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Brittle solids typically fail by growth and propagation of a crack from
asurface flaw. This process is modelled using linear elastic fracture
mechanics, which parameterizes the toughness of a material by the critical

stress intensity factor, or the prefactor of the singular stress field. This
widely used theory applies for cracks that are planar, but cracks typically
are not planar, and instead are geometrically complex, violating core
tenets of linear elastic fracture mechanics. Here we characterize the
crack tip kinematics of complex crack fronts in three dimensions using
optical microscopy of several transparent, brittle materials, including
hydrogels of four different chemistries and an elastomer. We find that the
critical strain energy required to drive the crack s directly proportional
to the geodesic length of the crack, which makes the sample effectively
tougher. The connection between crack front geometry and toughness
has repercussions for the theoretical modelling of three-dimensional
cracks, from engineering testing of materials to ab-initio development of
novel materials, and highlights an important gap in the current theory for
three-dimensional cracks.

The propagation of a crack in a brittle solid often leads to material or
structural failure—where the engineering utility of the object is com-
pletely lost—with important consequences for safety and cost. It is
therefore essential that we understand, and ultimately aimto predict,
when a crack might form and lead to fracture. Currently, linear elastic
fracture mechanics (LEFM)'is used throughout engineering science
tomodel cracks; however, LEFMis based on the assumption thatacrack
ispredominantly planar. Furthermore, energy-based analysis such as
that used by Griffith>** can be carried out even for non-planar cracks,
albeit only whenthe geometry is known. Planar cracks are at odds with
observations and, indeed, our everyday experience—when one snaps a
bar of chocolateintwo or accidentally drops aglass, the fracture surface
often appears corrugated or textured, and non-planar. Indeed, most
crack surfaces are punctuated with localized features® such as lances
or ridges”™", mist and hackle'?, microbranches™ " and crack nets'*",
depending onthe stage of crack growth. Such pronounced deviations
fromaplanar crack surface may be aconsequence of instability under
mixed-mode loading conditions”®?*, These surface features are not
perturbations to a flat crack, but instead they fundamentally change

the crack front geometry, and are thus incompatible with existing
three-dimensional (3D) perturbation methods**.Indeed, while path
selection for planar cracksis generally determined by two ad hoc crite-
ria”®, inthree dimensions there are no universally accepted path selec-
tioncriteria, despite the tendency of cracks in polycrystalline solids to
propagate between adjacent crystal grains®*. Recent experiments show
that step-like features can enhance the amount of energy dissipated
during crack propagation®, but in situ 3D data for generally complex
crack tips are lacking. Indeed, how geometric features atacrack front
might alter the toughness of brittle solids remains unknown due to a
dearth of experimental data on 3D crack configurations.

Here we use optical imaging methods to measure the 3D crack
tip kinematic datain several brittle materials with high precision near
thecracktip. The dataare collected in situ using confocal microscopy
while the sample is under load. We monitor the crack tip opening
displacement (CTOD) to characterize the stress field at the crack tip,
and we directly measure the geodesic length of the crack front using
theimaging data. By comparing the loading state as assessed from the
CTOD data and the crack front geometry from the geodesic length of
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Fig.1|Loading and imaging complex 3D cracks. a, Schematic of the
experimental setup. Confocal microscopy is used to image fluorescent light
emitted from the sample in the focal plane. The experimentis carried out in
water to match the optical index. Remote mode-I tensile loading is applied.

b, A volumetric reconstruction of acomplex crack tip near the critical stress
required for propagation. The geometry of the crack tip is clearly not symmetric
through the thickness, as can readily be seen by the features on the crack
surface. ¢, Volumetric reconstructions of the same crack at different values of
the applied strain demonstrate the experimental procedure: acomplex crack tip
isloaded with incrementally more strain, and allowed to equilibrate. Strain steps
are kept very small to ensure resolution of the value of strain immediately below
that for crack propagation, defining the critically loaded crack geometry.

the crack, we find that there is a direct, linear relationship between
these two quantities, whichappears tobe a universal character among
the materials we test. Furthermore, we find that the constant of pro-
portionality is less than expected for pure energy dissipation along the
crack front, suggesting that adiffuse damage region accompanies the
highlylocalized dissipation occurring along the crack front, consistent
withrecent measurements of afracture process zone in this material®®.
Finally, weidentifylocalized crack advance along the crack front before
global crack propagation, demonstrating that the crack canbe locally
critically loaded, and fractionally advance in three dimensions out of
the crack plane, without globally failing.

