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Concurrent stiffening and softening in hydrogels under
dehydration
Shuai Xu1†, Zidi Zhou1†, Zishun Liu1*, Pradeep Sharma2

Hydrogels are an extraordinary soft matter system that serve as a laboratory for a rich plethora of multiphysical
phenomena and find applications that range from biocompatible sensors to soft robots. Here, we report a pe-
culiar experimental observation suggesting concurrent stiffening and softening in hydrogels during the dehy-
dration process. Theories based on Flory’s work fail to capture the scaling of mechanical behavior with water
content, observed in our experiments. We perform coarse-grained molecular dynamics simulations to elucidate
the mechanisms underpinning the odd softening-stiffening behavior during dehydration and propose a theo-
retical model to correctly represent the underlying physics and the divergence from Flory-based theories.
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INTRODUCTION
Hydrogels are a class of polymeric materials that contain a large
amount of water dispersed within its network. The water content
in some hydrogels can even exceed 90%, endowing them the
ability to exhibit extremely large deformation (1), good biocompat-
ibility (2), and excellent ionic and thermal conductivity (3, 4),
among other attributes. In response to suitable environmental
stimuli (e.g., pH and temperature), the water content in hydrogels
can be controllably tuned by dehydration or swelling, and thus, the
aforementioned properties can vary across a broad range (5–8). Ac-
cordingly, hydrogels have attracted notable recent attention for ap-
plications in intelligent actuating and sensing (9–11), soft robots
(11, 12), stretchable devices (11, 13), artificial tissues, and health
care (14–16). In all these applications, in general, the influence of
water content on the basic properties of hydrogels and, specifically,
on its mechanical behavior is of significant concern. For example,
when applied in stretchable sensing devices and patch material for
wound healing as shown in Fig. 1, hydrogels will inevitably lose or
absorb water. A widely accepted opinion is that dehydration will
stiffen hydrogels (17, 18) and affect the flexibility of hydrogels. Fur-
thermore, the coordination between hydrogels and skin, tissue, or
organics may also be altered. However, our results in the present
paper prove that this conclusion is questionable. We find that hy-
drogels can be concurrently stiffened and softened during dehydra-
tion due to the concurrent microscopic restrains and relaxations of
polymer networks.

Here, we present detailed experiments, complementary molecu-
lar dynamics (MD), and theoretical models to understand several
key observations pertaining to elastic stiffening and softening of hy-
drogels and the failure of conventional theories to correctly predict
our experiments. On the basis of the insights from our work,
through appropriate choice of synthesis conditions, the stiffening
and softening effects of hydrogels during dehydration may be con-
trolled, paving the way for many applications for hydrogels as dis-
cussed later here.

RESULTS
Concurrent mechanical stiffening and softening
An important element for the characterization of mechanical be-
havior of hydrogels is predicated on extracting the Young’s
modulus and stress-stretch relation as a function of solvent
content. Figure 2 shows our central experimental results for the hy-
drogel based on polyacrylamide (PAAM) hydrogel. As evident, we
note a concurrent mechanical stiffening and softening phenomena
during dehydration. Figure 2 (A and B) demonstrates the PAAM
hydrogel at its stiff and soft states, respectively, which differ in the
ability of deformation. The results in Fig. 2C demonstrate that the
Young’s modulus of hydrogels increases almost exponentially with
the decrease of water content. We label this as “dehydration-
induced stiffening phenomenon.” Hydrogels with exactly the same
water content can show a completely different mechanical behavior
(see Fig. 2D), if their as-prepared water content varies. For example,
compared with a hydrogel with an as-prepared water content ϕ =
74% (without swelling or dehydration), another hydrogel would
be softer if it is dehydrated to ϕ = 74% from a higher, as-prepared
water content ϕ′ = 83%. We refer to this as the “dehydration-
induced softening phenomenon.” The stiffening and softening
effects both occur during the same dehydration process. Analo-
gously, swelling of hydrogels will lead to similar observations.
Figure 2E demonstrates the Young’s modulus of PAAM hydrogels
with different as-prepared water content and testing water content,
in which the concurrent stiffening and softening phenomena can be
displayed in a more transparent manner. For the same as-prepared
water content, the stiffening effect gets stronger with the increasing
of dehydration level. For hydrogels with the same testing water
content, the dehydration level increases with an increase in as-pre-
pared water content. Figure 2E shows that the Young’ modulus de-
creases (softening) with an increasing dehydration level when the
testing water contents are the same.

