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Directing the Deformation Paths of Soft Metamaterials
with Prescribed Asymmetric Units

Gaoxiang Wu, Yigil Cho, In-Suk Choi, Dengteng Ge, Ju Li, Heung Nam Han,

Tom Lubensky, and Shu Yang*

Metamaterials are artificially engineered materials whose phys-
ical properties are functions of the structural parameters of the
underlying periodic microstructures, including shape, geom-
etry, size, orientation, and arrangement. Soft metamaterials
with reconfigurable microstructures in response to external
stimuli are thus of great interest for their switching behavior
with potential applications, including miniaturized devices,!'*!
microactuation,>®  optical manipulation,”¥ microfluidic
devices,®! and drug delivery.'¥ However, deformation, if not
controlled, could lead to failure that can interfere with the per-
formance of devices.

Recently, we and others have explored buckling instabilities
of soft membranes with periodic hole arrays, where the bending
of the interpore ligaments triggers homogeneous and reversible
pattern transformations.''26] The transformation occurs at a
broad range of length scales ranging from submicron!!*16:19.20]
to centimeter scale,11212% and offers a unique mechanism
to induce significant change of the physical properties of the
metamaterials, including photonic?”?8] and phononicl?!l band-
gaps, mechanical properties (e.g., negative Poisson’s ratio),l'72!l
and symmetry breakingl?*%! arising from simultaneous altera-
tions of lattice symmetry, pore size and shape, and volume
filling fraction. Meanwhile, there has been significant effort in
theoretical understandings of mechanical behaviors of periodic
structures with respect to geometry, including rectangular,?*-°]
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chiral honeycomb,B*38! and triangular structures,%*2 via rota-
tion of the basic units.

Despite these advances, challenges remain. For example,
mechanical instability accompanied with compression of the
periodically porous structures often leads to sudden structural
change, and thus change of mechanical properties, above the
critical buckling threshold. The deformation path of a porous
structure is often limited to the one with the lowest elastic
energy increment (i.e., the buckling mode with the lowest
eigenvalue), whereas those with higher eigenvalues are not
readily accessible.?%! Further, unwanted structural defects (e.g.,
anti-phase boundaries) originated from inhomogeneity intro-
duced during the fabrication or uneven external loading, are
often produced during the deformation process. Therefore,
controllability over the entire structure during deformation
needs to be investigated, in particular, to direct the deforma-
tion paths and prevent mechanical instabilities and/or possible
structural defects.

Here, we chose kagome lattices with triangular structure
units as the model system to address the above issues. Among
various two-dimensional (2D) lattices that undergo periodic
collapse mechanisms, the kagome lattices (also referred as
trihexagonal tiling) and related lattices offer many desirable
transport and elastic properties, heat-dissipation characteris-
tics, and large photonic bandgaps.*~* The twisted kagome
and related lattices exhibit isotropic elasticity with a vanishing
bulk modulus.*”! More importantly, kagome lattices of N lat-
tice sites can have an order of N2 “floppy” modes of lattice
distortion under free boundary conditions, that is, they have
NY2 modes of low-energy deformations of the structures via
rotation of neighboring “rigid” structural units (here triangles)
against each other without distorting the triangles. Correspond-
ingly, kagome lattices could exhibit maximal negative Poisson's
ratio —1.9% Therefore, kagome lattices offer an ideal model to
investigate how to control the deformation path upon expan-
sion and contraction, and the production of large deformations
in response to relatively small external perturbations — a highly
attractive feature for applications of mechanical metamaterials.

Guided by finite-element (FE) modeling, we designed and
fabricated periodic, porous membrane structures with asym-
metric ligaments in kagome lattices prescribed with a pre-
twisting angle. These designs not only prevented buckling insta-
bilities but also offered deterministic pattern transformations
guided by the asymmetric interpore ligaments. We investigated
the mechanical response and structural evolution of these soft
metamaterials upon mechanical compression both numerically
and experimentally. We found that structural reconfiguration
behaviors were strongly affected by the asymmetric nature of
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Figure 1. A) Schematic illustrations of the geometric model of a kagome
lattice and the corresponding two collapsing modes. With increasing
the twisting angle o from 0° to 60°, the lattice reaches full compaction.
o= (120° — 6)/2. B) Schematics of three types of soft porous structures
(structures A, B, and C) based on the periodic truss model of kagome
lattices and the corresponding interpore ligaments with a pre-twisting
angle o= 15°.

the interpore ligaments, which in turn determined the attrac-
tive features of these soft metamaterials systems. Specifically,
we could fine-tune the pathway of the structural change, the
deformation mode, structural stiffness, and the achievable neg-
ative Poisson's ratio by prescribing the pore units with desig-
nated pre-twisting angles.