Direct imaging with a confocal microscope is used to record the
crack tip kinematicsin brittle polyacrylamide hydrogels of various gel
chemistries, as well as an elastomer (polydimethylsiloxane (PDMS)).
To obtain contrast, the material sample is dyed with fluorescent dye,
asdescribed in detail in Methods. An edge crack is cut near the centre
of the sample, extending approximately halfway across the sample
widthinthe crack propagation direction. Theinitial incision generates
crack tip complexity possibly due to the out-of-plane shear loading
conditionimposed during cutting. The sample and loading apparatus
arethenimmersed in a water bath on the scanning stage of a confocal
microscope. With the confocal microscope, only fluorescence emis-
sionfromthe focal planeis recorded onthe detector. Aresonant-galvo
or galvo-galvo mirror pair is used to scan the beam and construct the
planarimage viarastering.

Thesampleisinitially unloaded. Asmall strainincrement (typically
less than one percent) is applied and ascanned image stackis recorded.
Subsequently, a further strain increment is applied and a scanned
image stack is recorded. This process of incrementing the strain and
recording ascanned image stackis repeated until the crack propagates
outside of the field of view, typically during loading. The propagating
crack ruptures through the entire sample, leading toits global failure.
The imaging setup is shown schematically in Fig. 1a. The volumetric
reconstruction of a typical complex crack tip is shown in Fig. 1b. The
loading sequence is depicted schematically with reconstructions of
the sample volume around aloaded crackin Fig. 1c.

During the loading process, the crack typically remains globally
stationary. A complex crack tip and a smooth crack tip are shown,
withonly the fracture surface of the loaded sample depicted, in Fig. 2a.
To parameterize the complexity of the crack tip, the geodesic length
of the crack #is normalized by the sample thickness w to form the
normalized crack frontlength £. Assessment of the error in the meas-
urement of £ arising from the finite resolution of the confocal micro-
scope and segmentation of the images is described in Methods. These
quantities are depicted schematically in Fig. 2b. After the crack has
begun to propagate, it typically does so as asmooth, coherent crack,
forwhich £ ~ 1. This process is notinstantaneous, however;itinstead
occurs over some distance along the crack’s predominant propaga-
tion direction x as defined by the loading conditions. Initially, the
crack surface has several complex features on it; it then undergoes
anevenmoreobscure crackadvanceinatransitionregion, before the
crack front becomes smooth and nearly flat. This process is shown
on afracture surface for a typical complex crack in Fig. 2c, wherein
the propagation stages are indicated by the brackets at the bottom
of the profilometry image.

The CTOD is directly measured from the image stacks and volu-
metric reconstructions of the in situ crack opening profiles for each z
slice. Aparabolaisfit tothe CTOD as afunction of both zand the window
size, W, yielding a prefactor a such that x = —ay’. From linear elastic
fracture mechanics, the prefactor a is related to the mode-I stress
intensity factor inversely as K; = /9m/(8a)u, where p is the shear
modulus, assuming incompressible material. The energy release rate
G= Kf/(3/1), and by energy balance, the apparent fracture energy is
Ipp = 3111/(8a). Whereas for acomplex crack tip the apparent fracture
energy varies substantially near the crack front, it is very smooth and
consistent near the crack tip for a smooth crack, and in both cases
converges on a unique background value G, as shown for two crack
fronts with different complexity in Fig. 3a. When the critical stress
intensity factor G, is plotted as a function of the normalized geodesic
crack length £, it is observed to increase linearly from a fixed value
of 4.9) m™ for gel 1, which is the baseline fracture energy of
the hydrogel.

