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a b s t r a c t

When the compressive load to a thin elastic rod embedded in an elastic medium exceeds a threshold,
the thin rod buckles into an exponentially decaying short wavelength profile to minimize the total
energy of the system. As the compressive load continues to increase, the buckling amplitude increases
correspondingly, until the rod/medium interface fractures and the short wavelength buckling profile
morphs into a different shape as fracture propagates into the surrounding medium. In this study,
such shape transition in the presence of surrounding medium failure is investigated using a combined
experimental and theoretical approach. We identify the ansatz that can be used to describe the post-
fracture buckling profile, and then develop a forward scheme using the energy principle to predict the
buckling profile of the thin rod when fracture happens in the medium. We also develop a backward
schemewherewe use the post-fracture buckling profile to estimate the buckling profile before fracture of
the surroundingmedium. Comparison of experimental and theoretical results indicates that themodeling
framework can be used to characterize the buckling profile transition of a thin elastic rod embedded in a
fractured elastic medium.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Traditionally, buckling of thin rods has been mostly considered
as a failure mechanism to be avoided in engineering design. Re-
cently, however, it has gradually been revealed that, as a form of
mechanical instability, buckling plays a key role in themorphology
generation of many natural systems [1–17]. Examples include the
morphology of plant roots [1,2], oil pipes [3–5], elastic and vis-
coelastic films and shells [6–8], cytoskeletal microtubules in living
cells [9–12], thin rods embedded in matrix [13–15] or granular
media [16], and tortuous arteries [17]. For engineering structures,
buckling andpost-buckling behavior of infinite beamsonnonlinear
elastic foundations has also been studied using Koiter’s improved
theory [18]. Thus buckling phenomena have been investigated
extensively to understand the fundamental mechanics, as well as
to design synthetic systems taking advantage of this mechanical
instability.

A thin elastic rod under axial compression tends to deform
into a shape corresponding to its lowest deformation energy state.
At low axial compressive forces, the rod experiences pure axial
compression. Exceeding a critical compression threshold, the rod
buckleswith a certainmodenumbern that depends on the bending
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rigidity of the rod and the elastic properties of the medium where
the thin rod is placed. In media with negligible elastic modulus
such as air, the rod tends to buckle with the longest possible
wavelength, which is on the same order as the rod length, with a
pre-factor depending on the boundary conditions. However, when
embedded in an elastic medium with a finite elastic modulus,
the buckling wavelength decreases and the critical buckling force
threshold increases [9]. Specifically, this short wavelength buck-
ling mechanism may hold the key to understanding how micro-
tubules can strengthen the structure of living cells [9–12].

As observed experimentally, there is a decay length in the buck-
ling profile of microtubules within cells when the microtubules
interact with cell periphery [9]. Das et al. predicted a decay length
of buckling profile of a thin elastic rod embedded in an elastic
medium with nonlinear elastic behavior [10]. Shan et al. modeled
buckling of a superelastic rod in a biopolymer matrix using a
similar theoretical framework, and showed experimentally that
the nonlinear elastic behavior of the medium is outweighed by the
linear responses, as predicted bymodeling results [13]. To our best
knowledge, however, all previous works have only investigated
the buckling phenomenon assuming small deformations in the
surrounding media, excluding the possibility of any failure of the
embedding medium. For a thin elastic rod embedded in a biopoly-
meric matrix, as the amplitude of the short wavelength buckling
increases, the deformation of the surroundingmedia in the vicinity
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Fig. 1. (a) Buckling shape of a compressed wire embedded in gelatin before fracture. (b) Buckling shape of a compressed wire embedded in gelatin after fracture. (c) The
deformation profile of the compressed wire in panel (a) and a fitted curve by Matlab. (d) The deformation profile of the compressed wire in panel (b) and a fitted curve by
Matlab.

of the rod also increases. At certain point, the distinct interface
between the rod and the polymeric medium will fail. Then the
crack will propagate into the elastic medium and finally stops at a
position that a new balance is reached (Fig. 1). This failure behavior
may not happen in nature such as microtubules buckling during
interaction with cell periphery, since the cytoplasm in living cells
is more viscoelastic than gelatin, but it is critical to understand
themechanical behavior of engineered biomimetic systemswhere
fracture in the medium can occur.

