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ABSTRACT

A conventional thin homogeneous elastic plate shows no net lateral strain when subjected to a pure bending load. Here, a two-dimensional
(2D) metamaterial exhibiting an exotic bending-induced expansion behavior is designed based on the structure unit with a non-symmetric
contact under tensile and compressive loads. Expansion behavior was demonstrated in the fabricated 2D metamaterial structures in four-
point bending, tension, and compression tests and corresponding simulations. The bending-expansion ratio, defined as the lateral strain
times the curvature radius divided by the length of the unit cell, is a non-dimensional parameter depending on the geometry of the structure.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0011876

Metamaterials with exotic physical properties open the door to
design and fabricate materials following our specific engineering
needs.1–4 Mechanical metamaterials with macro-, micro-, and nano-
scale architectures possess unusual mechanical behaviors.5–8 In gen-
eral, mechanical metamaterials include materials having ultralight
density,9,10 negative response parameters,11–15 or programmabil-
ity.14,16–19 Auxetic materials belong to a class of well-known scale-
independent mechanical metamaterials made from repeated unit cells,
which possess negative Poisson’s ratio.11,20–23 Unique mechanical
properties of the auxetic materials make them suitable for a wide range
of applications in the fields of aerospace, biomedical, textile industry,
and electric devices.21–23 One of the most important properties of the
auxetic materials is the lateral expansion behavior under tension.
However, net lateral strain was experienced to be zero when the aux-
etic and conventional thin homogeneous elastic plates were subjected
to a pure bending load. Although bending-induced expansion and
contract in two-dimensional (2D) crystals have been reported in the
previous study,24 bending-induced expansion behavior at the macro-
scale remains essentially unexplored.

In this study, we design a 2D metamaterial with exotic bending-
induced expansion behavior. This unique exotic bending behavior is
achieved through a non-symmetric contact between the isolated pillars
and the rotating square structure.25 We perform tension, compression,

and bending experiment for this structure and compare the experimen-
tal results with simulation. The potential application of bending func-
tional materials is also reported in this paper.

Figure 1(e) exhibits the 2D metamaterial with bending-induced
expansion behavior. The 2D structure is acquired from the rotating
square structure, which follows the auxetic mechanism of the crystal
structure [Fig. 1(a)].26 The 2D structure introduced in this study is
called rotating squares with the pillar (RSWP), which combines rotat-
ing squares without the pillar (RSNP) and the pillar [Fig. 1(e)].
Rotating squares can be obtained by cutting ordered ellipse holes on
the 2D sheet.27 Square holes are added in the middle of the ellipse
holes to insert the corresponding square pillar [Figs. 1(d) and 1(e)].
The longer and shorter radii of the ellipse are a and b, respectively; the
length of the unit cell of rotating squares is L; the side length of the
inserting square pillar is l; and the connection thickness of the rotating
squares is d [Fig. 1(c)]. The auxetic behavior of the rotating squares is
mainly dependent on the ratio d=L and the square side length l. In this
study, a and L are fixed to be 0.5 and 10mm, respectively, and d and l
are variables. Although test and simulation results are presented for
2D structures at the millimeter length scale, the bending expansion
mechanism is equally applicable to the rotating 3D cubes.28,29

Therefore, this study opens up a way for the design and fabrication of
metamaterials experiencing unconventional bending behaviors.
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The RSNP and square pillars were fabricated separately using a
3D printer. RSWP was obtained by manually inserting the square pil-
lars into the square holes of RSNP [Fig. 1(e)]. In order to have a better
constraint of the inserted pillar, the RSWP was transferred into the
composite by injecting polydimethylsiloxane (PDMS) into the empty
holes of the RSWP [Fig. 1(f)]. The composite is named a composite
with the pillar (CWP) in this study. A tape was stacked on the bottom
of the SWP to prevent the flow of liquid polydimethylsiloxane during
the injection. The cast mixture was allowed to set at room temperature
for curing. Much information about the fabrication of this 2D mechan-
ical metamaterial could be found in the supplementary material.

