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Wetting and water absorption of hydrogels is often encountered in many applications. We seek to understand
how wetting behavior can be affected by the time-dependent swellng of hydrogels. We measured the
advancing contact angles of water droplets on hydrogels of varying thicknesses where thicker gels absorbed
water more slowly. We also observed that, above a threshold advancing speed, water droplets would collapse
into a lower contact angle state on the surface. We hypothesized that this collapse threshold speed is a result of
competition between the poroelastic diffusion of water into the gel and the advance of the spreading droplet,
the thickness of the surface, and the diffusion of water into the gel. Taking the ratio of the diffusion and
advancing timescales results in a Peclet number with gel thickness as a characteristic length scale. Our results
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DOI: 10.1039/d3sm01472; show that above a Peclet number of around 40, droplets will collapse on the surface across all gel thicknesses,

confirming our hypothesis. This work provides simple insight to understand a complex time-dependent wetting
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1 Introduction

Hydrogels are hygroscopic porous materials that exhibit a high
level of absorbency while maintaining well-defined structures,
making these properties fundamental to various applications,
such as biomedical applications, drug delivery, wound healing,
tissue engineering, biosensors, contact lenses, agriculture, and
environmental applications.”” In particular, the wetting beha-
vior of hydrogels can have significant implications for adhesion
and friction,>* which is important to several hydrogel applica-
tions. For instance, in contact lenses, tear films must effectively
cover and lubricate lenses. The hydrophilicity of contact lenses
can influence their interaction with these layers, affecting their
stability, comfort, and visual acuity. A very hydrophilic contact
lens is more likely to attract water molecules and form a
uniform layer of hydration, which can improve their wettability
and comfort.>”” One of the most visible hydrogel applications is
contact lenses. A common issue with contact lenses is their
propensity to cause dry eye and discomfort® stemming from the
stability of the tear film. Since evaporation is a major contri-
butor to tear film thinning,” it is conceivable that contact lenses
may have locally de-swollen regions where excessive evapora-
tion occurs. Blink kinetics, i.e. the velocity and completeness
of blinking, is an important factor to contact lens comfort'®"*
and could represent the advancing of the contact line over a
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phenomenon for a widely used hydrogel.

hydrogel. The velocity of blinking is largely dictated by the
viscosity of the tear film."? In wound healing, hydrogel dres-
sings with high wettability are desirable as they allow it to
closely conform to the wound bed or skin, maintaining a moist
environment around the wound to aid the healing process and
providing a barrier against infection.">'* In drug delivery
applications, it is desirable to have hydrogels with high wett-
ability as water molecules can penetrate the polymer matrix
more easily, leading to more effective drug release.'>*®

Based on numerous studies, the wettability of hydrogels
depends on its swelling state'” where more de-swollen gels
tend to be more hydrophobic compared to swollen gels.'®
However, there are limited tools to predict, quantify, or model
these dependencies. One way to quantify wettability is through
the contact angle, which is the angle a droplet makes with the
surface at the contact line. The contact angle has a maximum
when the droplet is advancing, 0,4y, and a minimum when the
droplet is receding, O....'° Typically, wetting behavior is not
time-dependent in that advancing and receding contact angles
do not change over time. However, in the case of hydrogels that
swell with water, during the course of a water droplet being in
contact with the surface, water will diffuse into the gel, causing
contact angles to decrease over time.>°

2 Wetting and diffusion dynamics

This diffusion through hydrogels is a result of water permeat-
ing between the polymer strands (molecular “pores”) and the
polymer network being elastic and stretchable—a “poroelastic”
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material. We can derive a poroelastic diffusion coefficient™
through a combination of porous media flow theory and poroe-
lastic theory. Treating the gel as a porous medium through which
water can flow in one dimension, we can describe the flow using
the well-known Darcy’s law where the water flux is driven by a
liquid pressure gradient,

"y —xdP (1)

uody
where u is the volumetric flow flux, « is the permeability of the
elastic network, u is the solvent dynamic viscosity, P is
the hydraulic (pore) pressure, and x is the spatial coordinate
in the flow direction. If the medium is elastic and stretchable,
then we can relate any change in internal pore pressure to a
change in volume by way of the bulk modulus, which we can
define as