Unfortunately, the commonly used Flory-based theories (19–21)
to characterize the mechanical behavior of hydrogels fail to capture
the peculiar stiffening and softening phenomena reported in the
preceding paragraph. In a now-classical work, Flory and Rehner
(19) proposed a theoretical model based on statistical thermody-
namics to describe the swelling and large deformation behavior of
polymers when mixed with a solvent. With the recent focus on re-
search on hydrogels, many researchers have resorted to the direct
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(or modified) use of Flory’s model to study the mechanical behavior
of hydrogels (8, 22–25). As we highlight in the following, this can,
however, be problematic. Flory-based theories indicate that Young’s
modulus of hydrogels has a 1/3 power law relationship with water
content [E/ ð1 � fÞ

1=3], which significantly underestimates the
stiffening effect during dehydration in Fig. 2E. Meanwhile, Floy-
based theories always yield exactly the same mechanical responses
regardless of the preparation conditions, thus rendering them
unable to predict the dehydration softening effect in Fig. 2D.
There are two main reasons that cause the failure of Flory-based
theories. The one is that they are completely based on entropic elas-
ticity assumption, which appears to be in contradiction to the mo-
lecular-scale restrain effects of polymer chains. Another reason is
that Flory’s theory was originally proposed to describe the moisture
absorption of polymers. The as-prepared state in Flory’s theory rep-
resents dry polymer networks, while the as-prepared state of hydro-
gels already contains significant water content. Therefore, it cannot

reflect the sensitiveness of mechanical response to the preexisting
water content. We further discuss these in the following sections.

We remark that phenomenological constitutive models are also
widely used to describe hydrogels (26, 27). This type of models can
describe several aspects of the mechanical behavior of hydrogels by
fitting appropriate material parameters to experimental results.
However, the fitting parameters can deviate significantly between
experiments or may even be devoid of any physical meaning.
Last, to our knowledge, none of the existing phenomenological
models are able to explain the nature of concurrent stiffening and
softening phenomenon in hydrogels.

A statistical thermodynamics model
On the basis of a thermodynamics approach, experimental results,
and molecular-scale investigations, we attempt to propose a prag-
matic (thermodynamics-phenomenological hybrid) theory that
can precisely characterize our observations on hydrogels. The
details of the derivation can be found in the Supplementary

Fig. 1. The concurrent stiffening and softening during dehydration and swelling. The change of water content will induce several aspects of microscopic structural
changes of hydrogel concurrently, including hydrogen bond restrain, physical restrain, and network relaxation. The restrains cause the mechanical stiffening effect of
hydrogel, while the network relaxation makes the hydrogel softer. By appropriate control of such concurrent stiffening and softening phenomena, applications of hy-
drogels in many technologies may be facilitated.

Xu et al., Sci. Adv. 9, eade3240 (2023) 4 January 2023 2 of 10

SC I ENCE ADVANCES | R E S EARCH ART I C L E



Materials (see text S1). Here, we directly give the free-energy density

bW ¼
kT
Vu

f1lnf1 �
kT
Vu

1 � f1
1 � f10

f10lnf10 þ
3kT
2ZVu

ð1 � f1Þ

� ½ð1 � f1Þ
� 2

3 � ð1 � f10Þ
� 2

3� þ
m

2
ðI1 � 3Þ ð1Þ

where k is the Boltzmann constant and T is the temperature. ϕ10 and
ϕ1 are the volume fractions of the solvent in as-prepared hydrogels
and swollen hydrogels, respectively. Vu is the volume of a monomer
or solvent molecule, Z is the number of monomers on each polymer
chain, I1 = λ1

2 + λ2
2 + λ3

2 is the first invariant of right Cauchy-Green
strain tensor, and λ1, λ2, and λ3 are the stretch ratio on three prin-
ciple directions. μ is the initial shear modulus at small strain written
as

m ¼
kT
ZVu
ð1 � f1Þ

1
3ð1 � f10Þ

2
3 ð2Þ

We remark that there are two water content identities in the ex-
pression of our free-energy density, i.e., the as-prepared water
content ϕ10 and the current water content ϕ1 after a swelling or de-
hydration process. We can see that if ϕ10 = 0 (as-prepared water
content is 0), Eqs. 1 and 2 will exactly reduce to the well-known
Flory’s form (19, 28). This is because the reference state in Flory’s
theory is a dry polymer network, and it is originally proposed to
describe the hydration swelling and deformation of polymers.
Thus, the naive use of Flory’s theory is ill-advised because of the
presence of a large amount of preexisting water content in as-pre-
pared hydrogels.

