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Cutting to Measure the Elasticity and Fracture of Soft
Gels’

Teresa T. Duncan,? Joel M. Sarapas,” Adrian P. Defante,” Kathryn L. Beers? and Edwin
P. Chan®*

The fracture properties of very soft and/or brittle materials are challenging to measure directly
due to the limitations of existing fracture testing methods. To address this issue, we introduce a
razorblade-initiated fracture test (RIFT) to measure the mechanical properties related to fracture
for soft polymeric gels. We use RIFT to quantify the elasticity, crack initiation energy, and the
fracture energy of gellan hydrogels as a function of gellan concentration. Additionally, we use
RIFT to study the role of friction in quantifying the fracture properties for poly(styrene-b-ethylene
butadiene-b-styrene) gels as a function of test velocity. This new method provides a simple and
efficient means to quantify the fracture properties of soft materials.

1 Introduction

For a crack to propagate, the applied energy required for crack
growth (G) must exceed its fracture energy (G.), i.e., G > G..J
Methods used to measure G can be divided into two categories:
1) ones that use a pre-notch as an initial crack and 2) ones that
do not require a pre-notch. Methods requiring an initial crack in-
clude the pure shear test,2 the simple extension test,? the single
edge crack test,% and the tearing test.® Tearing and cutting ener-
gies can be simultaneously measured by employing a razorblade
in a y-shaped cutting experiment, as performed on rubbers® and
softer elastomers.©

Less common are methods that directly measure fracture en-
ergy by initiating and propagating a crack without a pre-notch.
The advantage is the convenience of these methods as they
typically require minimal sample preparation. For instance, a
puncture-based test using a spherically-tipped indenter was re-
cently developed that measures the critical force required to ini-
tiate and propagate a crack for soft gels.Z8 Although not consid-
ered a traditional fracture test, cavitation rheology has been used
to measure the fracture energy of soft gels in cases when the crit-
ical pressure required for fracture is less than that required for
nonlinear elastic expansion of the material. #12 The food indus-
try has a long history of using wire cutting to measure the fracture
behavior of foods such as cheese, and this method has been ex-
tended to soft solids. 1314 The advantage of wire cutting is that
the surface area of the wire creates a well-defined and constant
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Fig. 1 The razorblade-initiated fracture test (RIFT) experiment. Repre-
sentative load P vs. § results of the test for a gellan gel. The inset is a
schematic of the RIFT test illustrating the geometry of the sample, the
deformation of the sample (8) and the crack (a).

contact area with the material thus reducing the effects of friction
to the fracture process, which can be significant in some soft ma-
terials. A major drawback of the wire-cutting method is that the
mechanical compliance of the wire can be quite high such that ex-
treme pretensioning of the wire is required to effectively cut the
material.

In this work, we present an alternative measurement tech-
nique called razorblade-initiated fracture test (RIFT), which is an
indentation-based approach that uses a razorblade to deform and
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then cut a sample in order to measure the elasticity, crack ini-
tiation energy and fracture energy in one single test (Fig. [I).
The advantages of RIFT is that it requires: 1) minimal sample
preparation, and 2) no clamping of the sample thus making it
an ideal technique for cutting extremely soft or brittle materi-
als that would be damaged upon clamping. We primarily use
gellan hydrogels as a model material to highlight the measure-
ment capabilities of RIFT. Gellan gels have similar properties to
agar hydrogels, but form gels at lower concentrations of polysac-
charide, and have therefore been used in a range of applications
as a cost-effective substitute to agar. We demonstrate that RIFT
can be used to characterize the elasticity and fracture properties
of gellan gels with a range of mechanical properties that is con-
trolled by varying the concentration of gellan relative to the water
content. We also studied the fracture behavior of poly(styrene-
b-ethylene butadiene-b-styrene) (SEBS) gels, which is another
physically-associating gel, to show the contributions of friction
to the fracture behavior as measured by RIFT.

2 Experimental

Gellan gels were prepared by combining gellan and water in 20
mL scintillation vials. The mixture was mixed with a spatula,
sealed and then heated to 90 °C with stirring. After 10 min, a
spatula was used to disperse any remaining inhomogeneities, and
the mixture was heated for an additional 10 min without stirring.
Once the solution appeared homogeneous and bubble-free, it was
poured into a 7.4 cm x 2.2 cm x 0.5 cm Teflon mold and covered
with a glass slide to allow it to solidify. Gellan concentrations
ranging from 2 % by mass fraction to 5 % by mass fraction were
prepared corresponding to sample names G, to Gs. Mechanical
tests were performed on each sample after 24 h of preparing the
gel.

