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Abstract

Understanding the deformation and fracture behavior of human organs exhibiting a very low
stiffness (< 1 kPa) is of vital importance to gain information on how these soft tissues react on
the medical device during loading conditions in surgical robotics applications. We investigated
the deformation and fracture behavior of model poly(vinyl alcohol) ultra-soft hydrogels by
puncture tests with flat-ended indenters whose size is comparable to the elasto-capillary length,
with a particular focus on the effect of structural heterogeneity. By tuning the polymer and cross-
linker concentrations, gels with modulus ranging from 56 — 2700 Pa were synthesized having
varied structural heterogeneity, examined by light scattering. We found that structural
heterogeneity plays a key role in lowering the fracture resistance of the soft gels under large non-
linear deformation. This work provides insights into the mechanics and fracture of ultra-soft
materials under extreme deformation conditions and opens the question of the interplay between

elasticity and capillarity in such ultra-soft gels at small length scales.
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Introduction

Hydrogels are networks of cross-linked polymer chains swollen in water. Thanks to their high
water contents and biocompatibility, hydrogels are good candidates for biomedical applications
such as tissue engineering, artificial cartilage, vessels, prosthetic joints, soft contact lenses, etc.
The growing demand for hydrogels highlights the importance of understanding their mechanical
properties, especially fracture resistance properties for stress-bearing applications. Many types of
tough hydrogels have been extensively investigated recently, either for covalently cross-linked® ?,
physically cross-linked*®, or double network hydrogel,® and several different mechanisms to
prevent crack initiation and/or crack propagation have been proposed”®. These tough hydrogels
have a modulus typically on the order of tens of kPa, while some of the human organs (brain,
breast, and lung) exhibit a very low stiffness, with a modulus as low as tens of Pa. Understanding
the deformation and fracture behavior of such ultrasoft solids, or how soft tissues react to a
medical device during loading conditions, is of practical and academic importance, given the

notable advances in medical robotics and surgical tactile sensors application.®*°

When investigating the fracture behavior of soft solids, elasto-capillarity needs to be considered.
The elasto-capillary length, le, defined as the ratio between surface tension and modulus,
indicates the length scale over which the capillary effect is dominant. For some materials with an
extremely large modulus, such as metals with moduli ~ 100 GPa, the effect of surface tension is
insignificant and can be ignored as the I is infinitely small. For soft elastic materials with a
modulus in the order of 10 — 100 kPa, the value of I, can be micrometric, and it has been

reported that the surface tension can cause shape changes in soft solids, such as the flattening of



a sharp corner or the closing of a crack inflated by hydrostatic pressure’**3. Hui et al.**
demonstrated that surface tension could mitigate crack growth by lowering the applied energy
release rate G. Various mechanisms of capillarity-induced deformation have been reported in the
last 10 years. For the ultrasoft solids having G’ ~ 10 Pa, l,. can be on the order of 1 mm,
approaching the sample size. In this case, surface tension does play a significant role in the
mechanical properties. In this work, we studied the fracture behaviors of model ultrasoft

hydrogels.

The challenges of performing fracture tests of ultrasoft hydrogels, with G’ < 1 kPa lie in two
aspects. First, the ultrasoft nature of the sample makes it difficult to manipulate and perform
mechanical tests since the sample might not even support its weight under the influence of
gravity in a specific dimension.”> Conventional fracture characterization tests, such as a pure
shear test commonly used for harder hydrogels are difficult to apply, and an appropriate
geometry/technique for the fracture measurements of hydrogels is necessary. Second, while the
modulus of these hydrogels can easily be controlled by changing either the polymer
concentration or the cross-linker concentration, the resulting network structure can be quite
different depending on the synthesis conditions and could influence the nonlinear mechanical
and fracture properties. This aspect has rarely been discussed in the literature and is the focus of

this paper.

Puncture experiments are promising mechanical tests to detect the large local deformation and
failure in ultrasoft solids.® This technique involves inserting a long and sharp indenter into the

soft material and recording the puncture force as a function of the indenter displacement during
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the puncture process. The point where the puncture force sharply drops corresponds to the failure
of the material, where the indenter pierces the sample's surface. Puncture tests have been recently
used to characterize the fracture behavior of acrylic triblock copolymer gels with a modulus
above several kPa.'"™ Fakhouri et al. investigated the puncture process to failure and revealed
two failure regimes by applying a process zone model of fracture: stress-limited and energy-
limited™. Rattan and Crosby investigated the effect of polymer volume fraction on fracture
initiation in the acrylic triblock copolymer gels over length scales around the elasto-capillary
length.'” The length scale of the measurements was tuned either by varying the size of the
spherical-tipped indenter (0.4 — 66 um), or by varying the modulus of the gels (2.7 — 54 kPa,
with lec ranging between 0.2 and 3.4 um). To the best of the authors’ knowledge, a systematic
study of the fracture properties of ultrasoft solids by puncture tests at the length scale below the

elasto-capillary length has not been reported.

For ultrasoft gels, their macroscopic properties are remarkably impacted by network structure
heterogeneity. There are generally three types of heterogeneity in polymer networks:?° (1)
structural heterogeneities stemming from the inhomogeneous spatial distribution of cross-links
and (2) topological defects including dangling chain ends, loops, etc. (3) connectivity
heterogeneity. When the polymer concentration or cross-linker concentration is decreased to
lower the modulus of the network, these different types of heterogeneities can evolve depending
on the synthesis conditions. An inhomogeneous network is expected to give rise to localized
stresses on certain chemical bonds at the molecular level and to facilitate the initiation of larger

defects that can propagate into cracks.”* However, the impact of structural heterogeneity on the



linear elasticity as well as the nonlinear fracture behavior of ultrasoft hydrogels remains

unexplored.

