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4D Pixel Mechanical Metamaterials with Programmable

and Reconfigurable Properties

Xiaozhou Xin, Liwu Liu,* Yanju Liu, and Jinsong Leng*

The tension-torsion coupling metamaterial (TTCM) exhibits torsional defor-
mation while stretching, with the degree of freedom exceeding the Cauchy
elasticity. However, the TTCM suffers from the limitations of the weak tension-
torsion coupling effect (TTCE), narrow deformation domain, and lack of adapt-
ability. To address these limitations, mechanical pixel (MP) array design, helical
microstructure, and 4D printing are introduced into the TTCM in this study,
providing new strategies to exploit the deformation potential of the TTCM.

The developed MP exhibits the tunability, programmability, and reconfigur-
ability of the mechanical behaviors (stress—strain relationship, TTCE). The pixel
mechanical metamaterial (PMM) with uncoupled deformation between MPs

is obtained, which greatly enriches the design diversity of configurations and
maintainability. The application prospects of the developed PMM for informa-
tion encryptions, kinematics controllers, soft robots, and buffer devices are
demonstrated. More interestingly, an egg falling on the PMM at the height of

exceeding the Cauchy elasticity.?*?4 Gen-
erally, the TTCM consists of periodically
interconnected microstructures that main-
tain the inherent configuration and exhibit
macroscopic constitutive behavior. How-
ever, the interconnected microstructures
are mutually restricted and highly coupled
in kinematics, limiting the potential defor-
mation and reducing the reusability and
maintainability of the metamaterials.?’]
Additionally, the mechanical properties
(stress—strain o—¢ relationship, torsion
angle ¢) of the TTCM are controlled by
the configuration of the microstructures,
meaning that the mechanical properties
of the TTCM are fixed and irreversible
after fabrication. As a result, the following

=1 m remains intact due to the excellent protection performance of the PMM.

1. Introduction

Mechanical metamaterials are artificial materials consisting of
periodic optimized microstructures, which gain their extraor-
dinary mechanical properties from structure rather than com-
position, such as auxetic behavior, negative thermal expansion,
negative stiffness, and reconfigurability, etc.'%1 These unusual
mechanical properties enable mechanical metamaterials to be
developed into flexible electronics and soft robots with novel
functions and innovative applications, such as flexible elec-
tronics that match tissue deformation and buckling-driven soft
mechanisms.*®7- The tension-torsion coupling metamate-
rial (TTCM), as a typical mechanical metamaterial, exhibits
torsional deformation when subjected to a tensile/compressive
load (i.e., force—torque coupling), with degree of freedom (DOF)
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three major limitations of TTCMs greatly
restrict the applications of TTCMs:
i) weak tension-torsion coupling effects
(TTCE, ¢/e = 0.2 rad %7),2% ii) narrow
deformation domain (especially tensile strain), and iii) non-
programmable mechanical behaviors after fabrication.

To break through these limitations of the TTCM, in this work,
we proposed a novel strategy combining bio-inspired design and
4D printing. Hedgehog spines can be used to threaten and stab
predators, and can also effectively buffer the impact when falling
from a height of =10 m. Since the spines are not connected to each
other, the damage of one spine will not affect the other spines,
thereby effectively preventing further damage.*>*% Inspired by
the array mode of hedgehog spines, the pixel mechanical meta-
material (PMM) was developed by the array of uncoupled con-
strained individuals (i.e., mechanical pixel, MP), which exhibited
a great degree of design freedom, modularity, and diversity of
configuration/mechanical properties.?>*30 Similar to screen-
adjusted 2D images by changing the color of the pixels, the PMM
adjusted mechanical properties by changing the configuration
of the MP.I%] The helix-shaped collagen fibers in the biological
tissue (such as skin) undergo the deformation mode from the
bending-dominant to the stretching-dominant."”>! This trans-
formation of deformation mode enable it to exhibit a J-shaped
stress-strain curve, which provides an opportunity for the design
of structures with large deformation capacity.?! In this work, the
helical ligament inspired by the configuration and deformation
mechanism of the collagen fibers was introduced into a 3D chiral
TTCM,'] and the highly coupled DOFs in the TTCM were
removed to obtain the MP with TTCE.