In this paper, we show experimentally the shape transition of
the buckling profile of a biopolymer-reinforced rod when the sur-
roundingmatrix fractures. We identify a model that can be used to
describe the post-fracture buckling profile. We then present both
forward and backward schemes to predict the short wavelength
buckling shape transition. For forward buckling shape transition,
we treat the buckling profile as a 2D crack front and use crack
propagation criteria to determine the buckling profile of the rod
after failure of themedium, taking the buckling profile right before
fracture as input. For the backward scheme, our method balances
the deformation energy of the rod and themediumbefore and after
the failure of thematrix to estimate the short wavelength buckling
profile before fracture, taking the post-fracture profile as input.
We also conduct a series of experiments featuring surrounding
media with different elastic moduli to verify the applicability of
our modeling framework. By providing new knowledge of the
fundamental mechanics, these results will help understand buck-
ling of microtubules in single cells, and shed light on new design
principles for biologically inspired materials.

2. Materials and methods

2.1. Experiments

To experimentally investigate the buckling profile of a thin
elastic rod in a biopolymer matrix, we use superelastic nitinol
wires (55% nickel, 45% titanium) with a diameter of 203.2 µm
obtained from Small Parts, Inc., which were straightened and an-
nealed by the manufacturer per ASTM F2063. We assessed the
Young’s modulus, E, of the wires at room temperature to be E =

60.8 ± 1.0 GPa [13]. We use porcine gelatin (Sigma Aldrich) with
a Bloom value of 300 and concentrations of 20 g/l, 25 g/l and 30
g/l for the embedding matrix. Bloom value is a standard industrial
measure to assess gelatin quality and is associated with the shear
modulus of gelatin gels. Shear moduli of gelatin media used in
this study were estimated to be G = 0.64 kPa, G = 0.87 kPa
and G = 1.12 kPa for concentrations of 20 g/l, 25 g/l and 30 g/l,
respectively [13,19].We inserted nitinolwireswith a length of 22.5
cm into graduated cylinders filled with liquid gelatin solutions.
Then we put the samples in a fridge at a temperature of 5 ◦C
for 24 h. After that the gelatin solution solidified and the nitinol
wire was embedded inside biopolymer matrices, aligned along the
axis of the graduated cylinder. The samples were exposed to room
temperature at 24 ◦C for 5 h before testing.

The compressive force was exerted from one end of the wire
using an adapter to simulate the hinged boundary condition while
the other end of the wire was hinged with another adapter that
was placed at the bottom of the graduated cylinder (Fig. 2).
We increased the compressive loading quasi-statically using an
ElectroForce R⃝ 3330 test instrument until we got close to the crit-
ical values for failure observed previously by Shan et al. [13]. We
then increased the displacement step by step with a step size of
0.2 mm and a constant displacement rate of 0.1 mm/s within each
step. We did this because it is well known that delayed fracture is
common for soft and brittle gels [20]. Between the steps we held
the displacement still for 10 s to observe whether failure occurred
or not. If not, we further increased the loading until the abrupt
shape transitionwas observed. Digital images of the roddeflections
before and after the gelatin failure were taken by a Canon HD
digital camera (EOS Rebel T5i). An image analysis code written in
Matlab was used to analyze the images of rod deflections.

2.2. Theory and modeling

It has been reported in the previous studies [10,13] and also
observed in the current work that the rod buckles in a plane and
does not show any out-of-plane rotations for both of the pre-
and post-fracture cases, provided that the rod in the graduated
cylinder is aligned approximately in an axisymmetric manner. The
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Fig. 2. (a) Image of the experimental setup under the ElectroForce R⃝ 3330 test
instrument. (b) Image of the experimental setup showing the adapters and the
embedded thin wire under the testing instrument.

2D transverse displacement of a buckled rod before failure of the
surrounding medium can be described by [10]:

u1(x) = u0 exp
(

−x
l

)
sin(qx), (1)

where x is the distance from the free end of the rod where com-
pressive loading is applied, l is the decay length, and q is related
to the buckling wavelength λ through q = 2π/λ. Also consistent
with previous studies, the energy function Π of the rod and the
medium for small deformations of the rod neglecting the nonlinear
properties of the medium is as follows:

Π = −f v(0) +

∫
∞

0
dx

[
κ

2
u′′2(x) +

1
2
α⊥u2(x) +

1
2
α∥v

2(x)
]
, (2)

where f is the compressive force exerted on the rod at x = 0
and v(x) =

∫
∞

x ds[u′(s)2/2] is the longitudinal displacement of an
inextensible rod [13].α⊥ andα∥ are the elastic coupling parameters
governed by the dimensions of the rod and the elasticity of the
medium. For a straight rod of a diameter d with perfect coupling
to an elastic medium: α⊥ = 4πG/ln(2λ/d) and α∥ = α⊥/2,
where G is the shear modulus of the matrix[13]. It has also been
shown in Ref. [13] that the exponentially decaying behavior of the
buckling profile can be quantitatively accounted for using a model
that considers no-slip coupling between the wire and the medium
within a linear framework.

