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This paper explores indentation-triggered microstructural instability in hyperelastic cellular
solids through combined experimental, numerical, and theoretical efforts. The results
demonstrate that when the indentation depth is greater than a critical value, local
instability occurs and further propagates into a rectangular region beneath the indenter.
The width of the rectangular region scales with the contact width, and we propose a simple
scaling relation to estimate the maximum depth to which the instability can propagate
based on the elastic contact theory. The results reported here may find such applications
as in the integrity evaluation of soft cellular materials and structures and the development
of advanced functional materials with unique optical, acoustic and wetting properties.

© 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Soft materials with small-scale periodic cellular structures have a wide variety of technologically important applications,
ranging from photonic or phononic band-gap materials, microfluid networks, self-healing materials to scaffolds in tissue en-
gineering [1–6]. Due to their low elastic moduli and large deformation ability, elastic instability of microstructures may occur
in the soft hyperelastic cellular materials under loading. Understanding the microstructure instability is of great importance.
For instance, in the use of soft cellular materials as components of microdevices, stable microstructure is usually required
to guarantee their desired performance and functions. The occurrence and propagation of the instability (e.g., caused by
the contact with other harder components) may represent the failure of the system. On the other hand, microstructural
instability can be utilized in some other circumstances. For example, a recent interesting study of Mullin et al. [7] found
that uniaxial compression can trigger dramatic pattern transformations in certain classes of simple periodic structures, fore-
seeing a route for creating metamaterials with transformative photonic/phononic or hydrophobic/hydrophilic attributes [7].
Although historically numerous studies have been carried out on the deformation behavior of cellular solids [8–11], investi-
gation on the microstructural instability of hyperelastic cellular solids with the focus on the development of metamaterials
is only recently pursued [7,12]. Different from simple compression, deformation induced by local contact pressure (e.g., un-
der contact or indentation load) varies along the depth according to elastic contact theory [7]. Thus it is expected that
indentation may trigger pattern transformation with controllable spatial gradient in a periodic cellular hyperelastic mate-
rial. This method could be particularly useful for the development of some photonic crystals, surface patterns with unique
wetting properties, and scaffolds for tissue engineering [14].
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Fig. 1. (Color online.) Indentation-triggered microstructural instability in an elastomeric cellular solid. (a) A desktop experiment; (b) the result of post-
buckling analysis.

Based on the above considerations, we here explore the indentation problem of hyperelastic materials with peri-
odic cellular structures. Indentation has been widely adopted in material characterizations and nano-imprinting in recent
years [15,16], which currently can be easily performed with commercial equipments at different length scales. In the litera-
ture, a number of authors have investigated the indentation of cellular solids [17,18], where the matrix material is assumed
to be elastoplastic. However, indentation-induced microstructural instability and its propagation in hyperelastic cellular
solids has not been investigated. In this study, our attention is paid to two interesting issues, i.e., how the local instability
of microstructures occurs under contact load imposed by indentation and how it propagates in the material. To this end, we
performed a desktop-scaled indentation experiment of a soft material consisting of circular holes using a cylindrical inden-
ter and carried out nonlinear finite-element analysis to simulate the plane-strain indentation. A model is further devised to
understand the underlying physics based on the elastic contact theory [13].

2. Experiments

In our desktop experiment, a mold consisting of a square array of 11 × 11 identical cylinders was prepared. Poly-
dimethylsiloxane (PDMS) was prepared by mixing a degassed elastomer base and a crosslinker in a ratio of 10:1 w/w.
The pre-polymerized mixture was filled in the mold and cured at 60 ◦C for 8 h. When the PDMS had become a solid state,
the cylinders were taken out and a specimen consisting of 11 × 11 circular holes was obtained. The sample was 190 mm
long, 190 mm wide, and 20 mm thick. All holes had the same diameter of 14 mm, and the center-to-center spacing was
16 mm. The indentation test was performed by using a glass cylinder with the diameter of 128 mm, which is sufficiently
hard to be considered as rigid. Fig. 1a shows the deformation in the indented sample when the indentation depth was
around 10 mm. Indentation-induced local microstructural instability could be evidenced, which further triggered distinct
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Fig. 2. (Color online.) Elastic instability in microstructure leads to a significant reduction in the slope of the indentation loading curve, where the porosity
is 0.65.

pattern transformation in a rectangular region beneath the indenter. The width of the pattern transformation region scales
with the contact width. The depth to which the instability propagates depends on the indentation depth. The greater the
indentation depth, the more deeply the instability propagates. Since the sample is made of a highly elastic elastomer, the
deformation process is purely elastic and thus completely reversible and repeatable. Upon removing the indenter, the sample
can recover its original configuration.