This paper focuses on the effect of the structural heterogeneity of poly (vinyl alcohol) (PVA)
hydrogels on their deformation and fracture behavior. The differences in structural heterogeneity
of the gels prepared from two different synthesis paths were first elucidated by dynamic light
scattering (DLS). Then, puncture experiments were used to characterize the deformability and
fracture resistance of gels with a comparable linear elastic modulus (elasticity), but with a

distinct structural heterogeneity at the elasto-capillary length scale.



Experimental Section

Materials. Poly(vinyl alcohol) (PVA) with a degree of hydrolysis: 88 mol% and molecular
weight 67,000 g/mol, glutaraldehyde (GA, 25 wt% aqueous solution), and hydrochloric acid

(HCI) were purchased from Sigma-Aldrich and used as received.

Gels Preparation. A PVA stock solution at a concentration of 13.2 wt% (or 3 M for the
repeating unit) was prepared by dissolving the PVA powder in deionized water at 95 °C and
stirring vigorously over 4 h. Chemically cross-linked PVA hydrogels were prepared by cross-
linking PVA with the cross-linker GA in the presence of HCI (0.05 M). In order to vary the
elastic modulus and structure, the PVA and GA concentrations were systematically varied by
following two paths. In Path 1, the PVA concentration was set to 6.6 wt% (or 1.5 M for the
repeating unit), and the GA concentration was varied between 4 and 10 mM. In Path 2, the PVA
concentration was varied from 3.3 to 11 wt% (or 0.75 — 2.5 M) at a fixed GA concentration of 7
mM. For puncture measurements, the system was gelled in a cylindrical glass vial with a
diameter of 25 mm. For dynamic light scattering measurements the samples were prepared in a
glass tube (10 mm in diameter) with a pregel solution volume of 5 mL. A syringe filter of 0.22
pm was used to prefilter the pregel solution. We allowed the cross-linking reaction to run for at

least 12 h.

Rheology. Rheological measurements were carried out on an ARES strain-controlled rheometer
(TA Instruments, USA) with a steel cone-plate geometry (25 mm in diameter, 0.053 mm in the
gap) and a roughened surface. A fresh pregel mixture solution was loaded for a time sweep
measurement to track the gelation behavior of the PVA sample. A frequency sweep test with an
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angular frequency range of 0.1 — 100 rad/s at a linear strain of 2 % was performed, followed by a
strain sweep with amplitude ranging from 0.1 — 1000 % at a fixed frequency of 1 Hz. For each
measurement, the exposed surface of the sample was covered with a thin layer of low-viscosity

silicone oil to avoid water evaporation.

Dynamic light scattering (DLS). DLS was performed with an ALV CGS-3 goniometer system
(ALV, Langen, Germany), equipped with a cuvette rotation/translation unit CRTU and a He-Ne
laser (22 mW at A = 632.8 nm). It is known that the dynamic light scattering signals from
chemically cross-linked hydrogels are nonergodic, and in order to accurately take into account
the position-dependent concentration gradient (spatial heterogeneity), an ensemble averaging is
necessary. The ensemble-averaged autocorrelation function of the scattered light intensity was

measured by vertically translating the sample at a constant rate, during time-averaging.

Puncture. Puncture tests were performed on a custom apparatus consisting of a motorized stage,
flat-ended indenter, force sensor, and camera. A balance with a precision of 0.1 mg was placed at
the bottom of the sample and used as a force sensor to measure the puncture loading force. As
indenters, flat-end metal needles (obtained from Hamilton Company, Reno, NV) with a radius of
0.13 — 0.31 mm were used. They were backfilled with epoxy and fixed to the adapter in the
actuator (motorized stage). The insertion velocity of the indenter was set to 0.25 mm/s in this
study. The displacement and loading force as a function of time were recorded during the

puncture process, and the camera captured the corresponding images.



Results and Discussion

Sol-Gel Phase Diagram.

Figure 1 shows the gelation phase diagram of the PVA hydrogels. The black solid curve
indicates the gelation limit of PVA, determined by the so-called “tilting-a-tube” method,?* or
observation of the flowability of the inverted sample in a small vial. Below this gelation limit
line, the system is in a liquid state with either a low cross-linker concentration or a low polymer

fraction. Above that, the system demonstrates solid-like behavior.
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Figure 1. Experimental sol-gel phase diagram of the PVA hydrogels shows the
two measurement paths (Path 1 and Path 2) used in this work. The gray dashed
line indicates two cross-linkers per polymer chain. The five schematics with grids
describe network structure based on bond percolation and site percolation theory.