Our theory is suitable to characterize the sensitivity of hydrogels’
mechanical properties to the preparation conditions as shown in
Fig. 2D. Because of the incompressibility assumption, we have λ1
= λ, λ2 = λ3 = λ−0.5 for the uniaxial tension situation. Here, λ is
the stretch on the uniaxial tension direction. Defining nominal
stress as the work conjugate to the stretch λ, we have the nominal
stress

P1 ¼ mðl � l� 2Þ ð3Þ

For the same testing water content ϕ1, Eq. 3 will yield a smaller
nominal stress if the as-prepared water content ϕ10 is higher, which
is consistent with our experiments as shown in Fig. 2D. Then, the
Young’s modulus is E ¼ @P1

@l
j
l¼1 ¼ 3m, which is valid for incom-

pressible materials.

Dehydration-induced network restraints and mechanical
stiffening
The free-energy density in Eq. 1 is still completely based on entropic
elasticity hypothesis, which assumes that the free energy is dominat-
ed by the configurational entropy of networks, without considering
the interactions between these networks. As a result, the modulus in
Eq. 2 retains the 1/3 power law relationship with water content ϕ1,
thus unable to correctly describe the marked stiffening phenome-
non in Fig. 2E. However, the real network chains will inevitably in-
teract with their neighbors through friction, hydrogen bond
restraints, and entanglements. Here, we use coarse-grained molec-
ular dynamics (CGMD) to investigate the influence of such

Fig. 2. The mechanical response of PAAM hydrogels. PAAM hydrogel at its (A) stiff state and (B) soft state. (C) Dehydration-induced stiffening effect. The as-prepared
water contents are all 75%. With the loss of solvent, Young’s modulus of hydrogels increases exponentially. (D) Dehydration-induced softening effect. Although thewater
content during testing is all 75%, a hydrogel would be softer if it has experienced a dehydration process from higher water content. (E) Young’s modulus of PAAM
hydrogels with different as-prepared and testing water content. The red, green, and blue spheres represent that hydrogels are tested at their dehydrated state, as-pre-
pared state, and hydrated state, respectively. The sphere size represents the magnitude of Young’s modulus.
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microscopic interactions on chains’ activity and mechanical re-
sponse of hydrogels.

Hydrogels are composed of cross-linked networks and water
with a random configuration. In the present paper, we construct
such molecular models of PAAM hydrogel by a reaction method.
The details of our molecular modeling method can be found in Ma-
terials and Methods. The final randomly cross-linked PAAM hy-
drogel model with an initial water content of 72% is displayed in
Fig. 3. By randomly deleting solvent particles from the system, we
can obtain dehydrated hydrogels. Similarly, we obtain the swollen
hydrogels by adding solvent.

For hydrogels with varying water content, the diffusion coeffi-
cient Dc of polymer network particles, which characterizes the mo-
bility of polymer chains, is investigated by CGMD simulations. As
shown in Fig. 4A, the diffusivity of polymer particles decreases
markedly with the dehydration of hydrogels. The diffusion trajecto-
ries of polymer particles within 100 ps are also recorded during the
simulations as shown in Fig. 4A. We define the minimum circum-
scribed circle (MCC) of a particle’s trajectory as its diffusion zone
and the radius of MCC as its diffusion radius rd. For each water
content, rd is averaged over 500 particles. From Fig. 4B, we can
see that the diffusion zone of polymer would be bigger when
water content increases, i.e., when water acts as lubricant and
reduces the restraint between polymer networks. Sekine and
Ikeda-Fukazawa (29) have studied the structural change of water
in a hydrogel during dehydration. They find that the residual
water forms a hydrogen-bond network when water content is low,
which may restrain the motion of polymer networks. We also cal-
culated the radical distribution function (RDF) of polymer mole-
cules in PAAM hydrogels. As shown in Fig. 4C, we define the

radius of first peak on RDF as Rp, which represents the distance
of polymer molecules to their neighbors. With a smaller neighbors
distance Rp, the polymer molecules will be more likely to restrain
each other. Figure 4B shows that Rp increases with the increasing
of water content.

