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1. Introduction

The advancements in additive manufactur-
ing (AM) technology make the fabrication
of complex architected materials and struc-
tures at multiple length scales possible to
explore a new family of metamaterial. A
metamaterial is an artificially engineered
material to have a property not found in
conventional materials.[1] Historically, the
term “metamaterials” were limited to elec-
tromagnetism field, but, recently, it has
been extended to photonic, phononic,
and mechanical systems to design archi-
tected engineered materials that exhibit
properties not usually found in conven-
tional materials.[2] Mechanical metamateri-
als refer to a sort of metamaterials that
designed artificial structural materials with
counterintuitive mechanical properties
derived from their tailored internal micro-
structure rather than the composition of
base material.[3] The unusual properties
include negative Poisson’s ratio, negative
modulus of elasticity, and negative com-

pressibility.[4,5] Examples of mechanical metamaterials include
acoustic metamaterials, auxetic materials, pentamode metamate-
rials, and micropolar metamaterials. The concept of metamate-
rials combined with AM opens new design avenues for the
fabrication of complex microstructures over a wide range of
length scales.[6–8]

Auxetic mechanical metamaterials are recognized by a nega-
tive Poisson’s ratio; i.e., materials will contract (expand) in the
transverse direction when compressed uniaxially (stretched).
Auxetic mechanical metamaterials are of interest because of
their enhanced mechanical properties, such as increased inden-
tation resistance,[9] shear modulus,[10] and fracture tough-
ness.[11] They have a great potential in engineering
applications, such as cellular materials with superior damping
and acoustic properties,[12] piezoelectric metamaterials,[13] pie-
zocomposites,[14] auxetic fasteners,[15] bioprostheses,[16] tissue
engineering,[17] and mechanically tunable, elastically reversible,
and transformable topological mechanical metamaterials.[18,19]

The negative Poisson’s ratio of auxetic material depends
on the topology of auxetic building blocks and scale-
independent.[20,21] Several natural materials exhibit negative
Poisson’s ratio, such as silicates,[22] cubic elemental metals,[23]

zeolites,[24] natural layered ceramics,[25] and monolithic ferroelec-
tric polycrystalline ceramics.[26] Love[27] was the first to report the
negative Poisson’s ratio of naturally occurring cubic crystals of
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This study presents the compression response of additively manufactured novel

soft porous structures with architected microstructure. Six porous additively

manufactured architected periodic structures with two-fold and four-fold sym-

metry were considered. The effect of pore shape and fold symmetry of micro-

structure on the non-linear response of a square array of architected pores in a

soft polymeric matrix is experimentally investigated. The digital image correlation

(DIC) is used for investigating the evolution of strains and deformation during

uniaxial tensile tests and compression tests of porous structures. Compression

induced instability lead to negative Poisson’s ratio, and compaction of porous

structures, which is found to depend not only on the shape of the architecture but

also the fold symmetry exists in the microstructure’s unit cell. Unique archi-

tectures with multiple buckling modes and shape transformation are also

observed. Two-fold symmetry structures are found to buckle at lower strains

compared to the four-fold symmetric structure at the same porosity level and

produced high compaction and negative Poisson’s ratio. The results showed that

in addition to pore shape, the fold symmetry could be used effectively to design a

new class of soft, active, and reconfigurable devices over a wide range of length

scales with desired characteristics.
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pyrite. In contrast, Lakes[28] was the first to propose artificially
engineered auxetic material with a re-entrant auxetic building
block. Since then, several artificially designed 2D and 3D archi-
tected cellular materials have been proposed to achieve
negative values for Poisson’s ratio at the macro-,[29] micro-,[30]

and nano-scale.[31]

The topology of a porous microstructure can have a periodic or
stochastic arrangement in nature.[32] Periodic cellular materials
can have 2D cell configuration such as honeycomb or 3D config-
uration (crystal symmetry) such as strut-base lattice structures.
Design of 2D auxetic metamaterials has been realized through
utilizing the different auxetic building blocks, such as auxetic cel-
lular materials with re-entrant structures,[33,34] chiral microstruc-
tures,[35,36] rotating rigid units,[37–39] origami structures,[40]

hierarchical laminates,[41] polymeric and metallic foams,[42]

microporous polymers,[43] molecular networks,[44] triangular lat-
tice with cubic symmetry,[45] a pattern of elongated cuts into an
elastomeric sheet,[46,47] and hexagonal periodic distribution of
the elongated perforation.[48] Similarly, the design of 3D auxetic
metamaterials has also been proposed mainly using re-entrant-
type auxetic building blocks.[49–52] Mechanical properties of these
3D auxetic structures were mainly realized via AM technology for
both stiff and soft materials.

