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Unconstrained dynamic gel swelling generates
transient surface deformations†

Alyssa VanZanten, a Shih-Yuan Chen, b Michelle M. Driscoll b and
Caroline R. Szczepanski *a

Polymer gels are comprised of a three-dimensional, cross-linked network that can typically withstand

the mechanical deformation associated with both swelling and de-swelling. Thus, gels can be designed

with smart behaviors that require both stress generation and dissipation, making them well-suited to

many applications including membrane technology, water capture devices, and drug delivery systems.

In contrast to the fully swelled equilibrium state, limited research characterizes the unsteady-state

swelling regime prior to equilibrium. It is in this regime where unique surface deformations can occur.

Here we show how internal network constraints and external diffusive pressure can be leveraged

to manipulate swelling kinetics and surface deformations in poly(ethylene glycol) gels during

unconstrained, three-dimensional swelling. We find that increasing cross-linker molecular weight and

swelling in ethanol, as opposed to water, are both effective routes to increase the time it takes to reach

equilibrium but do so through different mechanisms. Networks with fewer internal constraints,

manipulated via cross-linker chain-length, imbibe more solvent over a longer time. In contrast, swelling

in ethanol reduces the amount of solvent imbibed by the network while increasing the time to reach

equilibrium. Measurements of surface patterns during swelling establishes that an immediate, fast

relaxation at the surface occurs during the first five minutes of swelling. However, the density and

persistence of these features varies with solvent quality. These results establish a framework for how soft

materials undergo dynamic deformation. Engineering transient surface properties while mitigating

unwanted instabilities opens the door for emerging technologies such as smart anti-fouling and sensors.

1 Introduction

The development of smart soft materials in recent years has
largely focused on utilizing stimuli-responsive polymers,
because of the numerous synthetic pathways available to tailor
their responsive behavior.1–4 For example, hydrogels, which are
cross-linked, elastic polymer networks capable of absorbing
large amounts of liquid, can be designed to swell and de-swell
in response to external stimuli, like heat, solvent quality, and
light.5,6 These qualities make hydrogels attractive for targeted
drug delivery systems7,8 and tissue engineering.9,10 For instance,
controlled release in delivery applications requires precise tailor-
ing of transport kinetics11 and internal forces,12 such as the
generation and dissipation of stresses during gel swelling. Inter-
estingly, the significant internal stresses that arise during swelling
are known to induce instabilities, such as bulk buckling and

surface deformation.13–15 These instabilities are relevant and
must be understood at a fundamental level, since changes at
the surface of a material can dramatically impact its interactions
with surrounding fluids. Thus, establishing how synthetic han-
dles, such as cross-link density, impact surface deformation is
critical when tailoring gels for specific application fields. This
work utilizes hydrogel swelling as a platform to establish the
fundamental stress generation and dissipation mechanics that
lead to reversible surface deformation in soft materials.

To understand swelling of a polymer network at a funda-
mental level, researchers often turn to Flory–Rehner polymer
solution theory, which posits that gel swelling is driven by two
opposing forces: (1) the force of mixing that results from the
attraction between the polymer network and the solvent, and
(2) the opposing elastic force that is due to the resistance of the
elastic network to stretching during swelling.16–18 This theory
successfully summarizes the complex interplay of forces that
govern swelling, and therefore captures a broad range of gel
swelling phenomena, such as the existence of continuous and
discontinuous volume phase changes, and the effects of tem-
perature, pH, and salt concentration on swelling.19 However,
while Flory–Rehner describes the fully swelled, equilibrium

a Department of Chemical Engineering and Materials Science, Michigan State

University, East Lansing, MI, USA. E-mail: szcz@msu.edu
b Department of Physics and Astronomy, Northwestern University, Evanston, IL, USA

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d4sm00762j

Received 21st June 2024,
Accepted 2nd August 2024

DOI: 10.1039/d4sm00762j

rsc.li/soft-matter-journal

Soft Matter

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/2

9/
20

24
 1

1:
59

:1
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

https://orcid.org/0009-0007-1385-8822
https://orcid.org/0000-0002-9606-787X
https://orcid.org/0000-0002-0930-9579
https://orcid.org/0000-0001-6991-970X
http://crossmark.crossref.org/dialog/?doi=10.1039/d4sm00762j&domain=pdf&date_stamp=2024-08-12
https://doi.org/10.1039/d4sm00762j
https://doi.org/10.1039/d4sm00762j
https://rsc.li/soft-matter-journal
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00762j
https://pubs.rsc.org/en/journals/journal/SM
https://pubs.rsc.org/en/journals/journal/SM?issueid=SM020034


This journal is © The Royal Society of Chemistry 2024 Soft Matter, 2024, 20, 6742–6753 |  6743

state, there are systems to which this theory cannot be applied.
For example, the use of macromeric (e.g., longer) cross-linkers,
which are common in hydrogel development, deviates from
the small-chain cross-links proposed by Flory–Rehner.20,21

Furthermore, the derivation of the Flory–Rehner theory
assumes that a polymer network is in an equilibrium state
where the chemical potential (m) is equivalent inside and out-
side of the gel. When considering the unsteady-state swelling
regime prior to equilibrium, this assumption no longer holds
true. Some models combine kinetic behavior with Flory–Rehner
fundamentals;22 however, assumptions of local equilibrium are
still typically required. Thus, understanding transient swelling
behavior prior to an equilibrium state remains a challenge.
Bulk instabilities such as spontaneous fracture and dynamic
surface deformation arise during non-equilibrium swelling,
which highlights the need to understand this transient
behavior.13,23 Understanding the origin of these instabilities
will provide information on how localized stress gradients arise
during swelling, as well as the mechanisms by which mis-
matched internal stresses are dissipated during transient
swelling.

