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Abstract: Inspired by the multiscale configuration of the microstructure of cork, the paper
describes the design, 3D printing, and evaluation of a new type of multilayered cellular
composite (MCC) structure composed of hard brittle and soft flexible phases. The mechanical
behavior of 3D printed MCC structures have been investigated both experimentally and
numerically. The experiments show that the MCC structure absorbs four times the amount of
energy of a conventional cellular configuration under compressive strains up to 70%. Finite
element simulations and 2D digital image correlation (DIC) also show that the multilayered
architecture provides a more uniform strain distribution and higher stress transfer efficiency,
with a resulting progressive failure mode rather than a catastrophic one. Cyclic loading tests
demonstrate that the MCC structure also possesses exceptional shape recoverability under
compressive deformations up to 40%. These remarkable performance characteristics result from
synergies between the properties of the two constituent materials and the chosen multilayered

cellular microstructure. The soft phase, in particular, plays a pivotal role in absorbing elastic



energy during loading and then releasing the stored energy while unloading. The volume fraction
of the soft phase is also essential to control energy absorption and the transition of failure modes.
The deformation mechanisms demonstrated here are robust and applicable to other architected
cellular materials across multiple length scales and suggest new ways to design lightweight and
high-resilience structural materials.

Keywords: bioinspired composites, cellular structures, 3D printing, energy absorption, shape
recovery

1. Introduction

Advanced structural materials featuring a combination of lightweight, exceptional stiffness,
strength, energy absorption, and damage tolerance are becoming crucially important for
multifunctional applications in aerospace, biomedical, semiconductor, and automotive
engineering. Lightweight structural materials in automotive engineering offer significant
potential to increase vehicle safety and efficiency [1]. A 10% reduction in vehicle weight can
result in a 6%-8% fuel economy improvement [2]. This is particularly important for hybrid, plug-
in hybrid and electric vehicles, for which lightweight materials improve operational efficiency
and increase their all-electric range [3,4]. Mechanical energy absorption and structural integrity
are also essential for automotive structural components to function properly [5-8]; vehicle
components such as door assemblies and bumper beams must be robust enough to maintain the
safety of passengers even for severe crash conditions [9,10]. Lightweight, cost-efficient materials
and structures are also critical to next-generation aerospace vehicles, particularly emerging
electric and hybrid-electric aircraft. To this end, intensive efforts have been devoted to
developing lightweight structural composites with exceptional stiffness, strength, impact

resistance, and durability. Despite recent advances in materials and manufacturing techniques,



the design and fabrication of low-cost structural materials with lightweight and superior

mechanical performance still represent a challenge.

Biological structural materials such as nacre, glass sea sponges, and cellular solids feature
unusual mechanical properties that are difficult to reproduce in man-made and artificial
materials. For example, the hierarchical assembly of brittle minerals and soft proteins provides
nacreous composites an unusual combination of stiffness, strength, damage tolerance, and impact
resistance [11-14]. Recent advances in additive manufacturing such as multi-material and
multiscale 3D printing have, however, enabled the production of bioinspired nacreous
composites by emulating internal architectures and compositions [15-18]. Similar microstructure
designs with the synergistic interplay between hard brittle and soft organic layers have also been
identified in glass sea sponges [19-22], bones [23,24], and teeth [25,26]. Cellular solids represent
another type of lightweight structural system that can be found in biological materials such as
wood and cork [27,28]. By engineering the topology of cellular materials, one can have
lightweight, high specific strength, and energy absorption characteristics [29-33]. For example,
sheet-based and strut-based gyroid cellular structures with graded density design were
investigated. It is shown that graded cellular structures have better energy absorption than
uniform ones [34]. Cellular auxetic structures subjected to quasi-static and dynamic loadings
were studied both numerically and experimentally [35]. It was found that auxetic structures are
superior to non-auxetic structures in terms of impact resistance and energy absorption. By using
3D printing techniques researchers have recently developed hierarchical honeycomb structures at
cell-wall and macro cellular-structure levels with superior mechanical performance compared
with their natural counterparts [36-38]. These numerical and experimental investigations indicate

that natural materials are a rich source of inspiration for design principles to develop next-



generation structural artificial solids. Most of the current efforts are still nevertheless focused on
understanding the fundamental mechanical properties of bioinspired structural materials, such as
stiffness, strength, and fracture toughness. Studies related to the mechanical behavior and failure
modes under large deformations are somewhat limited, leaving new deformation mechanisms

and optimal materials design principles untapped under such conditions.