The combination of stimulus-responsive materials (such as
shape memory polymer, SMP) and 3D printing was employed,
namely 4D printing.?-3 SMP was a kind of smart material that

© 2021 Wiley-VCH GmbH
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can maintain a temporary shape and recover to its original shape
under environmental stimuli (such as thermal, magnetic, elec-
trical, etc.).*¥ The 4D printing mechanical metamaterial combined
the structural optimization design with the stimulus-response
characteristics of the material, giving its programmable, reconfig-
urable, self-adaptive, and multifunctional characteristics, further
enriching the mechanical properties of metamaterials.?>*!

In contrast to the mechanical properties of the existing
TTCM that could only be adjusted by changing the geometric
parameters of the microstructure, in this work the nonlinear
mechanical properties of the MP with TTCE could be regu-
lated by applying programming strain (&), exhibiting pro-
grammability and reconfigurability.?>-23 The feasibility of this
bio-inspired strategy was proven through experimental tests,
theoretical analysis, and finite element analysis (FEA), and the
potential applications of the PMM for information encryptions,
soft robots, and buffer devices were verified.

2. Results and Discussion

2.1. Design of the Metamaterials

The unit cell of the MP composed of a hollow cubic node
and helical ligaments was obtained by removing the lateral

www.afm-journal.de

constraints of the 3D chiral TTCM with cubic symmetry
(Figure 1A). The maximum torsion angle ¢, of the MP was
increased by =438.10% compared with the block structure
before removing the constraint (Section S1, Supporting Infor-
mation). The designed MP was chiral and non-centrosymmetric
because it was not superimposed on its mirror image. The dis-
tribution of ligaments was divided into the right-handed chiral
mode (Figure 1A) and the left-handed chiral mode (Figure 1A).
The nodes were covered to eliminate the stress concentration,
with a covering thickness of L, = 0.5 mm (Section S2, Sup-
porting Information). The centerline governing function of
the helical ligament (Figure 1B) inspired by collagen fibers was

r =R, cos(wd)sin % I'+ R, sin(w?)sin % ]’+§2iK', where
T

R, o, and & represented the radius, the number of coils, and
the distance between the two ends of the centerline, respec-
tively. The MP (Figure 1C) was obtained by arranging n, cells
along the z-direction, and the ¢ increased with the increase of
n, (Section S3, Supporting Information). It was found that the
chiral mode could regulate the torsion direction of the MP (Sec-
tion S3, Supporting Information). When stretched along the
z-direction, the ¢ direction of the MP with the right-handed
chiral mode conformed to the left-handed rule, while the MP
with the left-handed chiral mode showed the opposite torsion
direction (Figure S5, Supporting Information). Interestingly,

B

Figure 1. The CAD models of the MP and the PMM. A) The cell and geometric parameters of the TTCM. The connection mode of ligament and node
can be divided into I) the right-handed mode and I1) the left-handed mode. B) The helical microstructure inspired by collagen fibers. C) The deformation
mechanism of the TTCM (i.e., the MP used in this work) with the right-handed chiral mode (n, = 3). D) The lightweight of MP (Lo/Ls = 0.9, Ro/Ls=0.3,
®=1) allows it to be placed on the stamen. The scale bar is 10 mm. E) The schematic diagram of the PMM. F) A modular, programmable, and recon-
figurable PMM is composed of several MPs with TTCE and a frame, (m, n) = (5, 5).
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the printed MP had the characteristics of lightweight, and only
the flower stamen can support its weight, Figure 1D.

