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When a soft material (gel, elastomer, or biological tissue) is compressed beyond a critical strain, its
smooth surface forms creases. During this process, a material particle near a crease undergoes a path
of load and unload. If the material is elastic, the load and unload do not dissipate energy, and the
crease sets in at a critical strain about 0.35. If the material is inelastic, however, the load and unload
dissipate energy, and the crease is expected to set in at a higher critical strain. Here we study the
effect of inelasticity on the onset of creases using alginate-polyacrylamide hydrogels. Such a hydrogel
consists of two interpenetrating polymer networks: a polyacrylamide network of covalent crosslinks,
and an alginate network of ionic crosslinks. The former is stretchy and elastic, while the latter unzips
at a small stretch and causes inelasticity. We prepare alginate-polyacrylamide hydrogels with various
degrees of inelasticity by varying the concentration of alginate. Our experiment confirms that larger
degree of inelasticity leads to larger critical strain for crease. This study shows an example that the
chemistry of materials affects the mechanics of creases.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

A crease is a localized self-contact that forms on the surface
of a soft material under compression [1,2]. During the formation
of a crease, the material particles around the crease experience
load and unload. Inelasticity dissipates energy and is expected to
retard the critical strain for the onset of crease. For the time being,
consider load and unload of a material under uniaxial stress.
When the material is elastic, the load and unload follow the same
stress—strain curve, and dissipate no energy (Fig. 1(a)). When the
material is inelastic, the load and unload follow different stress-
strain curves, and the area enclosed by the two curves is the
dissipated energy per unit volume of the material (Fig. 1(b)).

For an elastic material, the critical strain for the onset of crease
is around 0.35 [3,4]. Such creases are observed widely [5], on
an elastomer or hydrogel under bending or compression [3,4,6-
8], on a hydrogel swelling under constraint [9-14], on a tissue
growing under constraint [15-18], and on a hydrogel or a dielec-
tric elastomer under electric fields [ 19-22]. Furthermore, creases
have been harnessed to achieve functions, including a mechan-
ically gated electrical switch [23], an adaptive lens [24], as well
as surfaces capable of controlling wettability [25], chemical pat-
terns [26], enzymatic activity [27] and cellular behavior [11]. For
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an inelastic material, energy dissipation can retard the formation
of creases [28]. For example, creases can form on a high-density
polyethylene (HDPE) at a strain of 0.49 [28], in a compressed
plastic film on a compliant substrate [29] and under electric
fields [30], but cannot form on metals (aluminum, copper, and
stainless steel) [28].

Here we study the effect of inelasticity on creases using a fam-
ily of hydrogels, which we can prepare to exhibit various degrees
of inelasticity. A hydrogel contains a three-dimensional polymer
network, which offers means to tune the mechanical properties
by changing proportions of the chemicals in the precursor. For
example, the elastic modulus increases with the crosslinking
density [31], and the toughness improves by incorporating sac-
rificial bonds [32] (e.g., weak bonds [33,34], polymer chains [35],
clays [36], brittle polymer networks [37,38], and fibers [39]).
Importantly, the hysteresis of the hydrogel can be also tuned by
these sacrificial bonds.

For this study, we prepare a series of alginate-polyacrylamide
(alg-PAAM) hydrogels, which we developed before [38]. The alg-
PAAM hydrogel consists of two interpenetrating polymer net-
works: a polyacrylamide (PAAM) network of covalent crosslinks,
and an alginate network of ionic crosslinks (Fig. 2(a)). The PAAM
network is stretchy while the alginate network is brittle. When
the alg-PAAM hydrogel is deformed, the PAAM network is elastic
and remains intact, but the alginate network breaks by unzipping
the ionic bonds (Fig. 2(b)). The network breaking process is in-
elastic, which causes hysteresis and dissipates energy. To tune
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Fig. 1. Load and unload stress-strain curves in elastic and inelastic materials. (a) For an elastic material, load and unload follow the same stress-strain curve, and
no energy is dissipated. (b) For an inelastic material, load and unload follow different stress-strain curves. The Area between the two curves is the energy dissipated

per unit volume of the material.
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Fig. 2. Alginate-polyacrylamide hydrogel. (a) A alginate-polyacrylamide network consists of a stretchy polyacrylamide network and a brittle alginate network. (b)
When the alginate-polyacrylamide network is deformed, the polyacrylamide network is elastic and remains intact, but the brittle alginate network breaks by unzipping

the ionic bonds.

the amount of hysteresis of the hydrogel, we vary the alginate
concentration while keep the calcium concentration relative to
alginate fixed. As the alginate concentration increases, more ionic
bonds participate in forming alginate network, and also more
ionic bonds are ruptured in the deformation, leading to larger
hysteresis. We prepare several alg-PAAM hydrogels of disk shape
with different alginate concentration. The stress-strain curve of
each hydrogel specimen is measured to show the size of hys-
teresis with different alginate concentration. We next perform
compression tests for each hydrogel specimen and measure the
critical strains for the onset of creases. We discuss these exper-
imental findings in terms of the mechanics of creases and the
chemistry of the hydrogels.