This paper explores the quasi-static mechanical performance of bioinspired cellular
composites under large deformation using a combined experimental and numerical approach.
The material system investigated here is inspired by the multiscale nature of cork microstructure.
Cork is originated from the bark of the oak tree Quercus Suber that grows in sub-desertic areas
[39]. The microstructure of cork was initially investigated by Robert Hooke in 1664 using an
optical microscope [40] and, in modern times, studied in detail by Gibson et al [39]. with a
scanning electron microscope (SEM). Cork cells present a hexagonal prism shape (Figure 1 (a))
[41]. Due to this unique structure, cork exhibits some outstanding properties, in particular,
superior energy absorption that can be used for impact-loaded applications [42]. Another
distinctive characteristic of cork is the composition of its cell walls, involving several distinct
material layers (Figure 1 (b)) [43-45]. The cork cell walls consist of a thin and stiff, lignin-rich
middle lamella (internal primary wall), a thick secondary wall made up of alternating suberin and
awax lamella, and a final thin tertiary wall of polysaccharides (cellulose and hemicellulose). The
exact chemical constitution depends, however, on factors such as the geographic origin, the
climate and soil conditions, the genetic origin, the dimensions of the tree, together with its age
and growth conditions [46,47]. From a mechanical viewpoint, the combination of its cellular
structure and the specific chemical and geometric layout of the lamellae gives rise to the

distinctive properties of cork.



Inspired by these multiscale structural and material features observed in cork, a range of 3D
MCC structures have been manufactured at the millimeter scale using a PolyJet multi- material
3D printer. Quasi-static mechanical testing and 2D digital image correlation (DIC)
characterizations have been performed to identify the deformation mechanisms of the 3D printed
MCC structures under large deformations. The proposed MCC structures show significant
energy absorption, a beneficial progressive failure mode, and a remarkable shape recovery
capability. FE simulations in combination with a user-defined constitutive model have been
conducted to better understand the deformation mechanisms under large deformations. It is
demonstrated that the design principles derived from the cork cell wall are transferable to man-
made materials, and they can be employed to develop lightweight structural composites with

enhanced mechanical performance.

2. Materials and methods

2.1. Model design and multi-material 3D printing

The proposed multilayered cellular composite with a triply periodic minimal surface (TMPS) is
inspired by the multi-material compositions of corks. TPMS models are mathematical surfaces
that exhibit zero mean curvature. The smoothness of the surfaces and the absence of intersections
enable the prevention of stress concentration [48,49]. Schwarz P minimal surface is one of the
simplest TPMS models. For simplicity, the Schwarz P surface is chosen as our composite design.

The level set function for the surface can be expressed as [50]

f(x,y,2) =cos(x)+cos(y)+cos(z) —%cos(x) cos(y) —%cos(y) cos(z) —%cos(z) cos(z) +t

where the value of t determines the volume fraction of inside and outside the surface. It is found

that the minimal surface divides the repeating unit cells (RUCs) in an even manner when



t=-0.3095 (Figure S1 (a)). Note that the lattice constant here is a=27 due to the 27
periodicity of this minimal surface function. The lattice constant is scaled to 25mm and the
volume fraction of the constitutive solids is set as 25% because of the resolution of the 3D
printer used here. VeroWhitePlus (RGD835) and Agilus 30 black are chosen as hard and soft
phases, respectively. Homogeneous VeroWhitePlus (VW) structures are created by offsetting the
minimal surface 1.318 mm both inward and outward (Figure S1 (b)). Similarly, the MCC
structure is constructed by offsetting the minimal surface with corresponding distances according
to the volume fraction of each phase. Figure S1 (c) shows the MCC configuration with a total
volume fraction of 25% for solids, where the volume fraction of the soft phase is 20%. The
geometric parameters for the MCC structures with different volume fractions are listed in Table
S1. Furthermore, we have designed 3-layer, 5-layer, and 7-layer MCCs with VeroWhitePlus and
Agilus 30. Due to the resolution of our printer, the 7-layer model has considerable defects. For 3-
layer composite, the hard phase is only constrained on one side, while it is constrained on both

sides for 5-layer MCC. Therefore, the 5-layer design is chosen for our research.
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Figure 1. Bioinspired multilayered cellular composite design and uniaxial compression tests. (a)-
(b) Scanning electron microscope image of cork microstructure and its multilayered cell wall.
(c)-(d) 3D printed cellular composite composed of five layers of hard and soft phases. The
cellular structure is defined by a Schwarz P minimal surface. (¢) Measured compressive stress-
strain curves for the 3D printed MCC structure and a VW structure. (f)-(h) Comparisons between

the measured stiffness, strength, and energy absorption, respectively.