When the amplitude of the shortwavelength buckling increases
with loading and eventually the maximum strain exceeds some
critical value, however, interfacial fracture will initiate in the
vicinity of the region where the highest transverse displacement
is located. The failure might further develop along the interface
and also into the surrounding medium until the whole structure
reaches anotherminima of its total potential energy. In the end, the
surrounding medium are broken into two regions, one fractured
and the other not fractured, with the fractured region close to the
loading end of the rod. Clearly, in the fractured region the elastic
deformation of the surrounding medium is much reduced during
the crack propagation process. If the medium is brittle, this elastic
energy should be negligible.

Inspired by a recent work on reinforced rod buckling in two
distinct media by Wang et al. [21], we hereby assume that after

fracture the transverse displacement of the rod could be described
by

u2(x) = exp(w x) (a11 sin(b1 x) + a12 sin(b2 x)
+ a13 cos(b1 x) + a14 cos(b2 x)). (3)

The profile by Wang et al. [21] does not include the expo-
nential term because the longitudinal bonding between the wire
and the media was neglected to get an analytical solution to the
differential equations. In case of a long thin wire embedded in a
uniform medium, however, the longitudinal bonding between the
wire and the medium is the main reason for the exponentially
decaying behavior of the transverse profile [13,19]. Therefore, we
have included an exponential term to obtain Eq. (3), which can be
used to accurately fit the post-fracture profile.

In addition, since the loading end of the wire does not move
transversely, we always have the following boundary condition
and thus the relationship between the unknown coefficients:

u2(0) = 0 H⇒ a14 = −a13. (4)

2.2.1. Forward scheme — energy release rate model
When the lateral displacement is large enough, a crack will

nucleate in the vicinity of the first peak of the buckling profile
and then propagate into the gelatin medium, both to the left of
the peak towards the loading end of the wire, and to the right of
the peak, stopping at a distance x0 from the loading end of the
wire. The criteria for crack propagation is: for an increment of crack
extension, the amount of strain energy released must be greater
than or equal to that required for the surface energy of the two
new crack faces. Since gelatin is a soft brittle elastic material, we
assume that there is no elastic energy in the fractured gelation
zone. Here, x0 can be considered as the length of the fractured area
in which there is no bonding between the wire and the medium,
longitudinal or transverse.

Assuming the post-fracture buckling profile of the wire takes
the form of u2(x), we define functionsΠF and S that correspond to
the total strain energy of the system after fracture and the energy
needed to create a fractured area with the profile u2(x) from x = 0
to x = x0, respectively:

ΠF = −f v2(0) +

∫ L

0
dx

[κ
2
u′′

2
2(x)

]
+

∫ L

x0

dx
[
1
2
α⊥u2

2(x)
]
, (5)

S = 2γ
∫ x0

0
dx|u2(x)|, (6)

where γ is the surface free energy of the gelatin and L is the
rod length. In defining ΠF for the post-fracture case, we have
ignored the term

∫ L
x0
dx[ 12α∥v

2
2(x)] as the longitudinal displacement

of the wire is negligible in the range of x0 to L, considering that
there is no coupling and thus no longitudinal displacement in the
fractured area. In the post-fracture buckling profile defined above
in Eq. (3), there are sevenunknowncoefficients. Since the compres-
sive load is increased quasi-statically in the experiment, if the crack
growth speed is slow, then any radiated energy to the surrounding
medium during the buckling/fracture process can be neglected in
the energy equations. In the post-fracture energy equation ΠF ,
there is another unknown, which is the crack propagation length
x0. Using the boundary condition at the tip of the wire in Eq. (4),
the number of unknowns decreases to seven. To find these seven
unknowns using the Griffith crack propagation criteria, we define
a new function G:

G = ΠF + S. (7)

