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ABSTRACT: Strut-based cellular structures have gained
remarkable attention in recent years due to their improved
strength-to-weight ratio, energy absorption abilities, and heat
transfer properties. A key feature of cellular structures
employed in modern infrastructure and devices is a symmetric
configuration with repeating unit cells. This periodic design
makes fabrication more feasible for next-generation aerospace
and biomedical materials. However, such a design with brittle
constituents often undergoes a sudden and catastrophic failure
as all unit cells along a fracture surface tend to fail
simultaneously at a critical loading condition. In this paper,
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we propose an elegant solution to achieve progressive failure by adjusting the diameter of each strut to create asymmetric or
irregular cellular structures. Finite element simulations are conducted and validated by comparing with experiments on
additively manufactured samples. Designs are then categorized into three failure modes and the relationship between the
failure modes and the stress—strain curves are analyzed. Lastly, simulation-based Bayesian optimization is applied to design
the structures with a more distributed stress field before failure and therefore improve their strength and energy absorption
capabilities. Results show that the proposed designs fail at the boundaries and the cracks grow locally without penetrating
through the entire structure, leading to more progressive failure. This research proposes novel cellular structures via symmetry
breaking to achieve structures with promising manufacturability and damage-tolerant failure, greatly broadening their

applications.

Cellular structures, types of porous materials, are prevalent as
building blocks in nature, such as cork, sponge, and trabecular
bone."” These structures with open-cell arrangements are
referred to as lattice structures and are oftentimes lauded for
their high strength/stiffness-to-weight ratio and enhanced
energy absorption abilities.” ® For instance, these properties
are beneficial to the aircraft fuselage since interior sandwich
panels made with cellular materials as core structures can
increase the critical loads that an aircraft can bear after being
hit by birds or debris.” Cellular structures can also be used in
designing implant biomedical devices for their biomimetic
features that can provide stability® or be used as a substrate
matrix for growing cells. Therefore, researchers have been
pushing the boundaries in developing these multifunctional
materials with improved mechanical properties. A common
feature of cellular structures employed in modern engineering
applications is a symmetric configuration of repeating unit
cells. The main benefits of using repeating unit cells are a
greatly reduced design space and higher generalizability to
more complex parts. This feature, however, poses a drawback
in the case of brittle constituents: when one unit cell fails, the
other unit cells will successively fail under critical compression
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loading, causing a sudden and catastrophic failure in the
structure.” This detrimental failure mode prevents early
detection of failure, prompting the development of asymmetric
cellular materials, which are materials consisting of heteroge-
neous microstructures.””

Research aimed at mimicking the microscale features of
crystalline structures has been proposed to develop architected
materials with higher toughness by leveraging different fracture
toughening mechanisms, such as grain boundaries, precipitates,
and phases."”'* Some research aimed at designing graded
structures with different relative density distributions within
the design domain."”~"" Several methods are also used to
create heterostructures, such as applying the Voronoi diagram
to the original reference points to rearrange a regular hexagonal
honeycomb structure,'’ using multiobjective topology opti-
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mization under fixed volume constraint to generate networked
structures,'® stacking two materials with different micro-
structures,lg or constructing material foams.” However,
most of the current approaches for creating asymmetric
cellular structures can overly complicate the modeling and
manufacturing processes as they often use sophisticated unit
cell arrangements or large amounts of input parameters. A
knowledge gap also exists in understanding how to manipulate
the architecture and deformation behaviors of asymmetric
cellular structures to better balance the trade-off between
strength and toughness, which is often seen in engineering
materials.

Therefore, in this study, we propose a de novo method for
creating asymmetric cellular structures by designing the spatial
distribution patterns and variance of the beam elements’ radius
near the fracture surface for enhanced mechanical properties.
The proposed method not only significantly broadens the
design space with only 16 design variables and consistent unit
cell structure but also formulates the design process into a
constrained optimization problem. We examine the local
behaviors of each beam element and its contribution to the
global mechanical properties and failure mode of architected
materials. Since beams with different radii have different
tolerances to bear the external loadings, an architected material
can be designed to have progressive failure despite having
brittle constituents. This study leads to the discovery of highly
versatile material designs without catastrophic failures and
complications in manufacturing compared with conventional
engineering counterparts, opening up unexplored possibilities
in the fields that can greatly broaden the applications of cellular
structural materials.