We use attenuated total reflection Fourier transform infrared
spectroscopy (ATR/FTIR) analysis to measure the polymer chain
density on hydrogel surfaces. As shown in Fig. 4D, PAAM hydrogels
show significant peaks at ∼1605 cm−1 (N─H bending) and ∼1652
cm−1 (C═O stretching) (30, 31). The absorbance reduces with in-
creasing water content, suggesting that the increasing of water
content results in decreasing of surface chain density. The RDF
and ATR/FTIR results also confirm that water molecules will sepa-
rate polymer networks and decrease the restraint effect between
them. Here, we define another parameter Rs = 1/Dc to measure
the restraint level between polymer chains. As displayed in
Fig. 4E, the restraint effect will be reinforced exponentially (Rs ∝
e−αϕ

1) with the dehydration of hydrogels. The diagrams in Fig. 4E
explain the stiffening mechanism. When water content is high, the
polymer chains are dispersed and the interactions between them are
weak. As the dehydration and shrinking of hydrogel proceeds,
chains engage and restrain each other by van der Waals interactions,
hydrogen bonds, intermolecular frictions, and entanglements. Con-
sequently, the activity of chains is reduced, making the networks
stiffer. Hence, we consider such exponential stiffening effect into
our theoretical constitutive model by introducing an exponential
multiplier, namely

m ¼
kT

hZVu
e� af1ð1 � f1Þ

1
3ð1 � f10Þ

2
3 ð4Þ

Fig. 3. The CGMD model. The PAAM hydrogel model is generated by a reaction method. A monomer and four water molecules are regarded as one particle, while a
cross-linker is regarded as two connected particles.
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The microscopic binding between chains can be equivalently re-
garded as introducing extra cross-linking points (the blue dots in
Fig. 4E) into networks. Therefore, we accordingly introduce a cor-
rection factor η to Z (monomer number between cross-linkages),
which satisfies 0 < η < 1.

To validate our theoretical model, we have compared our model
with experiments. We first prepared PAAM hydrogels with different
initial water contents, while the mass ratio between monomer and
cross-linker (Rm-c) is kept as 1000:1. These as-prepared hydrogels
are then dehydrated or swelled to different water contents and cut
into bone-shaped specimens. Uniaxial tension experiments were
carried out on these hydrogel specimens. Figure 5 shows the
Young’s modulus of hydrogels with different as-prepared and
testing water contents. As shown in Fig. 5, our theoretical model
can precisely capture the stiffening phenomenon and agrees well
with our experiments. We also carried out experiments by changing
the cross-linking density, i.e., Rm-c = 10,000:1 and Rm-c = 100:1.
Similar results are obtained, and our theory agrees well with them
all (see text S2).

Dehydration softening: Entanglements and dehydration-
induced network relaxation
The constitutive model in Eq. 3 can predict the dehydration soften-
ing behavior of hydrogels. For the same testing water content ϕ1, Eq.
3 will give a smaller nominal stress if the prepared water content ϕ10
is higher, which is consistent with our experiments as shown in
Fig. 2D. By using MD simulations, we have compared the diffusion
abilities of two sets of hydrogel networks whose water contents are

both 53%. Hydrogels in the first set are in their as-prepared states,
while hydrogels in the second set are dehydrated from water content
74%. As shown in Fig. 6A, the diffusion coefficient and diffusion
radius of networks in the first set are both smaller than those in
the second set, which indicates that the polymer networks in the
second set have stronger motion ability and are thus softer. This
is consistent with our experimental results, i.e., dehydration soften-
ing effect. An important reason for this observation is that the en-
tanglement is stronger when as-prepared water content is low, as
pointed out in Kim et al.’s paper (32, 33). These entanglements
will restrain the motion ability of networks. According to Kim
et al., the cross-linking density (mass ratio between monomer and
cross-linker, Rm-c) would also affect the entanglement level. We
have carried out our experiments on three cross-linking densities,
i.e., Rm-c = 10,000, 1000, and 100, respectively, and the entangle-
ments will cover from super large to very low. However, the dehy-
dration softening effect always exists. Therefore, there must be some
mechanisms more behind this phenomenon. We think another
reason for this observation is that hydrogels in the second set
have experienced a dehydration process, which introduces a pre-re-
laxation to the networks and increases their mobility as displayed in
Fig. 6B. When dehydrated to the same testing water content, the
pre-relaxation effect will be more obvious if the initial water
content is higher. Consequently, the second set of hydrogels is
easier to deform, i.e., are softer.

