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The origin of the microbranching instability is a long-standing unresolved issue in the fracture of brittle
amorphous materials. We investigate the onset of this instability by measuring the real-time dynamics and
symmetries of the strain fields produced by rapid tensile cracks in brittle gels. We find that once a simple
tensile crack is subjected to shear perturbations, cracks undergo the microbranching instability above a
finite velocity-dependent threshold. We further reveal a distinct relation between the microbranching and
the oscillatory instabilities of rapid cracks.
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The origin of the instabilities of rapid cracks is an
important issue that has yet to be fully resolved. While the
dynamics [1–5] and structure [6] of simple rapid cracks in a
brittle material are well understood, a fundamental picture
of dynamic crack instabilities—such as why rapid cracks
spontaneously sprout microscopic branches or begin to
oscillate—remains largely elusive.
Recent progress in understanding crack instabilities

has been made in explaining the oscillatory instability [7]
that occurs at high crack velocities. It was found that
tensile cracks, once reaching about 0.9cs (cs is the shear
wave velocity), are unstable to shear perturbations. Upon
losing stability, the oscillatory wavelength was linked to
the scale of the non-linear-elastic fields surrounding the
crack tip [8,9].
The most prominent unsolved problem in dynamic

fracture is, possibly, the appearance of the microbranching
instability [10,11], which has stubbornly resisted numerous
attempts to explain it [12–21]. The microbranching insta-
bility occurs when a single straight crack becomes unstable
to a state in which crack branches of microscopic length
(microbranches) sporadically nucleate away from the main
crack. Microbranches break translational symmetry along
the crack front. They form chains (“branch lines”) of
microstructures that are (i) aligned parallel to the propa-
gation direction and (ii) spatially localized along the
fracture surface in the direction normal to propagation.
The instability initiates at a critical propagation velocity,
v ¼ vbranch ∼ 0.3cR − 0.4cR (cR is the Rayleigh wave
speed), and has been observed in a variety of brittle
materials.
Experiments in brittle gels [22] have revealed that vbranch

both statistically increases with the crack’s acceleration and
that the transition to microbranching is hysteretic in v.
These observations led to the conjecture that cracks are
bistable within the crack front (the singular leading edge
of a crack) with regard to microbranched states; sections of
the crack front may undergo microbranching while the
remainder of the front continues to propagate smoothly.

Theoretical attempts to understand this instability have
mostly limited themselves to a 2D description of the
fracturing material, neglecting the transverse spatial
extent of the crack front. These include cohesive zone
models [12–14], phase field models [15–19] and deriva-
tions of energetic bounds on 2D branching [20,21]. Recent
theoretical work has proposed [23–25] that out-of-plane
shear could drive crack front instabilities in real 3D
materials.
Here we describe an experimental investigation of

the elastic fields in the immediate vicinity of the crack
tip both prior to and at the onset of microbranching. We
demonstrate that microbranching events nucleate as a direct
consequence of in-plane shear perturbations. This enables
us to draw a tentative phase diagram delineating the
boundaries between simple straight cracks and their unsta-
ble counterparts.
Our experiments were performed using polyacrylamide

gels which are transparent, homogeneous, brittle, neo-
Hookean elastomers. The dynamics of cracks in these
materials have been extensively studied. When scaled by cR
their behavior is identical to that of cracks in other brittle
materials, such as glass [2,22]. Because the sound speeds in
gels are orders of magnitude smaller than in glass, it
becomes possible to visualize and quantify the dynamics
of cracks with high resolution. The gel composition used
here is 14% acrylamide/bisacrylamide with a 2.7% cross-
linker concentration, yielding a shear modulus μ ¼ 32.3�
1.6 kPa and cs ¼ 5.6� 0.15 m= sec. These are directly
measured prior to each experiment, to remove any material
uncertainties. The typical dimensions of the samples used
are (X × Y × Z) 120 × 120 × 0.3 mm, where X, Y, Z are,
respectively, the propagation, loading, and thickness direc-
tions. Experiments were performed under uniaxial tensile
stress created by applying a constant displacement in the Y
direction (6%–13% strain), prior to initiating a crack at the
midedge of the vertical boundary of the gel. As shown in
Ref. [7], microbranching can be statistically suppressed in
thin (200–300 μm) sheets [26]; while microbranching can
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occur for all velocities 0.3cs < v < 0.9cs, the probability
of exciting them decreases for both thin samples and
large crack accelerations. Measurements of the crack and
its surrounding distortion fields are performed using a
high speed camera (IDT-Y7) focused on an (X × Y) area
of 17.4 × 9.8 mm with 1920 × 1080 pixel resolution
[Fig. 1(a)]. Photographs are taken between 7400 and
8100 frames= sec.
As in Ref. [27], the gels are cast in a mold upon which a