The observed linearincrease is not simply given by the product of
the crack front length and the baseline fracture energy, however;
indeed, this product vastly over-predicts the observed G, values. To
account for the observed G.(£) trend, the total fracture energy must
be partitioned according to a distributed process zone, I, and the
fracture energy of the bond rupture at the crack tip, I'. The scale of the
process zone, the distance from the crack tip at which the clean CTOD
deviates from the LEFM prediction®, is substantially larger than the
variation of the crack tip position in the x —y plane, and thus it is
assumed tobe unaffected by the shape of the crack front curve, whereas
the dissipation at the crack tip increases in proportion to the normal-
ized crack frontlength, defined along the arclength, s. This scenariois
depicted schematically in Fig. 3b, inset. The total fracture energy is
thus given by

L
I'=G(L) =Ty, +/ dsr* =T, + £ x I @
0

Prior measurements establish that /;,,=3.13+0.44) m™ and
I’'=177 £ 0.44) m~for gel 1 (ref. 38). A linear fit to the data in Supple-
mentaryFig.1a,byields/,,=3.81) m?and/ =1.22) m? asshowninthe
blackline. While these values fall outside the range of the error bars as
determined by linear extrapolation, the observation that '(x) drops
faster thanlinear® indicates asmaller I” than the value calculated from
linear extrapolation. Itisimportant to note that while this phenomeno-
logical expression relates the normalized strain energy release to the
geodesic crack length across several materials and a wide range of £,
we did not exhaustively evaluate all candidate geometric
expressions.
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Fig.2| Complex and simple cracks. a, A3D reconstruction of a crack with the
crack surface highlighted in blue. b, A complex crack surface (left) is compared
withasimple crack surface (right). The complex surface is the same crack asin a.
¢, Graphical definition of £. The normalized crack frontlength is defined as

L= 5, where ¢is the geodesic crack front length and wis the measured sample
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thickness. d, A posteriori profilometry image shows the complex crack, loaded
statically and at equilibrium until the critical strain is applied. The crack
transitions to asmooth and propagating crack geometry once it reachesa
critical loading value.
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Fig.3| Apparent fracture energy and the crack tip opening displacementas a
function of crack tip complexity. a, CTOD data are evaluated for each zslice by
varying the evaluation window W (inset) and fitting a parabola to the CTOD.
Apparent fracture energies I, are then graphed as surfaces as a function of zand
W forasimple (below) and complex (above) surface. In both cases, I;,,, converges
to the background value G.. b, For various materials, the normalized critical
strain energy release rate (G. - I,,)/I” increases in proportion with the crack tip
complexity, measured by the normalized geodesic crack length £. The square
and theinverted triangle for gel 1 represent sample thicknesses of 100 pm and
380 um, respectively. The linear proportionality is explained by the energy
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partition depicted schematically in the inset. The strain energy release rate is
partitioned between bond scission at the crack tip, I”, which scales with £,and a
constant process zone fracture energy I,,,. The evaluation of I and I, is described
in Methods. Error bars are defined from n = 31 segmentations for £. The sample
number for G is provided in the data repository*®. Better segmentation achieved
with theembedded fluorophore in gels 2-4 and the PDMS generates error bars
comparable to the symbol size for £. Dataare presented as mean values + s.d.
Duetothelarge CTOD, atile acquisition was required for gels 2-4 and the PDMS
sample; thus, no error bars are reported for these data.

Thefive materials tested here have different values of I',,. The values
forI” arethe same for all gels, and nearly zero for the PDMS, as explained
inMethods. Tocompare these materialsin an aggregate graph, we must
normalize G by I after subtracting I,,; in this way, we arrive at a
non-dimensional measure of the energy release rate that we can compare
withthe non-dimensional geodesic crack length £. Allrecorded dataare
normalized in this manner and plotted in the graph shown in Fig. 3b.