2. Experimental methods
2.1. Synthesis of alg-PAAM hydrogel

We synthesize alg-PAAM hydrogels using a two-step method
described before [40] (Fig. 3). In the first step, we prepared
PAAM hydrogels with uncrosslinked alginate chains. We first
mixed 40.56 g acrylamide powder (AAM, Sigma-Aldrich, A8887)
and sodium alginate powder (FMC Biopolymer, Manugel GMB)
of weights 0 g, 1.13 g, 3 g and 6.78 g (alginate/AAM = 0,
2.78 wt%, 7.4 wt% and 16.72 wt%) in 300 ml deionized water.
We added N,N’-methylenebisacrylamide (MBAA; Sigma-Aldrich,
M7279) as covalent crosslinker (MBAA to acrylamide weight ra-
tio is 0.0006:1), N,N,N’,N’-tetramethylethylenediamine (TEMED;
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Fig. 3. Preparation of alg-PAAM hydrogel specimens. The synthesized PAAM hydrogel with different alginate concentration is soaked in a 1 M CaCl, reservoir to
allow calcium ions to diffuse into the hydrogel and ionically crosslink alginate chains to a alginate network, which leads to a alg-PAAM network. A test specimen

of disk shape is obtained by punching the alg-PAAM hydrogel.

@) .
Apply compression
(b) 140 | — Alginate/AAM wt%=0 (pristine) (C) — 25
—— Alginate/AAM wt%=2.78 "’E
1204 | — Alginate/AAM wt%=7 4 5 204
—— Alginate/AAM wt%=16.72 X
100 2
s 2 154 ’
a
& 801 2 i
2 5 ¢
g 07 % 10 is
e
? 40 = L
©0 54 7’
20 'g 2
> -x
O 0 B—-—-w—-—"
0.0 0.1 0.2 0.3 04 05 0.6 W5 . T L P, L
0 2 4 6 8 10 12 14 16 18

Applied compressive strain

Alginate/AAM wt%

Fig. 4. Load-unload behaviors of alginate-polyacrylamide hydrogels. (a) Schematic illustrations of the compression tests to measure the load-unload curves. The
compression is applied in the specimen’s thickness direction. (b) Load and unload curves of alg-PAAM hydrogels with different alginate concentration. (c) Density of

energy dissipation increases with the alginate concentration.

Sigma-Aldrich, T7024) as crosslinking accelerator (TEMED to acry-
lamide weight ratio is 0.0028:1), and ammonium persulfate (APS;
Sigma-Aldrich, A9164) as initiator (APS to acrylamide weight
ratio is 0.01:1) into the precursor solutions. The precursor so-
lutions were sufficiently mixed and then poured into square
glass molds of dimensions 60 mm x 60 mm x 6 mm, and
covered with a 3-mm-thick glass plate. The precursor solutions
were stored at room temperature overnight to complete poly-
merization. Afterwards, we took the hydrogel out to proceed next
step.

In the second step, except for the pure PAAM hydrogel (algi-
nate/AAM = 0 wt%) which was directly used in the compression
test, the rest PAAM hydrogels with different alginate concen-
tration were soaked in a 1 M calcium chloride (Sigma-Aldrich,
793639) solution for at least 5 days. The soaking process allowed
calcium ions to diffuse into the hydrogels and ionically crosslink
the alginate chains to alginate networks. Thus, the PAAM hydro-
gels with alginate chains became alg-PAAM hydrogels.

The alg-PAAM hydrogels were then punched into a disk shape
of 15 mm in diameter and 6 mm in thickness (Hammer-Driven
Hole Punches; McMaster-Carr). The disk shape hydrogel was a
test specimen.

2.2. Stress-strain curves of alg-PAAM hydrogels

The stress—strain curves of alg-PAAM hydrogels with differ-
ent alginate concentrations were measured through compression
tests on an Instron test machine (model 3342). All tests were
performed in air, at room temperature, using a 500-N load cell.
Before tests, Teflon films of thickness ~0.254 mm (Extreme-
Temperature Slippery PTFE; McMaster-Carr) were pre-attached
on both compression platens to lower the friction between the
hydrogel and the platen. An aerosol lubricant (WD-40) was then
sprayed on the Teflon films to further reduce friction. We placed
alg-PAAM hydrogel between two platens, and applied compres-
sion in the specimen’s thickness direction (Fig. 4(a)). The dis-
placement rate was fixed at 10 mm/min. The compressive strain
(applied displacement divided by the thickness of the hydrogel)
was applied up to 50% of the initial thickness, and then unloaded.
The load and unload curves were recorded.