The hyperelastic behavior of soft materials is usually character-
ized by the free energy of deformation, in which the initial modulus
μ is a key parameter. Researchers have proposed many famous

Fig. 4. Microscopic transition during dehydration. (A) Diffusion coefficient of polymer molecules in hydrogels with different water contents. The red sphere represents
the diffusion trajectory and diffusion zone of a monomer on PAAM chains. (B) Averaged diffusion radius and RDF of polymer molecules in hydrogels with different water
contents. (C) RDF of polymer molecules in PAAM hydrogels; thewater content is 53.47%. (D) ATR/FTIR absorption spectra of PAAM hydrogels. (E) Restraint levels between
polymer molecules. Dehydration will enhance the restraint levels exponentially. The blue dots represent the binding points between polymer chains introduced by
dehydration.
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hyperelastic models. For example, the stretching-induced free
energy term in Eq. 1 is of neo-Hookean form, i.e.,
bWstr ¼ mðI1 � 3Þ=2. However, when we substitute the real shear
modulus μ into these models, we are unable to obtain the correct
stress-stretch relationship for hydrogels. As shown in Fig. 6C, hy-
drogels first experience a serious softening stage with the uniaxial
tension process, which is followed by a stiffening period at super
large deformation. Although the neo-Hookean model also contains
a softening stage, it still highly overestimates the nominal stress of
hydrogels. In addition, the neo-Hookean model can never predict
the stiffening behavior at large deformations. Many constitutive
models have been proposed to characterize the stiffening phenom-
enon of polymer materials, such as the Gent model (Eq. 5) (26, 34)
and the exponential neo-Hookean model (Eq. 6) (35)

bWG ¼
m

2
Jmln 1 �

I1 � 3
Jm

� �

; Jm . I1 � 3 ð5Þ

bWE ¼
m

2
Icðe

I1 � 3
Ic � 1Þ; Ic . 0 ð6Þ

where Jm represents the limiting extensibility of materials and Ic is a
characteristic strain for stiffening behavior to occur. These two
models both reduce to the classical neo-Hookean model in the
small strain regime, for example, taking Jm → ∞ and Ic → ∞. There-
fore, these models still highly overestimate the stress level of hydro-
gels as shown in Fig. 6C. This conclusion is also valid for the well-
known Arruda-Boyce model (36); hence, we do not belabor this
point further.

The Mooney-Rivlin model (37) can well capture the strain soft-
ening behavior by introducing the second invariant I2 = λ1

2λ2
2 +

λ2
2λ3

2 + λ3
2λ1

2 into the free energy

bWMR ¼
m

2
½vðI1 � 3Þ þ ð1 � vÞðI2 � 3Þ� ð7Þ

where ω is a weight coefficient to distribute the first and second in-
variant terms. ω should satisfy the condition 0 ≤ ω ≤ 1 to maintain
E = 3μ. Equation 7 reduces to the neo-Hookean model when ω =
1. As shown in Fig. 6C, the Mooney-Rivlin model can be regarded
as a softened neo-Hookean model and thus can possibly character-
ize the strain softening behavior of hydrogels, although the stiffen-
ing phenomenon at large deformations is still elusive.

The above discussions encourage us to rewrite our stretching free
energy in Eq. 1 by introducing I2-related terms into a stiffened neo-
Hookean model. For example, we propose the following free energy
with the exponential neo-Hookean model used to characterize the
strain stiffening effect

bWstr ¼
m

2
½vI1cðe

I1 � 3
I1c � 1Þ þ ð1 � vÞðI2 � 3Þ� ð8Þ

The expression of μ is given in Eq. 4, and the inequality 0 ≤ ω ≤ 1
should also be satisfied. When the parameter I1c → ∞, this model
will reduce to the Mooney-Rivlin model, and additionally, if ω = 1 is
satisfied, our model will reduce to the neo-Hookean model (our
previously deduced form in Eq. 1). From Fig. 6C, we can see that
our model can precisely capture the strain softening behavior in
median strain region and the strain stiffening behavior at very
large deformations. Significantly, the expression in Eq. 8 is only
one of the many optional forms of our free energy. We may also
alternatively use other expressions by replacing the two terms in
Eq. 8, and they all perform extremely well when predicting the
super large deformation behavior of hydrogels as shown in fig. S7
(see text S3).

