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From pasta to biological tissues to contact lenses, gel and gel-like materials inherently soften as they
swell with water. In dry, low-relative-humidity environments, these materials stiffen as they de-swell
with water. Here, we use semi-dilute polymer theory to develop a simple power-law relationship
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between hydrogel elastic modulus and swelling. From this relationship, we predict hydrogel stiffness or
swelling at arbitrary relative humidities. Our close predictions of properties of hydrogels across three
different polymer mesh families at varying crosslinking densities and relative humidities demonstrate the
validity and generality of our understanding. This predictive capability enables more rapid material
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1 Introduction

Hydrogels, which are polymer networks that absorb water, have
attracted increased attention in recent decades due to their
distinct water-holding behavior. They have been shown to be
beneficial for a variety of applications from horticulture’™ to
soft robotics or tissue engineering.>® Hydrogels used for soft
robotics and actuation rely on the inherent changes in mechan-
ical stiffness that result from changes in the amount of water in
the hydrogel. This relationship is observed in everyday foods
such as rice or pasta—which can be described as starch-based
hydrogels—wherein softness increases with water content. In
the past three decades, there has been a large body of research
focusing on either the swelling behavior'*™'® or the mechan-
ical stiffness.”®®'"! One notable example is the study by Li
et al., which used Flory-Huggins theory to develop an equation
of state that could be used to relate swelling to osmotic
pressure.’” In particular, they found that osmotic pressure
was independent of crosslinking density, indicating that gels
composed of the same base monomer can be treated similarly.
Their work, and the collective work of others, demonstrates a
strong fundamental understanding of hydrogel swelling and
stiffness behavior in conditions close to a fully swollen state;
however, we have a less-developed understanding of how swel-
ling and stiffness depend on humidity. Hydrogel studies on
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discovery and selection for hydrogel applications in varying humidity environments.

stiffness often limit analysis to the fully wet state,>*">>3373¢

Water swelling in hydrogels is also controlled by the relative
humidity in the ambient environment. This humidity-induced
swelling is particularly important for food preservation and
preparation.’” Recent works in atmospheric water harvesting
have relied on hygroscopic sorbents—including gels*®* **—that
absorb water at different humidities.*' The moisture sorption
isotherm quantifies how much water these materials can
absorb—or swell in the case of gels. As humidity increases,
hydrogels should swell and soften; however, the exact depen-
dence on humidity remains an open question. Here, we present
simple scaling laws based on semi-dilute polymer theory that
(1) describe the dependence of stiffness on swelling and (2)
dependence of stiffness and swelling on relative humidity.
Using these scaling laws, we present a method to predict
moisture sorption isotherms from limited stiffness and sorp-
tion data from a similar reference hydrogel.

2 Results

Starting from semi-dilute polymer theory, we develop a scaling
law relationship between mechanical bulk modulus and swel-
ling fraction. We then relate this dependency to changes in
osmotic pressure and relative humidity.

2.1 Dependence of stiffness on swelling

To develop a direct relationship between elastic modulus and
swelling, we use de Gennes’ semi-dilute description of polymer
solutions.*” The utility of de Gennes’ semi-dilute description is
such that many properties of polymer solutions can be quanti-
fied using simple power-law relationships. In accordance with
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numerous studies,**™*> we assume the hydrogel can be thought
of as a semi-dilute solution where the monomer concentration,
¢, is slightly higher than the overlap concentration, c*. At this
semi-dilute state, polymer “blobs” are entangled with each
other, creating an expansive polymer mesh. This polymer mesh
is characterized by an average spacing between polymer chains
termed the correlation length, ¢. de Gennes determined that
the correlation length is

= a7/4v—1/4¢p01y—3/4 (1)

where a is the monomer size, v is the excluded volume of the
monomer. ¢y is the volume fraction of polymer defined as
Ppoly = Vpoly/V where V is the volume of the material including
solvent and V), is the volume of polymer excluding the
solvent. The affinity between monomer and solvent is captured
by the excluded volume term, v, as it is related to the Flory-
Huggins interaction parameter, y, such that v = a*(1 — 2y). In
the absence of any interactions between polymer and solvent,
% = 0, meaning the excluded volume is simply the molecular
volume, a®. However, as interactions increase 0 < y < 0.5, the
excluded volume decreases (good solvent).