Uniaxial tension, compression, and four-point bending tests were
performed using a universal testing machine (MTS 810) with a 5 kN
load cell in displacement control. The loading rate in the compression
tests was about 1� 10�4. A high-resolution canon camera (EOS 70D)
was used to take pictures of the deformation progress during the tests
every 24 s. Speckles were sprayed on the samples to obtain a better
estimate of the local displacements of the sample via a digital image
correlation method [Fig. 2(d)].

To realize the expansion behavior of the 2D structures under
pure bending, finite element simulations (ABAQUS/Explicit) with
elastic properties were performed using an 8-node linear brick element
C3D8R with an element size of 0.125mm (Fig. S4). A general contact
with a friction coefficient was equal to 0.3 for the tangential behavior,
and a “hard contact” for the normal behavior was used in the simula-
tion. Systematic simulations were performed on the parameter

investigation of the structure to probe the robustness of this phenome-
non. Detailed information about the simulation of the mechanical
metamaterial could be found in the supplementary material.

To illustrate the expansion behavior of the RSWP subjected to
tensile and compressive loads, samples under tension and compression
with l¼ 2mm, L¼ 10mm, and d¼ 0.5mm were fabricated. The
experimental results of these two specimens are shown in Figs. 2(e)
and 2(f). In order to show the deformation mechanism clearly, the
unit cell with periodic boundary conditions is used in the simulations.
For comparative analysis, the corresponding tension and compression
samples of the RSNP and CWP were manufactured and tested, respec-
tively. When stretched in the vertical direction, the RSNP, RSWP, and
CWP were allowed to expand in the lateral direction, which resulted
in negative Poisson’s ratio [Fig. 2(e)]. The results of simulations were
in good agreement with those of the tension tests in this study. The
displacements of the RSNP obtained from the simulations are shown
in Fig. 2(a), where U1 and U2 are the displacement in x and y direc-
tions, respectively. The RSNP structure expands in the lateral direction
due to the rotation of the squares. The contact between the square pil-
lar and the square hole was observed in the tension simulation of the
RSWP, which constrains the expansion of the rotating squares in the
lateral direction [Fig. 2(b)]. However, the stress on the center square
generated by the contact is too small to prevent the rotation of the

FIG. 1. Design and fabrication of the metamaterial structures: (a) octahedral frame-
work crystal structure (LaNiO3),

26 (b) rotating squares, (c) unit cell of rotating
squares with square holes, (d) rotating squares without the pillar (RSNP), (e) rotat-
ing squares with the pillar (RSWP), and (f) composite with the pillar (CWP) (the
scale bar is 10 mm).

FIG. 2. Expansion behavior of the structures under tension and compression: (a)
stress distribution of RSNP at strain ey ¼ 0.8%, (b) stress distribution of RSWP at
strain ey ¼ 0.8%, (c) stress distribution of RSWP at strain ey ¼ –0.8%, (d) RSWP
sample for compression (the black points are used for the digital image correlation
method), (e) strain curves of the structures under tension, and (f) strain curves of
the structures under compression (the scale bar is 10mm).
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squares. Consequently, lateral expansion was observed in the tension
of RSWP [Fig. 2(e)]. It should be noticed that the contact also resulted
in the friction between the pillar and the hole, which prevented the pil-
lar from moving out during the tension. This is an important reason
why we open a square hole in our proposed structure. When the CWP
was stretched in the test, the PDMS constrains the expansion of the
rotating squares again and leads to further reduction of expansion
[Fig. 2(e)].