Fig. 5. The stiffening effect: Comparison between experiment and theory. The as-prepared water contents are (A) 56%, (B) 65%, (C) 75%, and (D) 83%, respectively.
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We prepared three sets of hydrogel specimens whose initial
water contents are ϕ10 = 56%, ϕ10 = 75%, and ϕ10 = 83%, respective-
ly, while the mass ratio between monomer and cross-linker is
1000:1. These three sets of specimens with different ϕ10 are all de-
hydrated or swelled to a testing water content of ϕ1 = 75%, after
which uniaxial tension tests are carried out on these specimens.
For each hydrogel set, at least three specimens are tested and the
strips in Fig. 6D display the distributions of their stress-stretch
curves. Just as we have discussed in the preceding paragraphs, for
the same water contents, a hydrogel is softer if it has undergone a
dehydration process from a higher prepared water content. We call
it the dehydration softening phenomenon. On the other hand, the
hydrogel would be harder if it has been swelled from a lower water
content. As demonstrated in Fig. 6D, our theoretical model can pre-
cisely capture such sensitiveness phenomenon of mechanical re-
sponse of hydrogels based on its preparation conditions. The
validation of our theory is confirmed based on tension experiments
of hydrogels with other testing water contents and cross-linking
densities (see text S2).

On the basis of our experimental findings, we proposed several
application scenarios, including intelligent actuating devices and
modeling of the growth of plants, as shown in fig. S8. In our
designs, the structures are all composed of a matrix and some ribs
with special arranged configurations. In the initial state of our struc-
tures (fig. S8, A1 to C1), the water contents ϕ1 as well as the chem-
ical potentialv/kT in the matrix and ribs are the same, whereas their
as-prepared water contents ϕ10 differ. Figure S8D shows the detailed
structures of our designs. When subjected to water environment,
the matrix and ribs will get hydrated under the driving of chemical

potential difference between the structures and environment. The
original homogeneously distributed water content will diverge to
two different evolution directions as displayed in fig. S8E. After
the structures get equilibrated with the environment (v/kT = 0),
the water contents in the matrix and ribs will be quite different.
The matrix will absorb more water and be soft, while the ribs are
less hydrated and be relatively stiff. Because of the swelling ratio
and stiffness mismatch, the structures then get deformed. As a
result, structures A, B, and C are twisted, scrolled, and wrinkled, re-
spectively. Figure S8 (A2 to A5) displays the side view along the
major axis. These results are obtained by implanting our theory
into COMSOL software [see the finite element method (FEM) sim-
ulation part in Materials and Methods]. Structures A and B may be
used as underwater actuating devices, which perform rotating and
grabbing functions, respectively. By appropriate programming of
these deformations, we are able to obtain soft robots with more
complex functions. Structure C may be used to explain the
growth and morphology evolution of lotus leaf. With specific
choice of the structural designs, we can also model and reproduce
the growth of diverse living beings.

DISCUSSION
Our experimental results demonstrate that hydrogels exhibit con-
current mechanical stiffening and softening during dehydration.
The Young’s modulus of hydrogels increases almost exponentially
with the decrease of water content in hydrogels, i.e., dehydration-
induced mechanical stiffening. However, the most widely used
Flory’s theory and existing theories based on Flory’s work to