Asymmetric Cellular Structures. Here, we aim to design
asymmetric body-centered (BC) cellular structures that fail
progressively by using different strut radii to manipulate the
crack propagation during compression, as shown in Figure
1(A). The reason for choosing BC unit cells is that these
structures tend to experience more catastrophic failure due to
the stress concentrations of the bending force near the joints.”
However, in our designs, it is hypothesized that struts with
different radii have different tolerance to external loads.
Therefore, unlike conventional BC structures, which share an
identical failure path, asymmetric designs with appropriate
struts arrangements are expected to hinge and guide crack
propagation for more ductile failure. In this way, we can create
designs with the ability to hold external loading during the
failure, leading to more ductile stress—strain curves with higher
toughness and more progressive failure behavior. The design
domain of interest is a structure with 512 unit cells (8 by 8 by
8) to ensure the convergence of the global materials properties
and the edge lengths are 10 mm. As shown in Figure 1(A), we
modify the radii of the tridiagonal beams colored in the figure
in the x—y plane while keeping the designs along the z axis
identical. Since there are 16 beams lying along the main
diagonal, 15 beams lying under and above them, and so on, we
can sum all the beams within the tridiagonal range, leading to a
total of 100 beams. During the design process, the radii of
those beams are varied, and this results in 100 design variables
for the entire structure. By doing so, the asymmetric structures
are expected to fail more progressively compared to their
symmetric counterpart as shown in the figure. In order to
further validate our hypothesis that varying beam radii can
result in different mechanical properties and failure modes, we
develop a finite element model and 3D print the samples, using
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Figure 1. Loading and symmetry conditions with results from
simulation and experiment. (A) The schematic of the cellular
structures under compression loads shows the experimental and
simulation setup and the expected difference between symmetric
and asymmetric BC structures. (B) Simulation and experimental
stress—strain curves of the cellular structures, validating our design
hypothesis that the introduced design variables can lead to distinct
failure modes. The solid line represents the progressive failure
while the dashed line shows the catastrophic failure.

a stereolithography (SLA) printer, to conduct uniaxial
compression tests from which we obtain the homogenized
strength and toughness of the structures. Simulation and
experimental details are described in the Methods Section. As
shown in Figure 1(B), even though there exist deviations in the
values between experimental and simulation results, the
stress—strain curves show similar trends in failure behaviors.
It is hypothesized that the deviation may be caused by the
potential defects in the fabricated samples while removing the
support materials and the directionality from the nature of the
3D printing process. The solid line represents the progressive
failure while the dashed line shows the catastrophic failure.
From the figure, it can be seen that the proposed method can
create asymmetric structures with distinct failure behaviors.
Furthermore, by randomly assigning radii on tridiagonal
beams, it is possible to create designs with more ductile
macroscopic failure behaviors compared to conventional
symmetric designs. However, this large number of variables
is impractical for the design since there are redundant
parameters that does not affect much the targeted mechanical
properties.

To eliminate the design variables that have less control to
the performance so that the designs can be augmented with
fewer variables, we design the structures using 16 variables.
Figure 2(A) shows the design process. First, 8 beam radii are
sampled from a uniform distribution within 0.5 to 1.7 mm. The
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Figure 2. Design process and comparison of full and reduced design spaces. (A) The design process of the asymmetric cellular structures
using 16 parameters. (B) The comparison of the Ashby chart between original (100 parameters) and reduced design spaces (16 parameters).

lower bound is set due to the resolution of the 3D printer and
the upper bound is used to constrain the size of the unit cell.
Then 8 identical unit cells are randomly assigned to one of six
different orientations and are positioned along the diagonal. By
using this method, 8 unit cells with different beam radii are
effectively created with 16 parameters. To further diversify the
beams and increase the irregularity without introducing new
variables, we average the beams in the neighbor cells along the
diagonal to construct tridiagonal beams. Lastly, the radii of the
rest of the beams are determined by fixing the volume fraction
of all the designs to 0.2. The structures are all the same along
the z-direction for simplicity. We examine the distribution of
the designs under 16 variables on the Ashby chart and find that
this design space can still cover a large enough performance
space as shown in Figure 2(B). Therefore, these 16 parameters,
including 8 beam radii and 8 orientations for each diagonal
unit cell, are used to design the structures.