The osmotic pressure describes the state of swelling in a
polymer solution and is directly related to the volume fraction
of the polymer, ¢,o, Where higher ¢, results in higher
osmotic pressures. As such, hydrogels that are more swollen
(low ¢pory) have lower osmotic pressures. de Gennes showed
that the osmotic pressure, I1, is related to the correlation length
such that IT = CkT/&?, where C is a dimensionless constant on
the order of unity and kT is the product of the Boltzmann
constant and absolute temperature. Applying eqn (1) to this
relation, the osmotic pressure can be expressed as a scaling law
with ¢pe1y such that

1= CkTa—21/4v3/4¢p01y9/4- (2)

If we take a gel and compress or expand it, we are changing
its volume, V, without changing the number of monomers.
Assuming that a hydrogel can be considered a poroelastic
system,*® the elastic modulus of interest is the drained bulk
modulus since it allows solvent to drain in and out freely while
the polymer structure is compressed or expanded. We denote
this modulus as K, which is defined as K = —V0OP,,,/0V where
Py is the external pressure applied on the body. At chemical
and mechanical equilibrium, the external pressure can be
related to the osmotic pressure such that P = Py + II where
P, is the ambient pressure, assumed to be a constant. Thus,

K = ,VM - _ aﬂ (3)
oV oV
indicating that the elastic modulus of a polymer solution is
related to changes in osmotic pressure. Applying de Gennes’
power-law expression of osmotic pressure (eqn (2)) in this
definition of modulus,

K ~ kTa721/4v3/4¢p01y9/4‘ (4)

This result shows that the stiffness of a hydrogel scales with the
volume fraction of polymer to the 9/4 power. Therefore, from
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the wet (fully swollen) to drier states, the volume fraction of
polymer, ¢y, increases, and the hydrogel stiffens as a result as
long as the semi-dilute description holds. Eqn (4) allows for
determination of K from measurable quantities 7, a, v and
¢poly- However, determining these quantities involves many
separate, time-consuming experimental procedures. It is con-
siderably more convenient to deal with a scaling law that
depends on a reference state that can be readily characterized
with fewer experiments. Therefore, we develop a reduced scal-
ing law for stiffness using a reference wet-state modulus K. At
this reference wet state, the hydrogel is swollen and in equili-
brium with pure water or, equivalently, 100% humidity. We can
define a swelling fraction as s = V/Vi,e Where V. is the volume
of the gel at the wet state and V is the volume at an arbitrary
state of swelling, i.e., equilibrated at an arbitrary relative
humidity. Note that the swelling fraction has a maximum value
of unity since at the maximum swelling, V = V,,.. Conversely, at
the driest possible state, V= V,,,, and, therefore, s = V,o1/Viyer < 1.
Thus, the range of swelling fraction is Viop/Viwer < 8 < 1.
While there are related quantities to the swelling fraction—e.g.,
the swelling ratio®® J = V/V,0y and the degree of swelling’**
® = V,e/V—the swelling fraction more intuitively describes
the fractional content of water based off of a reference wet
state at 100% humidity.f Taking the definition of polymer
volume fraction, ¢poly = Vpoly/V, and eliminating V using the

definition of swelling fraction, we obtain ¢, = Vpc"y, Substitut-
wetS

ing this expression for ¢y, into eqn (4), we find that

—~9/4
K ~ kTa /434 (@s) . Finally, using the ratio of moduli

poly
at the arbitrary and wet swelling states, K/K., the constant factor
of kTa~2"**"* cancels out and a reduced modulus can be related

to the swelling fraction as

Vet \ 4
K _ (7) _ <VW€t)9/4_ G4 (5)
Kyt Vet o V o .

(Vwet)

Thus, as a gel de-swells (decreasing s), the modulus sharply
increases due to the collapse of the polymer network as illustrated
in Fig. 1a.

To verify this relationship between swelling and stiffness
(eqn (5)), we perform mechanical indentation tests to measure
the elastic modulus at various states of swelling (see Materials
and Methods)—a verified mechanical characterization techni-
que for soft gels.”” By indenting a sample with a spherical
indenter and measuring its force-displacement response, we
apply Hertzian contact mechanics®® to determine the elastic
modulus (see Materials and methods). We set the timescales of
our measurements to ensure that we measure the drained bulk
modulus. Our results do not depend on displacement speed (in
our range of testing), indicating that the material behaves

i For a gel of high swelling ability, both J and ¢ have high values >1 at the wet
state while s = 1. As this gel de-swells when, s decreases more. Hence, lower s
values are associated with gels of higher swelling ability RH < 100%.
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Fig. 1 There is an inherent relationship between swelling and stiffness. As
a hydrogel de-swells, the crosslinked polymer mesh densifies and stiffens
as shown in (a). Using 1% crosslinked pure PAAmM as an example, the
stiffness as measured by K of a hydrogel increases as the hydrogel loses
water and decreases as the hydrogel swells water. (b) Across a range of
crosslinkings from 1% to 3%, we found that stiffness depends on the —9/4
power with swelling fraction. (b, inset) The stiffness, as quantified by the
bulk modulus, is determined using contact mechanics and force—displa-
cement data from indentation tests (Fig. S1, ESIt). When moduli are
normalized by their reference wet-state value, Kyet all stiffness and
swelling fraction data collapse onto a single curve according to egn (5).
Error bars represent uncertainties in repeatability and curve fitting (see
Materials and methods).

quasi-statically and quasi-elastically, away from any dynamic
drainage or viscoelastic effects.