Despite the limited characterization of transient swelling,
prior studies on equilibrium systems provide guidance as to
what parameters can significantly impact gel swelling. For
instance, we know that equilibrium swelling depends on cross-
linking,24 polymer–solvent interaction,25 and environmental
conditions.18,26 Additionally, studies that analyze the kinetics of
swelling show that geometry,27 polymer–solvent interaction,17,28

and diffusion rate29 strongly impact swelling, but more work is
needed to understand how these factors influence the dynamics
of internal stress during the entire swelling process. Building
upon this foundation, here we examine the changes in transient
swelling and instability behaviors (e.g. surface deformations such
as wrinkling, creasing, and folding) due to variations in both
network constraints and solvent quality.

Many models of hydrogel swelling have been developed to
capture these instability behaviors, which are driven both by
solvent diffusion and non-linear, viscoelastic deformation of
the polymer network.28,30–35 However, these models typically
assume a two-dimensional material geometry either consist-
ing of a thin ‘skin’ layer adhered to a softer foundation, or a bi-
layer material consisting of two layers with finite thickness.36

With this geometry, the wavelength and amplitude of wrinkles
on the surface are related to the compressive force in the skin
layer.37 Furthermore, in many two-dimensional systems, sur-
face deformations are engineered by imposing bulk strain,
either manually through stretching38,39 or by constraining a
gel to a substrate during swelling,12,15,38,40–44 as well as by
creating a depth-wise cross-linking gradient.15,45–47 While
these models and prior works characterize and describe
behaviors such as wrinkling in coatings and thin films,
assumptions that the elastic modulus and skin layer thickness
are at steady-state do not apply to the system presented
herein, which features free, unconstrained gel swelling, where
material parameters are transient. While characterizing
surface deformations in a transient, unconstrained system is

challenging, it is crucial for engineering applications as these
instabilities can be leveraged to impart anti-fouling or adhe-
sive properties.37,48

To describe the network response during swelling, we can
consider three aspects that evolve dynamically and are inter-
related: (1) swelling kinetics, (2) stress dynamics, and (3) surface
deformation mechanics. (1) Swelling kinetics defines the rate
at which solvent is transported into and through a gel, and is
dependent on many factors, such as cross-link density and
polymer–solvent attraction.11,27,29,47,49 Swelling kinetics depend
on how effectively polymer chains can move and stretch in
response to swelling, as well as diffusion of solvent molecules.
When swelling begins, the surface of a gel becomes saturated
and stretches to accommodate diffusing solvent while being
constrained by the inner portion of the material that is not yet
expanding or responding to swelling, since the solvent mole-
cules have not yet diffused to the interior. (2) These kinetics
broadly influence stress dynamics, such as the stress that
builds up due to mismatched swelling in the outer versus
inner regions and the compressive stress experienced at the
surface of the gel.7 The magnitude of stress experienced locally
changes based on the speed at which the saturated outer region
diffuses inwards toward the unsaturated center. As a result of
internal stress changing and dissipating, surface deforma-
tion is observed to be transient as swelling progresses. (3)
The solvent-saturated outer layer becomes softer than the
bulk,17,44 and this mismatch between layers results in a buildup
of compressive stress at the surface, thus leading to deforma-
tion (e.g., creasing).14,40,41,50 The evolution of surface instabil-
ities is directly linked to swelling kinetics, stress dynamics, and
therefore network relaxation. Measurements of how creasing
patterns evolve during swelling can give us a window into the
mechanics of dynamic deformation.

The work presented here utilizes a three-dimensional bulk
swelling setup, where the samples are not constrained during
swelling and therefore imbibe water on all faces. We present
unique, transient creasing of poly(ethylene glycol)-based gels
and characterize both the swelling kinetics and surface defor-
mation evolution. In Section 3.1 we characterize the instability
behaviors that occur during transient swelling, focusing on the
three-stages of surface deformation. We highlight a grid-like
surface pattern that emerges after 20 minutes of swelling,
which has only been described in a limited context prior to this
work.13 The impact of network constraints on swelling kinetics
and capacity is investigated in Section 3.2 by manipulating
cross-link fraction and molecular weight of the cross-linker
employed. We also characterize how external diffusive pres-
sure can be modulated via (co)solvent quality in Section 3.3.
Specifically, swelling in ethanol as opposed to water is shown
to decrease the rate of solvent imbibement, while the rate of
swelling in water–ethanol (co)solvents changes non-mono-
tonically with respect to ethanol content. Finally, crease evolu-
tion and kinetics are quantified through imaging measure-
ments to infer stress dynamics in Section 3.4. This study will
be used to understand the fundamental factors, both internal
and external, that drive network relaxation during swelling.
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2 Experimental
2.1 Materials

The base monomer employed in this study is poly(ethylene
glycol) methyl ether acrylate (PEGMA) with a molecular weight
of 400 g mol�1. To form a network structure (gel), a cross-linker
was incorporated into the polymerization. Two different poly-
(ethylene glycol) diacrylate (PEGDA) cross-linkers were employed,
one with an average molecular weight of 700, and the other
10 000 g mol�1. In all formulations, the photoinitiater used was
2,2-dimethoxy-2-phenylacetophenone (DMPA). All materials were
obtained from Sigma-Aldrich and were used as received. For
swelling experiments, deionized (DI) water was obtained via an
in-house DI water source and 200-proof ethanol was obtained
from Koptec. (Co)solvent solutions were prepared by mixing DI
water and 200-proof ethanol at the following volume ratios:
90 : 10, 75 : 25, 50 : 50, 25 : 75, and 10 : 90 (water : ethanol).