The 8 dimensionless geometric parameters of the micro-
structure, including L,/Ls, L/L, Lo/Ls, Lo/Ls, Ro/Ls, do/Ls, @,
and n, (where L= L, — 2L, determined the mechanical prop-
erties and macroscopic configuration of the MP. L, L, L,, and
L, were the length, width, height, and thickness of the node.
Ly and d, represented the distance between adjacent nodes and
the diameter of the ligaments, respectively. In this work, the
effects of Ly/Lg (0.9, 1.4, 1.9), R,/L, (0.1, 0.2, 0.3, 0.4, 0.5), and
o (1,2, 3,4,5, 6) on the mechanical properties of the MP were
investigated (CAD models in Section-S3). By default, the MP
had the right-handed chiral mode, L,/Ls = L,/Ls = Lo/Ls = 1.1,
Ly/Ls=0.175, do/L, = 0.1, and n, = 3.

Inspired by the array mode of hedgehog spines, the PMM
was composed of (m, n) MPs with TTCE arrayed along with
the (x, y) directions (Figure 1E) to eliminate the influence of
lateral constraints on the TTCE. The MPs were connected with
the bottom of a polymethyl methacrylate (PMMA) frame to
improve the shear resistance of the PMM. Under a tensile load,
the PMM was connected to a bearing section to release the
torsional freedom of each MP (Figure 1F and Section S4, Sup-
porting Information). The mechanical properties of the PMM
were controlled with the configuration and arrangement of
MPs, enabling the PMM to have diverse mechanical properties
and modularization. It was worth noting that the TTCE of the
MPs in the PMM remained unchanged because there was no
connection between the MPs. Under external load, each MP in
the PMM exhibited torsional deformation, which was different
from the overall torsional deformation of the existing TTCM.
The design strategy of the PMM increased the design freedom
and configuration diversity of materials, while maintaining the
TTCE of the MPs.

A laser cladding deposition 3D printer was employed to fab-
ricate the MP with the photopolymerization of the photocurable
polylactic acid-based SMP (PLA-based SMP) precursor solution.
The glass transition temperature (T,), Young’s modulus, and
elongation of the PLA-based SMP was =70.60 °C, =1.4 GPa, and
=9% (25 °C), respectively.’! The helical configuration allowed
the MP to exhibit excellent deformability and TTCE (Movie S1,
Supporting Information), and the shape memory effect (SME)
of the MP allowed it to maintain a programmed temporary
configuration and recover to its original configuration after
reheating (Movie S2, Supporting Information).

2.2. Deformation Behavior Prediction of the MP
with Infinitesimal Deformation

Since the mechanical properties of the MP depended on the
geometric parameters of the microstructure, the relation-
ship between the TTCE and the geometric parameters of the
MP with infinitesimal deformation was derived.?34~4] The
micropolar theory, in contrast to the classical Cauchy theory,
endowed each material point with six DOFs (i.e., displacement
u and rotation ¢). In addition to the conventional stress (0) and
strain (€), the asymmetric higher-order stress (couple stress m)
and strain (curvature k) were introduced into the micropolar
theory.[?3] Therefore, the micropolar theory could describe the
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rotation of the micropolar medium caused by chirality (Section
S5, Supporting Information). The strain energy density of a
micropolar medium could be described as:

1 1
w= E EiJvCijkl&‘kl + SijBijklkkl + E kij Dijklkkl (1)

where C, B, D were fourth-order elastic tensors. In the Frenet
framework, the stiffness matrix of the helical ligament in the
local coordinate system (0”x%z’) was obtained through the bal-
ance equation and the law of kinematics (Figure 2A):1+43]

(K= (7] [KE T @

where, [K] and [K[*] represented the stiffness matrix of
the helical ligament in the 0“xyz”and the moving coordinate
system o-nb (Figure S10B, Supporting Information), respec-
tively. [T] was the transformation matrix. The approximate
relationship between the deformations of O, ., and O, . was
obtained with the Taylor expansion. The strain energy of the

unit cell could be obtained:

z :=1W§]