For the gel system shown in Figure 1, we studied two different gelation paths to investigate the
role played by the network architecture in the dynamic, deformation, and fracture properties of
the gels with varied values of the elastic modulus. In Path 1, at a fixed polymer concentration
(Cpva = 6.6 Wt%) the cross-linker concentration was varied from 4 to 10 mM (horizontal red line
and circles). In Path 2, a similar modulus range was obtained by changing the polymer
concentration Cpya from 3.3 to 8.8 wt% (or 0.75 to 2.5 M in repeating unit molar concentration)
at a constant GA concentration (Cga = 7 mM) (vertical blue line and squares). From the rheology
test (Figure S1), we confirmed that the viscous modulus G" is far lower than the elastic modulus
G' which is little dependent on frequency, indicating that the chemically cross-linked gel system
can be considered purely elastic with a negligible viscous component. Path 1 corresponds to the
so-called gelling by “bond percolation” situation, where there are sufficient binding sites to
cross-link (here diols on PVA chains), and the distance from the percolation points is determined
by the probability of bond formation, or by the concentration of bonds (cross-links, adjusted by
the GA concentration). Path 2 corresponds to the “site percolation” situation, where with a
sufficient bond formation probability, the site probability (concentration of the sites, here PVA
concentration) determines the distance from the percolation point.2># It should be noted that gels
close to the site percolation limit (soft gels from Path 2) can contain a large number of elastically

inactive cross-links, which could cause spatial heterogeneity of the network.

In Table 1, we summarize the synthesis conditions (Cpya and Cga) of the PVA chemical gels
studied in this work. The value of the modulus G' is also shown. For the gels from Path 1, we
have G' = 56 — 1700 Pa, and for those from Path 2, we have 130 — 2700 Pa. The mesh size of the

network, defined as é~(kgT/G")'/3, with the thermal energy kgT, is calculated and listed in the
10



table. We calculate the elasto-capillary length le; according to the gel modulus, l..= y/G', where

vy is the surface tension of the gel. It should be noted that we used the value of 6.6 wt% PVA

solution (y = 52 mN/m) measured by a tensiometer, as we were not able to measure the surface

tension of the hydrogels. The PVA is surface active and the surface tension of aqueous solutions

does not depend on the concentration above 1 %.2*% Thus we assumed that the surface tension

of the PVA hydrogels studied in this work was close to 52 mN/m. For the gels from Path 1, the

value of le. ranges from 911 to 30 um, and for those from Path 2, that value ranges from 392 to

19 um. The needle size for the puncture measurements, used as characteristic length of the

measurements, ranges from 130 to 310 pm. This value is comparable to that of le.

Table 1. Summary of Modulus and Characteristic Lengths for Gels from Path 1 and Path 2.

Path Crva Con G’ Emesh~(kgT/G")'/3 lec =v/G &
(wt %) (mM) (Pa) (nm) (nm) (nm)
4.2 56 41.8 911 7.0
45 110 334 464 /
5 250 25.4 204 6.6
1 6.6
6.5 560 194 91 /
7 800 17.2 64 5.4
10 1700 134 30 5.1
3.3 130 31.6 392 6.9
4.4 210 26.9 243 6.3
2 6.6 7 800 17.2 64 5.4
8.8 1400 143 36 /
11 2700 115 19 5.6
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Structure Heterogeneity Htudied by DLS.

To illustrate the structural architecture of the PVA gels synthesized from two different
experimental paths with a comparable modulus, we performed DLS measurements. The
normalized ensemble-averaged field autocorrelation functions g® are plotted as a function of
time for the PVA gels made from Path 1 and Path 2 in Figure 2. The autocorrelation function of
these gels is typical for chemical gels, exhibiting a relaxation mode, and a long-time plateau, and
one can characterize the dynamics by two characteristics: the relaxation time and the plateau
amplitude. Below we discuss the modulus dependence of these two characteristic values to

evaluate the dynamics and structure of the gels.
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Figure 2. Normalized ensemble-averaged field autocorrelation function g
measured at an angle of 90°, for the PVA gels made from Path 1 (a) and from
Path 2 (b).

Gel Mode Dynamics

For all the gels tested, one can see a characteristic decorrelation occurring at about 10 s. This
fast decorrelation is the so-called gel mode, which is linked to the collective motion of polymer
chains in the network.?® Generally, this is the only relaxation mode observed in a chemical gel.
In order to roughly estimate the distribution of the characteristic times, we used CONTIN, and
the results are shown in Figure S2. One can clearly see a large peak at about 10 s for all the
samples. For Path 1 (constant polymer concentration, varying cross-linker concentration), the
position and the width of this large peak do not depend on the cross-linker concentration (thus do
not depend on the modulus), while for Path 2 (constant cross-linker concentration, varied
polymer concentration), the peak shifts to longer times and its width increases, with decreasing
polymer concentration (thus with decreasing modulus). Apart from this dominant peak, one also
finds smaller peaks. CONTIN is sensitive to measurement noises which can result in false peaks,
still, we can consider two smaller peaks, one at about 10 and the other at about 107 s, which are
systematically detected. These smaller peaks become less pronounced with an increase in the

modulus of the gels.

In order to evaluate the dynamics as quantitatively as possible, the normalized field
autocorrelation function of the gel is fitted with the following three-component stretched

exponential function,
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g (t) = Ajexp [— (—) ] + A,exp [— (—) ] + Aszexp [— (—) ] + Afrozen 1
T Ty T3

1

where A is the amplitude of the decorrelation modes, Asrozen 1S the amplitude of the plateau (Afrozen
=1-A; - A, — A3), Tis the characteristic time and « is the stretch exponent which represents the
distribution of characteristic times around the mean value t. The subscripts 1, 2 and 3 correspond
to the three dynamic modes. This equation fits well with the experimental data for all the gels

tested, as shown in Figure 2 (solid curves).