.dpP
K=7v FV% 2)
where K is the bulk modulus of the hydrogel and ¥~ is its
volume. Thus, an increase in pore pressure, P, results in an
expansion of the volume (more swollen gel). Recognizing that
de = d77/7" is the infinitesimal volumetric strain, we can
express Darcy’s law in terms of a gradient in volumetric strain:

. —xK de
T op dx

3)

Here, the prefactor xK/u is the poroelastic diffusion coeffi-

cient,
kK
Dpe ==, 4)

which describes the speed at which water diffuses through a gel
via pressure (osmotic) driving forces. The more permeable a gel
is (higher ), the faster water transports through it due to a
higher porosity of the medium. Likewise, a stiffer gel (higher K)
will also transport water faster owing to the fact that stiffer gels
will have larger pressure gradients to drive the flow.

Measuring Dy, requires obtaining the values of permeability,
Kk, and stiffness, K, independently. To measure permeability, we
previously developed a flow-cell technique to drive water
through thin gel samples.>* Using Darcy’s law, we are able to
calculate the permeability from the measured flow rate and
applied hydraulic pressure. We used polyacrylamide (PAAm)
hydrogels with methylenebisacrylamide (MBA) as a crosslinker
(further details in ESIt). For 1-%-crosslinking (mol crosslinker/
mol monomer) used in this study, we measured a permeability
(5.2 £0.5) x 107 '® m>. Polyacrylamide gels were chosen as they
are easily made and are extremely ubiquitous from contact
lenses®® to enhanced oil recovery.>* To measure stiffness (bulk
modulus), we performed compression testing of hydrogel sam-
ples using a spherical indentation tester.”® Using Hertzian
theory, we can determine Young’s modulus from applied dis-
placement and measured compressile load. Assuming
that Poisson’s ratio is 1/3 as is typical for hydrogels,*>®
the bulk modulus is equal to the Young’s modulus, K = E. For
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1-%-crosslinking (mol crosslinker/mol monomer), we mea-
sured a bulk modulus of (15.1 £+ 1.6) kPa. Since the viscosity
of water is known, we can calculate the poroelastic diffusion
coefficient to be (8.4 + 1.2) x 10~ m?s~'. Previously, we
investigated the changes in permeability and stiffness with
crosslinking and found that any changes in permeability are
nearly inverse with any changes in stiffness.>” Thus, across
different crossslinker ratios, the poroelastic diffusion coeffi-
cient remains relatively constant, as shown in Fig. S1 (ESIt).

As mentioned earlier, water can diffuse into a gel and affect
its wetting properties over time.>® Since we can quantify the
poroelastic diffusion coefficient, we can also quantify the
characteristic diffusion time, ¢4 of water diffusing into
the gel as

L2
taiff = — 5
diff Dpe ( )

where L is a characteristic length scale. For the situation where
a water droplet is on top of a thin gel sample, as shown in Fig. 1,
water diffusion is largely one-dimensional; thus, the character-
istic length scale is the thickness of the gel.

To verify this time scale, we conducted a simple experiment
where we placed a water droplet on a ~80 pm-thick sample and
observed swelling of the gel. For this thickness, the character-
istic diffusion time scale is approximately 90 s. As shown in
Fig. 2, the diffused water swells the gel underneath the droplet
and forms a “foot” in a time scale that is within the same order
of magnitude of the t4i. We further verified this time scale
through a series of finite-element-method (FEM) simulations.
We applied Fick’s second law and linear elastic theory (using
our previous methodology®®) where the diffusion coefficient is
Dp.. We simulated gels of various thicknesses and performed
transient simulation of swelling in response to a wet boundary
condition on the top of the gel. Remarkably, the time to 90%
swelling at the bottom of the gel after exposure at the top
coincided with the diffusion time scale, LZ/Dpe, to within 6%
(Fig. S2, ESIY).