While the data shownin Fig.3b represent cracks that propagated
and led to global failure of the sample under test, the time series of
crack volumes indicates that crack propagation can occur partially
along the crack front, as shown for a representative crack front at
two different strain increments in Fig. 4a. The critical loading state is
not uniform along the crack front, but instead can be locally critical,
but globally stable; such pinning has been observed for planar cracks
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Fig. 4 |Subcritical crack front evolution. a, The crack front (marked by dots) is
not static, but develops as the applied strainincreases from the upper to the
lower panel. b, The coloured curves trace the crack tip atincremental applied
strains1-6 corresponding to the colour codeinaand c. Curves are registered as
described in Methods. ¢, The applied strain energy during the loading process is
plotted as a function of £. Matching the colour code in panel b, there s little
variationin £ during the initial loading process. Until reaching the critical value
G,, Lincreases to keep the globally critical state. Acompletely independent
sampleis shown in yellow points, which reaches the same trend. The critical
strain energy boundary at which all cracks are observed to propagate seems to
be auniversal bound, asitis not exceeded during the loading process in the
intermediate or the final applied strainincrements. Error bars are defined from
n=31segmentations for £and n =50 samples of G.. Sample number for G. is
provided in the datarepository*®. Data are presented as mean values + s.d.

propagating along a surface with heterogeneous fracture energy>>*°

and is similar to the non-uniform crack advancement observed in
the debonding of adhesives***. An instance of fractional crack front
propagation is shown by the surface swept out by the crack front at
incremental strain steps. Throughout the loading, the crackis locally
pinned over anarrow range of z, but notably advances for other values
of z,asshownin Fig. 4b.

During the loading process, the corresponding £ data remain
nearly constant as the subcritical strain energy density Gincreases with
increasing strain, as shown for the loading sequence in Fig. 4c. Here,
the coloured points correspondto the lines graphedin Fig. 4b. A com-
pletely separate sample, subjected to a similar loading increment, is
shown in the yellow points in Fig. 4c. Strikingly, G converges on the
value of G for the relevant £ value at which the crack should be globally
unstable, but by fractionally advancing, £ canincrease as necessary to
keep the crackjust below the globally critical state, until it destabilizes
and the sample catastrophically fails.

Thus far, we have shown that crack front complexity canincrease
sample toughness. To demonstrate the engineering consequences
of the observed relationship between crack front complexity and
toughness, we adopt a strategy to exploit this relationship with
elastic heterogeneity, motivated by earlier work?*****¢_ To thisend,
we embed arelatively rigid Nylon particle in the gel. The crack begins
propagating slowly toward the particle such that the crack path is
incident on the particle, as shown in the micrograph in Fig. 5a, left.
Upon progressing past the particle, the crack is no longer planar, but
instead planar symmetry is broken; this can readily be seen in the
micrographsrecordedinFig. 5a, at right. Upon applying our analysis
ofthe CTOD and normalized crack front length to measure G.and £,
respectively, we find that the data before and after the encounter
with the particle fall upon the same line as was observed for intrinsic
crack tip complexity as shown in Fig. 5b. The particle doubles £,
generating a 25% increase in G... Such planar symmetry breaking,
triggered by elastic inclusions, likely occurs in composite solids**,
with large numerical density of inclusions; indeed, stress intensity
factors for crack fronts that encounter such inclusions are known to
belarger**. This result may relate to the toughening of fibre compos-
ites, which can also generate toughness with other mechanisms,
including fibre bridging™®.
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Fig. 5| Rigid inclusion drives crack plane symmetry breakingina400 pm
hydrogel. a, Left, amicrograph of a quasi static planar crack propagating towards
an embedded rigid Nylon inclusion (polyamid, diameter 50 pum). The hydrogel
and theinclusion are highlighted with light yellow and red. Right, two crack
micrographs recorded at different values of zfrom the sample bottom after
encountering the inclusion. The planar symmetry is broken, by a large material
filament that joins two distinct crack planes near the centre of the sample. White
points are sterically bound 1.1 micron latex particles. b, G, versus £ before and
after the crack encounters the inclusion. Inset, 3D crack fronts extracted from the
two volumetricimages in a; the crack advances in the direction indicated by the
arrow, corresponding to the remote tensile loading symmetry. £ is measured
from the crack front geometry and G. is evaluated from parabolic fitting of the
far-field CTOD (x <180 um, Supplementary Fig. 2). The error barsin £
correspond to the standard deviation of fiveindependent crack tip
identifications, and the error barsin G. are adapted from average standard
deviation of confocal measurements presented in Fig. 3. Data are presented as
mean values +s.d.