Failure Modes under Compression Loads. We have
generated 355 designs from uniform distributions and run
batch simulations to obtain their stress—strain curves.
Supporting Information Figure S1 shows the distribution
remains similar across varying numbers of data points drawn
from a uniform distribution. Simulation details are described in
the Methods Section. The structures are considered to be
failed when the stress drops below 0.1 MPa for the first time
since the experiments are not under perfect displacement
control, and the effect of the threshold stress values can be
found in the Supporting Information Figure S2. Strength is
denoted as the first peak stress on the curves while toughness is
the area under the curves before the structure fails. Figure 3
shows the Ashby chart for all the designs; the strength ranges
widely from 0.2 to around 0.8 MPa, while the toughness for
most of the designs falls below 0.05 MJ/m’. There exists a
positive correlation between strength and toughness of these
asymmetric structures, which is not usually seen in an
engineering material. From inspecting the failure sequences
of the beams and how the cracks propagate within the
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Figure 3. Simulation-based Ashby chart of the asymmetric cellular
structures. This figure shows failure modes and local stress
distribution of different structures. The asymmetric structures can
be further categorized into ductile, transition, and brittle modes.
The histograms show the stress distribution within the structures
right before the structures fail.
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Figure 4. Correlation between different design variables and material properties. (A) How strength varies under different design parameters.
Each point on the plot is a single design. (B) The correlations of design variables and the mechanical properties.

structures, we can categorize these structures into three failure
modes: brittle mode, transition, and ductile mode. The designs
in the brittle mode fail catastrophically with clear fracture
surfaces along the diagonal and therefore have lower
toughness, which is less desired in most applications. One of
the representative cases of this category is the symmetric
cellular structure. Due to the identical unit cells in symmetric
cellular structure, the stress distributes uniformly within the
structure before failure, leading to the existence of higher
strength compared to other brittle mode structures. In other
brittle mode structures, thinner struts near the diagonal
surface, which are incapable of holding shear stress, result in
more uneven stress distribution during the compression and
lead to both low strength and toughness. On the other hand,
ductile mode structures tend to break from the weakest part, at
the boundaries or where thin struts are located, but the cracks
are unable to propagate throughout the structures. This is
because stress of the ductile mode structures often concentrate
on off-diagonal beams at the beginning of the compression. As
the shear stress builds up along the diagonal, the stress can
distribute more uniformly before the structures fail. These
designs often have higher toughness and are more desired in
the applications with broader usage. To conclude, we can see
that, as shown in Figure 3, the stress field of ductile design is
more distributed compared to a brittle design. The distributed
stress field could be obtained by tuning the radii of each strut
and the stress concentrated at off-diagonal beams whereas the
brittle design has a highly concentrated stress field at diagonal
beams, which result in catastrophic failure as observed in both
our simulations and experiments. The snapshots of the
simulations are provided in the Supporting Information
Figures S3—SS5 to demonstrate the failure behaviors of the
designs. However, there is no clear line between brittle and
ductile modes. Instead, we observe a transition zone between
brittle and ductile modes. Transition includes the structures
whose failure modes cannot be easily categorized as brittle or
ductile and often have cracks propagating relatively slowly
along the diagonal fracture surfaces (brittle mode) and locally
beam failure near the boundaries (ductile mode). It is worth
noting that 86.48% of the 355 designs drawn from the uniform
distribution fall into brittle or transition modes while only a
few designs are categorized as ductile. From the stress
distribution before failure, we can see that both symmetry
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design and ductile mode structures have distributed stress
fields, leading to relatively high strength in both cases. But
there exist some differences in toughness due to the spatial
positions of the stress within the structure. The design space of
our current study is expected to be larger compared to graded
designs and can therefore potentially lead to better perform-
ances. We have tested a graded design under compression and
the resultant stress—stain curves, and the failure be found in
the Supporting Information Figure S6. In addition, the
proposed structure is applicable to a wide range of fabrication
approaches including polyjet and SLA which are capable of
prototyping complex geometry proposed in our work with high
efficiency and accuracy compared to other conventional
methods. To realize such designs, a combined computational
and experimental framework with additive manufacturing is
used to study beam element radius effects.

Correlation Analysis and Optimization. To investigate
the relationship of the design parameters and the performance
of the structures, we plot the strength with respect to the mean
radii and the standard deviation of the 8 randomly generated
beams and the radii of the off-diagonal beams (Figure 4(A)).
The figure shows that the data are heterogeneous with different
levels of correlations. Strength increases as the mean radius of
the beams along the designed diagonal increases since larger
radii raise the abilities of the diagonal beams to bear the
resultant shear force. But, due to the volume fraction
constraint, the thicker the designed diagonal beams are, the
thinner the rest of the beams are. This results in a negative
correlation as the mean beam radius exceeds 1.1 mm when the
structures fail along other fracture surfaces. The inverse trend
can be observed in the radii of the off-diagonal beams due to
the fixed volume fraction. To better understand how the design
parameters affect the mechanical performances of the
structures, we plot the correlation between the input
parameters (Figure 4(B)), (i) mean and (ii) standard deviation
of the 8 randomly assigned beams, (jii) radii of the off-diagonal
beams, and the (iv) number of the unique orientations of the
unit cells along the diagonal, and three target mechanical
properties, strength, stiffness, and toughness. The results
shown in the bar graph indicate that there are also high
positive correlations between the mean radii of the 8 beams
and stiffness and toughness. On the contrary, the radii of the
off-diagonal beams have high negative correlation with
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strength, stiffness, and toughness. Therefore, the optimal
designs can be found by balancing the magnitudes of beam
radii at those locations. Moreover, standard deviation of the 8
beam radii and the number of unique orientations of the unit
cells have lower correlation with the target mechanical
properties.