We also studied the fracture behavior of SEBS gels using RIFT
to explore the effects of friction. SEBS gels were prepared by com-
bining 10 % by mass of SEBS block copolymer (Vector® 4411A,
Dexco Polymers) with 90 % by mass of mineral oil (MAL6358
paraffin oil, Macron Chemicals). The solution was prepared by
heating the mineral oil to 115 °C on a hot plate in a glass beaker
with a Teflon stir bar. Solid pellets of SEBS were added in slowly,
allowing the polymer to dissolve into the mixture. The Teflon
mold, with dimensions of 7.4 cm x 2.2 cm x 0.5 cm, was placed
in an oven at 80 °C to prevent initial gelation upon contact and
formation of air bubbles. The solution was poured to fill each
mold as quickly as possible to avoid premature gelation. The so-
lution was then left in the oven for 10 min, removed, and allowed
to gel at room temperature. The solidified samples were removed
from the mold and cut into the appropriate lengths for testing.

The Young’s modulus (E) of the gels was also measured us-
ing contact adhesion testing (CAT).12 A spherical glass probe,
of radius R = 1 mm, was brought into contact with the sam-
ple at a crosshead speed of 5 um/s up to a compressive load ~
2 mN. A Leica DMIRE2 inverted microscope, coupled to a JAI
BM-500GE camera, was used to image the contact area (m+?)
at the applied displacement (6) and corresponding load (P) val-
ues. A geometric confinement correction factor for P was used
to account for the influence of substrate stiffness that is quanti-
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fied by the ratio of the contact radius and sample thickness (k).
For r/h < 0.5, P' = P(1 — r/h).1® By assuming the material to be
isotropic and incompressible, E was determined from the slope
(= E*=E/(1 —v?)) of an effective stress (P'/r?) versus effective
strain ((26/r) + (2r/3R)) curve. We note that E measured by CAT
is termed Ecar and the ones measured by RIFT is simply E.

For the RIFT experiments, a texture analyzer (Stable Micro Sys-
tems TA-XT2i HR, Texture Technologies Corp.) with a 5 kg load
cell was used to measure P and § as a razorblade (VWR, surgi-
cal carbon steel, single edged No. 9) was driven into the gels
with defined cut lengths (/). The radius of curvature (R) of the
razorblades was measured using an optical profilometer (Zygo
NewView 7300, Zygo Corporation) with R = 8.6 um+0.5 um
(See Supporting Info, Fig. Sla). Each gel was removed from
the Teflon mold and then cut into specimens with dimensions of
[ = 10 mm, 15 mm, 20 mm and 25 mm, with constant width
(w=12.2 cm) and thickness (2 = 0.5 cm). The exact / for each
sample was measured with a caliper before cutting. Fresh blades
were used for each sample since blade dulling is known to af-
fect fracture measurements. 1218 RIFT measurements were first
collected at various crosshead speeds (v = 0.1 mm/s, 0.5 mm/s
and 1.0 mm/s), with the 6 vs. time curve measured directly from
the instrument, in order to optimize the deformation rate used
for further experiments. We found that a v = 0.1 mm/s was too
slow, leading to periodic fluctuations in the measured force po-
tentially due to stick-slip events between the blade and hydrogel,
whereas speeds of 0.5 mm/s and 1.0 mm/s produced consistent
results (See Supporting Info, Fig. S1 and S2). A speed of 0.5
mm/s was used for all RIFT measurements on gellan gels pre-
sented herein. Crosshead speeds of 0.01 mm/s, 0.1 mm/s and 1
mm/s were used for the SEBS gels. The crack initiation energy (I")
was extrapolated from the slope of the maximum P before crack
initiation (P;) vs. [ curve. The fracture energy (G.) was extrap-
olated from the slope of the average P during crack propagation
(Pp) vs I curve.