Auxetic effects in soft architected porous materials are ubiq-
uitous in both natural and man-made systems. There has been a
great interest in investigating the 2D and 3D soft metamateri-
als[53] due to their ability to mechanical tunability at a low stress
level. Recently, AM advancement has been used to design a new
family of architected materials using soft lattice structures[17,54,55]

and closed-cell foams.[56] Soft porous materials with an artificially
designed microstructure can undergo large deformation in
response to various stimuli that offer a paradigm shift in the
design of reconfigurable and on-demand transformable devi-
ces,[18,57] such as the design of metamaterials with negative
Poisson’s ratio,[58,59] photonic filters,[60] and phononic
switches.[61]

Soft periodic structures subjected to compressive stresses
experience pattern transformations triggered due to mechanical
instability, i.e., buckling.[62] Several studies showed that introduc-
ing a periodic array of architected pores with some specific sym-
metry in an elastic matrix, buckling of the microstructure can be
triggered and can lead to auxetic effects with a negative Poisson
ratio. Such mechanical instabilities in 2D periodic porous solids
were analyzed at different length scales with various architected
microstructures. At the microscale, Xu et al.[30] exploited re-
entrant structures fabricated by soft lithography. Similarly,
Singamaneni et al.[63] proposed cylindrical pores fabricated by
interference lithography. At the macroscale, Bertoldi et al.[58]

used cylindrical pores, and Overvelde et al.[64] proposed the archi-
tected fourfold symmetry microstructure fabricated by solution
casting, and Babaee et al.[56,65] proposed 3D soft metamaterials
using AM that showed negative Poisson ratios.

The shape of the pore demonstrates a key role in the design
and performance of soft periodic materials, as mentioned earlier.
However, their nonlinear compression response with fourfold
symmetry has been considerably investigated, but the effect of
the twofold symmetry on the compressibility and auxeticity
response of porous structure still needs a comprehensive inves-
tigation. This study presents the compressive deformation

analysis of additively manufactured soft porous architected meta-
materials with twofold and fourfold symmetries. A new family of
porous architected periodic structures with twofold and fourfold
symmetries are proposed. AM based on the Polyjet 3D printing
technology was used to fabricate the porous structures using
Tango Black Plus soft polymer. The digital image correlation
(DIC) was used for investigating the evolution of strains and
deformation during uniaxial tensile tests and compression tests
of porous structures. Compressive nonlinear response-based
uniaxial testing of Tango Black Plus polymer was performed.
A compressive deformation analysis of the porous structure
was also performed to explore the effect of pore shape and fold
symmetry of microstructure on their nonlinear response. The
reversible elastic instability caused the pattern transformation
that leads to unidirectional negative Poisson’s ratio behavior.
Compression-induced deformation behavior of the proposed
architected porous structures was performed, and several attrac-
tive features of soft porous systems, such as critical buckling
strain for pattern transformation, buckling modes, compaction
response, and negative Poisson’s ratio, were computed and
analyzed.