Once the 3D printable geometric models are designed, we can fabricate the samples by using
a multi-material PolyJet printer (Objet 260 Connex3, Stratasys, USA) with a resolution of 16 km
. The photopolymer resin is ejected from the orifices of the print heads to the tray or the previous

layer and then quickly cured with UV light [51]. Meanwhile, different photopolymer resins can



be jetted together to tune the overall mechanical properties. After UV light cures one layer, the

following layers are printed in the same way.

In the multilayered cellular shell, a brittle material (VerowhitePlus (RGD835)) is chosen as
the hard phase, while the employed flexible soft material is Agilus 30. Figure 2 shows the
mechanical behavior of the VerowhitePlus and the Agilus 30 from uniaxial tension tests under
ASTM standard D638 and D412, respectively [52,53]. VeroWhitePlus yields at a ~5% strain and
abruptly fails around 16% of tensile strain. The Agilus 30 polymer, on the other hand, shows a
rubber-like hyperelastic behavior and provides remarkable elasticity and shape recovery. Clearly,
VeroWhitePlus is much more brittle than Agilus 30. The printed MCC structure is composed of
3x3x3 RUCs (Figures 1 (c)-(d)). The lattice constant of the RUC is 25 mm and the overall filled
volume is 25%. For each MCC structure, unless otherwise specified, the volume fractions of the
VeroWhitePlus and the Agilus30 in the MCC structure are 80% and 20%, respectively. For
benchmark we have also printed the same cellular structure composed by VeroWhitePlus only;
this configuration is denoted as the VW structure. Additional images for VW and MCC

structures are shown in Figures S1 (d) and (e), respectively.
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Figure 2. Mechanical properties of the VeroWhitePlus and Agilus 30 from uniaxial tensile tests
on dogbone samples. Dimensions of each dogbone can be found in the corresponding ASTM

standard.

2.2. Mechanical testing of 3D printed samples

3D printed samples have been tested under displacement control in quasi-static uniaxial
compression (Instron 5569A, USA) with a load cell of 50 KN. All samples were compressed to a
maximum strain of 70%. The Bluehill 2.0 software was connected to the Instron system to
control the machine and acquire the data. Two circular smooth platens were used to transfer the
compressive force from the load cell. The platens were cleaned with alcohol before each test.

The cross-bar head moved at a speed of 2.5mm/min, corresponding to a strain rate of

5.5x107s™ cyclic loading-unloading tests were again conducted through the Bluehill software
by using a triangular waveform. Five cycles have been performed in total, with the most

important parameters for these cyclic tests being the maximum and minimum displacements. The



maximum corresponded to displacements related to 20% and 40% of compressive strain, while

the minimum was set to O (i.e., the original position).

2.3. Finite element simulations

Modeling composite materials with multiple length scales is challenging when mesh is
attempted at each scale. Advanced modeling frameworks such as multiscale modeling provide a
powerful way to predict the mechanical performance of composite materials, especially when
damage and fracture are involved [54-56]. In addition, when combined with topology
optimization and machine learning, these efficient modeling frameworks can be employed to
optimize the mechanical performance and functionalities of composites [57-59]. The purpose of
the numerical simulations performed in this work is to provide additional information to reveal
the deformation mechanisms. Therefore, conventional finite element simulations are
implemented to understand the macroscopic mechanical behavior of MCCs. The mechanical
behavior of the 3D printed samples was simulated using the finite element method (Abaqus 6.14,
Dassault Systems, France). The geometric models of the VW and MCC structures were meshed
using pre-processing software (Hypermesh, Altair Engineering Inc, USA) with the C3D8
element. Both the VW and the MCC structures were meshed using solid mapping in Hypermesh
with 283392 elements. We have done convergence tests on FE models with 283392 elements and
198720 elements. The results indicate that the number of elements used in this work is sufficient
to capture the mechanical response of the proposed architectures. The bottom boundary was
constrained along the vertical direction, and a vertical displacement was applied to the top of the
model. General self-contact interaction with a friction coefficient of 0.2 was defined for

tangential motion and hard contact for the normal one. For the weak form of the dynamic
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equilibrium equation, one is encouraged to refer to references [60,61]. A dynamic explicit solver

with an adaptive time-stepping was used to perform the simulations.

A user-defined viscoplastic constitutive model was developed for the VeroWhitePlus and
embedded to ABAQUS through the VUMAT interface. The VUMAT code is available in the

appendix of reference [62]. Tensile experiments were performed in different strain rates [62], i.e.