Fig. 6. Dehydration-induced softening. (A) Diffusion coefficient and diffusion radius of polymer molecules in two hydrogels whose water contents are both 53%. But
one is as-prepared, while the other one is dehydrated from 74%water contents. (B) Sketch of the configurations of these two types of hydrogels. The blue dots represent
the entanglements and restraints between polymer chains. (C) Comparison of uniaxial tension results between different theoretical models and experiments. (D) Results
of our model and experiments. The testing water contents are all 75%, while their as-prepared water content varies.
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characterize hydrogels’ mechanical behavior indicate that Young’s
modulus has a 1/3 power law relationship with water content. The
reason for the failure of Flory-based theories to predict the stiffen-
ing effect is that they are based entirely on entropic elasticity. This is
in contrast to our atomistic simulations, which provide clear evi-
dence that solely relying on entropic elasticity for the hydration
or dehydration of hydrogels is ill-justified. Our atomistic simula-
tions demonstrate that the polymer chains would be bound and
that their mobility would decrease gradually during the dehydration
of hydrogels. Therefore, the entropic elasticity assumption is not
valid anymore. On the other hand, for the same testing water
content, a hydrogel would be softer if it has experienced a dehydra-
tion process from an as-prepared state with higher initial water
content. We call this the dehydration-induced softening phenome-
non of hydrogels. However, the existing theories always give exactly
the same mechanical response no matter what preparing condition
it is. Our molecular-scale investigation reveals that dehydration
would introduce a pre-relaxation of polymer chains and increase
the mobility and, as a result, make the hydrogel softer. Meanwhile,
there would be more entanglements in the networks if as-prepared
water content is low and makes the gel stiffer. Thus, the dehydration
softening effect is induced by both the pre-relaxation and entangle-
ment level difference in gels. On the basis of our experiments and
molecular-scale investigations, we have proposed a statistical ther-
modynamics-based phenomenological theory that is able to pre-
cisely capture the phenomena of concurrent stiffening and
softening for hydrogels during dehydration.

The opportunities for the application of this approach to existing
problems in soft robotics, self-assembly, and explaining the funda-
mental mechanisms in polymer physics and morphology evolution
of plants are vast. A first example here is four-dimensional printing
of functional flexible structures. By printing polymer gels with dif-
ferent as-prepared water contents at specific positions of an as-
printed structure, we can obtain other complex structures after
time-dependent stimuli (dehydration or hydration). This morphol-
ogy transition or self-assembly of printed structures is enabled by
the stiffness difference and swelling mismatch between different
regions. Further interest is expected in the field of intelligent actu-
ators and robots responding to the environmental stimuli. Figure S8
has shown the application of our findings in the underwater arms
that can perform grabbing and twisting actions. By manufacturing
more detailed structures, we are able to realize more complex func-
tions, such as designing artificial fishes and flexible robots, manu-
facturing pasta, and modeling the growth of plants. Another
significance of this approach lies in revealing the nature of
atomic-level chain interaction patterns and the role of solvents
played between them in polymers and polymer gels. It may also
be useful for the design of polymeric materials.

MATERIALS AND METHODS
Materials preparation
In the present research, a light curing method is adopted for the syn-
thesis of PAAM hydrogel as shown in fig. S9. In this method, acryl-
amide (AAM; monomer) is mixed up with N,N′-
methylenebisacrylamide (MBAA; the cross-linker) and 2-
hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure
2959; the curing agent) with a mass ratio of 1000:1:10. Then, the
powder mixture is dissolved into deionized water and stirred for

at least 6 hours. By tuning the mass ratio of powder mixture and
water, we can have solutions with different water contents. In the
present research, we prepared four sets of solutions whose water
contents (mass fraction) are 50, 60, 70, and 80%, respectively.
Because we use the volume fraction as the water content in our
theory, we convert the mass friction into volume friction by the fol-
lowing relationship

f1 ¼
r2F1

r1ð1 � F1Þ þ r2F1
ð9Þ

where F1 is the mass fraction of water in hydrogels and ρ1 = 1.0000
g/cm3 and ρ2 = 1.2575 g/cm3 are the mass densities of water and dry
PAAM networks, respectively. The solutions are then injected into a
mold (150 mm × 150 mm × 2 mm) and subjected to ultraviolet light
environment to conduct the curing process for another 6 hours.