We use N,N’-methylene(bis)acrylamide (MBA)-crosslinked
PAAm hydrogels at different crosslinking ratios (1%, 1.5%,
2%, 2.5%, and 3% (mol MBA)/(mol PAAmM)%). We achieve
different states of swelling by hydrating and dehydrating sam-
ples at different relative humidities; the wet state is achieved by
equilibrating samples in water. In accordance with other
work,'****" we assume similar densities between polymer
and water and a relatively larger amount of water compared
to polymer such that s can be determined from a ratio of
weights s ~ m/my... We find that across approximately one
decade of swelling fraction, the measured elastic modulus
closely followed the —9/4 scaling law as predicted by eqn (5)
for all crosslinking densities tested, as shown in Fig. 1b. This
close agreement is consistent with previous studies®***** and
verifies our two assumptions that (1) the hydrogel network can
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be represented as a semi-dilute polymer solution and (2) the
hydrogel network is a mechanical poroelastic system where the
elastic (drained bulk) modulus is equivalent to the osmotic
modulus regardless of crosslinking density.

2.2 Dependence of stiffness and swelling on relative humidity

The relative humidity of the ambient environment sets the
chemical potential of water vapor. A gel that is equilibrated
with the ambient will have an internal chemical potential
equivalent to the ambient set by the relative humidity: u = e +
kTIn(RH) where the wet state corresponds to 100% humidity
and RH is the fractional relative humidity so kTIn(RH) < 0. We
use the osmotic pressure as a mediating variable to understand
the dependence of stiffness and swelling on relative humidity.
Since osmotic pressure is a volumetric form of chemical
Ho — H
W,

w

potential where IT ~ (to being the chemical potential

of pure solvent and v,, being an effective solvent molecular
volume$), it also varies with relative humidity:

0 — Hwet — len(RH)

Vw

sz’u

(6)

such that osmotic pressure increases with decreasing relative
humidity. Conversely, as relative humidity increases, the osmo-
tic pressure decreases, and the gel swells. To understand this
from the quantity of swelling fraction, according to eqn (2) and
the relationship between ¢y, and s, the scaling relationship
between osmotic pressure and swelling fraction is IT oc s~/
The relationship between s and RH is the moisture sorption
isotherm as it quantifies the amount of water absorbed as a
function of humidity. As shown in Fig. 2a, the moisture sorp-
tion isotherm can be experimentally determined for any gel
using mass measurements of samples equilibrated to arbitrary
relative humidities.

When RH < 100% and gels de-swell from their wet state, s
decreases, and the osmotic pressure experiences a change of
Al = I — .. Using eqn (6), we can quantify changes in
osmotic pressure with relative humidity as

ATl ~ —kTIn(RH)/v,. (7

We can also quantify AIT in terms of s and the mechanical
stiffness at the wet state, Kye. To do so, we apply the
definition of modulus, K (eqn (3)), into our reduced scaling

on
Vv _ (V7
law (eqn (5)) and obtain T = (V > . Integrating
wet wet

both sides from the wet state to an arbitrary swelling state

-1

9
1V
jﬁwclan/ = J":jm < v ) dV', we find that the change in

Kwet 7 Vwet
osmotic pressure from the wet state, AIl = I1 — Iy, is
4 —9/4
AH :§ wel(s — 1) (8)

. 0
P11 [ Ol

§ The effective solvent molecular volume is defined as vy, = I
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Fig. 2 Lowering relative humidity, (a) de-swells hydrogels as quantified by the moisture sorption isotherm and (b) increases osmotic pressure. Hydrogel
samples were equilibrated at different relative humidities ranging from 10% to 90% (Fig. S2, ESI{). In (b), we use swelling fraction and wet-state stiffness to

4
calculate AIl = 5 wet (574 — 1) (egn (8)). We show only samples with crosslinking ratios of 1% and 3%, representing the entire range of crosslinking, for

clarity. Error bars in weight fraction represent measurement and repeatability uncertainties. Error bars in AIT represent propagation errors in egn (8)

originating from uncertainties in weight fraction and Kyet.

From this relationship, we observe that AIl can be calculated
from a mechanical measurement at the wet state and the
swelling fraction at any arbitrary swelling state at particular
RH. Plotting this calculated AIT with RH we observe that AIT
increases with decreasing RH as shown in Fig. 2b. Alternatively,
from eqn (7), AIl only depends on RH and the effective solvent
molecular volume, v,,. Thus, we expect that hydrogels of similar
vy, should experience equivalent changes in osmotic pressure
when exposed to the same relative humidity changes. From
Fig. 2b, hydrolyzed samples that swell the most resulted in the
smallest values of v,,. v, seems to indicate how water molecules
pack within the polymer mesh, with lower values associated
with denser packing.