The nature of the dynamic modes can be analyzed by their scattering vector dependence. We
confirmed that t; scales with the scattering vector q as t; ~ q 2, as expected for the gel mode
which is diffusive. As an example, the result of the gel with Cpya = 6.6 Wt% and Cga =7 MM
(black symbols which are found in both Path 1 and 2) is shown in Figure S3. For the two slower
modes having a low amplitude, the exponent varies between —1.1 and —2.2. In general, it is
difficult to determine the origin of slow modes in gels, especially when their amplitude is small.
Thus, in this work, we do not further characterize them, and focus only on the fast and dominant

mode.

The gel mode is further characterized to correlate the obtained best fitting parameters with the

polymer and cross-linker concentrations. Since the gel mode characteristic time t; scales with g

! . It should be

2
714

as T, ~ q~2, the apparent collective diffusion coefficient is calculated as D, =

noted that in a nonergodic medium, the heterodyne approach allows us to better evaluate the

dynamics.?>?" The decorrelation observed in the autocorrelation function consists of the
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homodyne component (correlation of the intensity from the fluctuating gel mode component) and
of the heterodyne component (correlation between the intensity from the fluctuating component
and that from the nonfluctuating frozen-in component). The true collective diffusion coefficient
D can be determined as D = D,(2 — X), where X is the ratio of the average scattered light

intensity from the fluctuating gel mode to the total intensity, X = (Ige1)/{ltotar)-

The characteristic length scale of the gel mode, correlation length, is calculated from the Stokes-
Einstein relation as &, = kgT/(6mnsD), where ng is the viscosity of the solvent (water). In
Figure 3a and 3b the correlation length & was plotted against cross-linker concentration Cga
(for Path 1) and against polymer concentration Cpya (for Path 2). As seen in Figure 3a, the value
of & for the gel from Path 1 does not exhibit a strong cross-linker concentration dependence, and
is found to be about 7.0 — 5.1 nm. This value is slightly lower than that measured for the solution
of the same PVA concentration (7.5 nm, open diamond). This scattering correlation length is
shorter than the mesh size of the network estimated from the modulus as &,esp = (kgT/G)Y/3,
which is found to vary between 13 and 42 nm for these gels made from Path 1. Figure 3b shows
the PVA concentration dependence of &; for the PVA gels from Path 2 and for solutions. In
solution, & does not show a strong polymer concentration dependence, ranging from 6.7 to 7.7
nm. In the gels the value of & is comparable to that of the solution ranging from 5.4 to 6.9 nm.
For these gels from Path 2, the value of the mesh size (determined from the modulus) varies
between 12 and 32 nm. The gels synthesized from the two synthetic paths are compared by
plotting the correlation length as a function of the modulus (Figure 3c). The value of & is not

dependent on the synthetic path. This result indicates that the gel mode dynamics are not
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strongly influenced by the structure, since they are averaged over the sample positions, in a

similar manner as the linear elastic modulus.

Con o)

555555

Figure 3. Correlation length & of PVA gels and solutions. (a) &: versus GA
concentration for gels made from Path 1 and PVA solution at Cpya = 6.6 Wt%. (b)
. versus PVA concentration for gels made from Path 2 and solutions. (c) &
versus gel modulus.

Frozen-In Structure (Static Light Scattering)

The fact that the autocorrelation function does not fully decorrelate to zero but shows a plateau
indicates that a part of the scattered light intensity does not fluctuate with time. This
unfluctuating part is attributed to the spatially frozen concentration gradient in the polymer
network: permanent cross-links induce a static concentration gradient and light scattering from
this spatial heterogeneity does not fluctuate. From the normalized field autocorrelation function

of the gels from Path 1 and 2 shown in Figure 2 the amplitude of the plateau Afozen IS eStimated
16



and plotted as a function of modulus in Figure 4a. For the gels from Path 1 (constant polymer
concentration, varied cross-linker concentration), the value of Agqzen increases with increasing
modulus (thus with cross-linker concentration), while in Path 2 (constant cross-linker
concentration, varied polymer concentration), it decreases with increasing modulus (thus with

polymer concentration).

Figure 4. (a) Amplitude of the plateau Afqzen in normalized field autocorrelation
function versus modulus. (b) Scattered light intensity Iy (filled symbols, solid
lines) and frozen-in intensity lgozen (Open symbols, dashed lines). (C) lfrozen as a
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function of the cross-linking ratio (molar ratio of GA to diol sites on PVA). 0 =
90°.

The scattered light intensity is also sensitive to the network heterogeneity; thus, its modulus
dependence is quantitatively studied. The average scattered light intensity I corresponding to
the dynamic measurements in Figure 2, is plotted as a function of modulus in Figure 4b (filled
symbols). The value of I, for the PVA solutions is also plotted at G' = 0 Pa (filled diamonds).
For all of the gel samples studied, the scattered light intensity is higher than that for the solutions.
For Path 1, the scattered light intensity at a low modulus is almost constant (around 0.0003), and
the hardest gel has a slightly higher value (0.0004). For Path 2 l, decreases with increasing
modulus. For the softest gel tested, the intensity (0.0024) is 1 order of magnitude higher than
that of the soft gels from Path 1. These modulus dependences of the scattered light intensity
correspond well to those of the amplitude of the plateau, suggesting the importance to study the

intensity of the frozen-in structure.