L.L (L +L) G

Weay =

where, w,,; and w; represented the strain energy of the cell
and the ligament IJ, respectively. The material constants of the
micropolar medium could be obtained:
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Cykt = » Dijkt = ijkl (4)

The terms &3 and ks; represented the displacement (w) and ¢
per unit length in the z-direction, respectively. The ratio k33/&33
represented the torsion accompanied by tension. Figure 2B,C
and Figure S10, Supporting Information, display the results of
the model and the FEA of ks3/&;3 for the MPs with different
geometric parameters for infinitesimal deformation. kj3/&33
achieved the tunability and designability by changing the geo-
metric parameters of the MP, because the MPs with different
configurations had different strain energies. In general, k33/&;3
decreased with the increase of R, and @, and increased with the
increase of L,, which was attributed to the untwisting deforma-
tion of the ligament of MP.

2.3. Nonlinear Behavior of the MP with Large Deformation

When the MP was applied to the tensile load, the tightly
arranged helical ligaments gradually straightened, resulting
in the nonlinear deformation of the MP transforming from
the bending-dominated deformation mode to the stretching-
dominated deformation mode. Figure 2D,E and Figure S11,
Supporting Information, show the optical images and FEA
results of the MPs under the tensile load. The helical liga-
ment gradually untwisted and elongated, and the deforma-
tion mode of the MP was dominated by bending in the initial
deformation process. The ligaments gradually paralleled the

© 2021 Wiley-VCH GmbH
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Figure 2. Deformation behavior analysis of the MP. A) The chiral lattice microstructure for homogenization. B) The model prediction and FEA com-
parison results of ky3/ ;3. C) The FEA results of ks3/ 3. Comparison of experimental and FEM results of MPs with different & D) Ly/Ls=0.9, R,/L;=0.2,
®w=2,and E) Ly/L;=0.9, R,/L;=0.4, ®=1. F) o-eand G) ¢-¢ curves of the MPs with different geometric parameters. H) The FEA results of the influ-

ence of wand gon ¢ (Ly/Ls =14, R,/Ls = 0.1). The scale bar is 10 mm.

loading direction, which led to the torsion of the nodes. When
the deformation exceeded the critical strain (g,), the ligament
was gradually straightened, and the deformation mode of the
MP was dominated by stretching. For the deformation modes
dominated by bending and stretching, the effective stiffness
of the MP was determined by the second moment of the sec-
tion and the cross-sectional area, respectively. The transforma-
tion of the deformation mode caused the MP to exhibit the
J-shaped o€ curves, Figure 2F and Figure S12, Supporting
Information. Interestingly, the helical ligament also increased
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the deformability and flexibility of the MP, and the maximum
deformation of the MP (Ly/Ls = 1.4, R,/L; = 0.2, @ = 4) was
~6.67 times that of the PLA-based SMP.

Figure 2G and Figure S13, Supporting Information show
the FEA and experimental results of the ¢-¢ curves of the MPs
with different geometric parameters, which were in good agree-
ment. Figure 2H and Figure S14, Supporting Information,
exhibit the contour plots of the influence of the microstructure
parameters and € on ¢ of the MP. The change of ¢ decreased
gradually, as the MP transformed the deformation modes

© 2021 Wiley-VCH GmbH
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dominated by stretching. When the helical ligament was com-
pletely straightened, the chiral behavior of the MP disappeared,
and ¢ remained unchanged with the increase of & Further-
more, the maximum @,,,,/€ of the MP (Ly/Ls =14, R,/L; = 0.1,
® = 1) measured in this work was =0.35 rad %!, which was
increased by =902.68% and =76.53% compared with Refs. [20]
and [26], respectively (Equation S29, Supporting Information).