2.3 Equivalence of osmotic pressure differences across
similar hydrogels

Motivated by Li et al’s determination that hydrogels of the
same polymer composition have the same osmotic pressures,
independent of crosslinking density,*> we expect that similar
hydrogels that differ only by crosslinking density have similar
Vy. Therefore, from eqn (7), gels differing only by crosslinking
experience the same changes in osmotic pressure, All, when
exposed to the same relative humidities. Indeed, the results
shown in Fig. 2b confirm that the AIT values are independent of
crosslinking density within uncertainty (red data points for
pure PAAm hydrogels). To further confirm this, we tested two
other polymer meshes, each at different crosslinking densities:
PAAm with the addition of N,N-Dimethylacrylamide (DMA);>*
and PAAm post-treated with hydrolysis using sodium
hydroxide." Like pure PAAm, both PAAm + DMA (blue) and
hydrolyzed PAAm (green) samples achieved the same AIT at the
same humidities, independent of crosslinking density. FTIR
spectra (Fig. S3, ESIT) for each hydrogel indicate three different
hydrogel polymer mesh families and independence with cross-
linking density, corroborating our findings.

9896 | Soft Matter, 2021, 17, 9893-9900

2.4 Predicting moisture sorption isotherms of similar hydrogels

From the equivalence in AIl across different crosslinking
densities, we can confirm that

ATI(RH), = AII(RH); (9)

for any two samples (sample A and sample B) of the same polymer
mesh and relative humiditiy. Setting two AIT expressions equal to
each other using eqn (8) for two similar hydrogels with different
crosslinkings enables one to predict unknown properties of one of
the hydrogels. For instance, we can predict the moisture sorption
isotherm—water weight fraction, w.f. ~s, versus RH for sample B as
long as we know the moisture sorption isotherm of a reference
hydrogel A, the reference wet-state stiffness, Kyea, and the wet-state
stiffness of hydrogel B, Ke.s. Furthermore, using the scaling law for
modulus and swelling fraction (eqn (5)), we can calculate stiffness of
hydrogel B at any relative humidity. Thus, one only needs to study a
specific reference hydrogel in detail to understand the humidity-
dependent swelling and stiffness of an entire family of hydrogels.
Using a pure PAAm hydrogel at 1% crosslinking as a
reference (sample A) where we know s, at any relative humidity
and its Kyera, We demonstrate the procedure to predict the
sorption isotherm of a related hydrogel: pure PAAm hydrogel at
3% crosslinking (sample B). We start by setting the two AIT
terms equal to each other (eqn (9)) and expressing them in
terms of their respective Ky and s (eqn (8)). Given a known
reference sample swelling fraction, s,, at a particular humidity,
we need to determine the unknown s at the same humidity. By
performing a single mechanical test to determine Kye¢p = 16.7
kPa and applying the known Ky..a = 8.5 kPa, we can use the
equivalence of AII to determine the single unknown sg:

4 -9/4 4 -9/4

§Kwet1A SA A1) = § wet,B SB A (10)
~—— | —— ~~—
known \known known \unknown

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Using a known moisture sorption isotherm for a reference hydro-
gel (pure PAAmM 1%, red) with known wet-state stiffness, we can predict
moisture sorption isotherms (black) of similar hydrogels with any arbitrary
wet-state stiffness, Kyet, Using eqn (8) and (9). There is close agreement
between our prediction and an experimentally obtained moisture sorption
isotherm for a similar hydrogel with K.t = 16.7 kPa (pure PAAmM 3%, green).
Error bars in weight fraction represent measurement and repeatability
uncertainties.

This procedure works to determine the swelling fraction sg
at a particular RH. Repeating this procedure for any RH, we can
determine the entire moisture sorption isotherm for sample B
as shown by the green curve in Fig. 3. For this particular case,
the predicted sorption isotherm for B is in close agreement with
an experimentally determined sorption isotherm (Fig. 3, green
dots). Furthermore, the moisture sorption isotherm for any
hydrogel similar to A with arbitrary wet-state stiffness, Kyet, can
be determined (black curves in Fig. 3).

The equivalence of AIT across similar hydrogels can also be
used to determine stiffness at any arbitrary relative humidity. If
sp is known at a particular humidity below 100% and Ky is
unknown, then we can use eqn (10) to determine K g. Having
determined K., €qn (10) can subsequently be used to deter-
mine sp at any relative humidity with A as a reference. Having
obtained sg as a function of humidity, we can then apply the
stiffness-swelling law, eqn (5), to determine K at any arbitrary
humidity.