To probe the wetting behavior, we sought to measure the
advancing contact angle of the gel surface. This involves grow-
ing a droplet of DI water on the gel using a dispensing needle
where the pressure of the liquid was controlled by a micro-
fluidic pressure regulator (Elveflow OB-1). However, due to the
simultaneous diffusion occurring, we would expect different
values of contact angle depending on advancing speed. Indeed,

4 ' ' ' ' ' V
Lo [ —y
L

Fig. 1 As a droplet advances with a speed of V, water diffuses into the
permeable gel substrate with a thickness L.
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Fig. 2 A hydrogel substrate swells after being in contact with a water
droplet, forming a foot. Here, we show (a) the droplet one second after
contact, (b) the start of foot creation as water is diffused into the gel after
29 s, and (c) a more visible foot after 198 s. Note that in panels b and c, the
droplet has been intentionally recessed to show foot creation.

when very high advancing speeds were applied, we observed
that a droplet would collapse, as shown in Fig. 3. This collapse
event is a sudden change in the shape of the droplet with a
jump in droplet base radius and an immediate lowering of the
apparent contact angle. We only observed this collapse when
fast advancing speeds were applied.

To understand the reason for this collapse, we calculated a
range of possible spherical droplet geometries on top of a foot-
shaped surface modeled using a sinusoidal S-curve where
the droplet conserves a fixed advancing contact angle over
the surface (Fig. 4). As the droplet contact line advances over
the lip of the periphery edge of the foot, the apparent contact
angle increases as a result of the surface sloping downward. We
noticed that there is a local maximum in droplet volume at this
foot periphery edge. At this critical point, there would be no way
to add an infinitesimal amount of volume and expect an
infinitesimal increase in droplet base radius since the volume
decreases since the slope of volume versus base radius is
negative immediately after the maximum point. Thus, the only
possible way to continue to add volume is for the base radius to
jump to a much higher value (arrow in Fig. 4), hence the
collapse phenomenon. In agreement with our experiments,
the apparent contact angle decreases immediately after col-
lapse as there is no downward-sloping foot periphery edge to
increase it over the intrinsic advancing contact angle. We have
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Fig. 3 (a) Advancing of a droplet on top of a 0.5 mm-thick (Lyet gel
substrate before the collapse. (b) At some point, due to the high advancing
speed, a sudden decrease in the contact angle occurs, which is referred to
as the collapse of the droplet (Video S1, ESIT).
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Fig. 4 Simulated droplet geometry over a modeled foot shows that
collapse over the periphery edge of the foot must occur in order to
preserve the volume. An animation of this simulated collapse event is
presented in Video S2 (ESIY). Arbitrary units are used for length.

performed this analysis for several contact angles and found
similar results (Fig. S3, ESIT). In addition, we have included an
animation sequence of the simulated collapse phenomenon
(Video S2, ESIt). We also confirmed that this collapse behavior
is unique to swelling gel substrates as we did not observe any
collapse on an impermeable surface using our experimental
setup (Fig. S4, ESIT). In addition, no evidence of any liquid film
formation either at the top or bottom was observed.

Thus, in order to prevent collapse, the foot should grow
radially outward with the advancing droplet. For foot growth to

Soft Matter, 2024, 20, 421-428 | 423
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Fig. 5 Experimental test procedure and hypothesized results of droplets
on a hydrogel substrate. All experiments would start by (a) placing a droplet
over the surface. After a period of time approximately equal to the
characteristic diffusion time, (b) a foot would form underneath the droplet.
As the experiment proceeds, (c) the droplet is allowed to advance over the
foot periphery edge, increasing the apparent contact angle due to the
downward slope of the foot edge. After this point, either of two things can
happen. If diffusion is slow (thick gel; high Pe) compared to the advancing
speed, then (d) the droplet should collapse. Alternatively, if diffusion is able
to keep pace with advance (thin gel; low Pe), then (e) the droplet should
stably advance as the foot grows with the droplet.

happen, diffusion into the gel must be sufficiently fast to keep
pace with the speed of advance. We suspected that the collapse
occurs when the time scale of droplet advance becomes shorter
than the time scale of diffusion, t,qy < tgi. From simple
dimensional analysis, we can define an advancing time scale as

L
ladv = ? (6)
where V is the advancing speed of the contact line, as shown in
Fig. 1. To directly quantify this competition between advancing
and diffusion rates, we can define a Peclet number as

_ rate of advancing _ Lo _ LV @)

rate of diffusion  fuay  Dpe

When Pe is high, the rate of advance is faster than the rate of
diffusion and we would expect droplet collapse to occur. Thus,
we hypothesized that above a critical Peclet number, droplet
collapse occurs whereas below the critical value, droplets
advance stably. We illustrate the hypothesized behavior in
Fig. 5 where from a droplet over a formed foot (panels a—c),
either the droplet collapses if the advancing speed is too high
(d) or the foot grows with the advance, preventing collapse.