2.2 Methods

Formulation preparation and UV curing. To manipulate
network structure, two different control parameters were
employed when formulating resins: (1) the relative fraction of
cross-linker (PEGDA) and (2) the molecular weight of cross-
linker employed (PEGDA-700 or PEGDA-10 000), as shown in
Table 1. Throughout the remainder of the manuscript, formu-
lations will be referenced by their name, which follows the
pattern PEGDA(mol%):PEGMA(mol%). If the formulation was
made with PEGDA-10 000, it is noted by the use of ‘‘10k’’ at the
beginning of the name. If this notation is absent, PEGDA-700
was used in the formulation.

The photoinitiator loading in all formulations was 0.5 wt%,
meaning that the loadings listed for PEGMA and PEGDA in
Table 1 constitute 99.5 wt% of the total mass. Resins made with
the 700 g mol�1 PEGDA were prepared neat (i.e., without
solvent). In brief, the appropriate mass of DMPA, PEGMA,
and PEGDA-700 were incorporated into a glass vial and

magnetically stirred until homogeneous (B15 min). To achieve
a homogeneous resin formulation when employing the high
molecular weight cross-linker (PEGDA-10k), water was included
in the resin. This was incorporated to homogenize all resin
constituents during mixing. After achieving a homogeneous
mixture, the resin was dried at 65 1C overnight, resulting in at
least 95% of the water being removed as evidenced by the mass
change after drying.

All polymerized samples were prepared in glass molds with
approximate dimensions of 25 � 10 � 2 mm (l � w � t).
Samples were photocured at an intensity of 0.1 W cm�2 in the
UV-A region (l B 315 to 400 nm). UV irradiation intensity was
verified with a UV radiometer (Power Puck II, Electronic Instru-
mentation and Technology, Inc.). Prior works suggest that
this photoinitiator concentration and UV intensity results in
relatively homogeneous depth-wise cross-link density at this
thickness.51,52

Swelling investigations. To measure swelling ratio (Q,
eqn (1)), the mass of the as-prepared, dry, unswollen gel (m0)
was recorded prior to the gel being submerged in a large excess
(approximately 50 mL) of solvent (deionized water, 200-proof
ethanol, or a mixture of both). The gel was then removed from
the solvent at predetermined swelling times. Upon removal,
residual solvent was gently dabbed off the sample with a
kimwipe, and the mass of the gel (m(t)) was recorded. The gel
was then placed back into the solvent to continue swelling. This
process was repeated over 24 hours of swelling to capture the
entire range of behavior, including the equilibrium mass of the
gel (meq). For samples that catastrophically ruptured during
swelling, all pieces were removed from the solvent, dried, and
weighed at each subsequent predetermined swelling time.

QðtÞ ¼ mðtÞ
m0

; Qeq ¼
meq

m0
; Q0 ¼

m0

m0
¼ 1 (1)

Swelling data was collected in triplicate for every formula-
tion (Table 1) and solvent condition. The average and standard
deviation of the swelling ratio at a each time point (t) were used

to calculate QðtÞ, the normalized swelling ratio (eqn (2)) and its
associated error.

QðtÞ ¼ mðtÞ �m0

meq �m0
¼ QðtÞ �Q0

Qeq �Q0
¼ QðtÞ � 1

Qeq � 1
(2)

In this equation, the relative swelling ratio increase at time
(t) is divided by the total relative swelling ratio increase at

equilibrium. Therefore, the normalized swelling ratio QðtÞ
� �

represents the fraction of the total swelling capacity that is
reached at each time point.

Lastly, initial swelling kinetics were characterized via the
swelling rate (e.g., Q as a function of time) during the first 30
minutes of solvent exposure in order to describe the entire
range of swelling during which surface deformation (i.e., creas-
ing) is observed. To obtain this rate, a linear equation was fit
to the Q data during the first 30 minutes of swelling. The
y-intercept of the linear fit was fixed at 1 as Q0 = 1 (see, eqn (1)).

Table 1 Hydrogel formulations and naming scheme. The hydrogel for-
mulations explored in this study were prepared with different loadings and
molecular weights of cross-linker. Rows highlighted pink indicate formu-
lations that typically exhibit surface deformation during transient swelling,
and rows highlighted light gray do not typically exhibit surface deformation
but are likely to spontaneously fracture during swelling

Soft Matter Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 8
/2

9/
20

24
 1

1:
59

:1
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sm00762j


This journal is © The Royal Society of Chemistry 2024 Soft Matter, 2024, 20, 6742–6753 |  6745

These initial swelling rate calculations are shown in Fig. S1,
ESI.†

Fourier transform infrared spectroscopy. Photopolymeriza-
tion of gels was measured using real-time Fourier transform
infrared spectroscopy (ThermoNicolet, Nicolet iS50). Fig. S5
(ESI†) is included as a reference which indicates that, although
samples were made with a thickness of 2 mm, the photopoly-
merization reaction reaches a fractional conversion of 1. The
sample was exposed to UV radiation for 7 minutes (Omnicure
series 2000m Excelitas) via a fiber optic light guide emitting
between 250 and 500 nm light with an intensity of 0.1 W cm�2.
Acrylate conversion was determined through the decrease of
the vinyl peak area centered at 6165 cm�1. Fractional conver-
sion was calculated using eqn (3).