0-0015_1, 0-015_1, 0-15_1, and a significant difference was reported. Therefore, it’s necessary to
choose a viscoplastic model to perform the simulation. This constitutive relation was initially
developed for polymers [63,64] and then widely used for 3D printed photopolymers [62,65] such
as VeroWhitePlus used in this work. The theoretical part of this constitutive model is described
in reference [65], where backward Euler algorithm is used to update stress, strain, and state
variables. For the detailed implementation of this VUMAT, one is recommended to refer to
reference [65]. Due to the layer-by-layer feature and the imperfection involved during printing,
the parameters of the VUMAT model will vary in a certain range. In this sense, uncertainty
analysis will be essential to reveal their effect on the numerical results [66,67]. However, as a
supplement way for the experiment, our FE analysis is applied to uncover the deformation

mechanisms.

In this viscoplastic constitutive relation, the strain energy density for a hyperelastic spring is

expressed as [68]:
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A

where # is the initial shear modulus, “tis the limiting network stretch, Ky is the initial bulk

J

modulus, “eis the elastic volume ratio related to temperature. The first deviatoric strain invariant

l1is defined as follows [68]

T 1 1-23
=1 3)

|, =trace(B) =B, +B,, + B, @)

where B is the left Cauchy-Green deformation tensor. The total volumetric ratio J is [68]
) =et®) ®)
When thermal effects are neglected, Jo = .

For a viscoplastic element, the effective shear strain rate is determined by [62]

ol S

where 70is pre-exponential shear strain rate, Sis the thermal shear yield strength, ¥ is the

(6)

Boltzmann’s constant, Ceis the effective stress, AG is the initial free energy change.

The strain-softening in the viscoplastic element is determined through [62]

$= h(l—ij;}p
R )
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where Sis the rate of a thermal shear yield strength, Ssjssat the steady-state, his the slope of
softening part. The parameters used in this user-defined constitutive law are summarized in
Table 1. Young’s modulus is taken from the dogbone experiments, while Poisson’s ratio is taken
as the value that is widely used among researchers [38,69]. The other parameters are not
universal, but they are adequate to capture the mechanical response of VeroWhitePlus under

large deformation.

For the soft phase, an Arruda-Boyce hyperelastic model was used [70]. The parameters for

M ’IL, and D are listed in Table 2. Here, D is material constant, and

®)

Table 1. The parameters used for VeroWhitePlus in VUMAT

Material parameters Values
E (MPa) 1600
1% 0.33
Yo 5.0x10°
AG () 1.25x107"
S (MPa) 175
> (MPa) 80
h (MPa) 500
H (MPa) 4.5
A 3.5
Ko (MPa) 15

Table 2. Parameters for Arruda-Boyce hyperelastic model

Material parameters value
A (MPa) 0.18

A 2.05

D (MPal) 0.002
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3. Results and discussion
3.1 Uniaxial compression tests

To understand the mechanical behavior of the MCC structure under large deformations,

uniaxial compression tests with a strain rate of 5.5x10™'s " have been performed. Figure 1 (e)
shows the experimental stress-strain curves for the VW and MCC structures up to a 70%
compressive strain. Tests were repeated three times and we have observed good repeatability of
the results from each test, especially within the small strain range, as indicated by the small
variation of stress ranges in the shadow. For the VW structure, the stress increases rapidly until
the strain reaches 7% and then drops abruptly to zero, associated with a catastrophic failure
mode. The MCC structure is more compliant than the VW configuration, and the initial stress
peak occurs at 10% strain, followed by a long stress plateau until approximately 60% of
compression before densification. This stark contrast between the two layouts is due to the
different failure modes for the VW and MCC structures, which will be discussed below.
Comparisons of stiffness, strength and energy absorption between the VW and MCC
configurations are summarized in Figures 1 (f)-(h). Here, energy absorption is calculated as the
area under the stress-strain curve. The MCC shows a decrease in the stiffness and strength
compared to the VW decreased by 58.3% and 52.6%, respectively. The energy absorption is

however increased by 317% in the case of the MCC configuration.

To explain the significant difference in the compressive stress-strain behavior, the measured
mechanical deformation patterns of the VW and MCC structures are shown at different strain
levels. As shown in Figure 3 (a), the VW structure begins to fracture locally at the bottom layer

when the strain reaches 5.7% (Figure 3 (b) A). Failure initiates in the bottom layer and locally
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within the top layer when the strain increases to 6.3% (Figures 3 (b) B and C). With the further
release of strain energy, the fracture propagates, and the failure zone enlarges considerably when
the compressive strain reaches 7.7% (Figure 3 (b) D), followed by the structure breaking
abruptly at 8.7% of strain (Figure 3 (b) E). This deformation pattern indicates that the VW
structure is relatively brittle, and it is not able to sustain large deformations characteristic of high
energy-absorbing materials. Figure 3 (c) shows the deformation evolution of the MCC structure.
The MCC configuration also fractures locally, however, the compressive strain has reached 10%
by the time cracking is evident (Figure 3 (d) F). The failure then propagates and expands to the
whole MCC structure. It is worth noticing that most of the side holes fail at 14% of compressive
strain (Figures 3 (d) G and H). As the deformation progresses the structure begins to buckle at
the bottom layer and engages contact between different layers. The middle layer fails at a global
compressive strain of 28% (Figure 3 (d) I). With further increase of the compressive strain, the
cell walls in the MCC structure completely collapse and contact with each other, giving a rap id
increase in stress at a compressive strain of 58% and gradually densifies towards the end (Figure
3 (d) J). Compared with the VW structure, the MCC configuration features a more stable
deformation pattern and exhibits a combination of ductile-like and brittle-like behavior under
large deformations. The significantly different deformation patterns observed during the