The contribution of the frozen-in structure to the scattered light intensity, lfozen, Can be
determined from the total intensity and the amplitude of the plateau in the ensemble averaged
normalized intensity autocorrelation function g — 1. The amplitude of the gel mode consists of
the homodyne and heterodyne components age = X%+ 2X(1—X). The amplitude of the

plateau is written as

afrozen:1_age1=1—X2—2X(1—X):(1_X)2 2
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From Siegert’s relation for the normalized autocorrelation functions, g — 1 = | g(1)| , One has

_ 2
Qfrozen = Afrozen .

In Figure 4b, the value of lgozen IS also plotted (open symbols). lozen €xhibits a modulus
dependence more pronounced than . For Path 1, lgozen €Xponentially increases with the
modulus by one order of magnitude, while for Path 2, a two-order of magnitude decrease is
found in the same modulus range. The difference in lxoen between the soft gels from the two
paths is remarkable. In Figure S4, the scattered light intensity for the fluctuating intensity

defined as Ige) = Iiotal — Ifrozen IS Shown as a function of modulus. For both paths the modulus

dependence is weak and the value of Iy varies within a factor of 3.

For this system under the studied conditions, we found a simple relationship between the frozen-
in intensity and the cross-linking ratio (Reapva). The value of lsozen €Xponentially increases with
Rearva and in this representation there is little difference between the gels made from the two
paths. This relation could provide us with a parameter to control the spatial heterogeneity.
However, the experimentally accessible range of Rgapva is not wide. The lower bound of the
cross-linking ratio to prepare soft gels depends on the degree of polymerization of the polymer.
The PVA used in this work has a degree of polymerization of about 1400. One can expect that at
least 2 cross-linkers per chain are necessary to percolate the network, thus the minimum degree
of cross-linking ~ 2/1400 ~ 0.0014. In Figure 1, the gray dashed line corresponds to this limit.
At the studied conditions the polymer concentration is not high enough to reach this limit, the
lowest value which we experimentally have is 0.0028. There are also upper bounds depending on

the path. For Path 2 (constant cross-linker concentration and varied polymer concentration), there
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is @ minimum polymer concentration to percolate which is expected to be of the order of the
overlap concentration of the polymer (~ 1 wt%). Thus polymers with higher degrees of
polymerization would be preferable to expand this limit. For Path 1 (constant polymer
concentration, varied cross-linker concentration), upon increasing the cross-linker concentration,
macroscopic phase separation can occur, or the value of the polymer concentration under
preparation conditions is lower than that at equilibrium swelling and the gel shrinks. For Path 1
with Cpya = 6.6 Wt%, if Cga > 15 mM (Reapva = 0.01) shrinkage is observed. This macroscopic

phase separation is expected to be observed only with neutral polymer gels.

In order to discuss the structural differences between the soft gels from Path 1 and Path 2 as
demonstrated by the light scattering measurements, we schematically illustrate their proposed
network structure (Figure 5). Starting from the gel with Cpya = 6.6 Wt% and Cga = 7 MM
(Figure 5Db), which is found in both Path 1 and 2, the modulus can be decreased either by
decreasing the cross-linker concentration (Path 1) or by decreasing the polymer concentration
(Path 2). The structure of the soft gel made with Path 1 (Cpya = 6.6 Wt% and Cga = 4.2 mMM) is
schematically shown in Figure 5a. The correlation length is comparable to that of the gel shown
in Figure 5b, while the average mesh size increases as its modulus decreases. Cross-linking
locally increases the polymer concentration thus the static heterogeneity increases with the
degree of cross-linking, still, in Path 1 the difference is small. The structure of the soft gel in
Path 2 (Cpya = 3.3 Wt% and Cga = 7 mM) is shown schematically in Figure 5c. Compared with
the gel in Figure 5b, the mesh size increases. In these synthesis conditions where the cross-
linking ratio is high, the increase in the polymer concentration in the cross-linked zone further

increases the cross-linking reaction rate, resulting in local increase in the polymer concentration,
20



thus in the unevenly distributed polymer chains and cross-links. This spatial heterogeneity

causes an increase in lggzen.

?h- I\ “,{ 1
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\ 4
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Figure 5. Proposed network structures of the gels from the two paths. (a) A first
soft gel from Path 1 (Cpya = 6.6 Wt% and Cga = 4.2 mM) where a relatively
homogeneous network is proposed. (b) Reference gel found for both Path 1 and 2
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(Cpva = 6.6 Wt% and Cga = 7 mM). (c) Soft gel from Path 2 (Cpya = 3.3 Wt% and
Csa = 7 mM) is expected to have a more heterogeneous structure. &:: correlation
length estimated from light scattering, and &mesh: mesh size of the network
estimated from modulus.

Fracture Mechanics Studied by Puncture.

