PHYSICAL REVIEW LETTERS 134, 148203 (2025)

Hyperelastic Swelling of Stiff Hydrogels
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Hydrogels are swollen polymer networks where elastic deformation is coupled to nanoscale fluid flow.
As a consequence, hydrogels can withstand large strains and exhibit nonlinear, hyperelastic properties.
Previous studies have shown that low-modulus hydrogels and semiflexible biopolymer networks
universally contract when sheared on timescales much longer than the poroelastic relaxation timescale.
Using rheological and tribological measurements, we find that stiff polyacrylamide and polyacrylic acid
hydrogels, with moduli of order ~10-100 kPa, exclusively swell (dilate) when sheared. Poroelastic
relaxation was examined using strain-controlled compression, indicating a volumetric diffusion constant of
order 107 m?/s. Upon shearing, we observed an increase in normal stress that varied quadratically with
shear strain, which persisted for hours. Moreover, we show that this dilatant behavior manifests as swelling
during tribological sliding, imbibing the hydrogel with fluid. We suggest that this inherent, hyperelastic
dilatancy is an important feature in all stiff hydrogels, and may explain rehydration and mechanical

rejuvenation in biological tissues such as cartilage.
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Introduction—Hydrogels exhibit complex, time-depen-
dent mechanical properties due to their biphasic nature.
Material deformation inherently requires the solvent to flow
relative to the underlying cross-linked polymer matrix. In
recent years, hydrogels have been engineered and inves-
tigated for applications such as urban farming [1], cosmetic
care [2,3], tissue engineering [4,5], and drug delivery [6-8].
In particular, stiff hydrogels with a Young’s modulus
>10 kPa exhibit ultralow friction and have been used as
a model for articular and artificial cartilage [9—-16], includ-
ing therapeutic, in vivo injections for cartilage repair
[17,18]. Recent tribological experiments show an increase
of cartilage (hydrogel) volume upon sliding at a smooth
interface, a process attributed to “tribological rehydration”
[19-24]. The rehydration process is velocity-dependent and
is claimed to only occur at the hydrogel contact interface as
aresult of elastohydrodynamic lubrication pressure [25]. In
this sense, the application of shear (through mechanical
motion, i.e., joint activity) will imbibe the cartilage with
fluid, softening and rejuvenating the tissue.

Alternatively, here we will show that rejuvenation and
swelling of stiff hydrogels can be ascribed to their bulk,
hyperelastic mechanical properties. Specifically, swelling is
due to the Poynting effect, which is a second-order elastic
effect characterizing stress perpendicular to the direction of
shear [26-28]. Examples of the Poynting effect include
rubber [29], metal wires [26], soft fiber materials [30,31],
soft polymer gels [32,33], and emulsions [34]. The change
in normal stress, Aoy, in hyperelastic materials is captured
by the Mooney-Rivlin model [35,36], which predicts that
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when sheared at a fixed volume, Aoy o y2, where y is the
shear strain. The effect can be positive (dilatant) or negative
(contractile). In 2007, Janmey et al. [37] first reported
contractile behavior in semiflexible biopolymer gels such
as fibrin, which has been confirmed by subsequent studies
[38—41]. However, Janmey et al. [37] also reported a
dilatant behavior in low-modulus, weakly cross-linked
polyacrylamide (PAAm) hydrogels. While this was attrib-
uted to the flexibility of the polymers, instead de Cagny
et al. [42] revealed that poroelastic flow on long timescales
can alter the sign of the normal stress response, so that an
initial dilatant behavior can transition to a contractile one in
PAAm with moduli of order ~100 Pa. They further
suggested that any confined hydrogel would eventually
exhibit negative normal stress in response to shear after
sufficient waiting time. However, here we show stiff
hydrogels with moduli of order 10-100 kPa always exhibit
dilatant, hyperelastic behavior, even long after reaching
poroelastic equilibrium.