To verify our prediction approach, we perform 120 indepen-
dent weight fraction predictions for nine different hydrogels
from three families, each at five different humidities (full
results in Fig. S4 and S5, ESIf). For each prediction at a
particular humidity, we use different samples as references.
For example, to predict the weight fraction of pure - 2.5% at
50% RH, we use pure PAAm at 1%, 1.5%, 2%, and 3%, all at
50% RH, as references, representing four independent predic-
tions for pure - 2.5% at 50% RH. These multiple predictions are
possible by performing moisture sorption experiments across a
range of humidities for every sample. This dataset also serves as
a means to verify our predictions. Comparing our predictions
and actual measurements of weight fraction, we find close
agreement as shown in Fig. 4a. In Fig. 4b, we compare our
predictions to experimentally measured weight fraction values
and find that they are accurate to within £20%. Remarkably,
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Fig. 4 (a) The close agreement between predictions of moisture sorption
isotherms across three different hydrogel families (pure PAAm, PAAM +
DMA, hydrolyzed PAAm) verifies our scaling laws and prediction scheme.
We show only data for 1% crosslinker ratio samples for clarity. We further
verify the accuracy of our approach with (b) over 120 separate verifications
of hydrogel samples across these three families at all crosslinker ratios (1%,
1.5%, 2%, 2.5%, and 3%) and humidities (10%, 30%, 50%, 70%, and 90%)
where we found close agreement between predictions and measurements
of weight fraction within £20%. Error bars in actual weight fraction
represent measurement and repeatability uncertainties. Error bars in pre-
dicted weight fractions represent propagation errors in eqn (10) originating
from uncertainties in weight fraction and Kyet.

more than 70% of the samples were accurate to within £10%.
The close agreement across a wide range of hydrogels provides
strong validation of (1) the finding that osmotic pressure
changes are equivalent for similar hydrogels at the same
humidities and (2) the scaling law relationship between stiff-
ness and swelling derived from semi-dilute polymer theory.

3 Conclusions

Our work shows that semi-dilute polymer theory can be applied
to develop a simple power-law relationship between swelling
and stiffness. We also elucidate how swelling and stiffness
depend on relative humidity using the concept of osmotic
pressure. We find that changes in osmotic pressure due to
humidity changes are equivalent across similar hydrogels,
independent of crosslinking density. Combining the stiff-
ness-swelling power law with the equivalence of osmotic pres-
sure changes with humidity, we demonstrate how to predict

Soft Matter, 2021,17, 9893-9900 | 9897


https://doi.org/10.1039/d1sm01186c

Published on 27 September 2021. Downloaded on 10/28/2025 7:26:48 PM.

Paper

swelling or stiffness at any relative humidity for any arbitrary
hydrogel of a similar polymer mesh family. With our prediction
procedures, one only needs to study a specific reference hydro-
gel in detail to understand the humidity-dependent swelling
and stiffness of any related hydrogels within the same family.
We define similarity of hydrogel families using the effective
solvent molecular volume, vy, which relates osmotic pressure to
chemical potential. Further investigation of the molecular
interactions that affect v,, can add to the predictive power of
our approach. We modify stiffness through changes in cross-
linking; however, future studies could investigate whether our
predictive approach could be applied to other stiffness-
modification methods such as coil-helix transitions.>**® Future
studies could also explore whether the prediction method
breaks down at extremely high crosslinker ratios. The simpli-
city of our resulting equations provides substantial utility for
gel synthesis design. We anticipate that our work will guide
hydrogel applications such as agriculture and soft robotics that
depend on the inherent relationship between swelling and
stiffness, operating at different humidities.

4 Materials and methods
4.1 Preparation of hydrogels

All hydrogels were prepared from aqueous stock solutions of
the following chemicals: N,N’-methylene(bis)acrylamide (MBA),
N,N-dimethylacrylamide (DMA), ammonium persulfate (APS),
and tetramethylethylenediamine (TEMED) at concentrations of
0.127 g/10 mL, 2.6 mL/10 mL, 0.08 g/10 mL and 0.25 mL/10 mL,
respectively. The base acrylamide (AAm) monomer was used in
its pure powder form. By mixing different amounts of these
chemicals, polymers were spontaneously synthesized. During
this process, APS served as an initiator, TEMED as an accel-
erator, and MBA as a crosslinker. In all hydrogels, we started
with 0.25 g of AAm monomer, 0.5 mL of TEMED solution and
0.5 mL of APS solution. Then, we mixed varying amounts of
MBA solution in order to achieve the target crosslinker ratios
(moles of MBA over moles of AAm) ranging from 1% to 3%. To
ensure that polymerization occurred in a consistently dilute
environment for all hydrogels, we added DI water to ensure that
the mole fraction of water over other chemicals was 1000. For
hydrogels with DMA, 20% (DMA/AAm mol/mol) was added.
Then, the solution was vortex mixed for approximately one
minute and subsequently rested at room temperature (24 °C)
for 24 hours. For samples that were hydrolyzed, we immersed
the samples in 1 mol L' sodium hydroxide for 30 minutes
before. Finally, the samples were flushed in DI water for one
week to remove unreacted chemicals and equilibrate them to
the wet state.