mechanical tests qualitatively explain the enhanced energy absorption of the MCC configuration.
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Figure 3. Mechanical deformation of the 3D printed VW and MCC structures. (a) and (b) Global

deformation and corresponding local deformation of 3D printed VW structure at different strain
levels, respectively. (c) and (d) Global deformation and corresponding local deformation of 3D

printed MCC configurations at different strain levels, respectively.
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3.2 Finite element simulations

To further understand the underlying deformation mechanisms related to these structures,
finite element (FE) simulations have been performed on both the VW and the MCC structures. A
user-defined viscoplastic model for the VeroWhitePlus and a hyperelastic model for Agilus30
have been implemented in a commercial finite element code. Figures 4 (a) and (d) show the
comparison between measured and simulated stress-strain relations for the VW and the MCC
structures, respectively. The experimental results and the FE simulations are in good quantitative
agreement. Very good correlation is evident between experiments and simulations for the VW
structure for strains lower than 8%. For the MCC structure, the two sets of stress-strain curves
compare well for compressions lower than 10%. Furthermore, the large experimental
deformation exhibited by the MCC structure also coincides very well with the FE simulation
results for compressions lower than 40%. After this level of strain, the discrepancy between
simulations and experiments begins to be significant as densification begins to occur. The main
rationale behind the difference between experiments and simulations is the lack of incorporation
of failure in the FE models. Nevertheless, the good agreement between experiments and
simulations indicate that the FE modeling approach used here can predict the nonlinear

mechanical behavior of the cellular structures within a sizeable compressive strain range.

Two-dimensional DIC measurements were also taken to identify the strain patterns of the
two configurations during the mechanical testing. The DIC results of the VW and MCC
configurations under different strain levels are displayed in Figure S2 (SlI), and the
corresponding strain and stress evolution of the contour plots from the FE simulations can be
found in Figure S3 (SI). The experimental and simulated strain distributions at a global strain

level of 5% for the VW structure are displayed in Figures 4 (b) and (c). The FE simulations
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overpredict the magnitudes of the maximum tensile and compressive strain concentrations. This
is because the 2D DIC system used here may not be able to accurately capture the strain
distribution in the complex surfaces. Nevertheless, the local strain measurements and the FE
predictions are in good qualitative agreement, with distinctive thin horizontal bands of tensile
strain near the center of each cell. It is noteworthy that the catastrophic failure of the VW
structure (see Figure 3 (a)) initiated due to cracks forming in the banded tensile strain region

shown in Figures 4 (b) and (c).

Figures 4 (e) and 4 (f) show the comparison between the DIC measurements and FE
simulation results for the MCC structure at a global strain level of 5%. The MCC configuration
does not feature the vertical strain concentrated in a small region, rather it is distributed evenly
around the contact areas between unit cells along both the horizontal and vertical directions. The
MCC configuration however shows a significantly more uniform stress distribution. This
uniform stress distribution phenomenon indicates that the synergistic interplay between the two
compositions acts an important way in suppressing rapid crack propagation and leading to a
progressive failure behavior. In particular, the soft phase functions as a spring to absorb part of
the energy during compression, resulting in more ductile behavior. Consequently, the MCC

configuration exhibits the superior energy absorption capability under large deformations.
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Figure 4. Digital image correlation (DIC) characterization and finite element (FE) modeling. (a)
Comparison of the stress-strain relations from the mechanical testing and the FE simulations for
the VW structure. (b)-(c) Comparison between measured and simulated strain distributions for
the VW structure. (d) Comparison of the stress-strain curves from experiments and FE
simulations for the MCC configuration. (e)-(f) Comparison between measured and simulated

strain distributions for MCC configuration. Here a common 5% of compressive strain is chosen

for both the VW and MCC structures.