Both contractile and dilatant responses in hydrogels can
be predicted based on the change in shear modulus under
compression. Following Tighe et al. [43,44], when sheared
under constant volume, the normal stress response of an
elastic solid can be expressed as

1
7Rvy2 + O(]/4), (1)

A =
OoN 2

where R, is the Reynolds coefficient at a fixed volume,

R, — E(E)y —G. 2)
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Here, G is the shear modulus, E is the Young’s modulus,
and the subscript y implies that the derivative is taken at
constant, infinitesimal shear strain. Generally, G < E, and
the material will exhibit dilatant behavior if the differential
in the first term is large enough and positive. For granular
packings, 0G/doy > 0, as evidenced by studies of dilat-
ancy in granular materials dating back to 1886 [45], and
more recently in a broader class of granular materials such
as emulsions [34]. For spring networks, often used as a
minimal model for cross-linked gels, 0G/doy < 0, imply-
ing that spring networks universally contract upon com-
pression [44,46]. Contractile behavior is indeed observed in
semiflexible biopolymer networks and weakly cross-linked
hydrogels [37,42]. Conversely, tough and stiff hydrogels
are widely used in fundamental and applied science and
are promising candidates for cartilage tissue engineering
[47-50], yet their hyperelastic behavior remains largely
unexplored.

We have conducted a series of both surface tribological
sliding and bulk rheological shearing experiments using
stiff PAAm and polyacrylic acid (PAA) hydrogels. These
hydrogels exclusively dilate in all experiments, in contrast
to low-modulus gels and the expected behavior of network
materials. We first characterized the volumetric diffusion of
the hydrogel network upon compression in order to isolate
transient relaxation behavior from rheological response.
We then illustrate how dilatant behavior is manifested in
confined and unconfined tribological sliding experiments.
Finally, we used oscillatory shear and strain sweep to
directly measure R,, and show that Eq. (2), which is
derived from a purely elastic solid, is a reasonable estimate
to the dilatant behavior. These results provide a natural
explanation for the volumetric expansion of cartilage
during sliding, and are applicable to a broader class of
stiff synthetic hydrogels and biological tissues.

Diffusion-driven relaxation—The hyperelastic response
of hydrogels can change in both magnitude and sign during
poroelastic relaxation [42]. This process is driven by the
relative diffusion of the solvent and polymer network, as
described by Doi et al. [51,52]. The diffusion constant can
be written as

Ek(1 —v)

b :,u(l +v)(1=2v)’

(3)

where E is the Young’s modulus of the hydrogel, & is the
permeability, y is the viscosity of the solvent (water), and v
is Poisson’s ratio [53]. We note that D does not represent
mass diffusion, but rather diffusion of volumetric strain,
V -u, where U is the displacement field [51]. For the
PAAm and PAA hydrogel spheres used in our experiments,
E ~35.7 kPa (Fig. S2) [54], v~ 0.40, and k 52, where
£~ 5-15 nm is the mesh size of the polymer network [55].
Thus we expect D = 2 — 20 x 10~ m?/s. A full description

of the hydrogel preparation methods can be found in
Supplemental Material (SM) [54].

We characterized the diffusion process in our hydrogels by
examining the relaxation of the normal force under com-
pression using a theometer (AR 2000, TA Instruments). With
a 60-mm parallel plate geometry, hydrogel spheres were
compressed on top of a plano-concave lens fully immersed in
a water bath [Fig. 1(b) inset]. A custom solvent trap was
placed on top of the water bath to prevent evaporation over
day-long timescales. Each experiment began by applying a
constant normal force, F, that determined the amount of
compressive normal strain (1% — 10%). We subsequently
recorded the normal force response, F (), during relaxation
for 14 h. The normal strain (determined by the rheometer gap
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FIG. 1. Stiff hydrogels display poroelastic relaxation upon

compression. (a) Under fixed strain, the applied normal force
relaxed to a constant value after many hours. (b) Assuming a
diffusive relaxation process [Eq. (4) and SM Egs. (S1) and (S2)],
the data can be collapsed by scaling both axes. Inset: exper-
imental schematic showing a hydrogel sphere (diameter
~1.5 cm) compressed in a rheometer and left to relax under
constant normal strain. The concave lens ensured centering of
the gel. (c) The extracted diffusion constant was independent of
the exact fitting form and comparable to, or larger than, the self-
diffusivity of water (solid line). Error bars represent 10% for D
and 5% for F,, which comes from variations in the number of
fitted data points.
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size) remained constant during the experiment. Figure 1(a)
shows Fy(r) for commercial PAA and 12% PAAm spheres
with different levels of initial compression. In all cases, Fy (¢)
decreased rapidly at early times but eventually reached a
plateau at late times. This behavior agrees with numerous
previous studies using indentation methods such as the
atomic force microscopy to study hydrogel poroelasticity
[19,56-60].