When the crack propagation stops, we have ∂G
∂pi

= 0, where pi
is any of the unknown parameters {a11, a12, a13, b1, b2, w, x0} that
describe the shape of the wire after fracture stops.
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Therefore, by taking the partial derivatives of G with respect to
the unknowns, seven equations are obtained to satisfy the crack
propagation stopping criteria. Considering the conservation of the
length of the wire before and after fracture, a Lagrange multiplier
is used to incorporate the length equation as the geometrical con-
straint. So the function that should be minimized is B = G − mψ ,
where ψ ≡

∫ L
0 dx

√
1 + u1

′(x)2 −
∫ L
0 dx

√
1 + u2

′(x)2 = 0 is the
length conservation equation, and m is the Lagrange multiplier.
Taking the partial derivatives of B with respect to the seven un-
knowns as well as the Lagrange multiplier, the following set of
eight nonlinear equations are obtained and solved simultaneously.⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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∂B
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∂B
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= 0

∂B
∂w

= 0
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∂x0

= 0

∂B
∂m

= 0.

(8)

As this is a set of highly nonlinear equations, which has several
roots in a wide domain of unknowns, we consider this problem
as an optimization problem. It consists of optimizing (minimizing)
several objectives simultaneously, with a number of equality con-
straints. Thus genetic algorithm is used as the optimizationmethod
to find the unknowns in a pre-specified domain that is reasonable
to the problem at hand. Each one of these eight equations in Eq. (8)
is considered to be a single element of a vector in R8 and then
the optimization is run to minimize the Euclidean norm of this
vector. The genetic algorithm optimization has been performed
separately for all the caseswith different gelatin concentrations for
a maximum number of generations of 40,000, a population size of
1,000 individuals, an elitism value of 40, a mutation rate of 0.02,
and a crossover rate of 0.80.

2.2.2. Backward scheme — energy balancing model
To back up the shape of the buckling profile before fracture in

the biopolymer matrix using the post-fracture profile as input, we
assume that both the energy of the system and the length of the
wire should be unchanged before and after the failure of gelatin,
neglecting the friction dissipation during fracture.

Similar to the forward scheme, in this model, we assume that
x0 is the length of the fractured region and u2(x) in Eq. (3) is the
transverse displacement of the thin rod. First, we fit the experi-
mental post-fracture profile to the form of Eq. (3) to find all the
six unknowns in the formula. Then we consider the pre-fracture
profile to be of the form of Eq. (1). In this model, we have three
unknowns, l, u0 and x0. The wavelength of the buckling profile
before fracture is not treated as an unknown parameter, which can
be calculated as a function of the physical properties of the wire
and the gelatin. In order to find the three unknown parameters,
we use three equations as follows:∫ L

0
dx

√
1 + u1
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∫ L

0
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√
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∫ L

0
dx

[
κ

2
u′′

1
2(x) +

1
2
α⊥u2

1(x) +
1
2
α∥v

2
1(x)

]
=

∫ L

0
dx

[κ
2
u′′

2
2(x)

]
+

∫ L

x0

dx
[
1
2
α⊥u2

2(x)
]

+ 2γ
∫ x0

0
dx|u2(x)|,

(10)

dG
dx0

= 0. (11)

Eq. (9) is the requirement that the length of the wire re-
mains constant after the failure in the surrounding medium, while
Eq. (10) equates the energy of the system before (LHS) and after
(RHS) the failure, and Eq. (11) is the crack stopping criteria,whereG
is defined previously in Eq. (7). The term2γ

∫ x0
0 dx|u2(x)| in Eq. (10)

is associated with the energy required to create two new crack
surfaces. We assume that the surrounding medium is intact in
the second section (x ≥ x0) such that the energy of the system
can be computed in the same manner as in the pre-fracture case.
It is noteworthy to mention that using L as the upper limit of
integrals in Eqs. (9) and (10) instead of the projected length of the
wire in the x direction does not affect the results. It is true that
the projected length of the buckled wire in the x axis direction is
less than the initial wire length. However, as the amplitude of the
buckling profile decays exponentially away from the free end of
the wire where the compressive loading is exerted, it approaches
zero quickly, thus integrating an extra small distance on the distal
end of the wire does not affect the energy equations at all.