Two kinds of helical ligaments with different geometric
parameters were combined to adjust the nonlinear o—¢ of the
MP for the condition of the similar ¢-¢ relationship, which
greatly enriched the design freedom of the MP. For example,
the helical ligaments with different geometric parameters
were combined with ligament (Ly/L; = 0.9, R,/L; = 0.1, @ = 1)
to obtain MPs with different combinations, Figure 3A,B and
Figure S15, Supporting Information. The adjustment range
of the initial modulus of the combined MP was [61.97 kPa,
209.39 kPa], provided that the ratio ¢/¢ of the combined MP
(=0.12 rad %7') was similar. The reasons for this phenomenon
were as follows: compared with other ligaments, the ligament
(Lo/Ls = 0.9, R,/Ls = 0.1, @ = 1) first entered the stretching-
dominated deformation mode, thus the torsion effect of the
combined MPs was determined by this ligament. The initial
modulus of the combined MP was associated with each liga-
ment, so it can be adjusted by changing the combined mode of
the ligaments.

Besides, the J-shaped o-¢ relationship of the MPs could
match that of biological tissues within the optimal defor-
mation range (£€[0%, 40%]), such as skin and iliac artery
(Figure 3C).?l The nonlinear mechanical behavior of the MPs
could adapt to the deformation of tissues, showing the great
potential of MPs in medical devices and wearable devices. The
MP-based implants could reduce the tissue damage caused by
the difference in the mechanical properties between implants
and tissues.[6#]

2.4. The Programmability and the Reconfigurability
of the Metamaterials

The dependence of the MP’s mechanical properties on the
geometric parameters created opportunities for the program-
mability and the reconfigurability of the MP’s o—¢ and ¢-¢
curves. The implementation process was as follows: i) The MP
was heated above T, and stretched (&), with the geometric para-
meters of the MP changing from L,/L, L,/Lg, Ly/Ls, Ly/Lg, Ro/Ls,
do/Le, @, and ny to Ly/L, L/ L, (Lo/L)', Lo/Le (Ra/Ls) do/Ls, @,
and n,,. ii) The MP could be fixed in this programmed configu-
ration after cooling to room temperature and unloading. The
geometric parameters of the programmed MP were changed
from (Ly/Lg)’, (Ry/Ls)’, @ to (Lo/Ls)” (Ry/Ls)” and @” because
of partial elastic recovery (from & to &qrger). Therefore, the pro-
grammed MP could be a new MP with different mechanical
properties to bear the external load. iii) When reheated (>T,),
the configuration and the mechanical properties of the pro-
grammed MP recovered to their original states. The precise
programming of the PMM can be realized by assembling the
MP with the programmed configuration into the PMM frame.
Since there was no interconnection between MPs, each MP in
the PMM can be programmed to different configurations.

Adv. Funct. Mater. 2021, 2107795
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Figure 3D-F, Figures S16 and S17, Supporting Information,
show the programmability of the nonlinear mechanical proper-
ties (0—¢€ and @-¢ curves) of the MP. Importantly, the nonlinear
mechanical properties of the 4D printing MP could be adjusted
not only by changing the geometry parameters of the micro-
structure but also by applying &gree- For example, when &gge
was 21.13% and 33.80%, the o-¢ curve of the programmed MP
(Lo/Ls = 0.9, R,/Ls = 0.4, @ = 1) could match those of the MP
(Lo/Ls= 0.9, Ry/Ly=0.2, w=1) and MP (Lo/L; = 0.9, Ry/L; = 0.1,
= 1), respectively. In the above two &qrger, the @-€ curves of the
programmed MP (Ly/L; = 0.9, R,/L; = 0.4, @ = 1) could match
those of the MP (Lo/Ly=0.9, Ry/L,=0.3, w=1) and MP (Ly/L=0.9,
Ry/Ls=0.1, @=2), respectively.

2.5. Application Prospects

The PMM eliminated the internal coupling constraints of the
bulk structures and greatly released the deformation potential.
The programmability of the MP and the modular design signif-
icantly enriched the diversity configuration and the mechanical
properties of the PMM. Figure 3G, Figure S9, and Movie S3,
Supporting Information, show a PMM consisting of (m, n) = (5,5)
MPs. The torsion of each pixel could be designed by adjusting
the parameters and the chiral mode of the MP.

