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ARTICLE INFO ABSTRACT

Keywords: Stiffness is a key property for hydrogels, affecting cellular adhesion, motility, and differentiation, the integrity of
Hydrogel biomedical implants, and the flexibility of wound coverings. A hydrogel’s stiffness is controlled by its synthesis
Stiffness

conditions, whether by changing the polymer or crosslinking scheme used, increasing the concentration of
polymer, or increasing the extent of crosslinking. However, no universal design scheme for controlling hydrogel
stiffnesses has been previously proposed, and comparisons between different studies are limited by inconsistent
measurement methods. Here, we used a structural model to make a priori predictions of the stiffness of eighteen
poly(vinyl alcohol) hydrogel formulations and compared five independent stiffness measurement methods to
establish broadly applicable standards for predicting and measuring the stiffness of hydrogels. Overall stiffness
differences between the five measurement methods (tension, compression, shear rheology, macroindentation,
and nanoindentation) were small, but each method provided distinct insights, including measurements of
Poisson’s ratio and viscoelasticity. The measured hydrogel stiffnesses increased with increasing initial polymer
volume fractions (¢,) and decreased with increasing degrees of polymerization between junctions (N;), matching
fundamental predictions. Strong correlations between swelling and stiffness in hydrogels suggested a mechanism
for improving the accuracy of the predictive model. These results suggest that our predictive model is a powerful
tool for the rational design of hydrogels with desirable stiffnesses for a variety of biomedical applications.

Rubberlike elasticity
Hyperelastic model
Swollen polymer network

1. Introduction surrounding or contained biological components, which may also

introduce shear stresses, such as by blood flowing through a

Water-swollen polymer networks, or hydrogels, are a highly studied
group of materials, largely valued for their use in biomedical applica-
tions such as soft tissue-mimicking scaffolds [1], drug delivery reservoirs
[2], and biocompatible coatings for devices such as stents and wound
wrappings [3]. For nearly all biomedical applications of hydrogels, their
stiffness is a critical design parameter [4]. When hydrogels are used as
2D substrates and 3D environments for cell culture, their stiffness affects
cell motility [5,6] and can initiate signaling cascades that drive stem cell
differentiation along specific pathways [7,8]. For hydrogel implants,
including slow-releasing drug reservoirs, matching the surrounding
environment’s stiffness reduces differential stress applied to the implant
that can dislocate, degrade, or fibrotically isolate the implant [9].
Similarly, hydrogel coatings for biomedical devices must exhibit flexi-
bility and adhesion to the underlying material with interactions with the

hydrogel-coated stent [10,11]. For these and many more cases, a
hydrogel’s stiffness must be tuned precisely and reliably over the broad
range of stiffnesses found in the human body.

Creating consistent models for controlling hydrogel stiffness requires
several assumptions about hydrogel structure and the definition of
stiffness [12,13]. Here, we specifically address equilibrium-swollen
hydrogels with stable network structures created by irreversible cova-
lent crosslinking reactions. While this classification does not apply to all
hydrogels, it provides a foundation relevant to many hydrogel formu-
lations and facilitates practical investigation into how the structural
features of such stable hydrogels contribute to their stiffness. We also
adopt an incompressible, neo-Hookean hyperelastic model [14,15],
which simplifies the definition of stiffness into the single shear modulus
parameter relating stress and strain. Notably, the hyperelastic modeling
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approach does not account for viscoelastic [16] and poroelastic phe-
nomena [17-19], instead treating the hydrogel as perfectly elastic.
Moreover, the neo-Hookean model specifically limits the material
description to be isotropic. This is a dramatic oversimplification of
hydrogel properties and cannot be justified at large deformations or
especially long or short timescales, but it ultimately serves the same
purpose as the hydrogel structural assumptions, to facilitate the inves-
tigation of foundational structure-stiffness relationships that can then be
extended with careful modifications to the study of more complex sys-
tems and conditions.

Our understanding of how hydrogel structure affects stiffness ex-
tends from rubberlike elasticity theory, which includes mathematical
models relating hydrogel structural parameters to stiffness [12,20].
Specifically, our recent efforts to update the swollen polymer network
model provide an approach for a priori prediction of a specific hydrogel
formulation’s shear modulus based on synthesis-defined structural pa-
rameters [12,21]. Notably, the swollen polymer network model and the
neo-Hookean hyperelastic model are compatible, both summarizing
stiffness as the shear modulus and including assumptions of elasticity
and incompressibility. A more comprehensive hyperelastic model, such
as the Mooney-Rivlin model, would require the fitting of additional
phenomenological parameters beyond the scope of the swollen polymer
network model [22]. However, neither the swollen polymer network
model nor the neo-Hookean model explicitly addresses the scope of its
application: what are the relevant ranges for strain and time scale, and
does it matter whether the force is applied during a loading or unloading
phase? Further experimental characterization in a variety of conditions
is needed to evaluate whether the swollen polymer network model
predictions of stiffness are substantially accurate for a broad range of
hydrogel formulations.