2. Description of Porous Architected Structures

The focus of this study is to investigate the pore shape pattern
transformation in porous periodic structures under compres-
sion. In this study, we created an architecture that consists of
a square array of cylindrical through pores in a 3D elastomeric
matrix. The planar outer nonintersecting continuous contour of
the pore with twofold and fourfold symmetries can be described
through Fourier series expansion using the following parametric
relations

x ¼ rðθÞ cos θ, y ¼ rðθÞ sin θ; with 0 ≤ θ ≤ 2π (1)

The contour of the shape and the size of the pore can be con-
trolled using r(θ), which can be defined by various combinations
of Fourier series expansion. We assumed the expression r(θ) to
be a function of f ðr0, c1, c2Þ, where r0 controls the size of the pore
to fit within the required dimensions, and c1 and c2 control the
shape of the pore. In this study, we assumed three different types
of expansion to create various families of pores shapes with two-
fold and fourfold symmetries. Table 1 shows the Fourier series
expansion type, their associated parameters, and the shape of the
selected pore. Architectures A and B possess fourfold symmetry;
however, architectures C–F have twofold symmetry.

A family of shapes can be obtained using each Fourier series
expansion evaluated over a range of c1 and c2 and plotted over
0≤ θ≤ 2π to find a nonintersecting closed curve. In this study,
we selected two shapes from each expansion to analyze their non-
linear response under compression loading. A 2D design space
for each Fourier Series Expansion can also be analyzed by con-
sidering different values of c1 and c2 within the range shown in
Table 1 or beyond, which allows for a systematic study of the
effect of shape on the compaction of the porous structures.

As we considered a porous architecture consisting of a square
array of cylindrical through pores in a 3D elastomeric matrix, so
the size of the pore, r0, can be related to the porosity, ∅, of the
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structure. Considering a cuboid unit cell of edge length of L0 and

depth D enclosing a through pore, then the porosity ∅ of the
structure can be obtained using the expression.[64]

ϕ ¼
Vpore

Vcell

¼
AporeD

AcellD
¼

R

2π
0 rðθÞ2dθ

L0
2

(2)

A general expression of r0 for expansion (1) is shown in

Table 1, whereas the general expression of r0 cannot be obtained

for expansion (b) and (c); therefore, the integrals have to be eval-
uated numerically by pre-substituting the values of c1 and c2 to

obtain the relationship of porosity and size of the pore.

In this study, the porous periodic architected elastomeric
structures with twofold and fourfold symmetries were considered,
consisting of 8� 8 unit cells arranged on a square array, and
the dimensions of all structures are 80mm� 80mm� 15mm,
as shown in Figure 1a,b. A representative 2� 2 unit cell of a
particular pore in a square array is shown in Figure 1c,d. The
L0¼ 10mm denotes the center-to-center distance between
neighboring pores. To preserve the porous structure integrity,
the values of c1 and c2 have to be chosen, such that
0 ≤ x ≤ L0=2 and 0 ≤ y ≤ L0=2, whereas the constraints of rmin,

tmin, and tmax have to be maintained.[66] However, tmax was gov-
erned by thickness tmin. The shape and size were, therefore,

Table 1. Expression of Fourier series expansions and size of pores, and selected shapes of the pores.

Fourier series expansions Expression for r0 Shape of the pores

r ¼ r0

"

1
þc1ðcos 2θÞ
þc2ðcos 4θÞ

#

(a) r0 ¼
L0

ffiffiffiffi

2ϕ
p
P1

P1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

πðc12 þ c2
2 þ 2Þ

p

Range of c1 ¼ c2 ¼ �0.4, � 0.3, : : : 0.4

c1 ¼ 0,

c2 ¼ 0,

P1 ¼ 1.772

c1 ¼ 0,

c2 ¼ 0.4,

P1 ¼ 1.842

r ¼ r0

�

1.5
þc1ðcos 2θÞ

�

c2 cos 4θ

(b) r0 ¼
L0

ffiffiffiffi

2ϕ
p
P2

Range of c1 ¼ c2 ¼ �0.9, � 0.6, : : : 0.9

c1 ¼ 0.3,

c2 ¼ �0.3,

P2 ¼ 2.530

c1 ¼ 0.6,

c2 ¼ 0.3,

P2 ¼ 2.517

r ¼ r0

�

0.4þ
c1ðsin 2θÞc2

�

sin θ cos θ

(c) r0 ¼
L0

ffiffiffiffi

2ϕ
p
P3

Range of c1 ¼ c2 ¼ �2.0, � 1.0, : : : 2.0

c1 ¼ 1,

c2 ¼ �2,

P3 ¼ 2.704

c1 ¼ 1,

c2 ¼ 2,

P3 ¼ 2.531

Two-fold Symmetry Four-fold Symmetry
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Figure 1. Example of the porous structures with a planar dimension of 80� 80 and a depth of D¼ 15mm: a) twofold symmetry and b) fourfold sym-