rectangular grid is printed on one of its XY surfaces. The
grid was formed by lithographic printing on a spin-coated
epoxy layer. This process created a perfect square mesh
of height 2 μm and lattice spacing 60 μm. Upon casting,
this grid is imprinted on one face of the gel sheets.
Shadowgraphy, using strobed (2 μ sec duration) lighting,
is used to image both the deformed grid and the crack
opening profile as a crack’s tip propagates across the field
of view [Fig. 1(a) (inset)]. The location of the center of each
grid point in the deformed grid is determined to 10 μm
resolution [26]. By comparing the grid point positions of in
the deformed grid pattern to their positions (at rest) in the
deformation-free system, we can determine the strain at
each spatial point to better than a 500 μ–strain resolution
[Fig. 1(b)]. In the following, we describe the dynamic
deformation tensor in the XY plane in the rest (undeformed)
frame coordinates. When large deformations take place,
this imaging method is advantageous over others [28,29]
because the rest frame coordinates are always imprinted
onto the deformed material.
In Fig. 2 we present typical strain field measurements of

εyyðr; θÞ. Surprisingly, in contrast to the expected pure
Mode I symmetry, we observe that εyy is not perfectly
symmetric around θ ¼ 0. This lack of symmetry is clearly
apparent in the maxima in Fig. 2(b) for small values of r.
The increasing intensity of this asymmetry as r0 → 0þ can
be quantified by the antisymmetric decomposition of the
maximal strain values:

Δϵmax
yy ðrÞ≡ 1

2
ðmax∀θ>0εyyðr; θÞ −max∀θ<0

εyyðr; θÞÞ: ð1Þ

ΔϵmaxðrÞ
yy is presented in Fig. 2(c) using the data from

Fig. 2(a).
We now demonstrate that this behavior is the direct

consequence of nonzero Mode II contributions. We do this
via a “bootstrap” approach; we first assume the existence of
a Mode II field component and then show that its existence
is perfectly consistent with our measurements. According
to linear elastic fracture mechanics (LEFM), the value
of Δϵmax

yy ðrÞ predicted by a Mode II field assumes the
(antisymmetric) form

Δϵmax
yy ðr; vÞ ¼ KII

ffiffiffiffiffiffiffiffi

2πr
p gIIðθmax; vÞ; ð2Þ

where gII is a known universal function [4] which depends
on the velocity v of the crack and θmax ¼ max∀rεyyðr; θÞ.
The 1=

ffiffiffi

r
p

dependence of the data is evident [see the
example in Fig. 2(c)], and a value of KII is obtained by
fitting.
We now consider the angular dependence of the anti-

symmetric component of the overall εyy strain field:

εyyðθÞodd ≡ 1

2
ðεyyðr; θÞ − εyyðr;−θÞÞ: ð3Þ

By construction, εoddyy ðθÞ is free of the symmetric Mode I
strain field. The solid red curve in Fig. 2(d) depicting the

FIG. 1 (color online). (a) Experiments are performed with
transparent thin sheets of gel with an imprinted grid on one XY
face. Collimated light passed through the sample enables
shadowgraph visualization of the grid using a fast camera. (Inset)
Typical photograph of a crack propagating at v ¼ 0.53cs through
the grid. (b) The measured strain field component εyy extracted
from the inset of (a).

FIG. 2 (color online). (a) Typical measurement of the εyy strain
field component of a crack propagating at v ≅ 0.6cs. (b) Angular
dependence of εyy for the values of r ¼ r0 corresponding to the
colored circles in (a). θ ¼ 0 corresponds to y ¼ 0 in (a).

(c) Measured Δεmaxðr;θ¼0Þ
yy as described in Eq. (1) using data

from (a). (Red curve) A fit to Eq. (2) with KII ¼ 128� 4 Pa.
(Inset) Measured ϵxyðr; θ ¼ 0Þ component. The red solid line is
the LEFMMode II prediction withKII ¼ 128. (d) Antisymmetric
part of the strain field εoddyy [see Eq. (3)] for r0 ¼ 1 mm using data
from (a). The agreement with LEFM Mode II predictions for
KII ¼ 128� 4 Pa (solid red curve) is excellent.