Given the assumptions related to the neo-Hookean shear modulus
and rubberlike elasticity theory, there are numerous methods for
measuring the stiffness of a hydrogel. Uniaxial tensile [23-26] and
compressive [25,27-31] experiments apply force to a hydrogel sample
in a single direction, yielding force and displacement data that can be
directly analyzed using the neo-Hookean model. Parallel plate shear
rheology experiments [32-36], frequently used in studies of hydrogel
viscoelasticity, can also be applied to effectively elastic gels, wherein the
storage modulus response to radial strain is often treated as a stand-in
for the shear modulus [5,32,35,37]. Indentation experiments probe
the stiffness of only a small region of a hydrogel sample, but repeated
and distributed experiments can confirm the homogeneity of a sample
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[38]. Here, we distinguish between macroindentation [39-42] and
nanoindentation [38,43-45] because the bulk stiffness of a hydrogel and
the local surface stiffness measured via nanoindentation may differ. For
cell migration, which depends on the local traction forces with de-
formations on the order of micrometers [6], local surface stiffness may
be more relevant than large-scale bulk mechanics. Strikingly, prior
literature on the stiffness of hydrogels does not provide robust com-
parisons on the advantages and disadvantages of the different stiffness
characterization methods, and most reports of hydrogel stiffness only
evaluate results from a single characterization method. Two notable
exceptions in the literature use multi-method comparisons to validate
pipette aspiration as a method of stiffness measurement for hydrogels
[46,47]. Buffington et al., compared the stiffness of three poly-
acrylamide hydrogels with different crosslinking ratios using pipette
aspiration, nanoindentation, and compression [47], and Gandin et al.
compared six polyacrylamide hydrogel formulations (with
non-systematic changes in polymer concentration and crosslinking
ratio) using atomic force microscopy, pipette aspiration, macro-
indentation, rheology, and compression studies [46]. Both studies
describe an interest in demonstrating the value of the pipette aspiration
method. In contrast, this study aims to provide a balanced
cross-evaluation of how the different commonly used hydrogel stiffness
characterization techniques affect the measured stiffness for a range of
hydrogel formulations with varying stiffnesses (Fig. 1).

Here, we characterize the stiffnesses of eighteen structurally varied
poly(vinyl alcohol) hydrogel formulations using five common methods:
tensile and compressive testing, rheology, and macro- and nano-
indentation. We cross-evaluate the accuracy, precision, and relevant
complementary features of each method, including measurement of
Poisson’s ratio, viscoelasticity, and surface-to-surface heterogeneity for
each formulation as validations of the neo-Hookean modeling approach.
Finally, we compare measured stiffnesses to structural predictions made
with the swollen polymer network model to provide robust experimental
feedback to the fundamentally derived model and to identify and
address weaknesses with applying the model to real hydrogels.

2. Experimental section
2.1. Poly(Vinyl alcohol) hydrogel synthesis and swelling characterization

Poly(vinyl alcohol) (PVA) hydrogels were synthesized as previously
described [21,48]. Briefly, PVA (M, = 33,884 g/mol, PDI = 1.81;
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Fig. 1. Schematic comparison of stiffness measurement methods (tension, compression, rheology, macroindentation, nanoindentation) and structure-based pre-
diction of shear modulus for hydrogels. Each approach includes distinct challenges and uncertainty, and their comparison generates a robust picture of what is

understood about the mechanics of hydrogels.
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Sigma-Aldrich, St. Louis, MO) was dissolved in deionized water by
heating at 90 °C overnight at three concentrations corresponding to
three initial polymer volume fractions (@) of 5, 7.5, and 10%. PVA
solutions were adjusted to ~1.5 pH with hydrochloric acid, then an
aqueous glutaraldehyde solution (25%; Sigma-Aldrich) was added based
on stoichiometric ratios with PVA (mol glutaraldehyde/mol
PVA-repeating units) to attain six ideal degrees of polymerization be-
tween junctions (Nj) of 20, 30, 40, 50, 60, and 70. The resulting 18
combinations of initial polymer volume fractions and degrees of poly-
merization values were cast into ~2 mm-thick sheets and left to react for
3 h to form hydrogels. Two batches were synthesized for each formu-
lation to address batch-to-batch variability. Following the hydrogel
formation reaction, three 18 mm-diameter discs (per formulation and
batch) were punched for swelling analysis, and the remaining material
was swollen to equilibrium in phosphate-buffered saline (PBS) for use in
mechanical experiments. Due to the dissolution at high temperature and
maintaining sample hydration for the entire study, the likelihood and
structural effects of PVA’s tendency to crystallize in dry conditions were
minimized.

As previously described [21,48], swelling was characterized in three
states: the relaxed state immediately followed gelation, the swollen state
followed swelling to equilibrium in excess PBS, and the dry state fol-
lowed desalting in deionized water and drying with heat and vacuum.
Volumes in each state were measured using a buoyancy-based method
[21]. Swollen polymer volume fractions (¢s) were calculated by dividing
the swollen volume by the dry volume.