The data in Fig. 1(a) can be collapsed onto a single curve
by scaling the vertical and horizontal axes. The initial and
final values of the force determine the vertical axis scaling,
whereas time is scaled by 7 = a?/D, where D should be
the diffusion constant [Eq. (3)]. The contact area a was
measured using particle exclusion microscopy [55].
Analytical solutions of simple diffusion problems often
consist of an infinite sum of functions with the form
F(t) =5 f,(Dt/L?*), where L is a characteristic length
scale, and the sum runs over n [61]. As such, we should not
expect a single functional form to describe our data, but we
found good fits with 3—4 parameters. First, to collapse the
data in Fig. 1(a), we used the following empirical function,
taken from Berry et al. [56,57],

FN(I)_FOO
FO_Foo

2.56(Dt/a?)"%

=1- , 4
1 4 2.56(Dt/a?)"% “

where F, = Fy(t = o). Since a is measured by micros-
copy, the fitting parameters were D, F,, and F . Other
fitting functions, such as a stretched exponential with four
parameters, provided similar results, as described in
SM [54]. The collapsed data is shown in Fig. 1(b). The
extracted diffusion constants (D) using Eqgs. (4), (S1), and
(S2) are shown in Fig. 1(c) as a function of the initial
compressive force, F. The values of D ranged from
1.8 — 9.4 x 107 m?/s, which is consistent with the esti-
mate from Eq. (3), and agrees well with values of D
extracted from swelling experiments of similar-sized
hydrogel particles [53]. We note that diffusion is relatively
fast in stiffer hydrogels since the timescale is inversely
proportional to D. For example, in our experiments,
7= 1 h, yet in soft gels where G = 100 Pa, 7 ~ 15 h when
diffusing over similar millimetric length scales [42].
Tribological swelling—Under constant normal load, stiff
hydrogels are free to swell in response to an imposed shear
stress, for example, frictional sliding against a smooth
surface. The shear stress applied at the sliding interface is
transmitted into the bulk, resulting in hyperelastic swelling.
In confined environments where swelling is inhibited, this
effect manifests as an increase in normal stress. In fully
relaxed, compressed hydrogel spheres, we observed slid-
ing-induced swelling using stress-controlled tribology
experiments and strain-controlled rheology experiments.
The Fig. 2(a) inset shows our custom-built tribometer
[55,62]. Hydrogel spheres were compressed onto an acrylic
surface with a constant normal load of F;, = 0.2 N. An ink
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FIG. 2. (a) Stiff hydrogels swell during tribological sliding.

Plotted data represents vertical displacement vs time during
the initial compression (# < 10 h), during sliding at
1.0 cm/s(10 h <t < 13 h), and postsliding (r > 13 h). The
contact radius of the PAA sphere was ~3 mm under a normal
load of 0.2 N. The inset shows an illustration of the stress-
controlled tribology setup for displacement imaging. The relax-
ation and swelling of the hydrogel was monitored by tracking the
vertical position of the pink circle. A thin layer of water was used
to ensure hydration of hydrogel spheres. (b) Stiff hydrogels
exhibit a positive normal force upon sliding under confinement.
The PAA spheres underwent an 8-h initial relaxation, a period of
sliding at a constant sliding velocity (0.3 cm/s), and further
relaxation postsliding. The solid and dashed gray lines are fits to
Eq. (4) with D =5.0x10""m?/s and D =4.7 x 107" m?/s,
respectively, with a similar fitting error as Fig. 1(c). The inset
shows the experimental setup, as described in the main text.
Hydrogels were surrounded by a thin layer of water to ensure
hydration.

spot was marked on the aluminum fixture that held the
hydrogel sphere in place. The spot’s vertical position was
recorded at 1 fps and tracked using image analysis. The
time evolution of the vertical displacement is depicted in
Fig. 2(a). We define r = 0 h when the normal load was first
applied to the hydrogel sphere. For 0 < ¢ < 10 h, displace-
ment creep was observed, similar to the normal force
relaxation in Fig. 1(a). At + =10 h, a constant sliding
velocity of 1 cm/s was applied for 3 h. The vertical
displacement increased rapidly by 70 pm and ultimately
reached a plateau. Importantly, upon cessation of sliding at
t = 13 h, the vertical displacement continued to creep from
the plateau with a similar timescale as the initial creep. This
demonstrates that swelling occurred over the bulk of the
material and not simply at the interface.