For the RSWP under a compressive load, the deformation mech-
anism is different. An obvious shrink in the lateral direction was
observed during the compression of the RSNP [Fig. 2(f)]. However,
the center squares prevent the shrinkage of the square holes when the
RSWP was under the compressive load. The deformation mechanism
of the RSWP under the compressive load can be illustrated by the
structure shown in Fig. 2(c). This structure is obtained by the closed
half of the square holes, as the stress in these squares is very high. As a
result, Poisson’s ratio of RSWP under compression is positive. This is
another crucial reason why we open a square hole in our proposed
structure. Zero Poisson effect was observed in the compression test
of the RSWP at small strains. Expansion was observed at a strain
of approximately ey ¼ �0.4� 10�2 [Fig. 2(f)]. We believe that the
difference between the experiment and simulation is caused by the fab-
rication error in the manufacturing process (Fig. S6). When the PDMS
filled the holes of the RSWP, expansion was observed in the compres-
sion test of the CWP [Fig. 2(f)].

Our previous tests and simulations indicate that the RSWP could
expand under both tensile and compressive loads. To illustrate the
bending-induced expansion behavior of the 2D structure, RSNP,
RSWP, and CWP samples with 8� 4 unit cells were manufactured for
the bending test [Fig. 3(a)]. In these samples, d=L equals 5.8� 10�2

and l=L equals 0.25. Figure 3 presents the results of the four-point
bending test, where the bottom two indenters are fixed and the top
two indenters are moving downward at a speed of 0.25mm min�1.
4 points A–D are selected to track the deformation of the structure.
Before bending, coordinates of the selected 4 points are ðxA; yAÞ,
ðxB; yBÞ, ðxC; yCÞ, and ðxD; yDÞ, respectively. After bending, the
radius of the sample’s middle line is R [Fig. 3(b)]. The corresponding
coordinates of the selected 4 points become ðxA þ DxA; yA þ DyAÞ,
ðxB þ DxB; yB þ DyBÞ, ðxC þ DxC; yC þ DyCÞ, and ðxD þ DxD;
yD þ DyDÞ.

In order to clearly show the bending-induced expansion behavior
of the 2D structures, ðDyA þ DyBÞ=2L was used to describe the move-
ment of the samples in the y direction under bending, and the strain
in the y direction is defined as follows:

ey ¼
DyA � DyB

2L
: (1)

The bending behavior of the RSWP sample and the corresponding
RSNP and CWP samples obtained from tests and simulations is
shown in Fig. 3(e). The Young’s modulus of the 3D printing material
is approximately Es ¼ 1:45 Gpa, while Young’s modulus of the PDMS
is approximately E ¼ 0:54 MPa. As the PDMS is very soft compared
to the 3D printed photosensitive resin, expansion behavior was
observed in the tension, compression, and pure bending of the CWP
[Figs. 2(e), 2(f), and 3(e)]. During bending, both points A and B move
downward. Under the bending load, ey of the RSNP sample is nega-
tive. However, test and simulation results show a positive ey for the

RSWP under bending, resulting in a bending-induced expansion
behavior [Fig. 3(e)]. Test results also indicate the expansion of the
CWP under bending [Fig. 3(e)].

As we show in Fig. 2, RSWP show negative Poisson’s ratio sub-
jected to the tensile load and positive Poisson’s ratio subjected to the
compressive load. When the RSWP is subjected to the bending load,
the structure near the top surface is compressed, while the structure
near the bottom surface is stretched. The body-centered cubic (bcc)
lattice truss is a typical structure with positive Poisson’s ratio, and the
deformation of our compressive unit cells is similar to the compressive
unit cells of the bcc lattice truss under bending [Fig. 3(c)]. When the
bcc lattice truss is under bending as shown in Fig. 3(c), the compres-
sive unit cell is compressed in the x direction, which leads to expansion
in the y direction. The displacement U2 in the bottom of the unit cell
is smaller than that in the top of the unit cell, which indicates the
expansion in the y direction. Rotating squares has negative Poisson’s
ratio under the tensile load. Therefore, the deformation of the tensile
unit cells of the RSWP under bending is similar to the tensile unit cells
of the rotating squares under bending. When the rotating squares are
under bending, large displacement U2 is observed in the top of its ten-
sile unit cell [Fig. 3(d)]. However, small displacement U2 is observed
in the bottom of the tensile unit cell [Fig. 3(d)], which means that the
tensile unit cell of the rotating squares under bending also expands in
the y direction. The bending behavior of the RSWP is a combination