2.2. Tensile experiments and analysis

Tensile experiments were performed using a Univert tester (CellS-
cale, Waterloo, ON) with a water bath, attached camera for digital image
correlation (DIC), and custom-made shoulder-supported grips for soft
hydrogel samples. Dog-bone-shaped hydrogel samples were punched
from films with a custom-made punch (adapted from a previously
published design [49]), yielding hydrogel samples for tensile testing
with a 30 x 10 mm gage area and thicknesses ranging from 1.5 to 2.5
mm based on hydrogel swelling. Further information about the custom
dog-bone punch and associated shoulder-supported grips is provided in
the supplementary material.

For each of the eighteen hydrogel formulations and two batches per
formulation, three dog-bone samples were punched for tensile testing
(n = 6). The thickness of each sample was measured for later use in
calculating stress. The camera-facing side of each sample was speckled
with graphite to facilitate digital image correlation (DIC). Each sample
was loaded into the tester and fully submerged in phosphate-buffered
saline (PBS), then subject to two cycles of uniaxial extension of 6 mm
at a rate of 1/3 mm per second. The applied force was measured by a 2 N
load cell between the displacement arm and the sample grips. During the
loading cycles, a camera attached to the tensile tester recorded video
and correlated each image frame to the force applied at the time. During
experimentation, the stiffest hydrogel formulation (¢, = 0.100, N; =
20) would consistently fracture and was not included in the final
analysis.

Following the tensile experiments, the UniVert DIC software was
used to calculate local strain values within the homogeneous deforma-
tion region of the sample gauge area based on changes to the graphite
speckle patterns. DIC-based stretching data in the x and y directions
(parallel and perpendicular to the applied force) were used to calculate
the Poisson’s ratio of each sample [50]. By solving the homogeneous
uniaxial tension boundary value problem and assuming incompressible,
neo-Hookean material behavior force and y-stretch measurements were
correlated (Equation (1)). Through fitting the experimental data to
Equation (1), the shear modulus was identified. A link to the R script
used to analyze the entire tensile dataset is provided in the supple-
mentary material.
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In Equation (1), ¢ is the Cauchy stress based on the applied force and
time-dependent cross-sectional area, G is the shear modulus, and 1 is the
local strain in the homogeneous deformation region.

2.3. Compressive experiments and analysis

Compressive experiments, and all mechanical experiments other
than the tensile experiments, use the same set of 10 mm-diameter discs
punched from the original hydrogel films. Three samples from two
batches per formulation were tested (n = 6). Unlike with tensile testing,
all samples retained their integrity through compression, rheology,
macroindentation, and nanoindentation experiments, including the
stiffness hydrogel formulation (¢, = 0.100, N; = 20).

Compressive experiments were performed using a Q800 Dynamic
Mechanical Analyzer (DMA; TA Instruments, New Castle, DE) equipped
with compression and submerged compression clamp sets. For sub-
mersion experiments, samples were fully submerged in PBS. For non-
submerged experiments, samples were preloaded to 0.01 N compres-
sive force and then treated to two cycles of compression to 20% strain at
a rate of 20% strain per minute. Submerged experiments used 0.03 N
preload to overcome buoyancy effects and the same 20% strain cycles.

Following compressive experiments, raw force and length over time
data were collected as text files and batch-analyzed using a custom R
script (provided in supplementary material) to calculate shear modulus
from the uniaxial neo-Hookean model (Equation (1)). For this analysis,
compressive data was subset down to the upper half of the first loading
curve (10-20% strain; see (Supp.Fig. S3) to minimize variable nonlin-
earity in the initial stress-strain curves, which may have resulted from
non-flat sample surfaces or other imperfections in initial sample-
instrument contact.

2.4. Rheological experiments and analysis

Rheological experiments were performed using a Discovery Hybrid
Rheometer (TA Instruments, New Castle, DE) equipped with sand-
blasted parallel flat plates (10 mm upper plate diameter). Like
compression experiments, rheology experiments were performed in
both PBS-submerged and non-submerged conditions using a water trap.
Each sample was centered between the two plates and held in place by a
0.5 + 0.1 N axial force. Initial amplitude sweep and frequency sweep
studies showed that all hydrogel formulations were within the linear
viscoelastic region at a frequency of 1 Hz and over an amplitude range
including 0.1-1% rheological shear strain. Treating all the hydrogels as
effectively elastic due to their covalent network structure and the rela-
tively low oscillation frequency, we treated the average storage modulus
over the 0.1-1% strain range (calculated by the rheometer’s software) as
an equivalent estimate of shear modulus. An R script was used to
organize the data from each experiment by condition and hydrogel
formulation (available in supplementary material).

2.5. Macroindentation experiments and analysis

Macroindentation experiments were performed using the Q800 DMA
(TA Instruments, New Castle, DE) with a 3 mm-diameter spherical
indentation probe. Each sample was preloaded to 0.01 N and then
indented to 10% local strain (the tip was indented to 10% of the
thickness of the sample) at 20% strain per minute. Sample thicknesses
varied based on the extent of swelling to equilibrium, from 1.4 to 2.5
mm. The resulting force-displacement data from the loading phase was
fit to a Hertz model (Equation (2)), and results were grouped by
hydrogel formulation using an R script (supplementary material).
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In Equation (2), F is the applied force, r is the radius of the spherical
probe, d is the distance indented into the material, and v is Poisson’s
ratio, assumed to be 0.5.