Modulus Measurements from Neo-Hookean Model

Figure 6a shows a schematic of the custom puncture setup. The loading force as a function of
displacement or time can be recorded during the puncture process. Figure 6b shows a
representative displacement profile of a needle insertion/retraction cycle. Figure 6d shows a
representative puncture loading and unloading curves for a PVA hydrogel made from Path 1 with
G’ =800 Pa (Cpya = 6.6 Wt% and Cga = 7 mM). The puncture force nonlinearly increases with
displacement and sharply decreases when the needle tip breaks through the surface of the gel and
fracture occurs. The values of critical puncture force F. and critical displacement d. are
determined at the peak. After reversal during unloading, the force gradually decreases with
decreasing displacement, reaching zero at a displacement close to d.. In this indenter retraction
process, the absolute value of negative force is much lower than that of the loading process,
indicating that the friction force between the indenter and the gel is negligible in this system. In

this work we will only focus on the loading curves up to the fracture point.
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Figure 6. (a) Schematic of the puncture setup. (b) Typical indenter displacement
profile. (¢) Comparison of the elastic modulus of gels determined by puncture
(from the linear regime, see the inset of Figure 6d) with those obtained by
rheology (x axis). (d) Loading curves of a PVA hydrogel from Path 1 (Cpya =
6.6 wt% and Cga = 7 mM) with R = 0.23 mm. Two curves from two different
samples made under the same conditions are shown (red solid curve and blue
dashed curve). The gray solid line indicates F = 0. The critical force is defined as
F. and the critical displacement is defined as d.. Inset: zoom-in of the force
curves for linear regime to determine the modulus by fitting with the linear part of
the Neo-Hookean model (gray solid line).

The Neo-Hookean model is employed here to describe the loading behavior of the puncture

process,®

F =k'Ed? + k""ERd
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where F is the puncture force, E is the Young’s modulus of the material, d is the displacement of
the indenter tip. k' is an empirical coefficient, and k"’ is a constant depending on indenter tip
geometry from Hertzian contact mechanics ( for flat-end indenters). At a small indentation depth

where the contact region d ~ R, the force curve can be fitted with the linear part of the Neo-
Hookean model F = gERd, as shown in the inset of Figure 6d. With the known k'* and needle

radius, the shear modulus G is determined by assuming a Poisson’s ratio v = 0.5 and E = 2G (1+
v) for incompressible gel samples. The value of G determined from the linear regime of the
puncture test is compared with G’ measured by linear rheology at 1 Hz. As shown in Figure 6c,
the elastic moduli from the two measurement methods are comparable, indicating that the elastic
modulus can be accurately measured from the small indentation conditions of the puncture

process.

At large indentation depths the whole loading curve before the fracture point is fit to the Neo-
Hookean model by setting k"= 8/3, and k’E as a fitting parameter (red dashed curve in Figure
S5). The fitting is not satisfactory for our system: though the curve captures the general features
of the experimental force curve, it overestimates the force at the intermediate indentations and
underestimates it at large indentations. The experimental data was fit with the Neo-Hookean
model in its modified form,

il =k'd+ k"R

Ed 3
where k' is a fitting parameter and k'’ = 8/3 (blue solid line in the inset of Figure S5). This fit
demonstrates that up to intermediate indentation depth of about d < 7, the model fits well the

experimental result, and that at large indentation depths the experiment force deviates from the
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model giving larger values. We performed this fit for all the gels studied in this work and the
value of k' is summarized in Table S1. The average value of k' is 0.27, which is very close to the

171828 This result

literature value (0.26, for the acrylic copolymer gel with flat indenters).
suggests that the Neo-Hookean model describes well the indentation depth dependence of the

puncture force before the strain hardening (blue solid line in Figure S5).

Non-Linear and Fracture Mechanics

The nonlinear response and fracture behavior of PVA hydrogels are characterized by the actual
puncture process. Figure 7 shows typical loading curves for gels from Path 1 and from Path 2
with a puncture needle radius of R = 0.23 mm. As expected, the force F and its critical value F.
increase with G’ for gels from both paths, while the critical puncture displacement d. displays a
different modulus dependence. For the gels from Path 1, the value of d. increases with
decreasing modulus, and for the gels from Path 2, the trend seems more complex. In the
geometry of a puncture, it is not possible to determine the fracture energy per unit area of the
crack in the classical Griffith sense. However it is possible to estimate it globally by measuring
the energy dissipated during the puncture process by integrating the hysteresis between the
loading and unloading curves and normalizing it by the area of the created surface during the
cracking process. Note however that it is often difficult to measure accurately the fracture
surface because crack propagation is not controlled and is typically nonplanar in the puncture

tests. In the rest of this paper, we analyze F. and d. to understand the fracture mechanism.
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Figure 7. Puncture loading curve for gels from Path 1 (a) and from Path 2 (b).
Needle radius, R =0.23 mm.

The value of d. is plotted as a function of modulus for different needle radius R for gels from
both paths in Figure 8a and 8b. For gels from Path 1 (Figure 8a), d. is found to monotonously
increase with decreasing modulus, and with increasing needle radius. The gels from Path 2
exhibit a more complex modulus and radius dependences as shown in Figure 8b. Notably, d. for
the softest gel is significantly lower than that for the gel from Path 1, which has a comparable
modulus. With a decrease in modulus, d. increases then decreases, and the amplitude of the
decrease in d; is more significant for higher R. The value of d. is normalized by needle size R,

and plotted as a function of the modulus in Figure 8c and 8d. The curves of d./R for different
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values of R do not superpose for both paths. The values of d./R could reach about 110 for the soft
gels from Path 1. Fakhouri et al. reported that d; is about 13 times R for acrylic triblock
copolymer gels with moduli ranging from 2 to 13 kPa.’® In our work we have much higher

values of d./R, demonstrating distinct mechanics for these ultrasoft gels.
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Figure 8. Critical puncture displacement d; as a function of gel modulus G' for
gels from Path 1 (a) and from Path 2 (b) with varied needle radius R. d.
normalized by R as a function of G' for gels from Path 1 (c) and from Path 2 (d).