3 Study of droplet collapse versus
stable advance
To test this hypothesis, we performed experiments varying wet-

state gel thickness, Ly, and advancing speed, V. Since the
hydrogel type was not varied, Dy, is approximately a constant
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(only varying slightly by swelling state). We created gels of
thicknesses of 0.25, 0.50, and 0.79 mm in their wet state
(equilibrated in DI water) and allowed them to dry in the
ambient lab environment, thereby decreasing Ly to Lgyy. From
our previous study of these hydrogels,*® we found that the water
content within hydrogels is invariant within 1% compared to
the swollen state when subjected to typical laboratory humidity
changes in the range of 15% to 30% due to its strong type-II or
III isotherm behavior. We applied advancing speeds of 0.05,
0.15, 0.25, 0.35, 0.45, 0.55, 0.65, and 0.8 mm min ', Repeating
each combination of thickness and speed at least three times,
we performed 75 trials. To initialize each experiment consis-
tently, we formed a droplet and allowed swelling to form a foot
(Fig. 2, Fig. 5a and b) by leaving a droplet of fixed base diameter
of 4.78 mm for 2 to 3 min depending on sample thickness
(thicker samples required longer time for foot development).
The base diameter of the droplet was controlled via real-time
image capture, image processing, and microfluidic control to
effect different droplet advancing speeds. This wetted control
ensured that any placed droplets did not fully absorb into the
gel—however, the timescale of full droplet absorption would be
extremely long compared to our experimental timescales. The
accuracy of our control was such that the differences in set
point diameter and measured diameter were within 0.02 mm.
In addition, contact angles were measured in real time using
image processing (Fig. 6 and 7). Maintaining the droplet in a
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Fig. 6 Anexample of the measured base diameter and contact angle over
time for a stable, non-collapsing advancing contact angle. The thickness
was 0.5 mm (wet) and the advancing speed was 0.15 mm min™. The green
region shows the sample data from which the average contact angle was
calculated.
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Fig. 7 An example of the measured base diameter and contact angle over

time for the droplet where collapse occurred (Video S1, ESIf). The thick-

ness was 0.5 mm and the advancing speed was 0.35 mm min2.

stable base diameter would be the start of foot creation
(Fig. 2b).

Once a foot was developed (Fig. 5a and b), we proceeded to
advance the droplet contact line at prescribed speeds to double
the droplet base diameter. In all trials, either one of two events
occurred: (1) the droplet advanced to twice the initial base
diameter with no collapse and a stable advancing contact angle
(Fig. 6) or (2) the droplet collapsed at some point in time during
the advance (Fig. 7). In the cases where droplets advanced
stably, apparent advancing contact angles were measured as
functions of thickness and speed as shown in Fig. S5 (ESIt)
with full data in Table S1 (ESIt). The thinnest samples had
slightly lower contact angles, which may be due to faster
swelling causing the droplet to appear more hydrophilic. There
was also a trend of contact angle slightly decreasing at higher
advancing speeds, which may signify proximity to a collapsed
state; however, this trend is not very significant given the
uncertainty in measurements. In the cases where droplets
collapsed, we observed a sharp decrease in contact angle and
the trial was terminated (Fig. 7).

To obtain useful statistics to determine the threshold advan-
cing speed for collapse, we repeated trials at each combination
of thickness and speed at least three times. The outcomes,
expressed as a ratio of collapse events over number of trials, are
shown in Fig. 8. This ratio represents a probability of collapse.
From these probabilities we created a heat map to visualize the
distribution of probabilities as a function of thickness and

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 The distribution of probabilities of droplet collapse at various
sample thicknesses and advancing speeds shows that a boundary exists
between no-collapse (bottom left) and collapse (top right) regions. The
first number in each grid cell indicates the number of times collapse
occurred and the second number indicates the total number of spots
examined on each sample. The color displayed in each rectangle corre-
sponds to the probability value, providing a heat map. The boundary
between collapse and no-collapse corresponds to a Peclet of approxi-
mately 40.

speed. We noticed that there is a boundary between the
no-collapse region in the bottom-left and the collapse region
in the top-right. This boundary resembles an inverse relation-
ship between advancing speed and thickness. This inverse
relationship can be derived from the Peclet number, Pe =
LV/Dp.. If we set Peclet number to a fixed threshold value as
we hypothesized and solve for V, we obtain V= PeD,/L, which is
an inverse function with L. For experimental convenience, we
use the wet-state thickness L = L, since these thicknesses are
more easily measured at the reference wet state. Since D, is
known for our samples, we fit a value of Pe such that the
function V = PeDpe/Ly.: overlapped with the boundary between
collapse and no-collapse regions. We found this threshold
value of Peclet number to be around 40. Thus, we confirm that
above a certain Peclet number, collapse of the droplet occurs.