Prototypes of the kagome lattices were designed according
to their geometric models, including rotating rigid units and
hinge-jointed vertices. Two simple collapsing mechanisms
are investigated (Figure 1A): Mode I, in which the triangular
units rotates against every hinges and deformation is locally
isotropic, and Mode II, the triangular units rotates against 2/3
of the hinges, producing a pattern of alternately tilted distorted
hexagonal pores. Both collapsing mechanisms can be charac-
terized by a single angle « specifying the direction of kagome
triangles relative to the x-axis; oo = (120° — 6)/2 where 0 is the
angle between two edges of interconnected triangular units (see
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Figure 1A). In both cases, as « increases from 0° (full exten-
sion) to 60° (full compaction), the lattice contracts in all direc-
tions by a factor of cosa, and the area of the lattice decreases
by a factor of cos?e, and thus the total area becomes 0.25 of
the original area at full compaction (ot = 60°). This compaction
is considerably higher than that of rotating square (theoretical
value, 0.5) and, therefore, allows for wider design space in tun-
able soft metamaterials.

By replacing the hinges using thin polymer ligaments and
the triangular units with bulk polymers, we create a series of
kagome lattice based porous structures with and without pre-
twisting (see Figure 1B). The beauty of this system is that
the thin polymer ligaments have very low bending stiffness,
M, compared to that of the triangular units, which is defined by
M = ECk#. Here, E is the elastic modulus, C is the geometric
constant, k is the curvature, and ¢t is the width, which varies
from w (at hinge) to L (at the triangular edge; see Figure 1B).
Therefore, highly localized bending deformation is triggered at
the ligaments, leading to pattern transformation via rotation of
the ligaments. This implies that the designed characteristics of
the ligaments will directly affect the overall mechanical behavior
of the porous structures. Specifically, the relative bending stift-
ness of the ligaments can be tuned by the ratio L/w, and the
pre-twisting angle o (see Figure 1A), which controls the nature
of the ligaments: a = 0° for perfect symmetric ligaments, and
o > 0° for asymmetric ligaments.

First, we focus on how the symmetry of the ligaments affects
the overall mechanical response of the kagome lattices. We
fixed the L/w =8 (L = 6 mm, and w = 0.75 mm in both experi-
ments and simulation), and created a porous structure from
the non-twisted kagome lattice (o = 0°, structure A), and two
types of pre-twisted (o = 15°) kagome lattices, including struc-
ture B with all ligaments pre-twisted, and structure C with only
2/3 of ligaments pre-twisted. The latter two represent the col-
lapsing modes I and II, respectively (see Figure 1B). It is worth
noting that this process is similar to that in the re-entrant foam
structures, where the pre-applied compressive strain forces
the foam ribs to bend inward. Here, through the introduc-
tion of the pre-twisted thin polymer ligaments, we essentially
created two sets of 2D re-entrant structures from the kagome
lattice with biaxial shrinkage of 2L(cosa — 1)/(2L + w) in both
x and y directions. As shown in Figure 1B, at the same pre-
twisting angle for collapsing modes I and II, both structures B
and C have the same shaped asymmetric ligaments (shown as
the dark gray blocks in Figure 1B), but their composition and
arrangement in 2D are quite different. In experiments, a small
pre-twisting angle (i.e., & = 15°) was introduced in the original
lattice such that the sample would experience minimal biaxial
shrinkage (=3.2%). Compared to structure A, the reduction of
the porosity for structures B and C is only =1.8% (from 66.4%
to 64.6% at L/w = 8). Such small difference in porosity gener-
ally does not lead to a significant change in the mechanical
behavior of the overall structure.l'”] However, it is sufficient to
guide the bending direction of the ligaments, thus, inhibiting
buckling in structures B and C. In structure A, at the buckling
threshold each ligament has one independent choice of the
bending direction because of the symmetric nature of the liga-
ments. In fact, in the previously reported deformation of peri-
odic porous structures, 11116202125 4]] §) require deformation
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Figure 2. Numerical (left) and experimental (right) images of the deformation processes of three kagome-based lattices. A) Non-twisted, B) pre-
twisted (Mode 1), and C) pre-twisted (Mode I1) structures. The twisted (collapsing) modes are defined in Figure 1. B and C have the same pre-twisting
angle, a=15°, but different amounts of pre-twisted ligament (100% for B, and =67% for C). The principal strain shown in the legend represents the

maximum principal strain.

above a buckling threshold to initiate bending, and conse-
quently, ii) have a sudden change of structure above the buck-
ling threshold, and iii) lack control of the bending direction of
the individual ligament. For structure A, the non-determin-
istic bending led to incomplete compaction, especially under
an inhomogeneous load (see Figure S1A and Movie S1, Sup-
porting Information). In comparison, the pre-twisted kagome
lattices (structures B and C) showed deterministic bending of
ligaments even under an inhomogeneous load (Figure S1B,C
and Movie S2 and S3, Supporting Information), and the porous
membranes were completely closed.