2.6. Nanoindentation and analysis

Nanoindentation experiments were performed using a Piuma nano-
indenter (Optics11 Life, Amsterdam, Netherlands) with a 24 pm-radius
probe tip and a cantilever stiffness of 0.24 N/m. For all experiments,
samples were submerged in PBS, and force spectroscopy curves were
measured in a square 3 x 3 grid with 50 pm raster steps. For all samples,
the probe was indented up to 3 pm into the sample over 0.6 s (the total
penetration depth is less than 3 pm due to force-dependent probe
deflection). Because nanoindentation is more sensitive to surface stiff-
ness than bulk stiffness when compared to other methods, nano-
indentation experiments were performed on both sides of each sample to
measure absolute differences in surface stiffnesses. The Piuma software
fitted each force spectroscopy loading curve to a Hertz model (Equation
(2)), and an R script (supplementary material) was used to calculate
average values per hydrogel formulation.

2.7. Predictive structural modeling

Hydrogel swelling and stiffness were predictively modeled from the
expected structure for each hydrogel formulation according to the
swollen polymer network model [12,21,51]. Briefly, the swollen poly-
mer volume fraction (¢,) was predicted using the equilibrium swelling
equation (Equation (3)) using the relevant initial polymer volume
fraction (¢,) and degree of polymerization between junctions (N;) for
each hydrogel formulation and relevant identity parameters. The pre-
dicted swollen polymer volume fraction was then used in the rubberlike
elasticity equation (Equation (4)) to predict shear moduli (G) for each
hydrogel formulation. Notably, this approach differs from our previ-
ously published work [21], which predicted hydrogel stiffness from
swelling measurements. Here, both swelling and stiffness are predicted a
priori from structural and identity parameters, resulting in a more
fundamental prediction that does not require an intermediate
measurement.

-1 _ 21 _ :‘:pdvl _ 7% 2

o (=) + o+ pel] =~ 00 7)(1 f>¢>o ®)

G =RT(1-2)(1 - p)-LLyig} @
f M,]VJ 0Fs

In Equation (3), y; = 0.494 is the polymer-solvent interaction
parameter for PVA, p, = 1.27 g/mL is the polymer dry density, V; =
18 mL/mol is the molar volume of the solvent (water), M, = 44 g/ mol is
the repeating unit molecular weight, f = 4 is the junction functionality,
and y is the frequency of chain-end defects, which is calculated as y =

ﬂg% according to Ref. [12]. M, = 33,884 g/mol is the linear PVA

molecular weight [21].
In Equation (4), R = 8314 J/kmol K is the ideal gas constant, and T =
298 K is the temperature.

2.8. Statistical analysis

All experiments were performed in triplicate with two batches per
formulation (n = 6). All values are represented as mean + standard
deviation. Analysis and modeling were performed using Excel (Micro-
soft Corporation, Albuquerque, NM), R & RStudio scripts, GraphPad
Prism 9 software (GraphPad Software, San Diego, CA), and software
from mechanical testing instrument manufacturers as noted in the

Polymer 258 (2022) 125316

methods above. Quantitative (raw and processed) data for this work are
available via the supplementary material.

3. Results and discussion
3.1. PVA hydrogel synthesis and swelling

Eighteen PVA hydrogel formulations were synthesized with varying
initial polymer volume fractions (¢, = 0.050, 0.075, or 0.100) and
degrees of polymerization between junctions (N; = 20, 30, 40, 50, 60,
or 70) as previously reported [21]. Each hydrogel formulation was
synthesized in two batches to account for batch-to-batch variations,
except for the stiffest formulation (¢, =0.100, N; = 20), which failed to
form intact, homogeneous hydrogels in one of the batches. Three sam-
ples from each formulation and batch were used to determine the
swollen polymer volume fraction (¢;) for each formulation, which was
used in a later analysis comparing model predictions to measured stiff-
nesses. The remaining equilibrium-swollen hydrogel material was used
for stiffness measurements.

3.2. Cross-evaluation of hydrogel stiffness measurement methods

The primary goal of this work was to evaluate whether the most-used
stiffness characterization methods for hydrogels reliably yielded
equivalent results. To address this goal, we characterized the stiffness of
eighteen PVA hydrogel formulations using tension, compression,
rheology, macroindentation, and nanoindentation. Structurally varied
PVA hydrogel formulations were used in this study to create chemically
equivalent hydrogels that range over more than an order of magnitude
in shear modulus values. While each stiffness characterization method
has innate advantages and unique features that will be discussed in the
next major section, they have all been used to measure shear modulus
[24,31,32,42,43], which may be thought of as a universal parameter for
the stiffness of a hyperelastic material. Therefore, we first compared the
shear moduli as a function of the measurement method for each
hydrogel formulation (Fig. 2) to identify the most accurate and precise
correlations between methods.