3. Theoretical analysis and finite-element simulations

Nonlinear finite-element simulations are further performed to investigate the microstructural instability behavior in the
indented elastomeric cellular material. Commercial finite-element software ABAQUS [19] is adopted. In our simulations,
the indenter is assumed to be rigid because the elastic modulus of the glass indenter is much higher than that of the
PDMS substrate. Around 50,000 eight-node plane-strain hybrid elements (CPE8RH) are used to model the cellular solid. The
finite-element model fully copies the geometry of the experimental sample. Here the positions of a representative material
point in the initial and the current configurations are described by X and x, respectively. The incompressible neo-Hookean
model with strain energy function W = 1

2 μ(α2
1 +α2

2 +α2
3 −3) was used to characterize the hyperelastic constitutive behavior

of the matrix material, where αi (i = 1,2,3) represents the principal stretch of the elastic deformation in the xi direction,
μ is the shear modulus of the matrix material and taken to be 0.5 MPa. It is noted that in a displacement-controlled
indentation, the deformation of the indented solid is independent of the shear modulus and, therefore, the value of μ does
not interfere with the calculation results. This can also be understood by the following dimensional analysis [20]. For a
given microstructure, dimensional analysis [20] shows that the displacement, u = x − X, at an arbitrary point xi (i = 1,2,3)

in the indented cellular solid with circular holes can be expressed as ui = hΠ(
xi
h , v, R

h , r
h ), where R is the radius of the

cylindrical indenter, r the radius of each circular hole, h the indentation depth, and v the Poisson ratio of the matrix
material. It is clear that the shear modulus does not come into play. The occurrence and evolution of elastic instability in
the indented material is tracked by using a pseudo-dynamic method, which has been applied in previous post-buckling
analysis [21–23]. The key idea behind this nonlinear solution method is similar to the Tikhonov regularization method used
to deal with ill-posed inverse problems, as discussed in Cao and Hutchinson [23]. Fig. 1b illustrates the numerical results for
the deformation in the indented cellular solid from at the same indentation depth as that in Fig. 1a. A good agreement is
found between the computational and the experimental results. Therefore, the present numerical simulation method can be
adopted to explore other cases with different geometries and porosities. Both experiments and finite-element simulations
indicate that microstructural instability will occur in the region beneath the indenter when the indentation depth reaches
a critical value. Although the width of the pattern transformation region can be estimated from the contact width, two
questions still remain to be answered. 1) When will the microstructural instability happen? 2) How can we predict the
depth to which the instability will propagate under a given indentation depth?

To answer the first question, we carefully examine the influence of microstructural instability on the indentation force-
displacement curve. Fig. 2 illustrates the loading curve of the cylindrical indenter indenting into a cellular solid with a
porosity of 0.65. Distinctly, the occurrence of local instability leads to a significant reduction in the slope of the indentation
load–depth curve. This phenomenon is also steadily observed for other hole geometries (e.g., elliptical) and porosities. Since
the indentation load–depth curve can be directly recorded in experiments with a commercial instrument, the critical contact
depth/load at the onset of microstructural instability and pattern transformation can be evaluated from the variation of the
slope of the indentation loading curve.
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Bearing the second aforementioned question in mind, we suggest a method to qualitatively estimate the maximum depth
to which the instability propagates in the indented elastomeric cellular material with a given microstructure. Homogeniza-
tion assumption is made for the indented porous substrate, which is reasonable provided that the contact radius be much
larger than the characteristic size of microstructure (e.g., the hole’s radius). The strain field in the homogenized indented
solid is estimated using a Hertzian solution in the elastic contact theory developed for a homogeneous substrate [13]. For
a cylindrical indenter indenting into an elastic half-space, the Hertzian solution gives the stresses along the line of x1 = 0
as

σ11 = − p0

a

[(
a2 + 2x2

2

)(
a2 + x2

2

)− 1
2 − 2x2

]
(1a)

σ22 = −p0
a

x2

[(
a

x2

)2

+ 1

]− 1
2

(1b)

where

p0 =
(

P E∗

π R

)1/2

(2)

The correlation between the indentation load P and the contact radius a is:

P = πa2 E∗

4R
(3)

where the plane-strain elastic modulus E∗ = E/(1 − v2
s ). It can be noted that for the microstructure under study, the

in-plane modulus exhibits certain degree of anisotropy [24]. For simplicity, the isotropic assumption is adopted in the
theoretical analysis, and the elastic modulus does not come into play in the final result, as shown in the sequel. In addition,
the prediction of the Poisson ratio of the porous material, vs, is by no means trivial, especially after the occurrence of cell
buckling [24]. As can be seen from Eq. (1), in the region beneath the contact zone, especially when x2 > 0.5a, the stress
component σ22 is much larger than σ11. Thus the effect of vs on the determination of ε22 is insignificant and thus we here
take vs = 0. Under these conditions, Eqs. (1)–(3) give the strain component ε22 along x1 = 0 in the homogenized substrate
as

ε22 = − a2

2R

(
a2 + x2

2

)− 1
2 (4)

We then consider the uniform compression of a periodic cellular elastomer as illustrated by Fig. 3a. Dimensional analysis
[20] argues that for the given microstructure and boundary conditions, the critical compressive strain εc for the onset of
microstructural instability depends only on the porosity γ , that is, εc = ψ(γ ). Herein the compressive strain is defined as the
compressive amount divided by the original length of the sample. ψ is a dimensionless function and has been determined
using finite-element simulations. Linear perturbation analysis using “Buckle” function in ABAQUS [19] is performed. Fig. 3b
shows the critical buckling mode, and Fig. 3c gives εc as a function of porosity for different cell numbers.