The samples are named by their method of treatment
and crosslinker ratio. For example, the pure PAAm hydrogel
with 1% crosslinker ratio is named pure-1%; the DMA-modified
hydrogel with 2% crosslinker ratio is named DMA-2%;
the hydrolyzed hydrogel with 3% crosslinker ratio is named
hydro-3%.
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Fig. 5 Schematic illustration of indentation test based on contact
mechanics.

4.2 Indentation testing

We measured the mechanical bulk modulus of hydrogels using
an indentation testing method as performed and validated by
others.*>*”° By indenting a soft sample with a spherical
indenter and measuring its force-displacement response, we
can apply Hertzian contact mechanics*® to determine an elastic
modulus (Fig. 5). We used a custom-built indentation tester to
perform these measurements (Fig. S1, ESIf). Samples were
prepared in a cylindrical shape and oriented such that a flat
surface was indented. All tests are completed within 15 minutes
to ensure minimal weight loss from de-swelling to the ambient
environment. To confirm this minimal weight loss, we ensured
that the weights of the samples before and after indentation
tests were less than 1%. Displacement speeds ranged from
6 mm min ' to 10 mm min*; slower or faster speeds did not
affect the force-displacement curves, indicating the sample
behaved quasi-statically and quasi-elastically, away from
dynamic drainage and viscoelastic effects. The loading force,
F, is proportional to the displacement of the ball bearing, d,
raised to the power of 3/2:

Do

4 .1
F=3E'R (11)

where R is the radius of the ball bearing in the setup and E* is
an effective modulus. E* is related to the Young’s moduli, E,
and Poisson’s ratios, v, of the sample and indenter such that

2 2
1 1 — Vindenter 1 - Vsample
= + . (12)
E Eindenter Esample

The Poisson’s ratio for all hydrogels, vsampie Wwas assumed to
be 1/3 as measured previously by others for crosslinked
hydrogels.”®**! Therefore, the bulk modulus is equivalent to
the Young’s modulus: Ksample = Esample- Each sample was tested
five times and the force-displacement data was fit to eqn (11),
allowing us to determine Egample and its associated uncertainty
in fitting. We identified two primary sources of uncertainty. The
first being the standard deviation from five separate measure-
ments, . The second being the average uncertainty from fitting
e = /Y e??/N where ¢ is a fitting uncertainty from a particu-
lar measurement and N is the number of measurements. Thus,
the total uncertainty in elastic modulus is Va2 + €2, which can
be visualized by the error bars in Fig. 1.

This journal is © The Royal Society of Chemistry 2021
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4.3 Humidity control

To achieve stable relative humidities below 100%, we used a
microfluidic controller (Elveflow) to mix dry and humid air
flows (Fig. S2, ESIf). The dry air source was supplied by
laboratory air supply at 7% RH while the humid air source
was bubbled through DI water and achieved a humidity of
around 99%. A custom-built PID control software was imple-
mented to achieve humidity values of 10%, 30%, 50%, 70%,
and 90%. Samples were left in the humidity control chamber
for several days to reach equilibrium conditions.

4.4 FTIR results

Fourier-transform infrared (FTIR) spectroscopy (Shimadzu,
IRSpirit, QATR-S) was used to verify that three different hydro-
gel polymer families (Pure, DMA, and Hydro) were synthesized.
Within each family, FTIR spectra did not significantly change
with crosslinker ratio. FTIR results are shown in Fig. S3 (ESIt).

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

It is a pleasure to acknowledge Mario R. Mata Arenales and
Brandon Ortiz for helpful discussions, indentation testing, and
humidity control. We also thank Suraj V. Pochampally and
Jaeyun Moon for assistance with FTIR spectroscopy. This work
was supported by the University of Nevada, Las Vegas through
start-up funds, the Faculty Opportunity Award, the Top Tier
Doctoral Graduate Research Assistantship program, and the
Spring Semester Research Experience. SSD acknowledges sup-
port from the Princeton E-ffiliates Partnership of the Andlinger
Center for Energy and the Environment, the Eric and Wendy
Schmidt Transformative Technology Fund, Project X, and the Prin-
ceton Center for Complex Materials, a Materials Research Science
and Engineering Center supported by NSF grant DMR-2011750.