In Fig. 2, all axes are represented on a logarithmic scale to equally
represent the distribution of stiffnesses for the eighteen hydrogel for-
mulations, which would otherwise skew toward lower stiffnesses and
obscure their differences on a linear scale. The logarithmic scale also
serves to balance the importance of normalized accuracy at low shear
modulus values with accuracy at higher shear modulus values, espe-
cially since many hydrogel applications require materials on the softer
side of the represented spectrum.

Cross-evaluation between comparable methods as shown in Fig. 2
yields two major analysis categories: accuracy and precision. Two
methods with an accurate relationship have similar values over the
entire range of interest and do not show significant biases away from the
1:1 correlation as shown for tension and macroindentation (Fig. 2A).
Two methods with a precise relationship are highly correlated, but that
correlation does not have to have equivalent values, as shown by the
high R? value for the tension-compression relationship, despite the
visible deviance from a 1:1 correlation at low stiffness (Fig. 2B). The
compression-nanoindentation relationship (Fig. 2G) demonstrates a
relatively accurate relationship with low precision, and the tension-
rheology relationship demonstrates a relatively precise relationship
(R? = .9304) with poor accuracy. The relative importance of accuracy
and precision depends on the application—whether it is more important
for agreement between measurement methods (accuracy) or to confirm
the differences between hydrogel formulations (precision).

To assess the cross-evaluations based on individual methods, tension
experiments yielded the most reliable measurements and nano-
indentation yielded the least reliable measurements. The differences can
partially be attributed to scale and methodology. While compression,
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Fig. 2. Cross-evaluation of five stiffness characterization methods on eighteen structurally varied PVA hydrogels. The dotted line represents an ideal 1:1 correlation,
and error bars represent standard deviations. R? values represent the precision of the global best fit line between the x-axis and y-axis values (best-fit line not shown).
Tens: Tension. Mind: Macroindentation. Comp: Compression. Rheo: Rheology. Nind: Nanoindentation. ¢,: Initial polymer volume fraction.

rheology, and macroindentation effectively probed the stiffness of 10
mm hydrogel discs, tensile experiments analyzed a larger dogbone-
shaped sample of each hydrogel formulation, and nanoindentation
effectively probed only a small depth into the surface of a hydrogel
sample. These results imply that, when viable, larger hydrogel samples
and methods that make use of more of the sample will yield more reli-
able results. Furthermore, the tension experiments included DIC,
creating local strain analysis that exceeded what is possible with the
other methods. Direct comparison between DIC-based shear moduli
measurements and overall displacement-based shear moduli for tension
experiments consistently yielded a two-fold difference (Supp.Fig. S1).
Therefore, if the tension experiments did not use DIC, the resulting shear
moduli would differ greatly from other measurement methods, nulli-
fying its enhanced accuracy. Conversely, the nanoindentation method
used here depends on the parameters of a pre-calibrated probe and in-
cludes assumptions about how the bending of the probe’s cantilever
corresponds to the material’s stiffness. The uncertainty associated with
such an assumption-dependent method likely contributes to the rela-
tively low precision and accuracy seen when comparing nano-
indentation to other methods. Finally, the datasets for tension and
nanoindentation each have limitations that may have created artifacts
for overall comparison. For the tension experiments, the stiffest hydro-
gel formulation (¢, = 0.100, N; = 20) was too brittle to test using the
same methods as the other formulations and was not included in the
final analysis, possibly distorting the analysis compared to other
methods that included the stiffest formulation in their analysis and
comparisons. For the nanoindentation experiments, only the second

batch of hydrogels was included in the final analysis because the probe
tip broke during the characterization of the first batch, and the use of a
second probe might have introduced additional experimental uncer-
tainty. The limited dataset likely enhanced the variability associated
with nanoindentation experiments despite the averaging of multiple
scans per sample.

The comparison of macroindentation and nanoindentation shear
moduli addresses a key question of this study—whether hydrogel stiff-
nesses differ depending on the length scales. Both macroindentation and
nanoindentation experiments were fit to a Hertzian indentation model
but with different probe sizes (3 mm vs. 48 pm diameter) and mea-
surement equipment. The resulting correlation (Fig. 2J) is positive
across all formulations with some overlap of the 1:1 correlation line and
the highest R? value among the nanoindentation comparisons (R?
.7931), suggesting that the overall difference between shear moduli
over approximately two orders of magnitude for probe size is negligible
despite the differences in the measurement methods. This result may be
specific to covalently crosslinked PVA hydrogels since that is all that is
studied here, but it provides evidence that length scale does not dras-
tically alter stiffness measurements in hydrogels. Secondarily, correla-
tions between the two indentation methods and the other stiffness
measurement methods contribute toward the validation of the Hertz
model applied to hydrogels.