In confined environments, the dilatancy of stiff hydro-
gels under shear or sliding will lead to an increased normal
force. To show this, we performed sliding experiments
using a strain-controlled rheometer with PAA commercial
hydrogel spheres, as depicted in the Fig. 2(b) inset. An
aluminum plate (diameter = 60 mm) with three divots was
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glued to the top parallel plate of the rheometer. The divots
were placed at the vertices of an equilateral triangle, each
20 mm from the plate center. A small amount of modeling
clay was used in the divots to prevent undesired rolling of
the spheres. Sliding occurred at a smooth acrylic surface at
the bottom of each sphere. An initial normal force of Fy =
0.9 N was applied to compress the hydrogel spheres for 8 h.
Subsequently, we applied a constant sliding velocity v =
0.3 cm/s to hydrogel spheres for ~13 h. Hydrogel spheres
were monitored for 8 h post sliding. The gap size was
constant throughout the experiment, corresponding to a
normal strain of 3%. Upon initial compression, the normal
force relaxed similarly to Fig. 1(a). During sliding
(8 <t <21h), Fy initially increased by nearly 20%
and eventually stabilized around the 16th hour. The post-
sliding relaxation observed in Fig. 2(b) occurred over a
similar timescale as the relaxation from the initial com-
pression, providing further evidence of bulk, hyperelastic
swelling during sliding.

Hyperelastic dilation from simple shear—To further
show that the dilatant effects observed during sliding are
a bulk property, we used oscillatory rheology to quantita-
tively investigate the strain dependence predicted in
Egs. (1) and (2). We fabricated PAAm disks of thickness
6 mm and diameter 60 mm. The hydrogel disks were fully
immersed in deionized water and placed between acrylic
plates affixed with sandpaper to ensure a large static
friction, as illustrated in Fig. 3(a). The PAAm disks were
initially compressed with a normal stress of ~2-3 kPa,
corresponding to a normal strain of 5%, and then relaxed
for 14 h. Oscillatory strain sweep experiments were
conducted over the range 0.006 <y <0.32, spending
25 s per point. An oscillatory frequency of 1 Hz was
chosen since it is much faster than the diffusive relaxation
timescale. The change in normal stress, Aoy, is shown in
Fig. 3(b) for multiple experiments and four different
monomer concentrations. All data show remarkable agree-
ment with Acy « y> [Eq. (1)] over more than a decade in
strain. Using Eq. (1) and accounting for the average dilatant
effect over the plate area [54], we found that R, ranged
from 13 to 538 kPa. This coefficient can be theoretically
described by Eq. (2), which relies on Maxwell relations
for the derivatives of elastic moduli in a hyperelastic
material [43].

A hydrogel is necessarily more complex due to its
poroelastic nature, i.e., there are time-dependent effects.
Since the data from Fig. 3(b) start from a fully relaxed state
of compression, we chose to measure the complex elastic
shear modulus, |G*| =VG” + G"?, and the Young’s
modulus, E, for fully relaxed hydrogels. The moduli of
PAAm hydrogels can vary widely depending on cross-
linker concentration and environmental conditions [63]. We
choose a wide range of samples [Fig. 3(b)] to illustrate the
robustness of shear-induced dilation. We found that across
multiple samples, the data could be reasonably collapsed by
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FIG. 3. Oscillatory rheology of hydrogels reveals a hyperelastic

dilatancy. (a) Illustration showing a compressed PAAm disk of
diameter 60 mm and thickness 6 mm between two acrylic disks
affixed with sandpaper. Each hydrogel disk was compressed with
an initial normal stress and allowed to relax prior to testing.
(b) The change in normal stress (Aoy) vs strain (y) for different
hydrogel samples during an oscillatory strain sweep at 1 Hz. Each
point is an average of 25 s spent at the corresponding strain.
Dashed lines represent fitting results using the function Aoy =
R,7*/4 [Eq. (S8) [54]]. (c) By normalizing Acy using |G*|
at each value of the strain (see Fig. S2), the data in panel (b) can
be reasonably collapsed. The solid line represents Acy/
|G*| ~ 5.97%. (d) Complex modulus |G*| vs 6y measured via
oscillatory shear (1 Hz) at constant shear strain (y = 0.05).
(e) Normal stress versus normal strain. Young’s modulus (E)
can be calculated from the data [Eqgs. (S5) and (S6) [54]]. For
each point in (d),(e), the hydrogel was relaxed to equilibrium 3 h
before testing, and the dashed lines represent linear fits. (f) Aoy
vs time for an 8% PAAm disk that was initially compressed to
2000 Pa. A subsequent period of shear stress (o, = 150 Pa)
induced an increase in normal stress during the relaxation. The
dashed line is an exponential fit to the relaxation period to
estimate F',, which is used to determine Aoy = 0. During shear,
the strain remained constant at ~20%, indicating minimal slip at
the hydrogel and sandpaper interfaces.