FIG. 3. Bending-induced expansion behavior: (a) four-point bending of RSWP in
the test; (b) four-point bending of RSWP in the simulation; (c) four-point bending
and compressive unit cell’s deformation mechanism of body-centered cubic (bcc)
lattice truss material; (d) four-point bending and tensile unit cell’s deformation mech-
anism of rotating squares; (e) bending behavior of the RSNP, RSWP, and CWP
obtained by tests and simulations; and (f) numerical results of the bending and axial
strain of the RSWP and RSNP (the scale bar is 10 mm).
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of the compressive part of the traditional lattice truss under bending
and the tensile part of the rotating squares under bending. Therefore,
expansion of the RSWP’s center unit cell was observed under bending
[Fig. 3(b)]. A video is given in the supplementary material to show the
bending-induced expansion behavior directly (see the supplementary
material).

The results of tests and simulations indicate that the 2D struc-
tures expand under tensile, compressive, and bending loads. To have a
better understanding of the bending-induced expansion behavior of
mechanical metamaterials, curves of lateral strains vs bending strains
were obtained and are presented in Fig. 3(f), where the bending strain
eB is defined as follows:

eB ¼
L
R
: (2)

The circle center of R is calculated by

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y � yC � DyCð Þ2 þ xC þ DxCð Þ2

q
: (3)

Here, y ¼ ðyCþDyCÞ2� yCþDyCð Þ2þ yCþDyCð Þ2�ðyCþDyCÞ2
2ðyDþDyD�yC�DyCÞ .

Figure 3(f) exhibits an exotic linear relationship between the
expansion strain and bending strain. The bending simulation is carried
out in small deformation; therefore, the bending-expansion ratio is
defined as follows:

l ¼
ey
eB
: (4)

The definition of the bending-expansion ratio given herein is different
from bending Poisson’s ratio given in the previous study.24 Herein, l
is a non-dimension value similar to classical Poisson’s ratio used for
the tensile and compressive load. This indicates that the bending-
expansion ratio used in this study is a scale-independent parameter.

The bending-expansion ratio of the 2D structures with various
sides of square l and connection thickness d is shown in Fig. 4.
Poisson’s ratio of the structures subjected to tensile and compressive
loads is shown in Figs. 4(e) and 4(f), respectively. Original Poisson’s
ratio of the rotating squares is �1.25 It was shown that the auxetic
behavior decreases with the increase in the connection thickness d:27

Therefore, herein, the auxetic behavior of the 2D structures with dif-
ferent l values was focused. When the RSNP and RSWP were sub-
jected to the tensile load, their expansion behavior decreased rapidly
with increasing l [Fig. 4(e)]. The increase in the size of square holes
results in the decrease in the stiffness of the rotating squares, which
makes the structure easy to deform along the load direction.
Consequently, the expansion in the lateral direction is reduced. The
contact between the square holes and the square pillar makes the
tension-induced expansion behavior of the RSWP smaller than that of
the RSNP [Fig. 4(e)]. Compression-induced expansion behavior is
observed in the simulation of the RSWP with different l values.
However, with the increase in l, the expansion behavior does not show
a significant increase [Fig. 4(f)].

The bending-induced expansion behavior of the 2D structures is
a combination of the expansion under tensile and compressive loads.
By combining the large decrease in tension-induced expansion and
the small increase in compression-induced expansion, the decrease in
the bending-induced expansion of the RSWP is obtained [Fig. 4(b)].
Moreover, a decrease in the bending-induced expansion behavior with

the increase in the connection thickness d was also observed, which
could be induced by the significant decrease in the auxetic behavior
under tension.27 For the comprehensive understanding of the
bending-induced expansion behavior, displacement distribution and
stress distribution of the center unit cell of RSWP at the bending strain
eB equal 0.5� 10�2 as shown in Fig. 4(a).