Withdirect 3D imaging data, we have shown thatacomplex crack
front generates a tougher material overall, without altering the mate-
rial’s fracture toughness, in a systematic way. We find that the tough-
ness enhancementscaleslinearly with the geodesic crack lengthwhen
dissipation in the process zone is accounted for. Purely by enhancing
the geometric complexity of the crack tip curve, more strain energy is
required for the crack toadvance. Indeed, the complexity playsan even
moresubtle role—it cangenerate acondition where the crackis globally
stable, but still advances along a portion of the crack front; thus, the
local crack front can be unstable, whereas the global crack configura-
tion remains stable, in a manner reminiscent of crack front pinning
observed in planar systems with heterogeneous fracture energy***°.

These measurements are consistent with two dimensional meas-
urements of a complex crack front in the same material with a single
facet”, but are now extended to arbitrary crack front complexity, and
enable the firstinsitu crack front length measurement for asubcritical
or critically loaded crack before propagation. As there is currently no
theory for a crack that has dramatically broken planar symmetry, the
essential phenomenology uncovered here cannot be explained by an
existing theoretical framework—while G, can be used to characterize
toughness enhancement for mechanisms ranging from rigid inclu-
sions**to fibre bridging*®, a priori, it offers no predictive power of how
muchanincreasein geodesic crack length will enhance G... Indeed, the
fundamental reason that the crack front length toughens the brittle
solid remains unknown, as does the extent to which one should expect
the toughening to saturate. Whereas here we have identified a crack
that is nearly twice as tough as a smooth crack in the material we are
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testing, thereis noreasonthat we should not anticipate anevengreater
enhancement in toughening purely by geometry.

Thefractional advance of the crack frontis all the more puzzling,
as the critical fracture condition according to LEFM is not local, but
instead related to the singular stress field that developsin the approach
to the crack tip. Our measurements suggest that instead, the critical
crack growth condition can be local once the planar symmetry of the
crackisbroken. This begs the question: what is the physical condition
governing 3D crack growth? It may be that local energy balancein zis
satisfied along the crack front, as suggested in prior work*’; however,
thisisaplanartheory for crackadvancementand may require nontrivial
extension to fully capture the 3D elastic fields near anon-planar crack.

The measurements we have carried out suggest that purely by
enhancing the geometric features at the tip of a crack, a material can
be tougher—superficially, this picture is at odds with the Griffith
picture, which suggests that the fracture energy is a material property,
whereas here, if one does not carefully account for the crack tip geom-
etry, the fracture energy appears to take on different values. The con-
sequences of our measurements are widespread—for example, can we
manipulate a crack front to make it more complex, and is this done
already in certain composite materials? Earlier work suggests ameans
to address this question using analysis built upon LEFM**. Materials
testing can also be informed by our measurements. Engineers have
long known that the initial state of the crack must be carefully con-
trolled for areliable measurement of the critical stress intensity factor,
K\ this is typically accomplished in the case of compact tension
specimens by fatigue loading of the crack until it is planar; however,
our measurements highlight the importance of care in carrying out
materials testing, as any geometric deviation froma planar crack front
may lead to a mismeasurement, and dangerous over-estimation, of
materialtoughness. Our observations that G.is proportional to £, that
this curve serves as an attractor for cracks, and that rigid inclusions
can manipulate the location of acrackinthe G.—£ space provide insight
into the physics of fracture and tools for the engineering scientist to
realize material toughness.