normalizing Acy by |G*|, which may be expected by the
modulus dependency in Eq. (2). The collapse is shown in
Fig. 3(c). Since |G*| can decrease with y (Fig. S3), normal-
izing the data shifts their vertical position and also leads to a
more consistent power law relationship, Aocy/|G*|~
Cy?/4, where C = 23.5, as shown by the solid line.
Figures 3(d) and 3(e) shows |G*| as a function of o, and
oy as a function of the normal strain for a 12% PAAm gel.
Assuming a linear relationship for both, we extracted
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d|G*|/doy(=0.93 +0.076) and E = 23.0 + 1.9 kPa from
the slopes of each fit, respectively. Errors were estimated
from variation of linear fits in Figs. 3(d) and 3(e),
respectively. To account for viscoelasticity, |G*| was used
instead of G [34], and the measurement of E accounted for
the no-slip boundary conditions on the confining parallel
plates [Eq. (S5) [54,64]]. With these values, Eq. (2)
estimates R, = 13.3 4 4.26 kPa. This should be compared
to 14.2 kPa for the 12% PAAm hydrogel shown in
Fig. 3(b). The agreement is remarkable given that
Eq. (2) relies solely on elastic energy [43], whereas the
free energy of a hydrogel contains both elastic and mixing
free energies [51,65].

Lastly, to demonstrate that this increase of Aoy upon
applied strain does not lead to an eventual negative normal
stress as observed by de Cagny et al. [42] in low-modulus
PAAm hydrogels, we compressed an 8% PAAm slab for
14 h, then applied a constant shear stress of 150 Pa for an
additional 8 h, as shown in Fig. 3(f). We observed an
exclusively positive normal stress response during this
period, although concomitant with the continuing relaxa-
tion from compression. This further demonstrates that
applied shear stress, regardless of the source, leads to a
bulk dilational effect in stiff hydrogels.

Summary and outlook—We provided compelling evi-
dence that stiff hydrogels exclusively dilate due to shear in
both tribological and rheological experiments. The dilat-
ancy was observed across short and long timescales and can
be explained by the bulk, hyperelastic properties of hydro-
gels. Specifically, the measured Reynolds dilation coeffi-
cient (R,) showed excellent agreement with leading order
predictions from elasticity theory. Our results contradict
prior experiments and theory suggesting purely contractile
behavior in network materials and all hydrogels (provided
sufficient time has elapsed for poroelastic relaxation).
These results also provide an alternative explanation for
the natural rehydration of stiff tissues such as cartilage
during mechanical shearing, where dilation imbibes the
surrounding synovial fluid. Although cartilage is more
heterogeneous and complex than the hydrogels we
investigated in this Letter (i.e., synovial fluid can be
non-Newtonian), the fact that shear-induced swelling exists
in both natural cartilage and simple stiff hydrogels suggests
a more universal mechanism derived from the cross-linked
network structure.

Given the contractile behavior observed in low-modulus
gels, we expect the Reynolds coefficient R, to change sign
as the polymer network stiffens or softens. This transition
should be related to the network microstructure and cross-
linking density. Although purely elastic models such as
random spring networks can capture many mechanical
properties of hydrogel materials, they fail to capture shear-
induced dilatancy [44]. While it is natural to assume that
the amount of precompression (prestress) in hydrogels
could affect their hyperelastic behavior, as expected in

random spring networks, we did not see strong evidence of
this in our experiments. We speculate that in dense, stiff,
and highly cross-linked hydrogels, entropic effects encom-
passing both the crowded polymers and the solvent cannot
be captured by a simple harmonic spring network. The
relationship between hyperelasticity, poroelasticity, and
hydrogel microstructure provides many open questions
for future research. Finally, because stiff PAAm hydrogels
are widely used for micromechanical measurements of cells
and tissues (i.e., traction force microscopy [66—68]), we
suggest that hyperelastic, shear-induced dilation should be
considered when interpreting any data involving large
deformations in stiff hydrogels.
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