Fractional conversion ¼ 1� It

Avg: I0
(3)

FTIR transmission spectra before and after photopolymeri-
zation for two gel formulations are also included in Fig. S6
(ESI†) to confirm that the vinyl (CQC) peak at 6165 cm�1

completely disappears after photopolymerization, even in the
most densely cross-linked formulations.

Hydrogel morphology observations and measurements.
To visualize macroscopic surface deformation during swelling
experiments, gel samples were removed, blotted dry, and
photographed via iPhone XR. For smaller scale, frequent ima-
ging, in situ, optical microscopy (Olympus Microscope ix83) was
employed. 1 : 99, PEGDA-700 samples were swelled while micro-
scope images (with a field of view of 6656 mm � 6656 mm) were
captured every 20 seconds during the first 31.6 minutes of
swelling. To ensure that there was no contact with the sur-
rounding vessel inhibiting diffusion, each hydrogel sample was
suspended off the bottom of the dish during swelling. The
plane of focus of the microscope was aligned with the bottom of

the sample, meaning that creases on the bottom appeared as
thin, dark lines, whereas the out-of-focus creases on the top
surface show up as larger, dark splotches. See Fig. S3 and S4,
ESI† for a clear depiction of the surface features we measured,
in which the crease tracings in orange are overlaid on the
microscope images.

To extract quantitative data from these microscope images,
the crease lines were manually traced using MS Paint on a
Microsoft Surface tablet. This process binarizes the images and
provides accurate locations for the crease lines. Using a custom
Python code, the geometric mean point of each line was
identified from the images. Then, the closest neighboring point
was identified, any duplicate reported distances were elimi-
nated, and the average distance between neighboring creases
was calculated. Once an ensemble of the distance between each
crease line was established, the ensemble was averaged to
obtain the characteristic ‘‘wavelength’’ or distance between
observed crease patterns. Three samples were imaged for each
solvent mixture. Given the complexity associated with the
tracing process, seven equally spaced time points (20, 320,
640, 940, 1300, 1600, and 1900 seconds) were chosen for
analysis to capture the range of instability behaviors.

3 Results and discussion
3.1 Instability behaviors during transient swelling

Qualitative observation of swelling behavior for each gel for-
mulation (Table 1) reveals two types of instabilities during
transient solvent diffusion; complex surface deformation (e.g.,
Fig. 1a–h) and catastrophic rupture (e.g., Fig. 1i and j). Surface
deformations were observed for six formulations during swel-
ling in water: 1 : 99, 5 : 95, and all formulations employing the
10k cross-linker (pink entries, Table 1). The remaining formu-
lations (10 : 90, 20 : 80, and 40 : 60, gray entries, Table 1) did not

Fig. 1 Examples of instability behaviors during swelling in water. First, the evolution of surface deformation for a 1 : 99, PEGDA-700 sample is shown at
various swelling times, and the stages of instability are categorized as follows: (a) 0 min before swelling begins, then creasing begins from (b) 5 min,
(c) 10 min, then (d) the grid pattern emerged at 20 min, (e) 30 min, (f) 50 min, (g) 70 min, and (h) the surface became smooth by 168 min, indicating equilibrium.
Second, (i) a 10 : 90, PEGDA-700 sample is shown at the start of swelling, and (j) spontaneous rupture was observed after 14 minutes of swelling.
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typically exhibit macroscopic surface deformations during swel-
ling in water, but often exhibited self-rupture. Catastrophic
rupture of PEG-based gels during swelling has been reported to
occur mainly due to the networks inability to utilize viscous
stress dissipation coupled with large volume change during
swelling.23 In rare cases, gels with 5–10 mol% PEGDA can
exhibit surface deformation at early swelling times prior to
self-rupture.

All samples that underwent surface deformation during
transient swelling exhibited the same three-stage surface fea-
ture evolution: creasing, grid, and equilibrium. Immediately
after being placed in an excess of solvent (e.g., on the order of
seconds), small creases (detectable with the naked eye)
appeared (see Fig. 1b). As swelling progressed (e.g., over many
minutes), these surface features grew and coalesced, and addi-
tional self-contact occurred between ‘‘cells’’ as seen in Fig. 1c
and d. As swelling continued, a long-range grid pattern
emerged (see Fig. 1e–g). At later swelling stages (e.g. 70 minutes
of swelling or longer), the grid was still visible, although it
became less distinct. Finally, the surface of the gel became
smooth again (Fig. 1h) once the gel reached its final, equili-
brium state. Equilibrium swelling is verified by constant Q(t)
values (e.g., plateauing to Qeq).

Prior experimental work describes related surface defor-
mations, such as creasing in gels that are attached to a
substrate15,40,42,43 or under constraint,53,54 as well as bulk
buckling in gels with an engineered gradient in cross-link
density45,47 or layered structure.50,55 However, to the best of
our knowledge, the observed ‘‘grid’’ surface patterning during
swelling has only been seen in one previous study, which found
that this instability pattern was coupled to bulk buckling
of hydrogel discs.13 The similar, anisotropic grid-like crease
pattern in our system provides perspective on how other
sources of anisotropic internal stresses can be engineered.
Prior studies,56 as well as our ongoing work, indicates that
crease patterns are dependent on the geometry of the sample.
As one example, we observe that in thin samples (e.g. low
thickness) surface instabilities during swelling are eliminated
due to a lack of strain mismatch between inner and outer
layers.