2.3. Crease tests for alg-PAAM hydrogels

The crease tests for alg-PAAM hydrogels were performed un-
der the same experiment setups as described above, but with
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Fig. 5. Crease tests. (a) Schematic illustrations of the compression tests to trigger creases. The compression is applied along the specimen’s diameter direction. (b)
A sequence of snapshots of alg-PAAM hydrogels with different alginate concentration at varied applied strain. Creases are observed first in the specimens with
alginate/AAM = 0 wt% and 2.78 wt%, and then 7.4 wt% and finally 16.72 wt%. The scale bar is 2 mm. (c) Critical applied strains of creases increase with the alginate

concentration.

the compression direction being in the specimen’s diameter di-
rection (Fig. 5(a)). The compression generated an inhomogeneous
strain field in the specimen, with the highest strain at the center
(Fig. 6(a)). Such strain concentration was leveraged to trigger
creases at a relatively lower applied strain. Therefore, creases
were expected to form at the center of both sides of the specimen.
The displacement rate was fixed at 10 mm/min. The entire crease

tests were recorded by a digital camera, and the critical applied
strains were determined from video.

3. Results and discussion

The load and unload curves of alg-PAAM hydrogels with dif-
ferent alginate concentrations vary distinctively (Fig. 4(b)). When
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Fig. 6. Critical strains in plane strain condition. (a) The strain field in the specimen along the loading direction. Higher strain is observed at the center of the
specimen. Images are generated from finite element simulation. (b) The local strains ey, and ey at the center of the specimen evolve with applied strain. (c) The
local critical strains for creases increase with alginate concentration. (d) A schematic illustration to convert strains in generalized plane-strain condition to those in
plane-strain condition. (e) Critical strains in plane strain condition increase with alginate concentration.

the alginate concentration is low, e.g., alginate/acrylamide = 2.78
wt%, the load and unload curve is almost the same as that for
the specimen without hysteresis (alginate/acrylamide = 0 wt%).
The hysteresis is negligible. As alginate concentration increases,
e.g., alginate/acrylamide = 16.72 wt%, the alg-PAAM hydrogel
stiffens. The stress level increases by two orders of magnitude,
from 5 kPa to 130 kPa, at the strain of 0.5. Upon unloading,
the unloading path differs from the loading path, leading to a
substantial hysteresis and a large residual strain. The dissipated
energy during load-unload increases with alginate concentration
(Fig. 4(c)). When alginate/acrylamide = 2.78 wt%, the energy dis-
sipated is 0.05 kJ/m>, almost same with that of a PAAM hydrogel,

indicating that a small amount of ionic bonds breaks and little
energy is dissipated. As alginate concentration increases to 16.72
wt%, the energy dissipation raises drastically to 15.33 kJ/m?>. This
large dissipation is due to the unzip of a large number of ionic
bonds in the alginate network.

To investigate the effect of hysteresis on the formation of
creases, we use the same types of specimens but apply compres-
sion in the diameter direction. We record the critical strain to ini-
tiate the creases (Fig. 5(a)). Unlike the compression in the thick-
ness direction, where the deformation is homogeneous, compres-
sion in the diameter direction generates an inhomogeneous strain
field, and the largest strain occurs in the center of the specimen
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(Fig. 6(a)). A sequence of deformation of alg-PAAM hydrogels with
different alginate concentration is captured at different applied
strain (Fig. 5(b)). Before tests (applied strain = 0), the surfaces
of all specimens are smooth. As the applied strain increases to
0.17, the surfaces of all specimens remain smooth. At applied
strain of 0.38, we observe that the specimens with alginate/AAM
= 0 wt¥% and 2.78 wt% start to form crease at the center of
the specimen on both sides, while the surfaces of the other two
specimens are still smooth. When the applied strain further in-
creases to 0.52, the two already formed creases extend across the
surface. The specimen with alginate/acrylamide = 7.4 wt% starts
to form creases. At applied strain as large as 0.6, creases finally
form in the specimen with alginate/acrylamide = 16.72 wt%. The
experimental observations clearly show that the formation of
crease retards as the hysteresis of alg-PAAM hydrogel increases
(Fig. 5(c)). The mechanism can be understood as follows. In order
to form a crease, a material particle on the flat surface serving
as a crease nucleation point needs to move downwards into the
material and subsequently causes deformation nearby. Each ma-
terial particle around the crease tip undergoes non-proportional
loading. For example, consider the material particle directly be-
neath the crease tip. In the direction of the applied load, the
material particle is subject to a compressive strain prior to the
formation of the crease, but is subject to a tensile strain after
the formation of the crease. Inelastic deformation (e.g., plastic
flow, material damage) dissipates energy. As a result, hydrogels
of larger hysteresis dissipate more energy and store less elastic
energy. To gain sufficient elastic energy to initiate the crease, the
applied compressive strain must increase, thus leading to a larger
critical strain for the onset of crease.