metry. A 2� 2 unit cell of periodic porous structure with c) twofold symmetry and d) fourfold symmetry, representing the center-to-center distance

between the pores L0, smallest unit cell dimension L0 and the constraints variables of a pore (rmin), and minimum and maximum distances between

the pores (tmin) and (tmax).
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defined using the relation (ϕi, c1i, c2i), where i denotes the archi-
tecture name, such as A–F. ϕ represented the porosity and can
range from porosity at rmin up to the porosity that yield tmin. In
this study, we studied the porous structure with the following
specifications. (ϕA, c1A, c2A)¼ (0.46, 0, 0), (ϕB, c1B,
c2A)¼ (0.36, 0, 40), (ϕC, c1C, c2C)¼ (0.46, 0.3, �0.30), (ϕD, c1D,
c2D)¼ (0.42, 0.6, 0.30), (ϕE, c1E, c2E)¼ (0.42, 1.0, �2.0), and
(ϕF, c1F, c2F)¼ (0.46, 1, 2).

3. Fabrication

AM based on the Polyjet 3D printing technology was used to fab-
ricate all test specimens. In Polyjet technology, material or sev-
eral liquid photopolymers were injected, and 3D physical models
were built layer by layer and cured through the exposure of ultra-
violet light. In this study, we used the Object260 Connex 3D
printer (Stratasys Ltd., USA) and used rubber-like material
named Tango Black Plus FLX980, a trademark of Stratasys.[67]

We created 3D computer-aided design (CAD) models for the
architected porous structures using a Creo Parametric 3.0

software. The CAD files were exported as a stereolithography
(STL) file format, and then transferred to object studio software,
which was used as an interface to connect and transfer data to the
3D printer.

The printer had a resolution of 16 μm in the z-direction (depth
or printing direction) and 42 μm in the x- and y-directions (planar
direction). The 3D printing process-related anisotropy is known
to influence the material behavior of printed specimens,
although this is not relevant for rubber-like material considered
here as a fully cured, fully dense structure with negligible mea-
surable porosity.[68] All porous structures, including the uniaxial
specimens, were manufactured with a layer thickness deposition
of 16 μm and an accuracy of 20–85 μm.[67] Figure 2 shows all
porous architected structures considered in this study. All
printed samples were left at room temperature for several days
to allow for enough curing. To characterize the mechanical
response of the base material, tensile coupons were fabricated
according to ASTM D412 type C. Three samples of all tested
specimens were printed along the thickness direction (i.e., build-
ing direction) of uniaxial and porous structures.

4. Experimental Setup and Strain Analysis

All tests were performed on the Instron 5948 Universal Testing
System with a load cell of 100 N.

For uniaxial testing, pneumatic grippers were used to hold the
specimen during the testing. Both end tabs of the tensile speci-
mens were bonded with a thin wooden sheet to ensure the proper
gripping and preventing the sample from being punctured. The
tensile testing of the coupons was performed perpendicular to
the printing direction with a crosshead velocity of 20mmmin�1

at room temperature until the failure of the sample, as shown in
Figure 3a. This rate gave a good approximation to the rate-
independent response of the material behavior.[58] A high-
resolution digital camera facing the specimen was used to record
the video of the testing. The strain analysis was performed using
the DIC method. The load associated with the displacement was
recorded and used to produce tensile stress–strain curves
(Supporting Information).

Compression tests were performed for the porous architected
structures in their as-built condition at room temperature. The

Figure 2. The 3D printed porous periodic architected elastomeric struc-

tures with twofold and fourfold symmetries using Tango Black Plus

FLX980.