The application prospect of the PMM (m, n) = (5,3) in infor-
mation encryption is demonstrated by the programmability of
the MPs with different chiral modes in the PMM, Figure 3H,
Figure S18, and Movie S4, Supporting Information. When the
PMM was heated and mechanically deformed, the torsion of the
MPs enabled the image to be displayed as an “H”, and the PMM
could be fixed in this decrypted state after cooling. Then the PMM
was reheated, and the image recovered to the encrypted state.
More importantly, this encryption method could be extended to
the endless encrypted image set and the 2D code encryption.[*

In addition, the developed PMM also showed promising
application potential for kinematics controllers, soft robots, and
buffer devices.

Figure 4A and Movie S5, Supporting Information, show that
the PMM (m, n) = (1,1) with the right-handed chiral mode could
control the football (=13.38 g) to produce different movements
by applying tension/compression deformation. The PMM
with the left-handed chiral mode, in contrast, could produce
the opposite movement from that of the PMM with the right-
handed chiral mode, Figure S19, Supporting Information.

The egg (=68.22 g) was placed on the PMM (m, n) = (5,5),
and the geometric parameters of the MPs were Ly/L, = 0.9,
R,/Ly=0.2, and @ = 1. Because of the configuration of the hel-
ical ligaments, the PMM allowed a load of =32 N (31.84 N) to be
applied to the egg within the deformation range of 10.55 mm,
Figure 4B,C and Movie S6, Supporting Information. The col-
laborative deformation process of the egg and the PMM exhib-
ited a J-shaped force-displacement curve, indicating that large
deformation can be generated under small force, showing the
superiority of the PMM in soft robots. Specifically, this large
range of protective displacements could be converted into very
comfortable tolerances and soft contacts to control the motion
of the robotic arm.[”) In addition, soft-touch in robotic surgery
can play a protective role to significantly reduce tissue invasion.

© 2021 Wiley-VCH GmbH
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Figure 3. The programmability of the MP and application demonstration of the PMM. A,B) The combined microstructure with different ligaments
can adjust the stiffness of the MP. C) The J-shaped o—¢ curve of the MP can match skin and iliac artery within the optimal deformation range
(g€ [0, 40%)]). The programmability of D) the o-€ and E,F) ¢-¢ curves of the MP. G) The PMM assembled by the MPs with different geometric
parameters can control the rotation angle under a tensile load, (m, n) = (5,5). H) The information is encrypted and decrypted through the program-
mability of the PMM, (m, n) = (5,3). The scale bar is 10 mm.
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B) optical images and C) the load-displacement curve. The scale bar is 10 mm. D) The PMM before and after programming (&arget = —14.79%). The
scale bar is 10 mm. E) The dynamic impact experiment of free-falling eggs on the PMM: 1) CAD model. Il) The egg falls freely onto the unprogrammed
PMM (h =1000 mm). [Il) The egg falls freely onto the programmed PMM (h = 500 mm). The scale bar is 100 mm.
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In addition, the PMM exhibited promising prospects to be
developed into buffer devices through a variety of protection
mechanisms. Among the various mechanisms, the helical
ligament deformation was the dominant mechanism of the
PMM. During compression/impact, the large Ly/L, allowed
the ligament to deform in a large enough space, thus pro-
viding sufficient buffer for the fragile objects (such as eggs).
Therefore, the programmability of the PMM allowed the pro-
tection performance of the PMM to be adjusted by changing
the configuration of the MPs, such as Ly/L,. Compared with
the PMM composed of MPs with multi-stable effect,l?! the
PMM designed in this work exhibited lower stiffness and had
no force threshold for activating the protection mechanism,
demonstrating the ability to protect more fragile objects. The
main protection mechanism of PMM based on multi-stable
MPs was the negative stiffness characteristic caused by the
structural configuration. There was a force threshold to acti-
vate the negative stiffness characteristic. Before reaching this
threshold, the force-displacement curve of the MP with multi-
stable property exhibited a linearly increasing trend. This may
not provide an effective protection for fragile objects because
the object may have been damaged before this threshold is
reached.