Self-rupture behavior is addressed in computational studies
on constrained swelling leading to fracture,31 and in experi-
mental studies where rupture occurred during free swelling,23

as well as pre-programmed rupture induced by non-uniform
swelling.57 Theory has been developed to understand how
stress due to swelling contributes to surface deformation in
free-swelling spheres32 and in constrained gel blankets,44 and
how in soft materials internal stresses are often dissipated
through instabilities (e.g. creases, wrinkles, or buckling). Here,
we explore how surface deformations are coupled to both
material properties (network architecture) and swelling kinetics
(solvent selection) in a free-swelling gel, where no mechanical
constraints are applied during the swelling process. Under-
standing the coupling between these swelling control para-
meters in an unconstrained system is necessary to design and
tailor structured and dynamic material interfaces.

3.2 Impact of internal network constraints

All samples containing the high MW cross-linker (PEGDA-
10 000, denoted by ‘‘10k’’ in our sample notation) exhibited
surface creasing and deformation during swelling in water; no
rupture events were observed regardless of cross-linker fraction
(mol%). This is in contrast to formulations containing the
lower molecular weight cross-linker (PEGDA-700), where high
cross-linker content (10 mol% or greater) corresponds to a high
likelihood of rupture and no observable surface creasing or
deformation. This indicates that internal network constraints
significantly impact swelling kinetics and solvent diffusion.
To quantify this behavior, we measure the swelling ratio Q(t)
(eqn (1) and Fig. S1, ESI†); we report swelling for all samples as
the normalized swelling ratio %Q, which is 0 in a dry gel and 1 for
a fully swollen (equilibrium) gel (Fig. 2a and b). At each time
point, %Q indicates the fraction of the total swelling capacity the
gel has obtained. Higher %Q at earlier times indicate samples
that quickly reach a high fraction of equilibrium swelling ratio
(Qeq), which is often a result of the total swelling capacity being
relatively small (e.g., Qeq for the 40 : 60 gels is 1.88, whereas for
1 : 99 gels this value is 6.75 – Fig. 2d). Thus only a small amount
of water is imbibed to reach a high %Q.

The influence of cross-linker MW can be understood by
comparing the %Q data for PEGDA-700 formulations (Fig. 2a)
with PEGDA-10 000 formulations (Fig. 2b). Overall, we find that
%Q is higher at early times for the PEGDA-700 samples. While
most formulations with the PEGDA-700 cross-linker reach
equilibrium relatively quickly, the 1 : 99 formulation takes a
much longer time. Similar behavior is observed if the cross-
linker MW is increased (PEGDA-10 000 – Fig. 2b). Gels with 1
mol% of the higher MW cross-linker (10k 1 : 99) are slower
to achieve equilibrium, and increasing cross-linker fraction
generally decreases the time to equilibrium.

To quantify the differences in time to equilibrium across
various network architectures, each %Q dataset was fit with the
following equation:

�Q ¼ 1� exp
�t
t

� �
(4)

Here, t describes the characteristic swelling time. This
exponential relationship is commonly used to describe gel
swelling.27,58–62 The measured t values (Fig. 2c) decrease with
increasing cross-linker fraction, regardless of the cross-linker
employed. When PEGDA-700 is employed, the 1 : 99 formula-
tion experiences a much larger time to reach equilibrium
(t C 120 minutes) than the formulations with higher PEGDA-
700 content (all tr 61 minutes). Similarly, when PEGDA-10 000
is used as the cross-linker, the 10k 1 : 99 formulation exhibits
the highest t value (t C 190 minutes), and increasing cross-
linker fraction lowers t. Overall, networks with lower cross-
linker content imbibe a higher fraction of water (see Fig. 2d),
and also take more time to reach equilibrium. In other words,
when the constraints in the network are increased (via
increased cross-linking), the total capacity to swell decreases
and therefore less solvent is required to reach equilibrium.
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At all cross-linker loadings, the formulations using the
PEGDA-10 000 cross-linker have a larger t, which demonstrates
that increasing the length of the cross-linker (PEGDA) corre-
sponds to an increase in the time to reach equilibrium. The
increased flexibility afforded by a higher MW cross-linker
(PEGDA-10 000) means that the network has more freedom to
accommodate solvent during swelling.

3.3 Effect of external diffusive pressure on swelling

The %Q and t behavior for swelling PEGDA-700 and PEGDA-
10 000 gels in water highlight how the rate of solvent imbibe-
ment during swelling is influenced by the internal constraints
of the polymer network. This is consistent with the Flory–
Rehner (FR) polymer solution thermodynamics model, which
postulates that gel swelling is described by an overall osmotic
pressure (P), that is composed of two main terms: the pres-
sure of mixing (Pmix) and the pressure of elasticity (Pel) (see
eqn (5) and Table 2).18,19,63–66 The sum of the pressure of
mixing (Pmix) and the pressure of elasticity (Pel) equals the
overall osmotic pressure (P) that the material experiences
during swelling. Total osmotic pressure (P) and mixing pres-
sure (Pmix) are positive values that represent the forces that
drive swelling, while (Pel) is always negative, representing the
resistance to swelling that the elasticity of the polymer

network asserts.