3.3. Method-specific features beyond measuring stiffness

While the five measurement methods compared in this study are all
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used to study hydrogel stiffness, they each provide additional capabil-
ities and include practical limitations specific to the method. The two
most relevant capabilities to the neo-Hookean interpretation of shear
modulus as stiffness for hydrogels are how tensile testing with DIC can
measure Poisson’s ratio and how rheology can measure viscoelasticity
(Fig. 3). These measurements validate the neo-Hookean assumptions
that the hydrogels are incompressible and fully elastic. These and other
capabilities and major limitations for each method are discussed below.

As discussed above, tensile testing with DIC is an accurate method for
measuring hydrogel stiffness [52]. R? values for the fit of stress and
stretch to the neo-Hookean model for each tensile experiment vary from
0.918 to 0.999 with a median of 0.997, suggesting an accurate fit rela-
tionship. Notably, the low-friction surfaces of hydrogels are likely to slip
from clamps under tensile forces [49]. To address this slipping tendency,
we 1) used shoulder-supported clamps [49] with a custom dog-bone
sample shape to provide normal forces as well as friction forces hold-
ing the sample in place and 2) used DIC to measure local strain within
the gauge region of the hydrogel, which is more accurate than total
displacement, especially with potential sample slippage. Because DIC
optically records strain, it provides the secondary function of measuring
Poisson’s ratio during stretching from the ratio of the parallel and
perpendicular stretches [50]. For all hydrogel formulations, the
measured Poisson’s ratios were within one standard deviation of 0.5
(Fig. 3A), suggesting that the hydrogels were all effectively incom-
pressible materials over the timescale of the tensile experiments (18 s,
rate of 0.33 mm/s). The measured Poisson’s ratios validate the incom-
pressibility assumption of the neo-Hookean hyperelastic model applied
to the studied hydrogels.

Key limitations for the tension experiment compared to the other
stiffness measurement methods include the equipment requirements,
the amount of sample material needed, and the time needed to optimize
the experiment. For tension experiments with DIC, equipment included
a tensile tester, a connected camera and lighting rig, and a computer
with proprietary software needed to analyze the raw DIC data. Open-
access alternatives may reduce this limitation [53]. The samples
needed were larger than for the other methods because DIC required a
large gauge area with an unobstructed view for high-quality analysis
and the dogbone shape was necessary for shoulder-supported tension
experiments. Ultimately, developing the shoulder-supporting clamps,
optimizing data acquisition with the camera, and fully submerging
samples in a large PBS bath during experiments caused the total
experimental time commitment for this method to greatly exceed the
time spent on the other methods. Additionally, the data volume per
experiment for DIC-based tensile experiments greatly exceeded the
other methods due to the need for high-speed, high-resolution imaging.

Compression experiments complemented tension experiments as a
second uniaxial measurement method that uses the simplest form of the

Viscoelasticity
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neo-Hookean model (Equation (1)). R? values for the fit of stress and
stretch to the neo-Hookean model for each compression experiment vary
from 0.98605 to 0.99999 with a median of 0.99966, suggesting an
exceptionally accurate fit relationship. Compression experiments with a
dynamic mechanical analyzer were performed with and without PBS
submersion, yielding negligible differences in measured shear moduli
(Supp.Fig. S2). For a typical stress-strain graph for a compression
experiment (Supp.Fig. S3A), hysteresis was observed between loading
and unloading phases, possibly associated with the selected strain rate,
but no plastic deformation was observed, further validating a hypere-
lastic approach to characterizing stiffness in these hydrogels. However,
the stress-strain slope often changed significantly from the initial
loading to a more linear response at the higher end of the 20% strain
applied, so compressive shear modulus measurements were calculated
from the linear, 10-20% loading phase of the stress-strain chart for all
hydrogel formulations (Supp.Fig. S3B). Overall, compression experi-
ments made convenient, non-destructive use of 10-mm diameter disc
samples and rapidly tested the relationship between uniaxial stress and
strain for each hydrogel formulation.

Shear rheology experiments introduce complexity into the mea-
surement of stiffness by addressing explicit time-dependent viscoelastic
considerations. To create comparable conditions to other stiffness
measurement methods, we performed parallel plate rheological exper-
iments at an angular frequency of 1 Hz and measured storage moduli
over a rheological shear strain range from 0.1 to 1%, which was found to
be within the linear viscoelastic range for all hydrogel formulations
studied. Critically, under these conditions, all hydrogel formulations
showed viscoelastic fractions less than 2%, indicating that the hydrogels
were effectively elastic (Fig. 3B). This validation step further confirms
the applicability of the neo-Hookean hyperelastic model, which assumes
negligible viscous or viscoelastic behavior of the material within the
timescales of interest. Like the compression experiments, rheology ex-
periments were performed in both wet (PBS) and dry environments,
yielding negligible differences in the measured storage moduli (Supp.
Fig. S4A). We note that the axial force applied during a rheology
experiment is a potential source of experimental artifacts—at 0.1 N axial
force, an apparent maximum stiffness was observed among the hydrogel
formulations that was corrected when all samples were reanalyzed with
0.5 N axial force (Supp.Fig. S4B). Altogether, rheology studies provide
critical investigations of the time-dependent behavior of hydrogel de-
formations, but their measurements of hydrogel stiffness are less accu-
rate and straightforward than typical uniaxial stiffness measurement
techniques such as tension and compression experiments.