Notes and references

1 S.Kim, G. Iyer, A. Nadarajah, J. M. Frantz and A. L. Spongberg,
Int. J. Polym. Anal. Charact., 2010, 15, 307-318.

2 A. Kalhapure, R. Kumar, V. P. Singh and D. Pandey, Curr.
Sci., 2016, 1773-1779.

3 M. S. Johnson, J. Sci. Food Agric., 1984, 35, 1196-1200.

4 J.-F. Louf, N. B. Lu, M. G. O’Connell, H. J. Cho and
S. S. Datta, Sci. Adv., 2021, 7, eabd2711.

5 Y. Zhou, C. Wan, Y. Yang, H. Yang, S. Wang, Z. Dai, K. Ji,
H. Jiang, X. Chen and Y. Long, Adv. Funct. Mater., 2019,
29, 1806220.

6 R. Subramani, A. Izquierdo-Alvarez, P. Bhattacharya,
M. Meerts, P. Moldenaers, H. Ramon and H. Van Ooster-
wyck, Front. Mater., 2020, 7, 212.

7 K. Liu, Y. Zhang, H. Cao, H. Liu, Y. Geng, W. Yuan, J. Zhou, Z. L.
Wu, G. Shan and Y. Bao, et al., Adv. Mater., 2020, 32, 2001693.

This journal is © The Royal Society of Chemistry 2021

10
11
12
13

14
15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33
34

35

36

37

View Article Online

Paper

S. Lin, H. Yuk, T. Zhang, G. A. Parada, H. Koo, C. Yu and
X. Zhao, Adv. Mater., 2016, 28, 4497-4505.

S. Jiang, S. Liu and W. Feng, J. Mech. Behav. Biomed. Mater.,
2011, 4, 1228-1233.

B. Manjula, K. Varaprasad, R. Sadiku and K. M. Raju, Adv.
Polym. Technol., 2013, 32, 21340.

S. Bajpai, J. Appl. Polym. Sci., 2001, 80, 2782-2789.

B. Isk and M. Ks, J. Appl. Polym. Sci., 2004, 94, 1526-1531.
T. Caykara, U. Bozkaya and O. Kantoglu, J. Polym. Sci., Part
B: Polym. Phys., 2003, 41, 1656-1664.

B. Isk, J. Appl. Polym. Sci., 2004, 91, 1289-1293.

M. Stanojevi¢, M. K. Krusi¢, J. Filipovi¢, J. Paroj¢i¢ and
M. Stupar, Drug Delivery, 2006, 13, 1-7.

D. Saraydn, E. Karadag, Y. Iskver, N. Sahiner and O. Giiven,
J. Macromol. Sci., Part A: Pure Appl. Chem., 2004, 41, 419-431.
H. Zahouani, C. Pailler-Mattei, B. Sohm, R. Vargiolu,
V. Cenizo and R. Debret, Skin Res. Technol., 2009, 15, 68-76.
S. P. Shetye, A. Godbole, S. Bhilegaokar and P. Gajare, IJRM
Hum., 2015, 1, 47-71.

T. Yang, PhD thesis, KTH Chemical Science and Engineer-
ing, Royal Institute of Technology, Stockholm, Sweden,
2012.

T. Huang, H. Xu, K. Jiao, L. Zhu, H. R. Brown and H. Wang,
Adv. Mater., 2007, 19, 1622-1626.

V. Normand, D. L. Lootens, E. Amici, K. P. Plucknett and
P. Aymard, Biomacromolecules, 2000, 1, 730-738.

N. K. Mongia, K. S. Anseth and N. A. Peppas, J. Biomater.
Sci., Polym. Ed., 1996, 7, 1055-1064.

Y. Cohen, O. Ramon, I. Kopelman and S. Mizrahi, J. Polym.
Sci., Part B: Polym. Phys., 1992, 30, 1055-1067.

J.-Y. Sun, X. Zhao, W. R. Illeperuma, O. Chaudhuri,
K. H. Oh, D. ]J. Mooney, J. J. Vlassak and Z. Suo, Nature,
2012, 489, 133-136.

J. Li, W. R. Illeperuma, Z. Suo and J. J. Vlassak, ACS Macro
Lett., 2014, 3, 520-523.

T. Meyvis, S. De Smedt, J. Demeester and W. Hennink,
Macromolecules, 2000, 33, 4717-4725.

E. C. Muniz and G. Geuskens, Macromolecules, 2001, 34,
4480-4484.

H. M. Wyss, T. Franke, E. Mele and D. A. Weitz, Soft Matter,
2010, 6, 4550-4555.

Z.Ming, Y. Pang and J. Liu, Adv. Mater., 2020, 32, 1906870.
M. Zrinyi and F. Horkay, Polymer, 1987, 28, 1139-1143.