Pmix ¼ �
kBT

a3
fþ lnð1� fÞ þ wf2
� �

(5)

Pel ¼
kBTNc

V0

f
2f0

� f
f0

� �1
3

2
4

3
5

P = Pmix + Pel

Pel accounts for network constraints through the term Nc,
which is a count of all chains within the network.17 Nc

is typically on the order of 1018–1020 and increases with

Table 2 Definition of terms in Flory–Rehner’s theory of osmotic pressure

Term Definition

kB Boltzmann’s constant
a Effective solvent diameter
f Volume fraction of polymer
f0 Initial volume fraction (equals 1 for neat polymer)
w Flory–Huggins interaction parameter
Nc Number of chains in the polymer network
V0 Initial volume

Fig. 2 Tuning internal network constraints leads to measurable differences in swelling behavior (i.e. normalized swelling ratio ( %Q), time to equilibrium (t),
and equilibrium swelling ratio (Qeq)). (a) Normalized swelling ratio ( %Q) vs. time, which represents the fraction of the total swelling capacity for gel
formulations containing the 700MW PEGDA cross-linker. (b) Normalized swelling ratio ( %Q) vs. time for gel formulations utilizing the 10 000MW PEGDA
cross-linker. Here the 1 : 99 formulation with the 700MW cross-linker is also plotted for reference. (c) t, the characteristic time parameter for %Q (eqn (4)),
is plotted versus the fraction of cross-linker (PEGDA) in all gel formulations. An example fitting to obtain t is provided in Fig. S2 (ESI†). Generally, these data
show that a decrease in cross-linker fraction corresponds to a decrease in %Q at early swelling times, as well as an increase in the total time required to
reach equilibrium. (d) The equilibrium swelling ratio (Qeq) for all gel formulations are plotted as a function of cross-linker fraction. All data are for gels
swelled in water.
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cross-link density. When cross-linking increases (e.g., increase in
Nc), Pel will become more negative, and there is more resistance
to swelling. In other words, increasing cross-linking decreases the
freedom chains have to accommodate imbibed solvent.

Pmix represents the driving force for swelling that originates
from the attraction between the polymer network and the
solvent, which is often characterized by the Flory–Huggins
interaction parameter w. Pmix also accounts for how the size
of a solvent molecule impacts physical mixing. Inspired by the
equilibrium FR model, we believe that both the external diffu-
sive pressure during swelling and the elastic network both can
be leveraged, even in the transient state, to manipulate the rate
of solvent imbibement.

The experiments presented up to this point explicitly manip-
ulate the elastic contribution to swelling (i.e., network con-
straints). To systematically vary the external diffusive pressure
and establish how that impacts instability behaviors, PEGDA-
700 samples were swelled in varying (co)solvents comprised of

water and ethanol. Initial swelling rates, which were estimated
by performing a linear fit to the first 30 minutes of the swelling
ratio Q(t), were calculated for all gel formulations with PEGDA-
700 as the cross-linker, and are plotted in Fig. S1 (ESI†). Overall,
swelling in ethanol, as opposed to water, resulted in a signifi-
cant decrease in initial swelling rate at all PEGDA-700 fractions.
Additionally, for swelling in both water and ethanol, the initial
rate of swelling decreases as cross-linker fraction increases.
This data demonstrates how the external diffusive pressure,
which can be manipulated via solvent selection, is a means to
further manipulate the timescale of swelling.

To better understand the impact of external diffusive pres-
sure, particularly on transient surface instabilities, the PEGDA-
700 1 : 99 formulation was chosen for further analysis. Specifi-
cally, %Q was characterized for the 1 : 99 formulation when
swelling was conducted in pure water, pure ethanol, and 5
co-solvent mixtures (Fig. 3a). The solvent-driven changes in %Q
are consistent with the initial swelling rate and are further

Fig. 3 Swelling kinetics for ethanol, water, and ethanol/water (co)solvents. (a) Evolution of the normalized swelling ratio ( %Q) for the 1 : 99, PEGDA-700
formulation in a series of water : ethanol co-solvents. (b) The characteristic swelling time, t, for the 1 : 99, 700MW formulation for all (co)solvents.
(c) Comparison of the evolution of the normalized swelling ratio ( %Q) for the 1 : 99 and 5 : 95 PEGDA-700 formulations in pure water and pure ethanol.
(d) Equilibrium swelling ratio (Qeq) for the 1 : 99, PEGDA-700 formulation for all (co)solvents shows that increasing the amount of ethanol in the
(co)solvent generally decreases the Qeq. The Qeq for 5 : 95, PEGDA-700 formulation in both pure water and pure ethanol are included for reference, and
highlight the impact of cross-linker fraction on Qeq.
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reflected in the t parameters (Fig. 3b); swelling in ethanol
increases the time required to reach equilibrium. To explore
the effect of changing network architecture, we measured
swelling for two different cross-link densities; 1 : 99 and 5 : 95.
As shown in Fig. 3c, increasing cross-link density leads to faster
equilibration times. This may be attributed to the fact that the
network imbibes less overall solvent (Qeq, Fig. 3d). Interestingly,
swelling in pure ethanol also decreases Qeq, but leads to slower
equilibration times. This contrasting relationship between Qeq

and time to equilibrium indicates that swelling in ethanol,
as opposed to water, fundamentally changes the diffusion
kinetics.

Water is commonly used as a good solvent for PEG gels,11

and thus we expect that as the fraction of ethanol in the
(co)solvent mixture increases, %Q will decrease and t will
increase. Surprisingly, we find instead that t changes non-
monotonically with ethanol vol% (Fig. 3b). This indicates that
there are competing interactions between water and ethanol
that interfere with diffusion into the polymer network during
swelling in a mixed solvent.