3. Results and discussion

Using the experimental procedures described in detail in Sec-
tion 2.1, we are able to find out the buckling profiles of nitinol
wires embedded in gelatin with three different concentrations.
The wires buckled in a short wavelength form with attenuating
amplitude which decayed away from the point where the external
force was exerted. As reported in a previous study [13], no-slip
coupling assumption up to the moment of fracture is appropriate
here, given that the slopes of the force–displacement curves do
not change between the buckling initiation points and the catas-
trophic failure points. If after certain loading a crack is formed
along the interface and then propagates only along the interface,
there would be an extended stage with a reduced constant slope
in the force–displacement curve. Here, although we have not tried
to experimentally measure and characterize the crack front, given
that in experiments we only observe one constant slope in the
force–displacement curve, we know that it must initiate from the
interface and then immediately start propagating into the bulk
of the surrounding gelatin. This is plausible given that gelatin is,
albeit soft, a brittle solid. The rod along with the crack front then
continues to propagate into the gelatin, inducing brittle fracture
along the way.

Fig. 1(a) shows an example of the buckling profile right before
catastrophic fracture happens, when the gelatin concentration is
20 g/l and hinged boundary condition is applied on both ends of the
wire. As the buckling profile of the wire is exponentially decaying
due to the presence of the gelatin, the lateral displacement of the
wire close to the distal end is zero. This means that the presence of
an elastic medium effectively enforces the fixed boundary condi-
tion at the distal end of the thin rod. Table 1 lists the wavelength λ
and the decay length l for the nitinolwire embedded in gelatin right
before fracture happened, for the three different concentrations.
As the results show the scattering in λ and l is small. These pre-
fracture buckling profiles, in the form of u1(x), were used for input
and calibration purposes for our forward and backward schemes.

We also characterized the dynamic buckling shape transition of
the wire from the pre-fracture profile to the post-fracture profile,
which is shown in a video in the supporting material (S1). This
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Table 1
Wavelength and decay length of the pre-fracture buckling profiles for different
gelatin concentrations. All sets of mean values and standard deviations are based
on testing of three samples.

Gelatin concentrations (g/l) 20 25 30

λ (cm) 6.33±0.21 4.58±0.08 5.24±0.25
l (cm) 3.99±0.39 4.13±0.09 4.85±0.87

whole transition process took roughly 30 s to complete, which
renders valid the assumption in the modeling section that the
crack growth speed is slow. Interestingly, during this transition,
the amplitude of the first wave grows at the expense of the rest
of the waves with smaller amplitudes (S1). This is reasonable and
the following scenario is deduced. First, as the loading continues,
the buckling amplitude increases and the stress/strain increases in
the gelatin medium. Then, after reaching the critical strain/stress
level at one moment, failure initiates from where the maximum
stress/strain is, which is on the rod/medium interface. Once the
crack is formed near the peak of the first wave, it can propa-
gate along the wire/gelatin interface, or it can penetrate into the
gelatin matrix. As aforementioned, a pure interfacial propagation
is impossible. The video indicates that probably both propagation
along the interface and penetration into the bulk happen as the
crack is pushed to grow by the laterally moving and backward
shifting wire. During this process, the energy of longitudinal and
transverse bonding in the fractured region is almost completely
released because gelatin is a soft and brittle material. For further
improvement, one may need to take into account the transverse
resistance from the fractured medium, which might be similar
to the case of granular medium [16], although this is out of the
scope of the currentwork. The longitudinal and transverse bonding
energy in the non-fractured region is alsomuch reduced because of
the backward shifting of thewire. Moreover, the bending energy of
the wire is reduced through changing from a higher bending mode
to a lower bending mode with fewer waves. Fig. 1(b) shows one
typical post-fracture profile when the gelatin concentration is 20
g/l.

As previous efforts have shown, the post-fracture profile cannot
be fitted using the pre-fracture exponentially decaying profile [22].
We have also triedmore complicated formula such as an exponen-
tially decaying term multiplied by summation of two sine terms.
However, they cannot fit the post-fracture profile reasonably well.
Inspired by the recent work by Wang et al. [21], we adopted the
form in Eq. (3) in Section 2.2. As Fig. 1(c) and (d) show, adopting
these ansatzs for the pre-fracture and post-fracture profiles, we
can get perfect fitting to the experimentally captured buckling
profiles.