M. Ahearne, Y. Yang, A. J. El Haj, K. Y. Then and K.-K. Liu,
J- R Soc., Interface, 2005, 2, 455-463.

J. Li, Y. Hu, ]. J. Vlassak and Z. Suo, Soft Matter, 2012, 8,
8121-8128.

H.-P. Cong, P. Wang and S.-H. Yu, Small, 2014, 10, 448-453.
E. C. Muniz and G. Geuskens, J. Mater. Sci.: Mater. Med.,
2001, 12, 879-881.

J. Li, Z. Suo and ]. ]J. Vlassak, J. Mater. Chem. B, 2014, 2,
6708-6713.

A. K. Denisin and B. L. Pruitt, ACS Appl. Mater. Interfaces,
2016, 8, 21893-21902.

S. Basu, U. Shivhare and A. Mujumdar, Drying Technol.,
2006, 24, 917-930.

Soft Matter, 2021,17, 9893-9900 | 9899


https://doi.org/10.1039/d1sm01186c

Published on 27 September 2021. Downloaded on 10/28/2025 7:26:48 PM.

Paper

38 P. A. Kallenberger and M. Froba, Commun. Chem., 2018, 1,
1-6.

39 K. Matsumoto, N. Sakikawa and T. Miyata, Nat. Commun.,
2018, 9, 1-7.

40 F. Zhao, X. Zhou, Y. Liu, Y. Shi, Y. Dai and G. Yu, Adv.
Mater., 2019, 31, 1806446.

41 X. Zhou, H. Lu, F. Zhao and G. Yu, ACS Mater. Lett., 2020, 2,
671-684.

42 P.-G. De Gennes and P.-G. Gennes, Scaling concepts in
polymer physics, Cornell University Press, 1979.

43 T. Sakai, M. Kurakazu, Y. Akagi, M. Shibayama and U.-i.
Chung, Soft Matter, 2012, 8, 2730-2736.

44 A. Bhattacharyya, C. O’Bryan, Y. Ni, C. D. Morley, C. R. Taylor
and T. E. Angelini, Biotribology, 2020, 22, 100125.

45 K. D. Schulze, S. M. Hart, S. L. Marshall, C. S. O’Bryan,
J. M. Uruena, A. A. Pitenis, W. G. Sawyer and T. E. Angelini,
Biotribology, 2017, 11, 3-7.

46 J.-F. Louf and S. S. Datta, Soft Matter, 2021, 17, 3840-3847.

47 H.]J. Cho and S. S. Datta, Phys. Rev. Lett., 2019, 123, 158004.

48 H. J. Cho, N. B. Lu, M. P. Howard, R. A. Adams and
S. S. Datta, Soft Matter, 2019, 15, 4689-4702.

49 K. L. Johnson, Contact Mechanics, Cambridge University
Press, 1985.

9900 | Soft Matter, 2021,17, 9893-9900

50

51

52

53

54

55

56

57

58
59

60
61

View Article Online

Soft Matter

T. Jayaramudu, H.-U. Ko, H. C. Kim, J. W. Kim and J. Kim,
Materials, 2019, 12, 2080.

S. Skelton, M. Bostwick, K. O’Connor, S. Konst, S. Casey and
B. P. Lee, Soft Matter, 2013, 9, 3825-3833.

S. P. Obukhov, M. Rubinstein and R. H. Colby, Macromole-
cules, 1994, 27, 3191-3198.

C. Bell and N. Peppas, Biopolymers II, 1995, 125-175.

J. Aalaie, E. Vasheghani-Farahani, M. A. Semsarzadeh and
A. Rahmatpour, J. Macromol. Sci., Part B: Phys., 2008, 47,
1017-1027.

B. Sun, C. Li, Y. Mao, Z. Qiao, R. Jia, T. Huang, D. Xu and
W. Yang, Int. J. Food Sci. Technol., 2021, 56, 3443-3454.

K. Matsumoto, A. Kawamura and T. Miyata, Macromolecules,
2017, 50, 2136-2144.

E. P. Chan, Y. Hu, P. M. Johnson, Z. Suo and C. M. Stafford,
Soft Matter, 2012, 8, 1492-1498.

M. Oyen, Int. Mater. Rev., 2014, 59, 44-59.

D. Lee, M. M. Rahman, Y. Zhou and S. Ryu, Langmuir, 2015,
31, 9684-9693.

E. Geissler and A. M. Hecht, Macromolecules, 1981, 14, 466.
D. C. Andrei, B. J. Briscoe, P. F. Luckham and D. R.
Williams, Modern Aspects of Colloidal Dispersions, Springer,
Netherlands, Dordrecht, 1998, pp. 15-24.

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1sm01186c