To understand this non-monotonic relationship, we must
quantify the attraction between the (co)solvent molecules and
the polymer network. The standard method of quantifying
interactions is the Flory–Huggins (FH) interaction parameter
(w). w can be estimated between two species (a and b) using
eqn (6):67

wab ¼
z

2

� � eaa þ ebb � 2eab
� �

kBT
(6)

a � A, B, b � B, C a a

Here, z is the coordination number (i.e., the total number of
molecules bonded to a central atom), eaa is the self-attractive
energy for species a, ebb is the self-attractive energy for species
b, and eab is the interaction energy between species a and b.
Positive (+) values of w indicate that mixing is not energetically
favorable, whereas negative (�) values of w indicate that mixing
is favorable. Experimentally determined w for a ternary mixture
of water, ethanol, and linear PEG chains with molecular
weights 8650 g mol�1 and 12 600 g mol�1 are reported in
Table 3.68 While these measurements are for linear PEG sys-
tems, and may not directly correspond to w measured for a
cross-linked PEG system, they can help us understand how our
ternary mixture interacts.

Table 3 shows that mixing of water and PEG is slightly
unfavorable, mixing PEG and ethanol is favorable, and mixing

water and ethanol is significantly favorable (due to the large,
negative (�) wwater–ethanol). This can explain the non-monotonic
swelling behavior we observe in (co)solvent mixtures: water and
ethanol are significantly attracted to one another, meaning the
interaction between these solvent species likely competes with
the driving force of swelling.67 The normalized swelling ratio
( %Q) data for swelling in (co)solvent mixtures supports this
finding (Fig. 3a). The %Q behavior for 10/90 and 90/10 (vol/vol,
water/ethanol) (co)solvents are very similar to pure water beha-
vior (Fig. 3a), which is similar to findings from ternary mixtures
with linear PEG polymers.67 More specifically, when (co)solvent
species experience significant interaction with each other, the
miscibility between the (co)solvent mixture and the polymer
network is decreased, and immiscibility reaches its maximum
when the volume ratio between the (co)solvent species is equal
to one. Indeed, Fig. 3b shows that the 50/50 (vol/vol) (co)solvent
mixture exhibits the highest t value, indicating that the ternary
mixture reaches its peak immiscibility when water and ethanol
are mixed in equal parts. This is particularly interesting, as
this behavior does not follow established co-non-solvency and
co-solvency behaviors in gel swelling,69–71 as our two (co)-
solvents have differing interactions with the gel (e.g. positive
(+) vs. negative (�) w).

While the w values for water–PEG and PEG–ethanol indicate
mixing should be favored when gels are swollen in ethanol, our
data shows reduced Qeq and initial swelling rate in ethanol
(Fig. 3d and Fig. S1, ESI,† respectively). This could be due to the
solvent molecular size. Flory–Rehner theory (see eqn (5)) states
that the pressure of mixing (Pmix) is inversely proportional to
the solvent diameter cubed, meaning that increasing the size of
the solvent molecule would decrease the pressure of mixing
(i.e., the driving force for swelling). The effective diameter of a
water molecule is 2.75 Å,72 and the diameter of an ethanol
molecule is 4.5 Å.73 This means that swelling in ethanol is less
entropically favorable than swelling in water, which is consis-
tent with our experimental observation that the network swells
considerably more in water. Although ethanol has a negative
(�) w for linear PEG chains, its larger size may hinder its ability
to mix with the three-dimensional, cross-linked PEG network.

3.4 Examining surface creasing during swelling

Changing the solvent mixture changes the rate of solvent
imbibement, and thus impacts transient material stress.
To quantify these changes, we studied the evolution of surface
instabilities during swelling in water, ethanol, and (co)solvent
mixtures. We used light microscopy to image surface instabili-
ties in situ and characterize pattern evolution. The surface
deformation of the 1 : 99, PEGDA-700 formulation was charac-
terized during swelling in ethanol, water, and (co)solvent
mixtures (Fig. 4).

The observed crease evolution in water (Fig. 4a, corres-
ponding binary tracings Fig. 4b) and in ethanol (Fig. 4c,
corresponding binary tracings Fig. 4d), show that surface
deformation began rapidly once the gel was placed in solvent.
We note that the images show creasing on both the bottom
(in-focus sharp lines) and top of the sample (larger, darker

Table 3 Experimentally measured Flory–Huggins interaction parameters
(w). w for the ternary water–PEG–ethanol mixture were determined by
Song-Ping Luh for two molecular weights of PEG68

Flory–Huggins interaction parameter PEG 8650 PEG 12 600

wwater–PEG 1.0001 0.6318
wwater–ethanol �4.4412 �4.2339
wPEG–ethanol �0.6862 �0.7451
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out-of-focus lines); analysis was done on the creases on the
bottom of the sample as highlighted in Fig. S3 and S4, ESI.†
Fig. 4 shows that swelling in ethanol leads to a higher number
of creases when compared to swelling in water. This is quanti-
fied in Fig. 4e, which shows the mean density of creases as a
function of swelling time in the various (co)solvent mixtures.
The density of creases rapidly decreases in time. This large,
relatively fast decrease is due to relaxation of the outermost
layer of the gel as diffusion of the solvent continues deeper into
the network. At all time points, swelling in pure ethanol results
in significantly more creases than any other (co)solvent, and
swelling in pure water shows the lowest number of creases. The
three co-solvent mixtures explored fell between these extremes
and are statistically similar.

As shown in Fig. S1, ESI,† swelling the 1 : 99 formulation in
water significantly increases the initial rate of swelling com-
pared to ethanol. The slower imbibement of ethanol corre-
sponds to a lower driving force for swelling and less mixing
pressure (Pmix) forcing the network to relax and dissipate the
compressive stress at the surface. Despite the fact that the
network imbibes significantly less fluid during swelling in
ethanol as compared to water, this results in twice the number
of surface creases at 0.33 min (Fig. 4e). This suggests that
(co)solvent selection and the associated diffusivity within a gel
network is a significant parameter when tailoring the scale of
instabilities that form.