To gain a more physical understanding of why the competi-
tion of diffusion versus advection, as quantified by the Peclet
number, dictates collapse versus stable-advance behavior, we
performed FEM simulations that resemble our experiments.
Here, a dry gel of thickness Lq, = 80 pm was the simulation
domain with a wet boundary condition, resembling a droplet,
being applied. The droplet base radius was initially set to
0.5 mm for a period of ¢4 = Ld,yZ/Dpe =79 s to form the foot
in accordance with experimental procedures (Fig. 5a and b). A
foot does indeed form as shown in Fig. 9a. Interestingly, the
foot periphery edge extends outward beyond the contact line
due to the fact that diffusion is occurring simultaneously in the
downward (negative y) and outward, radial (positive x) direc-
tions as indicated by the water flux arrows. After initial foot
formation, the boundary condition was expanded at either a
rate of 2 mm min~', 0.2 mm min~', or 0 mm min~", corres-
ponding to Peclet numbers of 63, 6, and 0. At a high Peclet
number of 63, the rate of advance is high such that diffusion

Soft Matter, 2024, 20, 421-428 | 425
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Fig. 9 Finite-element-method results of a gel swelling in response to an advancing droplet above it indicate that the speed of droplet advance in relation
to the speed of diffusion within the gel dictates whether the foot will grow with the advance. After (a) performing the foot with a steady droplet, (b) a fast
advance will result in little change in foot geometry as water has not sufficiently diffused toward the bottom of the gel leading to concentration
heterogeneity indicated by the large, red, dry region underneath the thin, blue, swollen region above it. However, if (c) the droplet advances slower,
diffusion is able to reach the bottom of the gel, leading to more uniform water concentrations. Radial spread of water is driven by the advance of the
wetted top boundary condition since (d) a non-advancing droplet leads to extremely slow spread of water in the radial (x) direction.

toward the bottom of the gel does not complete, leading to a thin
section of swelling (Fig. 9b, blue region) over a large, dry region (red
region). Since much of the region underneath the newly wetted top
surface remains dry, only a small change in foot geometry results. As
our simulations of droplet geometry over a foot show (Fig. 4),
collapse would occur over a foot that does not expand with the
advance. Thus, the high-Peclet situation in Fig. 9b would likely result
in collapse, as our experimental results would suggest. Conversely, in
the low Peclet number of 6 case, diffusion is able to keep pace with
advance, leading to a more uniform concentration distribution as
shown in Fig. 9c. As a result, the gel is much more swollen under the
newly wetted region and the foot periphery edge remains ahead of
the contact line, leading to a likely stable advance of the droplet, in
agreement with our experiments. Finally, as a control where Pe = 0,
we observe that diffusion is very slow as the concentration distribu-
tion in Fig. 9d is nearly identical to Fig. 9a—though given infinite
time, the gel would fully swell with water everywhere assuming
evaporation is minimized. This means that the radial spread of
water is driven by the moving wetted boundary condition (advancing
droplet) and its corresponding diffusion at the downward and
outward directions over a length scale of the gel thickness. In the
simulation, we did not consider effects of capillary pressure from
droplet curvature and gravity affecting transport because these can
be shown to be three to five orders of magnitude smaller than the
osmotic driving forces that cause water to diffuse into the gel (see
ESLT Section 3). Thus, the rich physical picture that the FEM
simulations provide is completely consistent with what we

426 | Soft Matter, 2024, 20, 421-428

observed in our experiments regarding collapse versus stable
advance.