PRL 114, 054301 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

6 FEBRUARY 2015

054301-2



LEFM Mode II solution is in perfect agreement with the θ
dependence of the antisymmetric data using the value of
KII obtained by the fit to the radial data in Fig. 2(c).
In addition, the same value of KII perfectly describes the
εxyðr; θ ¼ 0Þ [Fig. 2(c) inset] measurements, with no
adjustable parameters. These results therefore indicate that
the sole significant contributor to the antisymmetric strain
field components is due to the Mode II field.
We can now use this result for each value of v; fitting

Δϵmax
yy ðr; vÞ to Eq. (2) enables us to extract the parameter

KII , which is then used, together with the Mode I solution,
to wholly describe the entire strain tensor, with no addi-
tional adjustable parameters.
We note that Mode I contributions to the strain fields are

dominant; the Mode II contributions are typically less
than 10% of the Mode I values. While small, the size
of the Mode II component is larger (typically by more than
250%) than effective Mode II components induced by
any systematic error in determination of the symmetry axis
(θ ¼ 0). A more detailed description is included in [26].
Having established that a small Mode II component can

be present in the strain fields, we can now use this
decomposition to characterize the temporal nature of the
Mode II strain component. In Fig. 3(a) we present a typical

time series of KIIðtÞ for a crack moving at v≃ 0.6cs
over the 3 msec preceding a microbranching event. As the
figure illustrates, simple cracks exhibit small but randomly
fluctuating Mode II components even well prior to a
microbranching event.
Is the value of the Mode II component related to the

onset of microbranching? As Fig. 3 reveals, no systematic
buildup of KII occurs prior to the onset of the instability.
While jKIIj is a fluctuating quantity, its value immediately
prior to microbranching is typically larger than preceding
values, for a given value of v. Let us now examine the
premise that a velocity-dependent activation threshold,
Kth

IIðvÞ, exists for which microbranching is triggered. We
define Kth

IIðvÞ as the measured (velocity-dependent) value
of KII that immediately precedes a microbranching event.
It has been shown [22] that microbranching is an activated
process that can be randomly triggered for propagation
velocities v > 0.3cR–0.4cR. Since a single experiment may
have more than one branching event, we determinedKth

IIðvÞ
by considering only microbranching events preceded by
a lengthy interval over which simple, stable cracks were
observed. To minimize errors in Kth

IIðvÞ, we considered
only cracks where no elastic waves, generated by previous
microbranching events, were observed.
Surprisingly, jKth

IIðvÞj=KIðvÞ is a well-defined quantity
that exhibits a linear decrease with v, as shown in Fig. 3(c).
In addition, a linear extrapolation of jKIIjthðvÞ=KIðvÞ
yields jKIIjth → 0 as v → 0.87cs. At this velocity a simple
straight crack will become unstable to any infinitesimal KII
perturbation. We see that vc ≈ 0.87cs exactly corresponds
to the critical velocity associated with the onset of the
oscillatory instability [9,22]. This is direct proof of the
theoretical prediction that the onset of the oscillatory
instability corresponds to the loss of stability of a straight
crack to infinitesimal Mode II perturbations [8]. These
results, therefore, suggest a deep and fundamental con-
nection between the microbranching and oscillatory
instabilities.
The principle of local symmetry [30,31] predicts that

shear will cause a crack to curve so as to negate any Mode
II component at its tip. We would, therefore, expect any KII
value to cause a crack to curve away from the initial
symmetry axis imposed by the loading. Why would a
locally curving crack be associated with microbranching?
We suggest that two distinct “phases” exist; in a hysteretic
region 0.3cs < v < vc, both straight and curved cracks can
be simultaneously stable. Moreover, this bistability can
allow both phases to coexist within different sections along
the crack front, upon a sufficiently large (finite) local shear
perturbation [see Fig. 3(c)]. Insofar as propagation along
the symmetry axis is concerned, it is clear that straight
sections of the crack front will outrun the curved sections.
As a result, we expect that the crack front will eventually
revert to a single fracture plane, pinching off the curved
section. This “frustrated” curved section is what we identify

(a)

(b)

(c)

FIG. 3 (color online). (a) Left panel: Typical time series of KII
leading up to a branching event at time t ¼ 0. (Right panel) The
corresponding velocity measurements. (b) Photographs of the
crack exemplify changes in its shape leading to the branching
event. [Left panel; green dot in (a)] t ¼ −0.12 msec. [Right
panel; red dot in (a)] t ¼ 0 immediately after the branching event.
At t ¼ −0.12 msec the crack is smoothly propagating, whereas at
t ¼ 0 there is clear evidence of asymmetry at the crack tip as the
crack starts to deviate away from the X direction. (c) Phase
diagram of the branching instability. Thresholds jKth