Top

Plate

Back 

Plate

Bottom 

Plate

x

y

x

y

(a) (b)

Figure 3. Testing of 3D printed specimens: a) uniaxial testing of coupons and b) compression testing of porous periodic architected elastomeric

structures.
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porous structures were tested perpendicular to the printing direc-
tion, i.e., in the z-direction. According to the coordinates system,
as shown in Figure 3b, a particular fixture made of transpar-
ent acrylic is designed to perform the compression test, as
shown in Figure 3b. The fixture consists of a top flat and a
backplate attached to the moving part of the machine. The
backplate’s purpose was to hold the specimens and prevent
out-of-plane buckling during the tests. The bottom plate was
attached to the machine on which the specimen of 80 mm
width can be easily placed and stand before the test.
During the tests, the specimens were not clamped, and the
friction between the sample and surface of the fixture was
enough to transfer the compressive force and position the
specimen. The parallelism of the top and bottom plates
was monitored, and grease was used at the mating surfaces
of the specimen with the backplate to reduce frictional
effects. A Canon EOS 80D camera facing the specimen
was used to capture pictures and record videos. All the
porous structures were tested at a crosshead velocity of
20 mmmin�1 and compressed up to 25% engineering strain.
A DIC method was used to perform strain analysis. The load
associated with the displacement was recorded and used to
produce an effective stress–strain diagram for the compres-
sion response of porous structures.

4.1. Strain Analysis Procedure

In the test setup, the camera was positioned facing the surface of
the specimen. The DIC technique was used for investigating the
evolution of strains and deformation during uniaxial tensile tests
and compression tests of porous structures.[69] The specimen’s
surface was prepared by applying a speckle pattern on the
selected region of interests (ROI), produced by applying a thin
coating of white matte followed by a random distribution of black
dots using spray paint. In this work, the 2D-DIC analysis was
performed using the GOM Correlate software. Regarding the
size of the ROI, based on the magnification and quality of the
average speckle size obtained by spray paint, a facet size of
11� 11 pixels2 was chosen. To avoid statistically correlated

measurements, the facet step was also set to 11� 11 pixels2.
For some porous structures where a better acquisition of local
effects within the facet was required, a smaller facet size was
also adopted. The distance between the individual facets was
manipulated from three pixels or less for higher spatial resolu-
tion of measurements. The in-plane displacements were then
numerically differentiated to determine the strains field. The typ-
ical resolution of the measurements was in the range of 10�2mm
and 0.01–0.02% for displacement and strain evaluation,
respectively.

The ROI for uniaxial testing is shown in Figure 4a, and stan-
dard procedure is followed to compute the axial and transverse
strains. However, to better understand the geometrical changes
and transformation of the internal microstructure of porous
structures, several parameters were of interest, such as
Poisson’s ratio, change of the structure planar area, or the
changes of porosity under compression. To compute all these
parameters, we focused on the behavior of the central region
of the specimen, where the boundary condition does not domi-
nate the behavior. We considered the ROI consisting of nine unit
cells, as shown in Figure 4b, and the displacement at each verti-
ces shown in Figure 4c of unit cells, and corresponding axial and
transverse strains were computed using the DIC. For each unit
cell, local values of engineering strain ε

½i,j�
xx and ε

½i,j�
yy were com-

puted from the DIC analysis. The local Poisson’s ratio ν½i,j� is
defined as

ν½i,j� ¼ � ε
½i,j�
xx

ε
½i,j�
yy

(3)

and compaction ψ ½i,j� may be expressed as

ψ ½i,j� ¼ A
½i,j�
0 � A½i,j�

A
½i,j�
0

¼ 1þ
�

1þ ε
½i,j�
xx Þð1þ ε

½i,j�
yy

�

(4)

where A
½i,j�
0 and A½i,j� denote the area of unit cell in initial and cur-

rent configuration. The ensemble averages for all nine unit cells

under consideration can be expressed as εxx ¼ hε½i,j�xx i,
εyy ¼ hε½i,j�yy i, v̄ ¼ hν½i,j�i, and ψ ¼ hψ ½i,j�i.