4 Conclusions

Our work demonstrates that the wettability of hydrogels is
influenced by a variety of factors, such as gel surface thickness,
swelling conditions, rate of diffusion and advancing speed. We
show that the occurrence of droplets collapsing at high advan-
cing speeds is a result of a competition between the diffusion of
water into the gel surface and the speed of droplet spreading on
the surface. We quantified this competition using a Peclet
number, which describes the rate of advance over the rate of
diffusion. We determined a threshold Peclet number of 40 for
polyacrylamide hydrogels; future studies could explore whether
similar Peclet numbers result for other swellable materials.
This work provides added clarity on a unique wetting phenom-
enon associated with swellable materials. The insights from
this work can inform applications where particular wetting
characteristics must be preserved such as for contact lens
lubrication, wound healing, and drug delivery.

5 Methods and materials
5.1 Hydrogel preparation

The chemicals used in the preparation of the hydrogels are
listed below:
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e Acrylamide (AAm)

e N,N’-Methylenebis(acrylamide) (MBA)

e Ammonium persulfate (APS)

e N,N,N',N'-Teramethylethane-1,2-diamine (TEMED)

All chemicals used in this paper were purchased from
Sigma-Aldrich Co.

All hydrogels were prepared in a similar fashion to our
previous work.?*?*> We start from aqueous stock solutions of
the following chemicals: N,N'-methylene(bis)acrylamide (MBA),
ammonium persulfate (APS), and tetramethylethylenediamine
(TEMED) at concentrations of 0.1084 g/10.0 mL, 0.0800 g/
10.0 mL and 0.250 mL/10.0 mL, respectively. The base acryla-
mide (AAm) monomer was used in its pure powder form. By
mixing specific amounts of these chemicals and DI water,
polymers were spontaneously synthesized. During this process,
APS served as an initiator, TEMED as an accelerator, and
MBA as a crosslinker. Hydrogel stiffness could be varied from
7 to 31 kPa using different crosslinking amounts ranging from
0.5% to 5% (mol MBA per mol AAm). However, according to our
previous study,?” we found that the resulting poroelastic diffu-
sion coefficient is largely invariant with crosslinking. Hence, we
chose a “middle-of-the-road” crosslinker amount of 2% since it
is the center of the previous testing range and would represent
where we understand the hydrogel behavior best.

In all hydrogel samples, we started with 0.500 g of AAm
monomer, 0.025 mL of TEMED solution, 1.00 mL of APS
solution, and 1.00 mL of MBA solution to achieve the target
crosslinker ratio (mol crosslinker/mol monomer) of 1.00%. The
mixed solutions were poured into molds with 0.79 mm,
0.50 mm, and 0.25 mm thicknesses by using smooth slide
glass for the top and bottom surfaces of the mold and subse-
quently polymerized for 24 hours. Then, the samples were
immersed in DI water for one week to remove unreacted
chemicals and equilibrate them to the wet state. Finally,
samples were kept in the lab ambient air for 24 hours to dry
completely. The lab ambient air was at a relative humidity of
around 15% to 30% and a temperature of 23 °C. Mirror-like
specular reflections were visible on the surface as shown in
Fig. S6 (ESIY), indicating that roughness effects were minimal.

5.2 Droplet control and contact angle measurement

Droplets were controlled via a combination of image processing
to extract the base diameter (Mathematica) and proportional-
integral-derivative (PID) control, of a microfluidic regulator
(Elveflow), implemented in LabView. The desired base radius
was the PID setpoint and was varied with time depending on
the experiment. Contact angles were measured in Mathematica
by finding points on the liquid-vapor interface and finding the
line tangent to it and intersecting the contact line. This tangent
line was then compared to the surface line (line between the
two visible contact lien points) to obtain an apparent contact
angle. When a foot was visible, care was taken to choose surface
line points that were at the foot-droplet interface. Droplet
volumes where base radii are on the order of single millimeters
were chosen since these are typical for contact angle experi-
ments. At these millimeter length scales, the Bond number is
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around 0.1-1, ensuring that surface tension phenomena will be
visible.

5.3 Finite-element-method simulations

FEM simulations were performed using Wolfram Mathematica.
The full, 3D, transient Fick’s second law was solved with the
poroelastic diffusion coefficient:

Oes

E Dpev2€s (8)

where & is the volumetric strain due to swelling. The 3D
transient solution, &4(x,y,2,¢), was then incorporated into the
strain (equivalent to the thermal expansion strain term) to solve
for deformation of the gel. The simulation results were checked
for grid independence to ensure consistency.
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