In order to evaluate the modulus dependence of the critical puncture displacement normalized by
the needle size, d./R, here we attempt to predict the trends of the stretch limit of the polymer
chains A, and the stretch at break Ay, of the soft networks. In a dry polymer network containing n
polymer chains per unit volume, the stretch limit of polymer chains, Am, can be expressed as %

Nb
A =——=N1/2
™ \/Nb 4
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where N is the number of Kuhn monomers between two successive covalent cross-links, and b is
the Kuhn monomer length. Nb and +/Nb are the end-to-end distances of a polymer chain in the
fully stretched state and in the relaxed state, respectively. The shear modulus (or elastic modulus)

of the network in small strain, assuming the affine network model is %°

G'=nkT 5
where Kk is the Boltzmann constant and T is the absolute temperature. Also, we have Nnv = 1,

where v is the volume of a Kuhn monomer. Since N = 1/nv and N ~ G" %, we have

7\rm - G.—1/2 6
The prediction of the stretch at break A involves more assumptions and relies on the energy
approach of fracture. According to the Lake-Thomas model describing the fracture of soft

networks, the minimum fracture energy required to fracture an elastomer or a gel per unit area is

' = nV/NbNU; = nbN3/2U; 7
where nvNb is the number of polymer strands that need to be broken per unit area of fracture
surface, NU; is the energy proposed by Lake and Thomas to fracture a single polymer strand, and
Ut is the bond energy of the C-C bonds of a Kuhn monomer. Combining the above equations, the

fracture energy I, of the hydrogel due to bond scission should scale as,***!

Iy ~G 12 6
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In the presence of a crack the energy release rate G is proportional to the elastic energy stored in
the material per unit volume and scales with G'4%. At the fracture point of the soft network (A =

Ab), by definition G =T, therefore one would expect that at fracture G'A2 ~ G'~1/2 and we have

7\4b - G,—3/4 9
a stronger scaling than the one predicted by the stretching of a single linear chain (eq.4).>* The
question is then whether the fracture criterion of the soft gels in a puncture geometry is
controlled by egs 4 or 9. Based on Figures 8 and 11, d. is weakly dependent on the modulus, i.e.
the scaling exponent of d./R for the gel from Path 1 is about —0.1 and thus is much weaker than
that of A, (for chains, —1/2) and of Ay (for network, —3/4). This result suggests that the fracture
point of the gels in puncture is neither controlled by the extensibility limit of individual polymer
chains nor by a Lake-Thomas argument validated for simple cracks under extension.®* As a

consequence it can therefore clearly not be explained within the framework of the fracture of a

homogeneously cross-linked gel.

The critical puncture force F. is now characterized by varying both the modulus and needle
radius. For the gels from both Path 1 and Path 2, F is found to increase with the gel modulus G’
and R (Figure 9a and 9b). Although the stress field is highly inhomogeneous spatially, it is
reasonable to define a critical nominal stress o as F. normalized by the cross-sectional area of
the needle, 6. = Fc/rR? In Figure 9c and 9d, the value of o is plotted as a function of the
modulus. The curves of o for different radii seem to superpose well, although one can see a
radius dependence in the high modulus range. This superposition, which is much better than that

of d./R shown in Figure 8, suggests that the mechanism of fracture of gels from both paths is
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controlled by the local stress (defined by the needle radius for a given force) and fracture

presumably starts from a defect that is smaller than the needle size.**
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Figure 9. Critical puncture force F. versus modulus for gels from Path 1 (a) and
from Path 2 (b). Critical nominal stress o versus modulus for gels from Path 1 (c)
and from Path 2 (d).

Effects of Structural Heterogeneity and Elasto-Capillarity

The critical nominal stress o is further analyzed by normalizing it with the modulus G'. This
dimensionless quantity o-/G' is a characteristic of the resistance to fracture initiation of soft
materials™®. Since the needle size R, the characteristic length scale of the puncture tests, is
comparable to the elasto-capillary length I, of the system studied, in order to evaluate a potential
elasto-capillary effect on the puncture process, we plot o./G' as a function of needle radius
normalized by the elasto-capillary length, R/lec = RG'ly (Figure 10). This representation allows

us to examine both the G’ and R dependences. For the gels from Path 1 (Figure 10a), the value
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of o/G’ varies between about 1700 and 5300. This result, the nominal stress surpassing the
modulus by 3 orders of magnitude, is somehow surprising (c/G’ ~ 150 was previously reported

for triblock polymers™®),

indicating the considerable fracture resistance of ultrasoft PVA
hydrogels in the puncture geometry. o/G' exhibits a universal trend, and it decreases with
increasing R/le.. The gray dashed curve in Figure 10a is the result of a power-law fit with an
exponent of —0.19. For the gels from Path 2 (Figure 10b), the value of o/G’ at low R/l is about
1200 — 1900, much lower than that of the gels from Path 1 in the same range of R/lec. At R/lec

higher than about 3, the value of o/G' is comparable to that of the gels from Path 1.