With the understanding of the failure mechanisms behind
the designs, we then aim to optimize the beam arrangement of
the design to obtain structures with higher strength and
toughness. The formulation of the design process can be
written as an optimization problem with mixed variables (eq 1)
where the objective is a linear combination of the toughness
and strength, which can vary to accommodate different
applications but here we use cost function 7,,, = 1 X strength
+10 X toughness to validate the approach, subject to a
constraint for fixing the volume fraction.

maxf, (r, 5)
TS

0.2

R 3 2 3
7. 7.
st YL x 3@{_’) - wz(_’] -
T8 L L
0.5<r<17

5, € {1, 2, .., 6} (1)

where R is the total number of the beams within a structure,
which is 4096 in our case since there are 8 beams in a unit cell
and 512 (8 by 8 by 8) BC unit cells in the entire structure. To
fabricate the structures within manufacturing resolutions, the
beam radii, r, are set between 0.5 and 1.7 mm, while s; are
discrete variables representing unit cell orientations along the
diagonal. The objective is a finite element model mapping the
design parameters to the structures’ performances. Since the
objective cannot be written as an analytical solution, a
constrained Bayesian optimization is then established to find
the optimum. The results obtained from the correlation
analysis shows that the orientations of the unit cells have low
correlation to the mechanical performance so the variables we
are interested in are only the 8 beam radii that are randomly
drawn from the uniform distribution. In the optimization
process, the set of orientations of the best design sampled from
the uniform distribution are adopted. After that, the algorithm
fixes the orientations of all designs throughout the process and
only optimizes over the beam radii. The implementation
details are illustrated in Figure S(A) and included in the
Methods Section. Figure 5(B) shows the designs proposed by
the optimization algorithm. From the heatmaps of the beam
radii, we can see that the beams along the diagonal in both
designs are thicker than the rest of the beams to bear the
resultant shear. If looking closer at the arrangement of the
beams, we can see that the beams perpendicular to the fracture
surface are thicker than the beams positioned along the
diagonal. The reason behind this is that the beams are designed
to hold axial loading, so the beams aligned with the fracture
surface are less critical and require less material. In addition,
the contact pressure of the designs during the compression are
also plotted in Figure 5(B) showing that both structures fail at
the boundaries and the cracks grow locally without penetrating
through the entire structure, leading to more progressive
failure, following the ductile failure mode discussed before. We
also plot the stress—strain curves of both designs and compare
the results with the conventional symmetric design. From the
plot, we can see that the proposed designs can still withstand
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some external load during the failure process. The overall
combined performance improves 9.96% compared to baseline
(symmetric case) with a 16.4% drop in strength but 112.6%
increase in toughness. Even though improperly designed
asymmetric structures may have worse performance than
symmetric ones, the results show that the optimization
algorithm eliminates the potential possibility of having
catastrophic failure, resulting in more ductile designs.

In this study, we propose a method to create asymmetric strut-
based BC cellular structures with improved toughness and
more progressive failure. The beam radii near the diagonal
fracture surface are modified, as they have a greater influence
on the performance, to create asymmetry. Next, explicit finite
element simulations are established to numerically calculate
the homogenized mechanical properties of the entire
structures. The samples are drawn using CAD and fabricated
with SLA 3D printers to verify the simulation results. Three
failure modes, including brittle mode, transition, and ductile
mode, are identified in the data drawn from uniform
distributions. We also calculate the correlations between the
input variables and the target material properties. Lastly, we
formulate the design process into a maximum optimization
problem and perform simulation-based Bayesian optimization
to approximate and solve the objective function, simulta-
neously. This data-efficient online optimization approach
allows us to obtain optimal designs without generating massive
data sets and to solve problems requiring complex evaluation
processes. The algorithm-proposed designs have significantly
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higher toughness with little sacrifice in strength compared to
the conventional symmetric design. This study can further be
broadened to accommodate various applications with specific
property requirements by tailoring the weights of different
mechanical properties in the objective function and introduc-
ing more variables to expand the design space for improved
properties and achieve programmable local deformation and
densification.