Usingthe brittle hydrogels and the PDMS elastomer as proxy mate-
rials, we have investigated the propagation of cracks that break planar
symmetry, and push us away from the existing LEFM picture of planar
fracture. Such symmetry breaking leads to a geometric toughening
effect that can be accounted for by correctly summing contributions
to fracture energy in the materials. Such behaviour is expected to be
universalifthe process zone and crack tip fracture energies are known
for any material, and thus our observations are anticipated to be uni-
versal for brittle or even somewhat ductile materials. Depending on
the geometry of the crack front, fractional advancement of the crack
canoccur, generating achallenge for existing theoretical approaches
todescribe themechanics of 3D cracks. Nevertheless, the critical strain
energy density required to driveacrack appears tobe bounded, based
on the fractional advance of cracks along their length. What sets the
limit of how much toughening can be achieved by geometry remains
to be established, as does the persistence of toughening under sus-
tained load.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
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Methods

Sample preparation and material characterization

Gel samples are polymerized from monomer solution in ultra-pure
water consisting of13.8% (weight per volume) acrylamide monomer,
of which the bis-acrylamide cross-linker concentrations are 2.67%,
1.87%,0.81% and 0.35% for gels1to 4, respectively. A 0.2% solution of
ammonium per sulfate (APS) is used to initiate polymerization at a
ratio of 1.8% by volume, and Tetramethylethylenediamine (TEMED)
catalyses polymerization at 0.18% by volume. Two fluorescent dyes,
Rhodamine 6G and Fluorescein o-acrylate, are used for contrast
during imaging. Neither dye alters the mechanical properties of the
gels. The data points for gel 1in Fig. 3b are obtained using samples
with Rhodamine 6G dye, while the data for the rest of the gels are
obtained using samples with Fluorescein o-acrylate dye. Fluorescein
o-acrylate dyeisadded to the monomer solution before polymeriza-
tion, while Rhodamine 6G is applied after. All chemistry is obtained
from Sigma Aldrich.

The monomer solution (with1% of1 mg mI™ Fluorescein o-acrylate
dye if used) is degassed for 10 min in vacuum before introduction of
the APS and TEMED. Following degassing, the APS and TEMED are
added, and the solution is gently mixed before being poured onto a
glass plate. Plastic spacers are used to obtain different sample thick-
nesses, which are 190 um for all the gel chemistries, with additional
100 pmand 380 pum for gel 1. Spacers are placed at the four corners of
the glass plate, and asecond plate is carefully rested atop the solution
and the spacers. The edges of the sample are sealed with plastic cling
film, and a weight is placed over the spacers to ensure a consistent
sample thickness. The polymerization reaction is allowed to run for
atleast four hours before the material is handled.

After polymerization is complete, 3 x 1 cm rectangular samples
are cut from the hydrogel using a razor blade. Care is taken to ensure
that the sample edges are free of notches or geometric defects. To
dye the gels samples with Rhodamine 6G, we place the samplesin a
large bath of 2 x 10~ mol I"! solution of the dye and allow the solvent
toreach equilibrium.

Polydimethylsiloxane (PDMS) Sylgard 184 silicone elastomer are
obtained from Sigma Aldrich. Samples are prepared with the 10:1ratio
of the prepolymer base and the curing agent, fluorescently dyed with
0.1% TP-3400, mixed and degassed at room temperature, and cured
at80°Cfor4h.

A uniaxial tensile test is performed to characterize the material
properties. The engineering stress is evaluated with respect to the
stretch as shown in Supplementary Fig. 3. The loading curves for
the gel materials are fitted to the neo-Hookean material model®,
which gives the shear modulus of 37.53 + 0.01 kPa, 13.07 + 0.009 kPa,
5.55+0.005 kPaand 3.12 + 0.002 kPafor gels1to 4. The loading curve
of PDMSis fitted to the generalized neo-Hookean material model due
to strain stiffening. The fitting gives the shear modulus of PDMS of
0.323+0.001 MPa.

Evaluationof G- £

Inthis work, we find that G.increases proportionally with the crack tip
complexity £, where we observe no thickness-dependency, as shown
in Supplementary Fig. 2a. This proportionality is explained by the
energy partition between the process zone dissipation /', around the
cracktip and thebond scissionenergy I” at the crack tip, and G, is nor-
malized as (G. - I,,,)/I",as shownin Fig.3b. The non-normalized G, - £
dataisplottedin Supplementary Fig.1b,c./,, is evaluated as the inter-
sect from the linear fittings to the G, — £ data of each gel, which are
3.81)m?,2.21Jm2,1.41)m™20.49) m forgels1to 4, respectively. The
slope ofthelinear fitting to gel1gives I” =1.22) m™. The energy related
tobondbreaking, I', is taken to be the same for the different gel chem-
istries, due to the same monomer concentrations. Thus, we use the I”
value fromgel1fortherest of the gels, as gel 1has the most data points.
For PDMS, due to the small fractal cohesive length, I,,= 0 and I is

rIpz

57.48) m, whichisthe G, of a clean crack (the first data point Supple-
mentary Fig. 2c, the closest point to a clean crack).