Figure 4. DIC of specimens: a) ROI during uniaxial testing of coupons, b) ROI consisting of nine unit cells during compression testing of porous

structures, and c) labeling of nine unit cells showing the locations of 16 vertices and wall of each unit cell for measuring local axial and transverse

engineering strain in the x- and y-directions for each unit cell.
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5. Experiment Results

5.1. Architected Metamaterials

In this section, we experimentally analyzed the porous micro-
structure’s evolution during the uniaxial compression tests at dif-
ferent levels of applied engineering strains (ε). Figure 5 shows
the microstructures of all six porous structures at different levels
of applied engineering strain ε. All structures were uniaxially
compressed up to an engineering strain of 25%. We opted three
levels of strains, i.e., ε ¼ 0.00, 12.5%, and 25%, to see the evo-
lution of microstructures. For both types of structures, i.e., two-
fold and fourfold symmetries, we observed buckling-induced
changes in the microstructures that take place suddenly after
a critical value of the compressive strain. However, the mode
of buckling in all microstructures depends on the shape of
the pores and fold symmetries.

Figure 5b shows that all porous structures buckled before
12.5% strain until except architectures A and D. To better com-
pare the types of fold symmetry, consider an architecture with a
similar porosity of ∅¼ 46%, i.e., A, C, and F. It is clearly shown
in Figure 5b that both architectures C and F that possess twofold
symmetries buckled before 12.5% strain despite the same level of
porosity as compared with architecture A. However, the mode of
buckling did depend on the shape of the pore. In architectures A,
B, D, and F, the buckling mode was characterized by a wave-
length equal to twice the unit cell (2L0) in both horizontal and
vertical directions and always leads to the formation of a check-
erboard pattern. In architectures C and E, the structural instabil-
ity was characterized by a wavelength equal to the height of the
sample and showed twinning-like phase transformation behavior
as observed in shape memory alloys.[70]

Figure 5c shows the microstructure state at 25% strain and can
be seen that the further compression leads to further compaction
of the microstructures. However, microstructure shape was fully
recovered upon unloading, as the strain at each material point in
the porous structure was in elastic range (see Figure S1,
Supporting Information). It was observed that when the buckling

mode was of unit cell scale, some interesting effects such as lat-

eral contraction and localized compaction were observed, result-
ing in the complete closure of the central portion of the

microstructure. By contrast, when the buckling mode was of
porous structure height, very low levels of compactions were

observed. At a strain level of 25%, architectures A and F lead
to a similarly high compaction level, but the complete closure

of the pores was not observed. However, architecture D shows
more closure of pores with the highest compaction level and

demonstrates the importance of pore shape and symmetry in

designing soft porous architected structures.
To better understand the evolution of the microstructure, their

different stages observed during compression can be analyzed

using a close examination of the effective stress–strain behavior
shown in Figure 6. Architectures A and E buckled at very high-

and low-stress values, respectively. At the same level of porosity,
all twofold structures showed instability at lower critical strain

values. In typical cellular solids, three distinct regimes during

compression tests were observed,[71] i.e., linear elastic regime,
stress plateau, and densification. By contrast, we observed three

Figure 5. Deformation pattern and evolution of microstructure of architected porous microstructures at different levels of applied engineering strains.

Figure 6. Effective stress–strain behavior of architected porous micro-

structures as a function of applied engineering strains highlighting differ-

ent states of microstructure during the compression tests.
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categories of compression stress–strain responses for all porous
structures. In the first category (similar to typical cellular solids),
the stress–strain behavior showed that there were mainly three
stages during the compression of porous structures; i.e., during
the first stage, the porous structure compresses, and after reach-
ing a critical strain, instability occurs.

Figure 6 shows labels A1, B1, C1, D1, E1, and F1 that denote the
state at which instability starts. In the second stage, the micro-
structure continued to deform at a lower level of stress and after
reaching a certain compaction level where few of the surfaces
came into contact with each other. A2, B2, C2, D2, E2, and F2,
denote the contact state. In the third stage, more stress was
required to compress the porous structures further. The three-
stage behavior was observed in architectures A, D, and F. In
the second category, in addition to three stages, there is a fourth
stage in which the structure buckled again at the second level of
critical strain. This type of structure possessed multiple buckling
patterns and was observed in architectures B and E. B3 and E4
denote the state at which another instability occurs. It should
be noted that architecture B possesses fourfold symmetry,
whereas architecture E has twofold symmetry. So, it is possible
to design soft porous architected structures that show buckling
behavior at two different compaction stages. In the third cate-
gory, there were only two stages observed during compression,
and once the critical strain reaches, the stress level continuously
decreases while the structure compresses with transverse dis-
placement. However, at very high compressive strain, it was
expected that either the third stage might be activated or an
out-of-plane deformation-induced buckling occurred. Only,
architecture C showed two-stage compression behavior.