Based on Eq. (4) and the critical compressive strain given in Fig. 3c, we can roughly estimate the depth of the pattern
transformation region as:

x2,m = a

√
a2

4R2ε2
c

− 1 (5)

It is noted that εc is very small when the void fraction is large. Thus, for the case of a2

4R2ε2
c

� 1, Eq. (5) gives the following

simple scaling relation

x2,m ∼ a2

2Rεc
(6)

Fig. 4a illustrates a cellular substrate with the porosity of 60% under the indentation using a cylindrical indenter. Fig. 4b
compares the values of x2,m predicted by Eq. (6) with those obtained from finite-element simulations. A qualitative instead
of quantitative agreement is observed, demonstrating that the simple scaling relation given above could provide a rough
estimation of the depth of the transformation region. A more accurate prediction may be achieved from such finite-element
analysis than using the finite-element model presented here. Both Fig. 4b and Eq. (6) show that the determination of εc is
important for the estimation of x2,m. For the example given in Fig. 4, we take the data when around ten cells are within the
contact region. In this case, only a few cells in the vicinity of x2,m will buckle (Fig. 4b). Therefore, it is reasonable to take
a block with 5 × 5 or 7 × 7 holes to evaluate εc. Provided that the indenter radius is much larger than the cell size, and
for instance the contact region contains tens or hundreds of cells (computational modeling of such an example is extremely
time-consuming and not examined here), it is suggested to take a block (Fig. 3a) consisting of more cells to determine εc.
But it should be noted that the results converge as shown in Fig. 3c when the cell numbers are greater than 20 × 20.



296 K.-L. Chen et al. / C. R. Mecanique 342 (2014) 292–298
Fig. 3. (Color online.) Critical compressive strains for the onset of pattern transformation. (a) Computational model for the linear perturbation analysis (the
model with 10 × 10 cells is chosen as an illustration); (b) critical buckling mode; (c) variation of the critical strain with the size of the model and the
porosity.

Additionally, our computational results revealed that the deformation behavior of cellular elastomers is fundamentally
different from that of metallic porous materials, e.g. nanoporous Au. In nanoporous Au under indentation, the buckling and
crashing of cell walls were confined to a small region beneath the indenter [25]. However, the microstructure instability in
elastomeric cellular solids under indentation can propagate along the depth direction in the substrate and lead to dramatic
pattern transformation in an approximately rectangular region (Fig. 4a). This feature inspires some important applications of
elastomeric cellular solids based on microstructural buckling techniques as mentioned above. The above analysis focuses on
plane strain indentation and it is expected that the results and conclusions could provide insights into the three-dimensional
cases. Besides indentation, other loading procedure, e.g. pipette aspiration [26,27], could also generate local deformation and
further trigger pattern transformation with spatial gradient. This issue deserves further investigation.

4. Concluding remarks

In summary, the indentation-induced microstructural instability in elastomeric cellular solids has been explored through
combined numerical, experimental, and theoretical efforts. Our study reveals that indentation-triggered pattern transfor-
mation with spatial gradient occurs within an approximately rectangular region beneath the indenter. This interesting
phenomenon foresees interesting fabrication routes of advanced functional materials with switchable optical, acoustic and
wetting properties. The onset of instability leads to a marked reduction in the slope of the indentation load–depth curve,
which could be used to judge the occurrence of the instability. The width of the rectangular region scales with the contact
width. We have presented a simple scaling relation to estimate the maximum depth to which the microstructural insta-
bility can propagate. Such a scaling relation is derived based on the homogeneous assumption of the indented solid. The
assumption is reasonable when the contact radius is much larger than the typical size of the microstructure, but it is strong
when instability occurs. Therefore, our simple method can only provide a qualitative estimation on the propagation depth.
A quantitative evaluation of the maximum depth to which the microstructural instability propagates may be achieved from
a time-consuming finite-element analysis.
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Fig. 4. (Color online.) Estimation of the maximum depth of the pattern transformation region. (a) Indentation-triggered pattern transformation for a cellular
solid with a porosity of 0.60. (b) Comparison of the maximum depth predicted by Eq. (6) with finite-element simulation results. εc,1, εc,2 and εc,3 are
determined from Fig. 3c, corresponding to the blocks with 5 × 5, 7 × 7 and 10 × 10 cells, respectively. εc,2 is given by the interpolation of the results in
Fig. 3c.
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