Confocal microscopy and mechanical load application

To capture the in situ 3D crack data, an inverted Leica DMi8 Confocal
microscopeis used witha HC PL Fluotar x10 air immersion, or HC Fluo-
tar x25water immersion, objective. The excitation laser wavelength and
the bandwidth of the hybrid detector are set to match the excitationand
emission spectrumofthe fluorescent dyes. An edge notchis cut halfway
across the sample breadth using a Victorinox Swiss knife (Classic SD)
near the centre of the sample’slong edge. The sample is then mounted
into the sample grips of a custom loading apparatus and immersedin
awater bath atop the microscope stage. The loading apparatus drives
the grips symmetrically with aservo motor, thus ensuring that the crack
remainsin the microscope field.

Profilometry and height profiles

Profilometry measurements are performed after the gel samples are
fully broken. To obtain good optical reflection and avoid the dehydra-
tion problem, the fracture surfaces are cast onto Polyvinyl siloxane
(PVS; Zhermack), and the height profiles are taken using Nikon TI
eclipse microscope and Nikon 10x Mirau objective, with a step size
of 50 nm. Profilometry height profiles are analysed to evaluate the
surface roughness on a sustantially smaller scale than the confocal
microscope, and thus provide a bound on surface roughness. In the
smooth region in the main text in Fig. 2c, the height profile of three
random cuts areshownin Supplementary Fig. 4b,c. The height profiles
are separated into the high and low-frequency parts in Supplemen-
tary Fig. 4c, using a low-pass linear filter with the cutoff frequency of
0.17 radians per second, where 0.17 =1/(2 x 4.28) and 4.28 um is the 2
sectioning of the applied objective on the confocal microscope. The
h-high corresponds to the measured crack front length from confocal
microscopy, while the h-low contributes to the length from the missing
roughness features. The low-frequency part is smaller than the high
frequency parts, indicating that the confocal step size captures the
key trend of the crack front curves.

Image processing

To obtain the fully segmented image data, three software packages
were used: Imaris, Fiji** and scikit-image’. The image processing work-
flowis showninSupplementaryFig. 5. A3D Gaussian filter was used to
remove salt and pepper noise, and thresholding operations were car-
ried out to obtain a first segmentation; this was followed by morpho-
logical operations to obtain a completely segmented 3D volume. To
control for processing-dependent variability of the resulting seg-
mented image, the 3D Gaussian kernel size was varied fromoneto three
pixelsintheimage plane, and twoto four steps through theimage stack.
Atotal of five intensity levels were used to threshold the filtered image
stacks, generating a total of 30 different processed stacks. Note that
we use the Imaris software to segment the datamanually with the same
procedure, generating a total of 31 unique data pairs for each image
stack. A final morphological processing step was applied to fill holes
in the sample volume. From each of the stacks, a G. - £ data pair is
generated, as shown in Supplementary Fig. 6a.

Rigid inclusion

For the gel samples with embedded rigid Nylon inclusions, the con-
centration of the Nylon particles (diameter 50 pm; Dantec dynamics)
is 0.05 wt%. At this concentration, only one inclusion remains within
the field of view on average. The low seeding density ensures that the
Nylon particles do not alter the mechanical response of the hydrogel
material. The parabolicfit to the CTOD databefore and after the crack
encounters the rigid inclusion is shown in Supplementary Fig. 2. To
minimize the effect of the rigid inclusion on the fittings, the parabolas
are fitted to the CTOD which is away from the inclusion.
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Data availability

Figures are available via figshare. Segmented image data for all crack
tips analysed in the manuscript can be found in the associated digital
data repository*®. Source data are provided with this paper.
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