3.3 Shape recovery under loading-unloading condition
Having explored the mechanical behavior and intrinsic deformation mechanisms of the MCC
topologies, we proceed to study their structural integrity and shape recoverability. Cyclic loading

tests on the MCC structures were performed for five cycles up to strains of 20% and 40%,
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respectively. Figure 5 (a) shows the stress-strain relations of the MCC structure when
compressed up to 20%. For the first cycle, the structure can fully recover its initial form (Figure
5 (i)). Even when failure initiates and propagates, the structure can recover to the initial shape
gradually when unloaded. This behavior is due to the synergistic interplay between the
multilayered architecture and the two compositions involved. The soft phase in particular acts
like a spring between hard layers that absorbs the elastic energy during compression and releases

the stored elastic energy when the load is removed.

To accelerate the cyclic tests, each compressed sample after the first cycle was heated up to 75
°C for 10 minutes. The samples can recover their initial form due to the shape memory effect of
the VeroWhitePlus. It should be pointed out that the materials we used here are thermoplastics
[71], implying that they can be heated and freely remolded without changing their physical
properties. The heated samples cooled down afterward to room temperature in 30 minutes.
Cyclic tests and shape memory assisted recovery were then performed on the samples at
maximum compressible strains of 20% and 40%, respectively. Figure 5 (b) shows that the
effective stiffness of the MCC structure decreases with the number of cycles. This is because the
fracture and failure zones increase and accumulate with the increase of the cycle number,
similarly to the Mullins effect in porous solids (Figure S4) [72]. For the 2", 3 4™ and 5"
cycles, the stiffness decreased by 23.8%, 25.9%, 29.6%, and 51.1%, respectively. Figure 5 (c)
shows the maximum stresses at different cycles. The maximum stress, in this case, decreases
from the 1% to the 4" cycle but then increases between the 4™ and 5™. This is because the failure
zone enlarges with the increase of the number of cycles, and this lowers the first peak stress and
postpones the maximum stress point to the subsequent densification range. The energy

dissipation ratio is calculated as the energy dissipation divided by energy absorption, where
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energy dissipation is defined as the area enclosed by the loading and unloading stress-strain
curve. Energy dissipation ratio is plotted in Figure 5 (d). The energy dissipation ratio slightly
changes during the different cycles, but all are between 0.8 and 0.9, indicating that most of the
energy input during the compressive loading phase is efficiently dissipated. It should be pointed
out that, though the energy dissipation decreased for the 2™ cycle, the energy absorption
decreased as well. This is why the energy dissipation ratio counterintuitively increased compared

with the 1% cycle.

Figure 5 (e) shows the stress-strain curve of the MCC configuration when compressed up to
40%. Once again, the MCC structure can recover its initial shape due to the same intrinsic
deformation mechanisms (Figure 5 (j)). The stiffness decreases quite remarkably from the 1% to
5™ cycle by 42.7%, 67.9%, 97.1%, and 98.5%, respectively (Figure 5 (f)). The reason for this
rapid decrease is the generation of cracks and the enlarging of the failure zone accumulated in
the structure with the increase of the number of cycles (Figure S5). The maximum stress shown
in Figure 5 (g) decreases by ~35% and then remains constant for the other cycles. Similarly, the
energy dissipation ratio slightly decreases between the 1% and the 5™ cycles with a stable value
around 0.9, which indicates that the MCC structure is an excellent energy absorber (Figure 5
(h)). These cyclic loading tests indicate that the proposed MCC configuration possesses excellent
structural integrity and remarkable shape recoverability under large deformations due to the
mutual bonding between hard and soft phases that can prevent catastrophic failure under
compression. The compressive energy is partially dissipated by the viscoplastic deformation and
fracture of the hard, brittle phase, while the soft phase, though only has a small fraction of the

volume, can store considerable elastic energy. This stored strain elastic energy makes the soft
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phase act similarly to an elastic spring, which is essential for the shape recovery of the MCC

structure during the unloading stage.
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Figure 5. Mechanical properties of the MCC configurations under cyclic loading tests. (a)-(d)
Stress-strain curves, stiffness, maximum stresses, and energy dissipation ratios at different cycles
when the structure is compressed up to 20%. (e)-(h) Stress-strain curves, stiffness, maximum
stresses, and energy dissipation ratios at different cycles when the MCC configuration is
compressed up to 40%. (i)-(j) Deformation of the MCC structures at different strain levels when

the MCC structure is compressed up to 20% and 40% after the first cycle, respectively.