3 Results and Discussion

Fig. |1]is a representative P vs. § plot of a gellan gel measured
using RIFT. In this first part of the test (highlighted in blue), the
blade is elastically indenting the sample. The deformation behav-
ior is nonlinear elastic, and is consistently observed across all of
the materials investigated. This mechanical response is similar to
other indentation tests involving deformation of compliant mate-
rials, including the indentation of elastomers by a wedge'l? and
puncture of gels with a needle.®20 For such tests, the relationship
between P and & was empirically defined as,

P:k15+k252 (@D)]

where k| and k; are fitting constants related to the stiffness of the
material. For indentation tests involving a slender rod indenting
a soft gel, it has been shown that k; is proportional to E of the
gel.® Here, we calculate the elasticity of the gels using RIFT by
assuming that,

E=—— (2)
1
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Fig. 2 Summary of the RIFT results for the gellan gels. a) Stiffness constant (k;) vs. cut length (/) as a function of gellan content. We use the slope
of this plot (= k;/I) to determine the elasticity of the gellan gels. b) Comparison of k; /Il measured by RIFT vs. elastic modulus (Ecar) measured by
contact adhesion test (CAT). c) Avg. load for crack propagation (P,) vs. I as a function of gellan content. The slope of each curve corresponds to the
fracture energy (G.). d) Critical load for crack initiation (P;) vs. [ as a function of gellan content. The slope of each curve corresponds to the crack

initiation energy (T';). Error bars correspond to one standard deviation.

For each sample, the stiffness parameter k; was experimentally
determined from the P vs. § plot of the RIFT test by fitting the
first part of the curve with Eq. (Fig. [I). Next, we determine
the parameter k; /I from the slope of k; vs [ plot as shown in Fig.
[2h. We define ¢; as a geometric correction factor that is related
to the specific blade geometry thus different blades will have dif-
ferent values for c;. Specifically, we determine ¢; by comparing
ki /1 to the elasticity values (Ecar) measured from CAT (Fig. [2b)
and find that they are proportional to each other with a propor-
tional constant ¢ ~ 0.83. Finally, E values for the gellan gels are
calculated by substituting k; // and ¢ into Eq. (2).

In the second part of the RIFT test (highlighted in red), the
blade continues to deform the gel but now punctures the material
thus leading to the development of a critical force for crack initia-
tion (P;) (Fig.[I). Past this critical point, the crack propagates into
the gel at a constant value of P, until the gel completely fractures
into two halves. From Williams and Patel, %! the energy balance
for this cutting process is defined as,

dUeXl = de + dUH + dUp (3)

The external work is dU, = P,d§. The fracture energy due to
cutting is dUy = IG.dd, the energy dissipated due to friction is
dU, = 8d6 (with S being the shear force), and the energy due to
plastic deformation is dU,. Eq. is a result of these three con-
tributions but we can simplify the expression by making certain
assumptions of the cutting process. The simplest scenario is when
friction between the blade and sample, as well as plastic deforma-
tion, can be ignored. Here, dU, = dU, =0 and Eq. simplifies
to,

Pyd§ = 1G.d5
4)

P
— TFZGC

This journal is © The Royal Society of Chemistry [year]

In this case, Eq. suggests that G, can be extrapolated by mea-
suring P, as a function of /. The RIFT results (see Supporting Info,
Fig. S1 and S2) for our gellan gels all display this behavior where
P, remains constant with increasing é after puncture. These re-
sults suggest that friction and plastic deformation are negligible
since friction should increase with the contact area between the
blade and the sample, while plastic deformation should increase
with deformation volume.

Table 1 Materials properties as a function of gellan concentration (c) of
gellan gels extracted from RIFT. The materials properties include elas-
tic modulus (E), fracture energy (G.), crack initiation energy (I';) and
elasto-fracture length (G./E). Error values correspond to one standard
deviation.

c E G- T, G./E

(mass %) (kPa) (J/m?) (J/m?) (um)

G, 2 285+ 0.12 007 £0.00 0.14=L001 ~25
Gs 3 2534051 4.73+0.01 24.8+1.32 =~187
Gy 4 90.3+£1.09 150+0.19 643+£1.16 ~166
Gs 5 144 £13.2 2024041 835+4.64 ~140

We use Eq. to determine G, for the gellan gels. Specifically,
we plot P, vs. [ as a function of gellan concentration (c¢) and
extrapolate G, from the slope of this plot (Fig. [2k). Additionally,
we estimate I, by assuming that I'. ~ P;/l (Fig. ). The values
for E, G. and T, for the gellan gels are summarized in Table
Also included in this table is the elasto-fracture length (= G./E),
which is an estimate of the critical flaw size of the gel.2 Based on
the measured radius of curvature of the razorblades, R < G./E,
which indicates that the fracture behavior of these gels should be
insensitive to the defects in the gels.