From the obtained results, we cannot conclude that there is a clear effect of elasto-capillarity on
the critical nominal stress of puncture. One would expect to have elasto-capillarity effects
become important at RG'/y < 1; however, no particular change in the trend is found for o/G’ for
the gels from Path 1. For the gels from Path 2, the change in the trend at RG'/y ~ 3 coincides with
the increase in the heterogeneity of the soft gels shown by light scattering experiments. This
result could be explained by the fracture process zone model, suggesting that the fracture
mechanism of the current system is stress-limited and the energy criterion, including the
elastocapillary effect, does not determine the fracture point. Another possible mechanism is that
the new surface created by fracture in the puncture geometry might be an interface between the
hydrogel and water appearing by poroelasticity, but not an interface between the hydrogel and air.

In this case the true elastocapillary length would be much smaller than our estimation.
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Figure 10. Critical nominal stress normalized by the modulus, o/G’, as a

function of indenter radius R normalized by elasto-capillary length y/G' for gels
from Path 1 (a) and Path 2 (b).

The normalized critical displacement d./R is plotted as a function of RG'/y in Figure 11. For the
gels from Path 1 (Figure 11a), all the data points collapse on a master curve, exhibiting a power-
law behavior with an exponent of —0.11 (gray dashed curve). We do not find changes in trends
at RG'ly ~ 1, suggesting again that elasto-capillarity does not noticeably influence the fracture
mechanism of this system in the puncture geometry. The data for the gels from Path 2
(Figurellb) are more scattered than those for the gels from Path 1 and no clear trend can be
distinguished. When the two paths are compared at low RG'ly, i.e., for the softer gels, the value

of d/R for the gels from Path 2 is distinctly lower than that of the gel from Path 1.
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Figure 11. Critical displacement normalized by radius, d./R, as a function of
indenter radius R normalized by elasto-capillary length y/G' for gels from Path 1
(a) and Path 2 (b).

Based on the analysis of the structural information via light scattering, we attribute the difference
in fracture resistance of the two gel families to their differences in structural heterogeneity,
related to the heterogeneous spatial distribution of permanent cross-links leading to the
distribution of network strand size. Contrary to the linear modulus, the fracture resistance of the
polymer networks under large deformation is largely affected by the structural heterogeneity
originating from the wide distribution in the network strand length. The heterogeneous network
structure in length and conformation of strands and in topology, leads to a very heterogeneous
distribution of forces on the chemical bonds. Clusters of overstressed strands or cross-linkers

lead to crack initiation in these regions resulting in the macroscopic fracture. As demonstrated by
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light scattering measurements, the soft gels from Path 2 have a more heterogeneous structure
than the soft gels from Path 1, which have a comparable modulus. As illustrated in Figure 12, in
the soft gel from Path 1 the network could sustain large deformations by evenly distributing the
applied stress and delaying crack nucleation involving chain scission. In the soft gels from Path 2,
the externally applied stress tends to concentrate on localized overstressed chains, nucleate larger
defects, and result in the catastrophic failure of the material. Consequently, we attain a lower
critical deformation and fracture resistance of the inhomogeneous gel when compared to the

homogeneous one.
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Figure 12. Schematic of network evolution under the needle tip prior to
indentation, at large strain deformation, and at the point of fracture. Gels from
Path 2 present high structure inhomogeneity compared to gels from Path 1 and
sustain less large deformation when polymer chains cannot behave cooperatively

to applied stress.
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CONCLUSIONS

PVA hydrogels chemically cross-linked by GA were used as a model system to investigate the
fracture properties of soft solids by puncture tests. By tuning the gel modulus and flat indenter
radius (130 — 310 um), the fracture properties of the ultrasoft gels at a length scale comparable to
the elasto-capillary length (19 — 911 um) were studied. Synthesizing ultrasoft hydrogels by
decreasing polymer and/or cross-linker concentrations approaching the percolation limits could
lead to different types of structural heterogeneities, which could strongly affect non-linear
mechanical properties. We prepared PVA hydrogels having moduli ranging from 56 to 2700 Pa,
with two synthetic paths (Path 1: constant PVA concentration and varied GA concentration, Path
2: varied PVA concentration and constant GA concentration). The structural heterogeneities of
the gels were evaluated by light scattering. Both the amplitude of the long time plateau and the
unfluctuating component of the autocorrelation function of the scattered light were used as
characteristics of the degree of heterogeneity, and we found that the soft gels from Path 2, close
to the site percolation limit, exhibit pronounced network heterogeneity, compared to the gels
from Path 1 having a comparable modulus. The fracture properties of the PVA hydrogels were
characterized by the critical nominal puncture force and critical displacement normalized by the
indenter cross-section and by the indenter radius respectively. These two characteristic values
exhibit a universal behavior as a function of the indenter radius normalized by the elasto-
capillary length, for the gels from Path 1, which have a less heterogeneous network structure
than those from Path 2. The soft gels from Path 2, having a more pronounced network
heterogeneity, exhibit a lower critical nominal stress and critical deformation than those from

Path 1, which have a comparable modulus. This work reveals the importance of the structural
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heterogeneity of soft gels on the nonlinear mechanical properties. We do not, however, find clear
evidence of elasto-capillarity effects on the fracture properties in this geometry. A further
systematic study with soft gels on an expanded length scale would be necessary for a more
quantitative argument. Different characteristic lengths should be more accurately estimated,
including the elastocapillary length (with the surface tension of the hydrogels), and the size of

the fracture process zone (from the fracture energy measured by another technique).
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