In the experiment, PDMS was used to connect the pillar and the
rotating squares in the CWP to connect the square pillars and the
rotating squares. Poisson’s ratio and bending-expansion behavior of
the CWP with various E=Es values are simulated [Figs. 4(d) and 4(g)],
where Es is the Young’s modulus of the rotating squares and the
square pillars and E is the Young’s modulus of the filler. With the
increase in E=Es, Poisson’s ratio of the CWP under compression
shows no obvious change. However, Poisson’s ratio of the CWP under
tension changes from negative to positive. When the filler is very soft,
the bending-induced expansion behavior of the CWP is very similar to
that of the RSWP. The bending-expansion ratio of the CWP is approx-
imately l ¼ 0.64 when E=Es ¼ 1� 10�4. The bending-expansion
ratio of the CWP decrease with the increasing E=Es. When
E=Es ¼ 0:1, the bending-expansion ratio of the CWP is approximately
l ¼ �0:03, a value which is very close to 0, which means that the
expansion of the CWP disappears when the material is very close to
the bulk material.

Noteworthily, square pillars were used to provide a non-
symmetric contact under tensile and compressive loads. However, the
shape of the inserting pillars was not unique. Bending-induced expan-
sion behavior was also observed in the bending of rotating squares

FIG. 4. Bending-expansion ratio of the metamaterial structures: (a) displacement
and stress distributions of RSWP at L/R ¼ 0.8%; (b) Bending-expansion ratio of
the RSWP vs l; (c) bending-expansion ratio of the RSWP vs d; (d) Bending-
expansion ratio of the CWP vs E/Es; (e) Poisson’s ratio of the structures under the
tensile load; (f) Poisson’s ratio of the structures under the compressive load; and
(g) Poisson’s ratio of the CWP vs E/Es.
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with an inserted cylinder (Fig. S9). Therefore, the method induced
herein can be effectively used for other structures and devices as well.
The bending-induced expansion behavior of the 2D crystals contrib-
utes to the charge transfer along the thickness direction, and it is char-
acterized by dimension dependency, chemical constitution, bonding
structure sensitivity, and high anisotropy.24 However, the bending-
induced expansion behavior of the RSWP is determined by its
structure and is independent of dimensions. Although the inherent
expansion mechanisms are different, we believe that bending-induced
expansion behavior exists in a number of micro- and macro-scale
materials. Discovery, characterization, fabrication, and application of
these materials need more researchers’ efforts.

In summary, we design and fabricate 2D mechanical metamate-
rial structures having bending-induced expansion behavior by using
the non-symmetric contact mechanism under tensile and compressive
loads. A non-dimensional bending-expansion ratio has been definite
in this paper to characterize the expansion behavior of the metamate-
rial structure under a pure bending load. We expect that our designs
of 2D structures at the millimeter length scale can be equally applied
to 3D structures and structures at microscales. We expect that the
mechanical metamaterial with unconventional mechanical behavior
under the bending load, such as bending-induced shrinkage, rigid and
compliant structures under bending, and bending-induced shape con-
figuration, could be designed and developed based on the present
work. Potential applications of these bending metamaterial structures
include curved panels in aircraft structures, vehicle energy absorbers,
and impact-resistant structures.

See the supplementary material for the fabrication details of the
2D metamaterials with bending-induced expansion behavior, the sim-
ulation of the metamaterials with bending-induced expansion behav-
ior, the bending-induced expansion behavior of the rotating squares
with the cylinder, and the movie used to show the bending-induced
expansion behavior obtained from simulation.

The authors gratefully thank the funding support from the
Shenzhen Science and Technology Innovation Commission under
Grant No. JCYJ20170818103206501. Part of this project was
supported by the City University of Hong Kong (Project No.
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