Macroindentation and nanoindentation use spherical probes to
investigate stiffness near the surface of a material. Indentation distinctly
addresses size-dependent properties of a material’s stiffness, unlike the
other three methods, which address the bulk stiffness of a

Fig. 3. Poisson’s ratio and viscoelastic fraction (G"/
G’) measurements were collected alongside stiffness
measurements via the tension and rheology methods,
respectively. Data are grouped by the initial polymer
volume fraction (¢,), and error bars represent stan-
dard deviation. The dashed line represents a Poisson’s
ratio of 0.5, which indicates an incompressible ma-
terial. Viscoelastic fraction is the average loss
modulus (G") divided by the average storage modulus
(G’) in the linear viscoelastic range, also commonly
defined as tan delta.
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homogeneously deformed material. Theoretically, indentation is more
likely to reflect cellular interactions with a material’s stiffness since cells
form focal adhesion points to push and pull on their environment [6].
Most importantly, comparing macroindentation- and
nanoindentation-measured stiffnesses yielded negligible differences
(Fig. 2J) and, more broadly, nanoindentation-measured stiffness with
the other methods (Fig. 2D, G, I) showed that nanoscale stiffness does
not consistently differ from macroscale stiffness in covalently cross-
linked PVA hydrogel. However, the shallow penetration depth of
nanoindentation facilitated the study of the surface-to-surface hetero-
geneity of the hydrogel samples (Supp.Fig. S5). Because the top and
bottom surfaces were not tracked during the hydrogel swelling process,
surface-to-surface heterogeneity was measured using absolute differ-
ences for each sample. While the analysis based on absolute differences
does not prove whether the top or bottom surface tended to be stiffer,
the apparent decrease in the difference between surface stiffnesses with
increasing degrees of polymerization between junctions suggests that
higher concentrations of glutaraldehyde crosslinking agent created
more heterogeneity in crosslinking distributions. This result from
nanoindentation experiments indicates that bulk and averaged charac-
terizations of hydrogel stiffnesses have practical limitations that may
distort understanding of local interactions.

As shown by these complementary studies, each method for stiffness
characterization includes advantages and limitations. Together, they
create a detailed picture of the stiffness of each hydrogel and validate
assumptions associated with the definition of stiffness. However, it is
time-consumptive and often redundant to use each method as done here,
so readers should consider which method or combination of methods is
most appropriate for their goals and downstream applications based on
the features and drawbacks of each method.

3.4. Relationships between hydrogel structure and stiffness

Our theoretical understanding of how a hydrogel’s stiffness relates to
its network structure is guided by the swollen polymer network model
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[12,21,51]. Here, we manipulated the structure of PVA hydrogels by
altering their initial polymer volume fractions (¢,) and degrees of
polymerization between junctions (N;) during synthesis. The effects of
varying these parameters on swelling and stiffness are well-defined
within the swollen polymer network model [12,21], enabling a priori
predictions of the swollen polymer volume fraction and shear modulus
for each hydrogel formulation. We compared structure-based pre-
dictions of shear moduli to the measured shear moduli both to provide
context to the measured values and to evaluate how well the theoretical
predictions match the measured stiffnesses of real hydrogels (Fig. 4).
For all measurement methods, the trends relating structure to stiff-
ness generally match the prediction. Increasing the initial polymer
volume fraction (¢,) consistently increased stiffness, and increasing the
degree of polymerization between junctions (N;) consistently decreased
stiffness in a broadly inverse (1/X) relationship, yielding the highest
stiffnesses and greatest changes between formulations at low degrees of
polymerization between junctions and high initial polymer volume
fractions. However, the prediction overestimates the stiffnesses of every
formulation compared to every measurement method with the largest
discrepancies at low initial polymer volume fractions and low degrees of
polymerization between junctions (see Supp.Fig. S6 for direct compar-
ison). These measurement-modeling discrepancies suggest that the
fundamental assumptions in the swollen polymer network model over-
simplify and idealize the network structure, and a more accurate model
would need to account for the heterogeneity in the network structure,
especially in the case of dilute (low ¢,) but highly crosslinked (low N;)
networks where redundant and ineffectual crosslinks are most likely to
occur [20,54,55]. The current swollen polymer network model does not
account for a non-Gaussian skewed distribution of degrees of polymer-
ization between junctions that is likely for highly crosslinked networks
nor does it address a kinetic theory of network formation that might
reflect how network imperfections may result from dilute solutions [12,
56,57]. While incorporating non-Gaussian chains and network forma-
tion kinetics into the swollen polymer network would be theoretically
challenging, it may be worthwhile for the accurate design of dilute but
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Fig. 4. Comparison of the relationship between PVA hydrogel structure and stiffness as predicted (A) and measured via five independent methods (B-F). PVA
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synthesis. Error bars represent standard deviations. Predictions were made a priori based on the swollen polymer network model.
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highly crosslinked networks that could be especially useful as
size-restricting drug delivery systems.