Mechanical tests
The cured PAAM hydrogels are cut into as-prepared specimens as
shown in fig. S9C. The as-prepared specimens are subjected to
natural evaporation or deionized water to get dehydrated or
swollen specimens with specific water contents. Then, the dehydrat-
ed or swollen specimens are sealed into plastic bags for at least 4
hours to obtain uniform water distributions. We seal the specimen
for about 4 hours only when the water content change is very small,
for example, from 70% to 60%. When the water content change is
large, we have sealed them for at least 1 day. We have also confirmed
this by comparing the modulus of specimens that sealed for differ-
ent time. As shown in fig. S10, it is enough for the modulus to reach
a constant value after 1 day. In addition, for most of the cases, 2
hours is enough, although the water content change is large. For
the results displayed in figs. S5 and S6, all of the specimens are
sealed for 4 days. Last, we have the testing specimens with various
water contents and carry out uniaxial tension tests using these spec-
imens. Because PAAM hydrogel can easily lose its water when
exposed into air, the specimens are kept in a steam chamber
during tension tests as shown in fig. S9F to maintain the water
content in the hydrogel specimens and their mechanical properties.
The uniaxial tension tests are carried out on the tensile machine
(Shimadzu AGS-X). A small loading speed (10 mm/min) is
adopted to obtain a quasi-static loading situation. Before and after
tests, the weight of specimens is measured to make sure that the
water content change is less than 3% during the long time
tension. The size of specimens before tests is also recorded to cal-
culate the nominal stress and stretch. A typical stress-stretch curve
of PAAM hydrogel is displayed in fig. S9D. It consists of a softening
stage at small and medium strain and a stiffening stage at super large
deformation. In hyperelastic theories, the initial modulus at small
strain is a key parameter to characterize the mechanical behavior
of materials. We determine the initial modulus of PAAM hydrogel
by linearly fitting the stress-stretch curve within a 5% strain as
shown in fig. S11D.

ATR/FTIR tests
Functional groups in materials can absorb infrared ray (IR) if the IR
frequency is equal to the vibration frequency of functional groups.
For example, the bending wave number of N─H (amide) and the
stretching wave number of C═O (amide) are 1605 cm−1 and
∼1652 cm−1, respectively (29, 30). The absorptance of IR can
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reflect the functional group density in materials, i.e., higher absorp-
tance peek means higher group density. In the present paper, we use
ATR/FTIR analysis (test on Thermo Fisher Scientific Nicolet iS50
machine) to measure the absorption spectra of PAAM hydrogel.
PAAM hydrogels with solvent contents of 30, 40, 50, 60, 70, and
80% are tested.

CGMD model
In the modeling method, a single AAM monomer is regarded as one
particle, while an MBAA (the cross-linker) molecule is set as two
connected particles with a covalent bond as shown in Fig. 3.
Besides, one solvent particle consists of four H2O molecules. The
monomer, cross-linker, and solvent particles are mixed randomly
with a molar ratio of 800:1:2000, resulting in a water mass fraction
of about 72%. As displayed in Fig. 3, there are C═C bonds in mono-
mers and cross-linkers. In the real cross-linking reactions, these
C═C bonds will turn into C–C bonds and connect to other mono-
mers or cross-linkers and form a cross-linked structure. In our
modeling process, the mixture of particles is subjected to random
thermal diffusion under the isothermal-isobaric ensemble while
using Martini force field (38) to describe the interactions between
particles. During the diffusion, a covalent bond would be added
between two monomers or cross-linker particles if their distance
is less than 0.45 nm. Just like real reactions, the maximum
number of particles that each monomer or cross-linker particle
can connect is 2. Because each MBAA contains two particles, a
cross-linker can connect four monomers. This reaction process is
performed in large-scale atomic/molecular massively parallel simu-
lator (LAMMPS) until most of the monomers and cross-linkers are
connected. The final PAAM hydrogel model with a water content of
72% is displayed in Fig. 3. The morphology of our model is quite
similar with real structures of hydrogels (1, 39). Besides, the
average density of the PAAM hydrogel we measured in the labora-
tory is 1.0300 ± 0.0190 g/cm3 when the water mass fraction is
between 40 and 70% (4), which is almost the same as our CGMD
models (1.0117 ± 0.0133 g/cm3).

FEM simulation
We build the models in fig. S8 using the FEM software COMSOL
and implant the constitutive model in Eq. 1 into it. By calculating
the partial derivative of free-energy density with water content, we
have the chemical potential of water molecules in hydrogels, namely

v

kT
¼

1
kT

@ bW
@f1

ð10Þ

The chemical potential is always a negative number, while the
potential of pure water is 0. When subjected to water environment,
the structures in fig. S8 will absorb water and swell under the driving
force of potential gradient. In addition, the diffusion of water is gov-
erned by

J ¼ � Dr
v

kT
ð11Þ

where D is the diffusion coefficient of water. After the chemical po-
tential increases to 0, the structures will get fully swelled and we have
the equilibrium structures in fig. S8 (A5, B5, and C6). The as-pre-
pared water content ϕ10 in the matrix and ribs are 0.8 and 0.6,
respectively.
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This PDF file includes:
Supplementary Text
Figs. S1 to S11
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