Wrinkling of soft materials under compression is well-
characterized, and theories have been developed to connect
wrinkling wavelength directly with material properties.37 The
features we observe in this gel system are creases (as opposed
to wrinkles), as evidenced by their random orientation.

This indicates the material has made self-contact, which pre-
sents a challenge for connecting these patterns to network
material properties. However, the assumption from classical
wrinkling relating wrinkle wavelength to material properties
and compressive forces for a skin layer atop a foundation is
similar and can be applied to this system during the initial
states of swelling when only the thin, outermost layer of the gel
has imbibed solvent. Wrinkling theory predicts that the com-
pressive force at the surface is related to the skin thickness, the
elastic modulus and Poisson’s ratio of both the skin and the
bulk;37 therefore, higher compressive forces generally lead to
smaller wavelength of wrinkles. Thus, applying this theory to
our gel system at early time points means that when we observe
a lower number of features (Fig. 4e), and higher spacing (i.e.,
‘‘wavelength’’) when swelling in water, as opposed to ethanol, it
likely represents lower compressive forces at the surface.

To further quantify crease spacing, we measure the mean
inter-crease distance for each solvent condition (Fig. 5a). This
analysis shows that the average crease spacing at all times is
lowest for ethanol, which indicates higher compressive stress if
classical wrinkling theory is applied to early time points of
swelling. In other words, because ethanol has a lower driving
force for swelling (Pmix) than water, the compressive stress
generated during swelling persists longer due to the slow
diffusion of ethanol through the gel. As time passes and
swelling evolves, the crease distance rapidly increases, which
correlates to a relaxation of the polymer network with time.
Similar to the average number of creases, all solvent conditions
show a dramatic increase in the distance between creases
between 0.33 min and 5.33 min (i.e., between a 300% and
a 400% increase). This increase in distance between creases

Fig. 4 Surface creasing during swelling in water, ethanol, and water–ethanol (co)solvents. (a) Microscope images taken of a 1 : 99, PEGDA-700 sample
swelling in water for (i) 0.33, (ii) 5.33, (iii) 10.67, (ix) 21.67, and (x) 31.67 minutes. (b) The creases in each microscope image were manually traced in order to
accurately identify and binarize the patterns, (c) microscope images of a 1 : 99, PEGDA-700 sample swelled in ethanol for (i) 0.33, (ii) 5.33, (iii) 10.67,
(ix) 21.67, and (x) 31.67 minutes, as well as the (d) corresponding traced crease patterns. (e) The average number of creases was measured and divided by
the image area for 1 : 99, PEGDA-700 formulation samples swelled in pure water, pure ethanol, and three (co)solvent mixtures. This analysis reveals there
are a large number of creases at the onset of swelling, and a significant decrease in number of creases after five minutes of swelling. The number of
creases continue to gradually decrease over 30 minutes of observation.
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(our analogue to wavelength) indicates an immediate, fast
decrease in compressive stress at the surface due to the initial
relaxation that occurs at the surface of the gel. This fast, initial
relaxation followed by a slower, secondary relaxation that
occurs after 5.33 min is consistent with the two modes of
deformation proposed by Hong et al.22

Interestingly, at late times, the 50/50 water/ethanol (co)sol-
vent plateaued and diverged slightly from the grouping of the
pure water and other (co)solvent mixtures. A similar trend
appeared in the number of creases (Fig. 4a). This result can
be understood in the context of the (co)solvent theory that

immiscibility is greatest when the ratio
fethanol

fwater

is equal to 1. The

interaction between water and ethanol that competes with
swelling is greatest when the (co)solvent contains equal parts
of water and ethanol. This significant interference leads to the
(co)solvent mixture behaving as a worse solvent.

4 Conclusions

We explore the impact of internal network constraints (cross-
linking) and external diffusive pressure (solvent quality)
on swelling kinetics and surface deformation dynamics in

PEG-based gels. We find that networks with fewer internal
constraints (which have a higher overall capacity for swelling,
Qeq), experience much longer transient swelling. Increasing the
molecular weight between cross-links decreases the elastic
pressure, and thus increases the time it takes to reach equili-
brium. We find that ethanol, despite having a large negative (�)
w, exhibits less imbibement into the network than water (which
has a positive (+) w). This demonstrates that while imbibement
is a function of chemical affinity (w), this competes with the
effect of molecular size. Swelling experiments in water–ethanol
(co)solvent mixtures reveal that the strong affinity between
water and ethanol competes with the driving force of swelling.

Measurements of surface instabilities show that immedi-
ately after being placed in a solvent, densely packed creases
rapidly appear on the surface of the gel. The inter-crease
spacing increases in time as diffusion progresses and the
material begins to relax. Furthermore, we find that swelling
in ethanol results in a higher crease density, which likely
indicates that larger compressive stresses are present. Thus,
swelling in ethanol not only slows down swelling kinetics, but it
also alters the dynamics of surface deformations. This reveals
that the driving force for mixing is lower for swelling in ethanol
as compared to water, and therefore the hydrogel network
experiences less pressure to relax and dissipate the stress that
builds due to swelling and solvent diffusion. The physics
involved in generating macroscopic surface deformations is
complex, and thus it is challenging to use the geometry of these
features to directly quantify material stresses. However, this
work establishes a path towards understanding the complex
dynamics at play during transient swelling and offers a new way
to quantify material response.
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