As clearly shown in Figure 5, the nature of buckling was dif-
ferent from one structure to another. Next, we analyzed the load
at which instability occurs. Consider all architectures with a sim-
ilar porosity of ∅¼ 46%, i.e., A, C, and F, but possesses different
fold symmetries. In the literature, it was shown that the hole has
a strong effect on mechanical instability. When the structure was
characterized by microscopic instabilities, more stress was
required to buckle the porous structure compared with the case
when the structure showed macroscopic instability (i.e., a buck-
ling mode characterized by a wavelength larger than the size of
microstructure).[53] However, in this study, when comparing the
porous structure with twofold symmetry, we observed that the
structure characterized by microscopic instability (i.e., architec-
ture F) required less stress to buckle the porous structure as com-
pared with a structure that shows macroscopic instability (i.e.,
architecture C), as shown in Figure 6.

Next, we analyzed the microstructural features in different
architectures at critical strain state and lowest stress state during
compression testing, i.e., the state at which the internal surfaces
of the microstructure touch each other and after which the
stresses tend to increase. Figure 7a shows the overlap pictures
at ε¼ 0.00% and strain state at A1 (i.e., overlap picture in light
green color). It can be seen by a red arrow that when buckling
starts, the circles started to become an ellipse. At strain state A2,
some of the transformed ellipse internal surfaces started to come
into contact, as shown in Figure 7b, and further compression
after A2 led to a rise in stress. Figure 7c,d shows the deformation
state of architecture B. It can be seen that the transformation of
the shapes started at state B1 (overlap picture in light yellow
color), whereas at strain state B2, the surfaces came into contact,

Figure 7. Buckling and stiffening mechanism of architected porous microstructures A and B at different states of microstructure during the compression

tests.
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and further compression may led to an increase in stress as
shown with red color lines. Figure 7a,c clearly shows that for both
architectures, the buckling mode can be characterized by a wave-
length equal to twice the length of the unit cell (2L0) in both hori-
zontal and vertical directions (Figure 8).

Next, we analyzed the microstructure’s evolution of architec-
ture E at different compressive strain levels, as shown in
Figure 9. The stress–strain diagram was marked with four differ-
ent states of strain that showed different stages during the com-
pression of porous structures. Figure 9a shows the
microstructure when the critical strain is reached, E1. The yellow
line shows that the structure experiencedmacroscopic instability,
and its bucklingmode was characterized by a wavelength equal to
the size of the microstructure. At the lowest stress level referred
as state E2, as shown in Figure 9b, it can be seen that the strut at

the center did not start to buckle, whereas all the microstructures
above and below showed the twinning-like transformation behav-
ior. Figure 9c shows the architecture at strain state E3, which
shows the sudden drop in the stress due to the buckling of strut
as shown with a red arrow in top-right and bottom-right locations
of the porous structure. There was a load increase observed
between states E3 and E4 due to the stress required to close
the pores. Figure 9d shows the architecture strain state at E4
where it can be seen that instability of the central strut took place
that caused a further drop in the stress level, as shown in
Figure 9.

Next, we present the DIC results to investigate the evolution
of strains and deformation during uniaxial compression tests
of all porous structures. Based on the ensemble engineering
strain calculations within nine unit cells at the center of the
microstructure, a more quantitative comparison between
the responses of all porous structures was made by inspecting
negative Poisson’s ratio and compaction behavior. Figure 10a
presents the microstructure’s evolution as a function of the
applied engineering strain ε. The microstructure results are
shown at three different strain states, i.e., at the start of test,
at instability, and at the strain state that yields the lowest
stress. At a higher compaction level, the localized engineering
strain reached a higher value, closer to 30%, which was more
than the applied global engineering strain. The regions usually
where the highest bending occurred show such strain behavior
and can be seen in red color at different locations in all porous
structures.