To support our design, we built physical and numerical
models of all three cellular solid structures consisting of
8 x 10 hexagonal or slightly deformed hexagonal voids (see
Figure S2, Supporting Information). The soft porous structures
were fabricated from silicone rubber through replica-molding
of templates fabricated by 3D printing. On top and bottom of
the samples, we intentionally left beam-like layers of silicone
with 6 mm width (see Figure S2, Supporting Information),
allowing for uniform compression. Uniaxial compression tests
were performed by sandwiching the rubber sheet between two
acrylic plates and a third acrylic plate was clamped to a load
cell (see Movie S4-S6, Supporting Information). The overall
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deformation process and mechanical behaviors were simu-
lated using the general purposed implicit FE code, ABAQUS/
Standard, for interpretation of the mechanical deformation to
the porous structures. In simulation, plane strain condition
was used, and the behavior of the silicone rubber was captured
using the Yeoh hyperelastic model.?® The uniaxial compres-
sion tests were simulated by imposing vertical displacements at
the top surface while keeping vertical movement on the bottom
surface fixed. Along the horizontal direction, the structure
could move freely.

Representative experimental images taken during the
compression test were compared with simulation shown in
Figure 2 at different nominal strains (¢,=0,0.02,0.04, 0.1, and
0.16). Here, ¢, is defined by (H, — H)/H,, where Hj is the initial
height of the structure and H is the height after compression.
We focused on structural change at the central region of the
samples, where the boundary effect was minimized. In all three
cases, the experimental results showed excellent agreement
with FE simulation, which captured mechanical response of the
cellular solids to the nominal strain up to 16%.

During uniaxial compression, structure A with symmetric
ligaments experienced buckling instability, that is an abrupt
transition of the porous structure to an array of sheared
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hexagons above the critical strain & = 0.033 (see Movie S4,
Supporting Information). The triggered buckling modes resem-
bled the collapsing mode II in periodic truss model. After the
buckling of the interpore ligaments, the deformation to the peri-
odic porous structure was accommodated by further rotation of
the triangular units and bending of the interpore ligaments.
In comparison, an unevenly distributed strain level across the
asymmetric ligaments in structures B and C were found even
at a very small loading (e.g., € = —0.02, see Figure 2B,C), thus,
they bent immediately at the onset of the loading without expe-
riencing any buckling instability. The microstructures evolved
smoothly and strictly followed the collapsing modes prescribed
by the asymmetric ligament structures (see Movie S5 and S6,
Supporting Information). Specifically, we achieved a distinc-
tive deformation path in structure B, where all of the interpore
ligaments were bent simultaneously during the pattern trans-
formation process. Such a deformation path is not achievable
in normal compression of non-twisted kagome lattice because
it has much higher eigenvalue than the one in structure A or
C.2% Our results suggest that it is possible to access a much
richer range of deformation paths by introducing asymmetric
ligaments to the cellular solid structures or mixing structures,
for example, B and C with different portions and at different
locations within the specimen as demonstrated in our earlier
work.®S) As a result, different mechanical responses during
compression will be obtained.

A more quantitative investigation was carried out by com-
paring experimental results with FE simulation following the
evolution of the stress and Poisson's ratio vs. the applied nom-
inal strain. For structure A, we observed a typical stress—strain
behavior for the buckling induced pattern transformation pro-
cess,?! including a linear elastic regime, a stress plateau, and
eventually a non-linear curve-up region (see Figure 3A). The
departure from linearity is an indication of structural buckling
and corresponds to the process of abrupt transition of the lat-
tice geometry into sheared hexagons. The densification of the
periodic porous structure at high compressive strain causes
the curve-up in the stress—strain curve. For structures B and C,
however, there was no clear transition from the linear elastic
regime to a plateau regime; the stress—strain curves were
smooth with a slope gradually decreased before reaching the
densification (see Figure 3A). This observation is consistent
with the smooth evolution of the microstructure during com-
pression (see Movie S5 and S6, Supporting Information).

Noticeably, the three structures studied here showed very
different flexibility. Structure A required the highest energy
(proportional to the area under the stress—strain curve in
Figure 3A) to reach a nominal strain of —0.1. This suggests that
the presence of the pre-twisted ligament reduces the energy
cost required for compacting the soft porous structures, a
much desired property in designing foldable devices. Mean-
while, structure C was found to be more flexible than structure
B. This difference in flexibility again is the direct result of dif-
ferent deformation paths of microstructures: deformation of
structure B was accommodated by bending of every ligament,
while only 2/3 of the ligaments in structure C were bent (see
Figure 2). It was also found that the ratio between the inte-
gration of measured stress over strain from € = 0 to —0.1 for
structures B and C was also =3/2. Therefore, on average the
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Figure 3. A) The stress—strain relationship of structures A, B, and C
under uniaxial compression from both experiments and FE simulations.
B) Macroscopic Poisson's ratio v as a function of the nominal strain.

energy consumed in bending each ligament in structure B and
C are approximately the same. This observation implies that the
mechanical responses of the soft porous structures are not only
related to the bending of the interpore ligaments, but also their
arrangement.