The buffer device was obtained by the PMM ((Ly/Ls = 0.9,
Ry/Ls = 0.2, ® =1, (m, n) = (5,5)), Figure 4D. The MPs in
the PMM were precisely programmed (&grges = —14.79%) to
adjust the protection performance of the PMM, Figure 4D.
The dynamic impact experiments of the eggs freely falling
from different heights (b = 500 and 1000 mm) to the PMM
before and after programming were demonstrated, which
visually verified the protection ability and programmability of
the PMM (Figure 4E, Figure S20, and Movie S7, Supporting
Information). The egg fell from a height of 1000 mm on the
PMM and remained intact, while the egg broke immediately
when it fell from 500 mm to the programmed PMM. The
geometric parameters and the arrangement of the MP could
be adjusted according to the specific protected object. More
importantly, the modular design enabled the PMM to be
quickly rebuilt and repaired after being impacted, even if its
constituent unit (MP) was damaged, demonstrating the main-
tainability of the material. The PMM provided new options
for the design of reusable buffer materials such as personnel
protection.

3. Conclusion

In summary, a novel strategy was proposed to address the limi-
tations of the weak TTCE, small strain range, and weak adap-
tive ability of the TTCM by combining the helical ligament,
MP array design, and 4D printing. The maximum @,,,,/€ of
the developed MP with TTCE was =0.35 rad %', which was
increased by =902.68% and =76.53% compared with the pre-
vious reports Refs. [20] and [26]. The maximum deformation of
the MP was =60.91%, which was =6.67 times that of PLA-based
SMP. The relationship between the mechanical properties and
the geometric parameters of the MP was investigated through
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theoretical analysis, FEA and experiments. The combined
microstructures with different geometric parameters were
employed to adjust the effective stiffness of the metamaterials
for the specific TTCE. The programmability and reconfigur-
ability characteristics of the SMP-based MPs were determined
using the quantitative relationship between the mechanical
properties and & The modularity of the PMM assembled with
4D printed MP greatly increased the design freedom and the
diversity of the mechanical properties of the metamaterials.
Furthermore, the PMMs showed immense potential for infor-
mation encryptions, kinematics controllers, soft robots, and
buffer devices.

4. Experimental Section

Design and Fabrication of Metamaterials: The CAD models of MPs and
PMMs were built with UG NX (Siemens) software, and the cross-section
images of the models were extracted with Photon Workshop. The LED
wavelength of the LCD printer and the accuracies of the X/Y axis and the
Z axis were 405 nm, 0.047 mm, and 0.00125 mm, respectively.

Experimental Method: The nonlinear behavior of the metamaterials
was investigated with a Zwick-010 tensile machine with an environmental
chamber at a rate of 5 mm min~". During the test, the deformation
processes of the metamaterial were recorded with a camera (Canon
ds126571). The normal mode (1080 p and 30 fps) and the slow-motion
mode (720 p and 240 fps) of the camera were used to capture the egg
falling process.

Finite Element Analyses: The software ABAQUS/Standard (SIMULIA)
was employed to establish the finite element model and simulate
the nonlinear deformation behavior of the MP. A 10-node quadratic
tetrahedron (C3D10) element was used to mesh the MP. The mechanical
parameters of PLA-based SMP have been detailed in the previous work.[®}
The reference points (RPs) were added to the upper and lower surfaces
along the longitudinal direction of the MP and coupled with the upper
and lower surfaces. The boundary conditions of the RPs coupled to the
upper and lower surfaces were U; = U, = UR; = UR, = 0 and ENCASTRE
(U = Uy = Uz = URy = UR, = UR3 = 0), respectively. The displacement
along the z direction (Us) was applied to the RP coupled with the upper
surface.
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Supporting Information is available from the Wiley Online Library or
from the author.
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