The results show that E, G. and I', (Table|[1) all increase with
increasing c. The E values for the gellan gels (Fig. [3p) are similar
to previously reported results.%3 It is interesting to note that the
relationship between E and ¢ do not follow the traditional scaling
for a polymer gel (E ~ ¢%) that consists of random coils linked at
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crosslinks with o ~ 2.3.24 Instead, we find that a ~ 4.4, which is
similar to the results reported by Kawai et al. %> for gellan gels and
by Watase et al.2® for agarose gels. Although gellan forms random
coils at elevated temperatures (= 80 °C) when dissolved in water,
the polymer converts into a double-helical structure upon cooling.
These helical structures are thought to aggregate into bundles
that are separated by segments of sterically-hindered polysaccha-
ride coils. The short polysaccharide coils are stiffer than those
described by rubber theory, and may be responsible for an in-
crease in o.2% Another possible reason is the presence of trace
ions in the naturally-occurring polysaccharide. Monovalent (Na™
and K1) and divalent (Ca?") ions decrease repulsion by screening
anionic charges on the polymer backbone, thereby increasing ag-
gregation. Divalent cations are especially effective in increasing
the strength of gellan gels.”2”
a [ °
100} !
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10¢ |- 44

10}

G (J/md)

0.1
€ 100k
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Fig. 3 a) Elastic modulus (E) as a function of gellan concentration (c).
b) Fracture energy (G.) as a function of c. c) Crack initiation energy (I')
as a function of c.

Figure [3p summarizes the effect of gellan concentration on the
fracture behavior of gellan gels. These values are comparable
to the fracture energies for other gels with similar polymer mass
fraction. 192028/ We see that the fracture energy increases by over
an order of magnitude when we increase ¢ from 2 % by mass to
5 % by mass. This is a significant increase in fracture energy as

4| Journal Name, [year], [voI.],1-E]

a function of polymer concentration, and cannot be explained by
the classic Lake-Thomas theory for fracture since the theory pre-
dicts that G. ~ cP with B = 0.21 to 0.25.1028 Ap alternative frac-
ture mechanism based on viscoplasticity was proposed by Baum-
berger and coworkers for gelatin gels.22 Here, the fracture pro-
cess involves chain pullout from the crosslinks followed by diffu-
sion of the chains through the polymer mesh until they completely
disengage from the polymer network. As demonstrated previ-
ously by Frieberg and coworkers, 12 the chain disengagement pro-
cess can be described as G, ~ E/D. where D, is the cooperative
diffusion coefficient of the polymer chain in solution. We note
that the migration of polymer chains through the polymer mesh
contributes to the mechanism of crack propagation here because
of the quasi-static nature of the mechanical test coupled with the
low polymer concentration. We expect that this mechanism be-
comes insignificant at higher deformation rates or when the poly-
mer concentration is sufficiently high such that the Lake-Thomas
theory of fracture becomes the dominant mechanism.1% We can
estimate the concentration-dependent scaling relationship for D,
from the results in Fig. [3]to find that £ ~ ¢** and G, ~ ¢*7. Com-
bining these three expressions, we find that D, ~ E/G, ~ 07,
which is similar to the predictions by De Gennes (D, ~ ¢%7) for
the cooperative diffusion of a polymer chain through a gel net-
work.2Y The crack initiation energy also increases with gellan
concentration (Fig. ) and scales as T, ~ ¢*7. This scaling is
different from the scaling for G., which suggests that the mech-
anisms of crack initiation is different from the ones that govern
crack propagation for soft materials.® As there are limited studies
that measures both G. and I, for soft materials, we cannot com-
ment on the scaling exponent for I'.. However, the values for I',
is about an order of magnitude larger than G., which is consistent
to recent work on the puncture behavior of other soft gels.Z8

To illustrate the effects of friction, we use RIFT to measure the
fracture behavior of SEBS gels as a function of crosshead speed
(v=dé/dr) of the blade. Representative P vs. & results for the
SEBS gels as a function of v is shown in Fig. [4] In the first part of
the test prior to puncture, the blade elastically deforms the SEBS
gel in a manner that is similar to the gellan gels. We again char-
acterize this indentation behavior with Eq. to determine the
elasticity of the material. Across all the crosshead speeds studied,
we find that k; /1 =2 9.3 kPa (Fig. ) thus indicating that £ ~ 11.8
kPa for the SEBS gels, which is very similar to results obtained
previously.21

In the second part of the test after puncture, the crack propa-
gates into the sample but P, increases with §. We find two in-
teresting results from these experiments. First, P; increases with
increasing v until it becomes challenging to clearly identify this
critical point at the highest speed (v =1 mm/s). We have con-
ducted similar experiments on poly(dimethylsiloxane) elastomers
and observed similar behavior (see Supporting Info, Fig. S3). We
quantified P, for all the crosshead speeds and the results are sum-
marized in Fig. [Bp.