3.4 Role of soft phase

It is clear that the soft phase in the MCC structures plays a pivotal role in the energy
absorption and shape recoverability of these materials. To further quantify the role of the soft
phase on the mechanical performance, study has been performed on the effect of soft phase
volume fraction (Vf). Here four additional samples with soft phase Vf of 10%, 30%, 40%, and
50% have been designed, printed, and compressed up to 70%. One should notice that all the

structures investigated here have have approximately the same mass, as the densities of

VeroWhitePlus and Agilus30 are 1170kg/m® ;g 1150kg/m’ respectively. The stress-strain
curve for each VT is shown in Figure 6 (a). Beyond the 10% of compressive strain, the stress
drops rapidly for the MCC structure with Vf=10%. In this case, the soft phase fraction is so small
that it cannot absorb enough elastic energy, and this gives rise to a brittle-like deformation
behavior. The onset of failure begins to occur at the corners of the structure at 15% of
compressive strain (Figure 6 (e)) and the top layer fails in a brittle mode at 25%. The failure
zone then expands to the bottom layer and the whole structure when the strain reaches
deformations of 40% and 50%. No obvious densification is present due to the subsequent
catastrophic failure of the structure. With the increase of the volume fraction, the MCC structure

exhibits a stable and progressive failure mode. For example, when the volume fraction of the soft
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phase increases to 0.5 the stress-strain curve shows a long and constant stress plateau between
5% and 60% of compression, followed by noticeable densification. This stress evolution
indicates a progressive failure mode, as highlighted by the deformation patterns shown in Figure
6 (f). No visible failure is present within the structure before 25% of compression, and the
structure releases strain energy through buckling instead of fracture due to the significant portion
of the soft phase. The structure then fractures in a small portion of the volume while maintaining

overall integrity at a strain of 40% and 50%.

The stiffness, strength and energy absorption of the MCC structures with various soft phase
volume fractions are summarized in Figures 6 (b)-(d). As expected, both stiffness and strength
decrease with the increase of the soft phase volume fraction. The energy absorption increases
only slightly when the volume fraction changes from 0.1 to 0.2, and this is attributed to the
different failure modes present in the two different MCC structures. The energy absorption
decreases significantly when the volume fraction increases up to 0.5 to a final value of 0.26
MJ/m®, which is comparable to the energy absorption exhibited by the VW structure (0.27
MJ/m®). This indicates that when the volume fraction of the soft phase exceeds 0.5, it is not
possible to obtain further energy absorption increases because of the decreases in stiffness and

strength.
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Figure 6. Effect of the volume fraction of the soft phase on the mechanical response ofthe MCC
structures. (a)-(d) Stress-strain curves, stiffness, strength, and energy absorption at different
volume fractions, respectively. (e)-(f) Deformation patterns of the MCC structures with a soft

phase volume fraction of 10% and 50%, respectively.

4. Conclusions

In summary, this paper presents the investigation of the mechanical response of a new type of
3D printed, bioinspired, cellular composite through a combined experimental and numerical
effort. Compressive mechanical tests carried out on the 3D printed VW and MCC structures

suggest that the multilayered architecture used in this work can turn an original brittle,
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catastrophic failure mode into a progressive one, resulting in enhanced energy absorption
capabilities under large deformations. Finite element simulations along with 2D DIC
measurements reveal that the mutual constraint and interaction between the two material phases,
along with the microstructure of the MCC structure, are responsible for this enhanced
mechanical performance. In addition, the MCC structures exhibit excellent and remarkable shape
recoverability under a compressive strain up to 40%, which is ascribed to the synergistic
interplay between the two phases in the multilayered architecture. The enhanced energy
absorption of the proposed cellular composites makes them ideal candidates for structures whose
designs are controlled by crash or impact load cases. The remarkable shape recoverability is a
feature that could be used to design novel morphing structures and soft robotics devices.
Nevertheless, Increasing energy absorption is often accompanied by the reduction of stiffness or
strength. This issue can be remediated by using advanced modeling frameworks such as topology
optimization or machine learning algorithms to optimize the balance between energy absorption
and stiffness or strength. Although the 3D printed system evaluated in this work has features at
the millimeter scale due to the resolution of the additive manufacturing equipment used, the
design principles and the working mechanisms are transferable to other architected cellular
materials across multiple length scales. The findings discovered here can be used as useful
guidelines to novel develop lightweight composite architectures for various energy absorption
engineering applications in automotive, aerospace vehicles, personal protective structures in

sports, and lightweight package materials for the semiconductor and energy industry.
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1. Model details

Table S1. The parameters of the models with volume fraction from 10% to 50%.

Volume fraction Layer thickness /M
% 1st 2nd 3rd 4th 5th
10 791 132 791 132 791
20 703 264 703 264 703
30 615 395 615 395 615
40 527 527 527 527 527

50 439 659 439 659 439




Figure S1. The design process of the proposed multilayered cellular composites. (a) Schwarz P
minimal surface that divides the representative volume element evenly. (b) Homogeneous VW

structure with a volume fraction of 25% and (c) MCC structure with a total volume fraction of
25%.The thickness of each layer from inside to outside is 703 ,um, 264 ,um, 703 ”m, 264 f“m,

and 703 #M. (d) 3D printed samples for VW structure and (e) MCC structure.