We next carry out finite element simulations (Abaqus 6.12/
standard) to calculate the local strain at the center of the spec-
imen. Note that the finite element calculation here does not
attempt to simulate the formation of crease. In a previous study,
we carried out a finite element calculation to determine the criti-
cal strains for the onset of creases in elastic—plastic materials [28].
The intention here is to determine the strain at the center of a
disk prior to the formation of creases. We build a computational
model of the same geometry of the specimen and mesh with
8-node linear brick C3D8RH. The specimen is modeled as the neo-
Hooken material (the type of model does not affect the strain
field). Due to symmetry, only 1/8 of model is simulated. We
choose front-right part of the model and assign the left plane,
the bottom plane and the back plane as symmetric planes. An
analytic rigid plane functioning as the compression platen is
placed in contact with the disk on the top. The contact interface is
assumed frictionless, since we do not observe obvious deforma-
tion constraint at the hydrogel boundaries in the experiments. A
compressive strain is applied vertically on the rigid plane, and the
vertical strain field of the specimen is determined (Fig. 6(a)). The
maximum strain takes place in the center of the disk. The local
strains ey, and ey, at the center of the specimen are calculated
as a function of applied strain (Fig. 6(b)), and show a moderate
strain concentration. Using the experimentally measured critical
strains for creases (Fig. 5(c)), we calculate the corresponding local
critical strains ey, at the center (Fig. 6(c)).

We further convert the local critical strains into those in stan-
dard plane strain condition. As the specimen deforms, the strain
in its perpendicular direction ey, at the center of the specimen is
finite. That is, the formation of crease is in a state of generalized
plane strain condition, which can be transformed into an equiva-
lent plane strain condition following the procedure described in
ref. [4] (Fig. 6(d)) (the material can be regarded as a nonlinear,
incompressible elastic material before creases set in since there
is no unload taking place). Briefly, a unit cube in the reference
state deforms to a current state where crease forms by principal

stretches A; (i = 1, 2, 3); imagine an intermediate state, where the
unit cube is first stretched by A = A, with A9 = 13 = 1//2.
This intermediate state can be regarded as a new reference state;
let A; be the stretches measured from the intermediate state to
the current state. A, is fixed in the deformation, A, = 1, and
A1’ is the critical stretch in plane strain condition. We have the
following relations

A = MV s As = A/ A

Since we already know the critical stretches for creases under
generalized plane strain condition (Fig. 6(c)), the critical strains
for creases in plane strain condition can be calculated as A; =
*iv/Aa, where A1 = 1 + e,y and Ay = 1 + ey. The results
show that the critical strains of creases increase with hysteresis
(Fig. 6(e)). The critical strains with alginate/AAM = 0 and 2.78
wt% are around 0.35, which agrees with the reported value of
crease formed in materials without hysteresis. The critical strains
with alginate/AAM = 7.4 wt% and 16.72 wt% are higher than
0.35, which are 0.4 and 0.49, respectively. Even higher alginate
concentration would lead to even higher critical strain, but is
difficult to determine from our experiment setup.

That inelasticity affects the onset of creases can potentially
enable the design of crease-resistant materials. Such crease-
resistant materials may find applications in engineering, such
as an adaptive lens that functions under various geometry and
swelling state, a soft actuator that bends without creases, and a
tire sustains large bending deformation without forming creases
can prevent earlier failure. Because inelasticity is undesirable in
many applications, a crease-resistant material should be designed
such that it is elastic when stretch is modest, but becomes
inelastic when stretch is large. Thus, in application, most part of
the material is elastic, but the sites of stress concentration will
undergo inelastic deformation and retard the onset of creases.

4. Conclusion

We use alg-PAAM hydrogels to study the effect of inelasticity
on the onset of creases. We vary the alginate concentration in the
alg-PAAM hydrogel to change its degree of inelasticity. A higher
alginate concentration leads to a larger hysteresis, and also a
larger energy dissipation. We conduct compression tests on disk-
shape alg-PAAM hydrogels of varied alginate concentration, and
show that creases form at a higher critical strain with higher
alginate concentration. We further convert the critical strains
measured in the experiment to those in plane strain condition,
and show that the larger energy dissipation increases the critical
strain for the onset of creases. Chemistry affects rheology, and
rheology affects the onset of creases.
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