Figure 10b shows the evolution of Poisson’s ratio ν̄ as a func-
tion of the local engineering strain εyy. The lateral contraction
was strongly dependent on the buckling mode, and the differ-
ence between different structures was remarkable. When the

Figure 8. Stress-strain plots of architected porous microstructure E during

the compression tests.

Figure 9. Buckling and stiffening mechanism of architected porous microstructure E during the compression tests.
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structures were characterized by microscopic instability
(architectures A, B, D, and F), significant lateral contraction
induced by buckling was observed, leading to high negative
values of Poisson’s ratio. On the other hand, when the structure
showed macroscopic instability (architectures C and E),
Poisson’s ratio of the structures was marginally affected by defor-
mation and buckling. Moreover, it is interesting to observe that
the lateral contraction in architecture D was remarkably larger
than in all other architectures, leading to the largest negative val-
ues of Poisson’s ratio. Among the twofold and fourfold symmet-
ric structures at the same porosity level (A, C, and F),
architectures A and F showed similar values of the largest nega-
tive Poisson’s ratio. For architectures B and E, initially sharp lat-
eral contraction led to negative Poisson’s ratio, but further
compression led it to positive Poisson’s ratio for both architec-
tures. Architecture B showed a very high negative Poisson’s ratio,
whereas architecture E showed Poisson’s ratio close to zero.

The evolution of the compaction ψ for all porous structure is
shown in Figure 10c as a function of local average engineering
strains. All structures followed a similar rate of compaction until
the instability occurs in a microstructure. Architectures A and C
showed two transitions of compaction rate, whereas all other
architectures showed just one transition. As architecture A shows

instability at very low strain, it was the first to show the transition
in compaction, whereas architecture A was the last one to show a
transition in compaction rate. The architecture with microscopic
instability showed more compressibility as compared with
porous structures that showed macroscopic instability.
However, the twofold symmetry architecture (D) showed the
highest compaction, followed by the fourfold symmetry architec-
ture (A). We observed experimental results for one porosity; how-
ever, at lower porosity, limited compressibility with macroscopic
instability was observed, and a very high porous structure led to
fragile specimens with very thin ligaments. These results showed
that instabilities could be used to design soft novel architected
porous metamaterials, whereas pore shapes and fold symmetries
can also be utilized to design tunable metamaterials with control-
lable Poisson’s ratio and compressibility response.

6. Conclusion

We presented the compression response of soft architected
porous metamaterials in this article. A new class of novel 2D
architectures with the twofold and fourfold symmetry micro-
structures were proposed. Unlike rigid ligaments-based cellular

Figure 10. a) DIC results of engineering strain within nine unit cells at the center of the microstructure showing the deformation pattern and evolution of

microstructure of architected porous structures at different levels of applied engineering strains. b) Poisson’s ratio and c) compressibility response, as a

function of ensemble engineering strain nine unit cells at the center of the porous microstructure.
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solids, the porous structures consist of a periodic square array of
2D soft continuous architected pores in the elastomeric matrix.
Under mechanical compression, all porous structures showed
elastic instability that led to negative Poisson’s ratio and control-
lable porosity. As compared with circular porosity, architecture D
showed larger negative Poisson’s ratio and higher compressibil-
ity behavior. At the same porosity level, a twofold symmetry
structure showed instability at lower loads. In both the twofold
and fourfold symmetric microstructures, we observed two buck-
ling modes spanning over multiple unit cells or the size of the
porous microstructures. The porous structures whose buckling
mode wavelength was characterized by the length of unit cells
showed a higher negative Poisson’s ratio than the others. It
was shown that the architected pore shape and the fold symmetry
could be used to design a new class of soft, fast reversible porous
actuators, and reconfigurable devices over a wide range of length
scales. Soft porous systems can be designed with desired prop-
erties and controllable features, such as their stiffness, critical
buckling strain, multiple buckling modes, compaction level,
and negative Poisson’s ratio.
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