2. Additional results
2.1 DIC and numerical simulations for uniaxial compression tests

Digital Image Correlation (DIC) (Correlated Solutions, USA) has been used to capture the
deformation and the strain distribution of the samples during compression tests. Figure S2 (a)
shows the DIC results for the VW structure at strains from 0 to 4%. With the progress of the
compression test, a local thin band keeps its shape and position. The strain of the VW structure,

therefore, accumulates in the local area, which then leads to the local stress concentration. The
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MCC structure, however, features a more uniform distributed strain field as can be seen from
Figure S2 (b). This feature is still present when the strain increases. One can even observe that
the MCC architecture still exhibits a quasi-uniform strain distribution even when the structure

begins to fail.

-4.5%

-9.5%

0.5%

-4.5%

-9.5%

Figure S2. Measured strain evolution of the 3D printed samples. (a) VW and (b) MCC structure.

The vertical strain distribution of the VW and MCC architectures from the FE simulations is
shown in Figures S3 (a) and (b), respectively. The simulated results are qualitatively consistent
with those from the DIC at different strain levels. We also show the von Mises stress of the VW
and MCC structures at different strains in Figures S3 (c) and (d). The von Mises stresses are
concentrated at the local horizontal contact areas between unit cells for the VW configuration.
The stress, however, is much more uniform around the sphere of the unit cell of the MCC

structure. This further indicates that the MCC architecture has a highly efficient load transfer.
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Figure S3. Simulated strain and von Mises stress evolution of the VW and MCC structures. (a)-
(b) Strain evolution of VW and MCC structures, respectively. (c)-(d) von Mises stress evolution

of VW and MCC structures, respectively. The unit of von Mises stress is MPa.

2.2 Cyclic loading-unloading tests

We have discussed the deformation patterns of the first cycle for the compressive strain at
20% and 40% in our main text. Here, the deformation patterns of the remaining cycles for
compressive strains of 20% and 40% are shown in Figures S4 and S5, respectively. For the
compressive strain of 20%, the sample already fractures when the compression begins at the 2"
cycle (Figure S4 (a)). This explains the 23.8% decrease in stiffness compared with the 1% cycle.

With the strain increases, the crack propagates much deeper compared to the 1% cycle. Most of
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the VeroWhitePlus phase is broken in the fractured zones, leaving soft phases connecting them.
This decreases the maximum stress significantly. The 3 cycle is very much like the 2" one,
except that some local areas like the top layer tend to buckle (Figure S4 (b)). This accounts for
the almost negligible change of stiffness and maximum stress between the 2" and 3" cycles. For
the 4'™ cycle, some areas in the middle layer break with a consequent decrease of the maximum
stress from the 3" to the 4" cycles (Figure S4 (c)). During the 5™ cycle, some local surfaces tend
to break so significantly that one part of the hole detaches, while another one also disconnects
from it (Figure S4 (d)). It is interesting to notice that no new fracture paths are generated after
the 1% cycle. In other words, all the deformation after the 1% cycle follows the path of that

specific cycle.
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Figure S4. Deformation patterns at different strain levels when the MCC structure is compressed

up to 20%. (a) 2nd cycle, (b) 3rd cycle, (c) 4th cycle, and (d) 5th cycle.

For a compressive strain of 40%, one can observe the presence of cracks opening around the
holes at the beginning of the 2" cycle (Figure S5 (a)). This justifies the 42.7% decrease in

stiffness. Meanwhile, the first peak of stress also decreases significantly. This leads to the
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maximum stress drop of 35.4% and deferred from the first peak to the end. For the 3" cycle, the
fractures almost penetrate the middle layer and some new fail zones are generated in the bottom
layer at the beginning (Figure S5 (b)). This gives rise to the 67.9% decrease in stiffness, but not
a significant change of the maximum stress. Note the presence of some small debris in the holes
is produced by the dry paint used in the DIC experiments. During the 4" cycle, the
VeroWhitePlus of some local areas almost detaches from the sample (Figure S5 (c)). This
accounts for the 97.1% decrease in stiffness compared to the 1% cycle. During the 5™ cycle,
almost all areas around the fractured surfaces are broken or weakly connected by small portions

of the soft phase, explaining the 98.5% decrease in stiffness (Figure S5 (d)).
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(d)

is compressed

Figure S5. Deformation patterns at different strain levels when the MCC structure

and (d) 5th cycle.

, (b) 3rd cycle, (c) 4th cycle,

(@) 2nd cycle

up to 40%.
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