Our prior measurements [21] of swelling in each hydrogel formu-
lation facilitate a more nuanced analysis of the mechanisms behind the
swollen polymer network model. As we have previously demonstrated,
swelling measurements facilitate the prediction of a hydrogel’s stiffness
[21]. Here, we have used an alternative method of predicting stiffness a
priori from the synthesis-defined network structure. With the a priori
approach, the swollen polymer volume fraction (¢,) is predicted first via
the equilibrium swelling equation, and then the shear modulus (G) is
predicted from the structural parameters and the predicted swollen
polymer volume fraction via the rubberlike elasticity equation. There-
fore, the swollen polymer volume fraction can be predicted or measured
and the shear modulus can be predicted or measured (we are excluding
shear moduli predicted from a measured swollen polymer volume
fraction). The resulting comparison yields an interesting symmetry
(Fig. 5): there is a universal correlation between predicted swelling and
predicted stiffness (Fig. 5A) and a universal correlation between
measured swelling and measured stiffness (Fig. 5B). In Fig. 5,
compression-based shear moduli are used for measured stiffnesses, but
the universal correlation is conserved across all measurement methods
(Supp.Fig. S7). The consistency between the predicted-predicted swel-
ling-stiffness correlation and the measured-measured swelling-stiffness
correlation indicates that the predicted relationship between swollen
polymer volume fraction and shear modulus, or the rubberlike elasticity
equation, is appropriate. For the hydrogel formulations studied here,
stiffness universally correlates with swollen polymer volume fraction. In
combination with the structure-stiffness discrepancies observed in
Fig. 4, these results indicate that the equilibrium swelling equation is the
primary source of deviation between predicted and measured stiffness
values. Furthermore, this conclusion is consistent with our previous
study on hydrogel structure and swelling, which found an alternative,
phenomenological relationship between hydrogel structure and swelling
that was much more accurate than the predictions of the swollen poly-
mer network (Supp.Fig. S8 shows the relationship between predicted
and measured swollen polymer volume fractions) [21]. These studies
provide evidence that incorrect assumptions encoded in the equilibrium
swelling equation may be the limiting factor in accurately predicting the
physical properties of PVA hydrogels via the swollen polymer network
model.

4. Conclusions
The goals of this study were to provide a robust comparison of

stiffness measurement methods for hydrogels and to investigate the
fundamental relationships between hydrogel structure and stiffness.
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Both goals were achieved using a library of eighteen PVA hydrogel
formulations varying in both the initial polymer volume fraction (¢,)
and the degree of polymerization between junctions (Nj). Tension,
compression, rheology, macroindentation, and nanoindentation exper-
iments created five independent measurements of stiffness for each
hydrogel formulation, and each method provided additional answers to
unique contextual questions such as the incompressibility, viscoelas-
ticity, and heterogeneity of the hydrogels. The five stiffness measure-
ment methods yielded broadly equivalent results. Ultimately, no one
method studied here is unequivocally superior to the others, and all
should be considered based on the resources available and the desired
application for the hydrogel.

This study introduced a powerful, structure-based method for mak-
ing a priori predictions of a hydrogel’s stiffness. The prediction matched
trends in how the variations in hydrogel structure affected measured
stiffnesses, and all predicted values were within an order of magnitude
of the measured values without the use of phenomenological fitting
parameters. While this approach marks a significant step in quantifiable
hydrogel design, it also reveals areas that can be improved. The accuracy
of the model dropped at the lower ranges of initial polymer volume
fraction and degree of polymerization between junctions, suggesting
that the model fails to capture the effects of non-ideal network formation
conditions. A closer investigation of the relationship between swelling
and stiffness in this set of hydrogels suggested that the prediction errors
are more closely associated with the equilibrium swelling component of
the swollen polymer network model than the rubberlike elasticity
component, which further confirms the importance of inconsistencies
previously observed between predicted and measured synthesis-
swelling relationships [21].

Further work to improve structure-based predictions of hydrogel
physical properties will benefit from expanding the scope of hydrogel
formulations and experimental conditions. Experimentally, PVA
hydrogels were shown to follow neo-Hookean mechanics under narrow
strain ranges and timescales. Most likely, the hydrogels behave more
viscoelastically at higher frequencies and should even lose their
incompressibility under long-term deformation by exuding water. The
significance of these behaviors should be associated with the relevant
applications by the Deborah number [58]. Furthermore, the idiosyn-
cratic properties of PVA hydrogels, such as the randomness of their
glutaraldehyde crosslinking reaction, may create structure-stiffness in-
teractions that are not observed in other hydrogel systems. Equivalent
studies with complementary systems, especially systems that can
manipulate additional structural parameters such as junction function-
ality (f in Egs. (3) and (4)) and the frequency of chain-end defects (y in
Egs. (3) and (4)) will improve the comparisons between measured and
predicted structure-property relationships and could collectively justify
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changes to the fundamental models. The overarching goal of this
ongoing work—to create reliable universal models for hydrogel
design—will greatly accelerate biomaterials science toward trans-
lational achievements.
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