress is the force divided
by the actual cross-sectional area undergoing loading (Young, 1989).
The use of engineering strain and engineering stress will cause sig-
nificant errors due to the large deformation and the large Poisson's ratio
close 0.5 of the hydrogels (Karimi et al., 2014). That is why we used
true stress and true strain. The water content has a remarkable effect on
the mechanical properties of hydrogels, and accurate measurements of
the initial water content are necessary to reduce experimental error.
That is why we tested the initial water content for each sample. Under
the same strain, reducing the initial water content can greatly improve
the stress of the samples. However, it is worth noting that while both
the differences in initial water content are 5%, the difference between
the 80% and 85% curves is greater than that between the 85% and 90%
curves. This might be due to the rise in polymer cross-linking density as
the polymer content increases.

3.3. Volume change against the strain with water content

The normalized volume J is the ratio of the current volume V and
the initial volume Vj,.

J==

Vo (18)

Fig. 6(b) shows three normalized volume-strain curves with three

initial water contents. The rate of volume change decreases with

£=0.25 &=0.32

—— Camera A
—— Camera B

normalized volume

02
strain

(b)

Fig. 5. Monitoring results: (a) Group A and Group B photos were obtained from two cameras from different directions at the same time; (b) The normalized volume

curve obtained from these two group photos.
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Fig. 6. Experimental results of PVA hydrogels with 80%, 85%, and 90% initial water contents: (a) True stress-strain curves; (b) Normalized volume-strain curves.

increasing strain. This might be because the side surface area of the
specimen will gradually decrease with increased strain—this results in
less room for water passage, and slow speed of water expulsion
(Urayama and Takigawa, 2012). When the strain reaches a certain
value, the volume becomes stable, and this implies that most of the
remaining water is retained in the specimen and bears external strain
with polymer fibres. This trend was particularly obvious for samples
with 90% water content.

For ease of characterization, we used simple functions to fit the
curves in Fig. 6(b) and the results were as Eq. (19).

90%: J =1 — 0.075¢%42
85%: J =1 — 0.079¢"%
80%: J=1 — 0.080£%63 19)

3.4. Contributions of polymer and water in the stress of hydrogel

By convention, the tensile value is positive while that of compres-
sion is negative. However, in uniaxial compression tests, for con-
venience, all of the compressive results are generally considered posi-
tive. Therefore, the experimental true stress o and strain ¢ have a
relationship with the stress and strain in Eq. (15) as ¢ = —g;, and
€ = —¢,. Constants xv and k can be fitted by combining our experi-
mental data (Fig. 6(a) and Eq. (19)) and Eq. (15). The values are shown
in Table 1 and the fitting curves of Eq. (15) are shown in Fig. 7. The
fitting effects are very good.

From Table 1, the variations of parameters xv and k with water
content are reasonable. Term xv indicates the amount of polymer in the
unit volume of the hydrogel. It increases with decreasing water content;
k reflects the contribution of water to the stress of hydrogel, and it
increases with increasing water content.

Eq. (16) and Eq. (17) are the effects of polymer and water, respec-
tively. Their changes with strain are shown in Fig. 8(a-c). The con-
tribution of water to the total stress increases with strain, which is
opposite that of the rate of volume change. The contribution of water
will exceed the polymer if the strain is large enough, although the
contribution of the polymer is several times larger than that of water at
early stage.

While the contribution of water is several times lower than that of

Table 1

The parameters of PVA hydrogel with different water contents.
Water content (%) 90 85 80
Value of xv(MPa) 0.016 0.028 0.083
Value of k —4.04 —3.49 -1.67

0.12 1
——90% test
—— 90% fitting
0109 ——85%test
S —— 85% fitting
S 0.08{ ——80%test
\U')’ —— 80% fitting
1)
© 0.06
»
(0]
S 0.04-
|_
0.02
0.00 === . . .
0.0 0.1 0.2 0.3 0.4
True strain

Fig. 7. The fitting curves of Eq. (15).

the polymer network at the early stage of loading process (strain less
than 0.05), there are obvious errors if this is neglect throughout. In the
Introduction, we suggested that the compression elastic modulus is
larger than the tension one because the water plays a role in the
compressive progress, but it cannot directly resist tensile deformation.
That is, the compression and the tension elastic modulus should be the
same without the effect of water. To verify this view, the front of the
curve with 80% water content is magnified, and the corresponding
stress of the polymer network is drawn (Fig. 8(d)). The compression
elastic modulus here is 0.24 MPa and the slope of the polymer stress
curve is 0.17 MPa. These are close to the experimental results
(0.25 MPa and 0.15 MPa). The closeness of the total stress curve is not
surprise because it is a fitting curve. However, the similarity between
the tension modulus and the slope of the compressive polymer curve is
an interesting result, and it confirmed that the water is what makes the
hydrogel compression elastic modulus greater than the tension one.
To further understand the effect of expelled water on the total stress,
we suppose there was no volume change (J = =1) in the stress-strain
relation shown in Eq. (15), and thus:
o, = xv(e*z + ke, — e7% — kege™%) (20)
Fig. 9 shows the comparison of Eq. (15) with Eq. (20). As expected,
the presence of water expulsion decreases the total stress. Using curves
with 90% water content as an example, the reduction of the stress is
approximately 5% when there is water expulsion. Hydrogels can re-
absorb the expelled water in a solvent environment, and they can not
only relieve the applied stress but can also restore themselves in vivo.
The water expulsion behaviour might have interesting applications.
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Fig. 9. Effect of water expulsion on the stress of hydrogels under compression.

4. Conclusions

We studied the change in hydrogel volume during compression and
compared the properties of the volume change and stress-strain relation
of high-water content hydrogels. We also deduced a constitutive
equation that contains the effects of the polymer network and the
water, in which the contributions of water on stresses in different di-
rection were considered. This study draws some conclusions:

(1) With considering the effect of the difference of water on stresses of
hydrogel in different directions, the new constitutive equation

186

nicely depicts the stress-strain relation of hydrogels with different
water contents.

(2) The contribution of water increases with the strain and will exceed
that of the polymer if the strain is sufficiently large.

(3) The effect of water is the main cause of the difference between the
elastic moduli of hydrogels in tension and compression.

(4) The volume change resulting from water expulsion may reduce the
stress of the hydrogels in compression.
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