Second, the magnitude of P, increases with increasing v. We
attribute this increased resistance experienced by the blade as
friction thus dUy, = Sda # 0 from Eq. . As the blade penetrates
deeper into the SEBS gel, P, increases because the interfacial area

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 RIFT results for Poly(styrene-b-ethylene-butadiene-b-styrene)
(SEBS) gel. Load (P) vs. (8) results of the SEBS gel as a function of
crosshead speed of the blade.

between the blade and material increases in a proportional man-
ner. According to Williams and Patel,%!' Eq. (3) becomes,

P,d8 = 1Gd§ + P,d8 (5)

where P; is the shear force acting on the blade. Williams and Patel
break down P into the components of normal force and cutting
force as a function of blade angle 0 in relation to the surface of the
material that the blade is in contact with.2! Alternatively, we can
estimate the shear force by assuming that it is purely based on
hydrodynamic lubrication thus P, ~ Anv/h,2234 where A = 2al
is the interfacial area between the blade and the gel, 1 is the
dynamic viscosity, and v is crosshead speed of the blade. 4 is a
thickness parameter that is related to the properties of the fluid
layer formed between the gel and the blade. Specifically, it is
velocity dependent (h ~ ") and m can range from 0.5 to 1,435
We note that A is not a constant for our RIFT experiments on
the SEBS gels past §; (at P;) since the crack or interfacial area
also increases with 9, i.e., a = f(§). Assuming that a =~ bd with
b being a constant, P; &~ 2bldnv/h. Substituting these expressions
into Eq. [5| and then taking the derivative of this expression with
respect to § yields,

s YR (6)

with » ranging from 0 to 0.5. From the plot of dP,/Idd vs. v (Fig.
[Bk), we find that n = 0.55 which is in good agreement with the
prediction for n. In regards to the RIFT experiments, these results
suggest that friction plays a significant role in the crack propa-
gation process for the SEBS gels thus limiting the extrapolation
of G.. A possible solution to mitigate the effects of friction is via
lubrication of the blade. We experimented with coating the ra-
zorblade with several varieties of mineral oil but did not find this
approach effective in reducing the friction between the blade and
the SEBS gels.

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 Summary of the RIFT results for the SEBS gels. a) k; vs. [ as
a function of crosshead speed (v). The slope of the curves define the
elasticity of the SEBS gels. b) P, vs. [ as a function of v. The slope of
each curve defines I'.. c) dP,/I1d§ vs. v for the SEBS gels. Error bars
correspond to one standard deviation.

Table 2 Summary of E and I, as a function of crosshead speed (v) of
SEBS gels extracted from RIFT. Error values correspond to one standard
deviation.

v E I,
(mm/s) (kPa) (J/m?)
0.01 T 37.7 +£2.17
0.10 11.8 £ 0.62 89.8 + 2.52
1.00 J 206 + 10.4

4 Conclusions

In this work, we presented the RIFT fracture test as a simple mea-
surement approach for characterizing the fracture properties of
soft gels. In a single test, RIFT was able to measure the elastic-
ity (E) and fracture properties (G, and I';) of gellan hydrogels
as a function of gellan concentration. Both E and G, were found
to increase with increasing gellan concentration but their scal-
ing relationships with concentration were found to be different,
which cannot be explained based on the classic Lake-Thomas the-
ory for fracture. Instead, the scaling relationships suggest that
a viscoelastic fracture process is a possible mechanism of frac-
ture for these materials. These results highlight the importance of
measuring the fracture properties of soft materials directly, rather
than relying on E to infer on its toughness.

Friction can play a significant role in the fracture behavior of
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gels as evidenced by the RIFT results for the SEBS gels. While the
RIFT test can measure E and I'. of the SEBS gels as a function
of testing velocity, it was unable to quantify G.. In general, RIFT
can only reliably measure E for crosslinked polymers and elas-
tomers due to the significant role of friction between the blade
and the material. Future development of RIFT will be focused
on making it a high-throughput measurement for screening me-
chanical properties of soft materials. Specifically, we will study
the effects of razorblade geometry and materials composition in a
combinatorial manner. Systematic variation of the razorblade ge-
ometry will enable us to control the interfacial area of the blade
to control the effects of friction. Coupling geometric changes of
the razorblade (i.e., radius of curvature) with compositional vari-
ation of the material will enable us to investigate the size-scale
effects on the fracture process to identify the "flaw-sensitive" and
"flaw-insensitive" fracture regimes for soft materials.
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