II=KI j; values
of jKII=KIj obtained for each v immediately prior to micro-
branching. The critical boundary linearly extrapolates to zero at
v ≥ 0.87cs, the measured threshold velocity for the oscillatory
instability [7]. Colors denote different experiments.
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as a microbranch beneath the fracture surface. This scenario
also explains the observed localization of microbranches
in z. The bistability that enables this localization disappears
at the critical point vc, where jKIIjth ¼ 0. At this point the
entire crack front must coherently curve out of plane and
the oscillatory instability ensues.
A hallmark of phase transitions is critical slowing down:

the exponential growth of the decay time of perturbations as
a system approaches its critical point. We now show that
this takes place as v → vc. As an independent measure of
the stochasticity level in our system, we consider path
deviations δy away from the y ¼ 0 symmetry line, as
determined by the parabolic form of the crack tip described
by LEFM sufficiently far from the crack tip. The weakly
nonlinear extension to LEFM [32] predicts a nonlinear
scale, δ, at which the crack tip opening deviates from a
parabolic form. We define δy as the projection of δ on the
Y axis [see Fig. 4(a) for an illustration]. δy thus character-
izes any asymmetry of the crack tip within the non-linear-
elastic domain.
As shown in Fig. 4(b), δy fluctuates as a random variable

with a zero mean. We consider the variance of δy deter-
mined over a fixed time window chosen to be
τ ¼ 0.7 msec. (As long as v is fairly constant, the choice
of τ does not change our conclusions.) While the time
averaged value hδyiτ ≈ 0, as long as a crack remains stable,
we see [Fig. 4(c)] that its variance, hδ2yiτ, indeed grows
approximately exponentially as v → vc, as expected when
a dynamical system approaches criticality.

We believe that our results can be empirically described
within the framework of a transcritical bifurcation between
two states, straight and curved cracks, as schematically
summarized in Fig. 4(d). In this picture v and KII play the
respective roles of control and order parameters. In a
transcritical bifurcation, two states “exchange” stability
at a single point in phase space [33]; one state loses stability
while the other becomes stable. Here, the straight crack
branch exchanges its stability at vc to the curved crack
branch. Hence, at vc, the bistability between the two states
ceases to exist and the only stable state becomes the
constantly curving, oscillatory branch. The generic form
of a transcritical bifurcation would also anticipate the
straight Kth

II=KI boundary line between the straight and
curved crack branches that is presented in Fig. 3(d). The
microbranch phase corresponds to the stable curved crack
branch that exists in the hysteretic (bistable) region v < vc,
where a finite perturbation is needed to excite it.
The minimum required amplitude of this perturbation, as
delineated by the boundary of stability, increases with the
distance from the critical point, vc. Presumably, the curved
branch ends in a saddle node for v ∼ 0.3cR since it is
empirically observed that only the straight crack branch
exists for v≲ 0.3cR.
In summary, we have shown that a finite Mode II

perturbation is directly correlated with the transition from
a straight crack to microbranching. This transition is
hysteretic over a range of crack velocities where both
microbranches and straight cracks can coexist. While
microbranching is an intrinsic instability of dynamic
fracture, for v < vc a finite level of noise is needed to
trigger it. What is the origin of this KII “noise”? In
general, there is always some element of noise inherent in
the system. This noise could be due to either experimental
imperfections (i.e., small misalignments in the loading
configuration) or interactions of the crack tip with small
random inclusions or defects that lie in its path. KII
perturbations may also result from waves (either reflected
or externally generated) interacting with the crack tip. The
random variations of KII in our experiments, however,
suggest that, whatever the source, once a crack is
subjected to a velocity-dependent threshold value of
KII , it will become unstable to microbranching. We have
also shown that the threshold value of the Mode II field
becomes zero at precisely the velocity for which straight
cracks become unstable to the oscillatory instability. This
is strong evidence that the two instabilities are closely
intertwined. This relationship has, until now, been masked
by what we believe are 3D effects related to the
spatiotemporal behavior of the crack front. In dynamic
fracture such effects have only relatively recently been
considered [23–25,34,35]. We believe that they hold the
key to understanding important complexities of fracture
dynamics that cannot exist in two-dimensional descrip-
tions of fracture.
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FIG. 4 (color online). (a) A schematic definition of δy as the y
projection of the crack tip (black solid line). y ¼ 0 is determined
by the axis of symmetry of the parabolic crack tip shape
predicted, away from the near vicinity of the crack tip, by LEFM
(red dashed line). (b) A typical time series of δyðtÞ prior to a
branching event (at t ¼ 0) for v ≅ 0.5cs. (c) The variance of δy
immediately before branching as a function of v. The averaging
time is τ ¼ 0.7 msec. Colors represent different experiments with
different initial conditions. (d) A schematic diagram depicting
our interpretation of the overall phase diagram as a transcritical
bifurcation.
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