For the calculation of the potential energy in the theory and
modeling work, the shear moduli of the gelatin are estimated
using Fig. 2(a) in Ref. [19] to be 0.64 kPa, 0.87 kPa and 1.12 kPa
for concentrations of 20 g/l, 25 g/l and 30 g/l, respectively. Surface
energies of gelatins are interpolated based on data in Ref. [23] to
be 0.80 J/m2, 0.86 J/m2, and 0.93 J/m2 for the gelatin with concen-
trations of 20 g/l, 25 g/l, and 30 g/l, respectively. Note that, since
the buckling profiles aremagnified by the graduated cylinder filled
with gelatin by a scaling factor of ∼1.1, in the calculation of all the
energy terms, the real buckling profiles are backedup first and then
used. This is the case for both the pre-fracture profiles and the post-
fracture profiles. For both forward and backward schemes, the pre-
specified domain for the length of the fractured region, x0, in the
genetic algorithmoptimizationmethod is set to be from0.015m to
0.10m. This covers the area with nonzero transverse displacement
in the post-fracture buckling profiles obtained from experiments,
starting roughly from the first peak of the pre-fractured buckling
profiles, as shown in Fig. 1.

Fig. 3. Post-fracture buckling profiles predicted from the forward scheme for three
gelatin concentrations with position of x0 marked: (a) 20 g/l (b) 25 g/l (c) 30 g/l.

Using the forward scheme described earlier in Section 2.2.1,
we solved the system of nonlinear equations to predict the wire
buckling profile after the medium failure using genetic algorithm.
Fig. 3 shows the results obtained from the forward scheme for three
gelatin concentrations listed in Table 1. Note that we randomly
picked one profile among the three experimentally obtained since
the variation across them is small and we cannot work on the
average values listed in Table 1. We did this for all three concen-
trations. As can be seen, the constrained optimizationmodel solved
by genetic algorithm can predict the post-fracture buckling profile
reasonably well; the initial guess for the genetic algorithm does
not affect the final results as it should not. This model can capture
the amplitude and the wavelength of the post-fracture profile in a
reasonably good agreement with the experimental data; however
it cannot accurately capture the overshoot of the profile after the
first peak. We also tried different values of surface energy of the
surrounding gelatin to investigate its effect on the final results and
found out that it is not significant in the estimated range [23].

Fig. 4 shows the results of the backward scheme described in
Section 2.2.2. Same as for the forward scheme,we randomly picked
one profile among the available three for all concentrations. It is
shown that this model can perfectly capture the amplitude and
the decay length of the transverse buckling profile of the wire.
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Fig. 4. Pre-fracture buckling profiles backed up from the backward scheme for three
gelatin concentrations with position of x0 marked: (a) 20 g/l (b) 25 g/l (c) 30 g/l.

This scheme takes much less time to converge when compared to
the forward scheme because the more complicated post-fracture
profile is given as the input, instead of the target to predict in
the forward scheme. The number of unknowns is three in contrast
with eight for the forward scheme. As shown by Figs. 3 and 4, the
backward scheme generates better estimations as the task is less
challenging.

It is worthwhile to point out that the values of x0 predicted
from the forward and backward schemes are in the interval of
(0.042m, 0.052m) and (0.019m, 0.059m), respectively. Theminor
difference might be caused by the different models we adopted for
the forward and backward schemes. That is, energy release rate
for crack stopping criteria in the forward scheme, whereas en-
ergy balance in the backward scheme. Nonetheless, both schemes
are able to predict the buckling profiles reasonably well and the
values of x0 remain reasonably consistent. As our understanding
of these phenomena develops further, more interesting findings
may unfold, which could help interpret the mechanics of thin wire
buckling ubiquitously found in nature.

4. Conclusions

Wehave conducted a combination of experimental and compu-
tational investigations into the buckling shape transition of a thin
wire embedded in a fractured elastic medium. We experimentally
characterized the dynamic transition and identified the appropri-
ate function form to quantify the post-fracture buckling profile.We
presented a forward scheme and a backward scheme to predict and
back up the buckling shapes of the thin elasticwire before and after
the surrounding medium fails. Taking the pre-fracture buckling
profile as input, we used Griffith’s crack propagation stopping
criteria in the forward scheme to predict the post-fracture buckling
profile of the wire; results show that this model can predict the
shape of the post-fracture profile in a reasonably good agreement
with the experimental data. Furthermore, taking the post-fracture
buckling profile as input, we balanced the energy of the system
before and after fracture in the backward scheme to back up the
pre-fracture buckling profile, which resulted in an almost perfect
agreement with the experimental data. The methodologies devel-
oped here can be generalized to describe the mechanical behavior
of other systems containing a thin elastic rod embedded in a soft
brittle elastic gel. They also set as the first effort ever to investigate
the rich yet poorly understood mechanics of reinforced buckling
of thin elastic rods when large deformations such as failure are
present.
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