B METHODS

Dynamic Numerical Simulations. In this paper, finite
element simulations of cellular structures under compression
are performed using Abaqus Explicit with automatic time step,
which determines the size of time step based on numerically
stability, to predict the homogenized stress and strain of the
structures under compressive loading. The use of dynamic
models allows us to obtain the configurations of the structures
during their failure. Timoshenko beam elements are used in
the simulations, and the material model with the Young’s
modulus of 2000 MPa, Poisson’s ratio of 0.33, yield stress of 65
MPa, density of 1.15 X 10~ tonne/mm?, and fracture strain of
0.0001 is used in every simulation. To account for the
boundary effects for beam elements, we increase the yield
strength near the boundary to 80 MPa to avoid unrealistic
material failure due to geometric singularity of beam elements
in FEA, details are provided in the Supporting Information
Figure S7. A displacement of 0.35a, where a represents the unit
cell length in mm, is applied in the negative y-direction while
the bottom surface of the structure is fixed during the entire
simulation process. The total simulation time length is 0.08 s,
leading to a world clock time length of around 2 h. The
simulation settings in the 100-parameter design space are
validated with the experiments of the symmetric cellular and
asymmetric cellular structures.

Correlation Analysis and Simulation-Based Bayesian
Optimization. Correlation analysis is performed to extract the
features that are more crucial to the desired properties and to
better understand the mechanics of the proposed structures.
Four input parameters (mean and standard deviation of the 8
randomly assigned beams, radii of the off-diagonal beams, and
the number of the unique orientations of the unit cell along the
diagonal) are used in the analysis. We calculate the correlation
between these input parameters and strength, stiffness, and
toughness, leading to a total of 12 combinations. Based on this
analysis, we can extract the features with the greatest influence
on the performance to establish simulation-based Bayesian
optimization to determine the optimal design. Bayesian
optimization is a black-box optimization technique for
determining the optimal point over an unknown objective
with limited data points. The objective in this design problem
is the function mapping the design space to the performance
space, which is difficult to be explicitly governed by an
equation. To tackle the unknown objective, this optimization
process will first approximate the objective function by forward
regression, and search for the optima by backward process.
This optimization process will be iterated until a better design
is achieved. In terms of the forward regression, Gaussian
process regression is adopted to create a surrogate model
under the assumption that any function can be approximated
by an infinite dimensional multivariate Gaussian distribution.
After the forward regression process, we can obtain a function
that goes through all the existing data points and approximates
the performances of the unknown ones. During the backward

process, acquisition functions are used to sample the points
closer to the optima that have larger impacts on determining a
representative model in the next forward regression process. In
this paper, the probability of improvement, one of the
commonly used acquisition functions, is adopted to evaluate
the probability of the current state being improved to get the
next query point. Another acquisition function: expected
improvement is also tested in the process to maximize the
expected improvement over the current best.”'~>* The volume
fraction constraint is then applied on the proposed query point
to build a reasonable structure and evaluate the performance of
the structure by running the compression test in simulator.
The design is then added to the initial data set to reevaluate
and augment the surrogate model. In this paper, we iterate the
process 50 times and select the points that satisfy the
fabrication constraint and that perform with high objective
value as well as being the optimal points. The use of this
approach is essential to significantly reduce the computational
cost needed in the optimization process since the simulation in
this study is relatively complex and computationally expensive.

Fabrication and Experiments. The asymmetric cellular
structures are modeled using scripts in AutoCAD LISP and 3D
printed with the Form 3 SLA printer developed by Formlabs
using standard resin. The printer selectively cures the liquid
polymer resin layer-by-layer via an ultraviolet laser beam with a
thickness of 50 ym. To accurately fabricate the samples and
avoid the interference of the structures, the maximum and
minimum beam radii of the printed samples are set to 1700
and 500 pm, respectively, as a design constraint. The design
domain of interest has a total of 512 unit cells (8 X 8 X 8) for
the entire structure. We conduct uniaxial quasi-static
compression tests using displacement control with a loading
speed of S mm/min resulting in a strain rate of about 1.04 X
1073 /s. To take the effect of the beam radii into account, we
position the structures to make the orientations consistent
across CAD models, numerical simulations, and experiments
for each sample.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c00002.

Simulation-based Ashby chart comparing different
numbers of asymmetric cellular samples, the effect of
different threshold values on the performances of the
designs, experimental results of graded design, and the
cross-sectional areas of the beams of the fabricated
samples (Figures S1, S2, S6, and S7), the snapshots of
the simulation of the designs under compression loads
(Figures S3—S5) (PDF)
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