It is well known that rotating rectangular or triangular
units possess negative Poisson’s ratio (or so-called auxetic
behavior).*”) Figure 3B shows the average Poisson’s ratio (V)
with respect to the applied nominal strain. v is calculated from
the ratio of the nominal strains in the horizontal edge to that in
the vertical edge in the rectangular regions surrounded by four
red dots (see Figure 2 and Figure S4, Supporting Information).
It is clear that the introduction of the asymmetric ligaments to
the cellular solid greatly affects the evolution of the Poisson’s
ratio during deformation. Structure A initially had a positive v.
Similar to the report in the literature on square arrays of cir-
cular pores,[”] the dramatic pattern transformation induced
by the buckling of the interpore ligaments led to a monotonic
decrease of v as function of nominal strain and eventually
became negative. Structures B and C were, however, strik-
ingly different from A. They had negative Poisson’s ratio from
the start (ca. —0.2 for structure B, and ca. —0.3 for structure C),
which underwent mild decays and leveled at values ca. —0.5 to
—0.6 at a higher nominal strain. As a result, the negative Pois-
son’s ratios achieved by structures B and C (with asymmetric

Adv. Mater. 2015, 27, 2747-2752
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A,D) The original non-deformed structures for modeling. B,E) Stress—strain relationship. C,F) The corresponding evolution of the Poisson’s ratio.

ligaments) are considered as ready-to-use properties, This is
distinctly different from structure A and other 2D porous struc-
tures reported in the literature,'72!] where a significant pre-
strain is often required (normally =5% to 10%) to achieve the
negative Poisson’s ratio.

We note that Grima and Evans have theoretically investi-
gated mechanical behaviors of kagome lattices extensively,*%]
providing a full description of the mechanical properties
including Poisson’s ratio and elastic moduli. The study, how-
ever, is derived from an idealized kagome structure where
triangles are rigid and zero-width hinges have finite bending
stiffness, resulting in Poisson’s ratio of —1 regardless of the
pre-twisting angle. This is different from our experimental and
FE simulation results. We believe the discrepancy is originated
from the non-ideal nature of the experimental system, where
the triangle units are made of deformable silicone rubber and
the hinges between them have a finite width. For structure
A, the bending deformation of the ligaments and rotation of
the triangles that mimic the collapsing path of kagome lat-
tice are not triggered until reaching the buckling threshold
of the entire structure. Therefore, the Poisson’s ratio of struc-
ture A is positive at the beginning of the deformation, and
thus exhibits the largest deviation from the ideal collapsing
mechanisms.

To better exploit the utility of the pre-twisting angle, we per-
formed simulation on the soft porous structures based on the
collapsing modes I and II with different pre-twisting angles (15°,
30°, and 45°, see Figure 4A,D). As shown in Figure 4B,C,E,F, the
mechanical response of the soft metamaterials, including flex-
ibility and auxetic behavior, can be dynamically tuned simply by
varying the pre-twisting angle. A large negative and stable value
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of Poisson’s ratio is achieved from structures with a pre-twisting
angle of 45°. These results are in sharp contrast to the theoret-
ical study of ideal kagome lattices reported in the literature,’!
where the Poisson’s ratio is kept constant, —1, irrespective of the
twisting angle. By combining structures of different types of pre-
twisted ligaments in various arrangements, we can fine-tune the
range of negative Poisson’s ratio and thus flexibility of the entire
film and/or at local positions.

In summary, we studied the collapsing modes of pre-twisted
kagome lattices with prescribed asymmetric ligaments in dif-
ferent arrangements. We successfully avoided the buckling
instability, allowing for smooth and homogenous structural
reconfiguration in a deterministic fashion. The mechanical
responses of the designed metamaterials, including stress—
strain behaviors and the resulting negative Poisson’s ratios,
are strongly affected by the symmetry of the ligaments and
their arrangement. Here, we suggest a new and important
design concept in soft metamaterials, that is, the introduction
of asymmetric ligaments to the periodic porous structures. It
will allow for exquisite control of the compaction path of the
porous structures, thus reaching much richer range of trans-
formed patterns and their corresponding physical properties.
The knowledge presented here will also provide critical insights
to design foldable or deployable devices by precise control of
the materials stiffness and mechanical response in 2D and
3D sheets.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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