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Abstract: Lightweight structures such as foams have gained increasing attention due to their exceptional mechanical
properties, novel functionalities, and various potential applications. Traditional foams with stochastic architectures
are often characterized by randomly distributed density and pore size, which makes tailoring and optimizing their
mechanical performance challenging. Here we report a new type of three-dimensional architected polymer foams
composed of perforated spherical shells and flat strut connectors, which can be precisely produced by 3D printing
techniques. We first investigate the effects of geometric parameters, spherical thickness and flat strut slenderness, on
the mechanical response of the proposed architected foams through a combined experimental and numerical
methodology. We demonstrate that flat strut connectors offer unprecedented design flexibility for controlling the
mechanical performance of architected foams. By tuning the geometric parameter of flat strut connectors, the stiffness
of architected foams can increase about one order of magnitude while the relative density increases only by 5%.
Furthermore, the failure modes can be engineered from a catastrophic one to a progressive one by using weak flat strut
connectors. Our experiments elucidate the salient roles of layer by layer manufacturing process and constitutive
polymer on the deformation patterns of the proposed architected foams under large deformation. The findings
presented here provide useful guidelines to design polymer foams for a wide range of applications, including structures
of increased crashworthiness and composite sandwich panels with enhanced vibroimpact insulation and low-velocity
impact resistance.
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1. Introduction

Continuous efforts are being made to develop lightweight materials with improved stiffness, strength, and
energy absorption properties for a variety of multifunctional applications [1-3]. Lightweight materials are
characterized by their low density and high strength to weight ratio, making them ideal for aerospace, biomedical,
semiconductor, and automotive industries. When used within automotive structures, lightweight materials can
significantly improve energy efficiency [4]. Foam is a rapidly evolving lightweight structural material, which exhibits
high specific strength, exceptional energy absorption, damping, and thermal properties [1,5-11]. Foams can be
categorized as closed-cell or open-cell foams. Open-cell foams are characterized by the network of interconnected
open pores, while closed-cell foams are the combination of individual cells separated by thin membranes [12]. Closed-
cell foams have been studied widely among researchers [13-16]. However, closed-cell foams have downsides. They
have underperformed compared to initial predictions due to defects that greatly reduce mechanical properties [4,17].
In addition, disconnected individual cells also limit their applications. In contrast, open-cell metallic foams have
shown favorable mechanical properties under compression [18,19]. Furthermore, the high volume of interconnected
porosity and large surface area make open-cell foams attractive in various applications [20-22].

Conventional foams have porosity randomly distributed within the material, taking inspiration from naturally
occurring cellular structures such as bone and wood [13]. Internal geometry of random foam is described by relative
density and pore size. The most common fabrication method for random metal foam is powder metallurgy [18,23-27].
This technique allows for adjustable pore sizes between 0.3 and 5 mm, and relative densities between 9 and 30%.
Additionally, powder metallurgy allows for flexible material selection and is commonly used for steels, titanium,
nickel, and copper. However, there are also drawbacks to this method. Bonds between sintered spheres are weak,
meaning cutting the desired shape from a sintered slab of material is challenging. It is difficult to achieve complex
geometries or smooth edges when cutting specimens [23]. Samples can also be molded into the desired shape before

sintering. However, this method decreases sample porosity and alters the shape of hollow spheres, potentially



weakening the specimen [25]. Additionally, the stochastic nature of these random foams could degrade mechanical
performance in uncontrollable ways.

Architected materials with well-defined structures can be exploited to achieve tailored and unprecedented
mechanical properties and functionalities. By rationally designing foam architecture on a unit cell basis, architected
foams can exhibit superior and more predictable mechanical performance over random foams. Common 2D and 3D
geometries, such as honeycomb and octet unit cells, have been manipulated using additive manufacturing to explore
the effect of unit cell geometry and connectivity on mechanical performance [28-34]. For example, numerical and
experimental studies found that polymer hybrid honeycomb structures, honeytubes, possessed superior energy
absorption compared to traditional honeycombs. Coupling between failure of the two lattice designs and localized
fracture resulted in sustained plateau stress for increased energy absorption [31]. Means of tailoring mechanical
performance outside of the traditional method of varying relative density have also been explored for optimizing
architected polymer structures without increasing weight. For example, higher stiffness was observed in 3D printed
polymeric periodic structures using selective wall thickening in high stress regions to delay collapse. Additionally, it
was found that varying porosity can change the deformation mode from bending to stretch-dominant, resulting in a
more favorable structure [29]. Base material selection has also been explored for controlling deformation mode and
mechanical properties in polymer octet truss lattices. It was found that a more rigid polymer will produce a stiffer
structure with stretch-dominant behavior, while a more compliant polymer will tend toward bending-dominant due to
lower solid material properties [35]. Nodal connectivity has been used as another means of controlling performance
of additively manufactured polymer structures without greatly affecting weight [30,36]. It was found that pin joints
and spherical joints, while similar in relative density and elastic behavior, can be selected to produce stretch-dominant
and bending-dominant tensegrity-inspired structures, respectively. Additionally, buckling load and stiffness were
found to increase by selecting cable and strut geometry that would facilitate bending upon compression [30]. More

recently, filled 3D printed flexible polymer lattice structures have been investigated for tailored energy absorption



with shape recovery by controlling internal pressure [37]. Furthermore, multifunctionality of architected polymer
foams (APFs) has recently been studied. Geometric control in APF facilitates tailored and simultaneous vibroacoustic
control [38,39]. APFs have also demonstrated more efficient energy absorption than metal foams and have shown an
ability to recover their initial shape after large deformation [40]. Despite these design flexibilities and advanced
manufacturing techniques, studies on mechanical response of architected foams under large deformation are quite
limited.

In this work, the mechanical response of 3D printed APFs under large deformation is studied. By subjecting
the polymer architecture to large compressive strains (70%), this research determined the energy absorption of the
foams as well as elastic properties. Two unique geometric parameters, printing direction, and loading rate were found
to have significant effects on mechanical properties and deformation mechanisms of the foam.

2. Materials and methods
2.1 Model design and 3D printing

The proposed APF with a body-centered cubic lattice symmetry consists of perforated spherical shells and flat
strut connectors (Figures 1 (a) and (b)). The lattice constant of the representative volume element (RVE) is a. Figure
1 (¢) shows the one-eighth of the RVE. Perforated spherical shell is characterized by external radius, R, thickness, 7,
and perforation radius » . Flat strut connector is described by length, /, height 4, and fillet radius b, or a single
parameter, binder angle #. The binder angle & is defined as the angle between horizontal plane and the line of sphere
center and the intersection of binder and sphere, as shown in Figure 1(c). In our design, the length, /, height /, and
fillet radius b can all be expressed by R and @. According to the geometric feature shown in Figure 1 (¢), the relative

density of the proposed APF can be calculated as
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where the relation between the radius of sphere R and lattice constant a is assumed as R = 6\/§a/ 25 . The radius of

the perforation is set as » = 2R/5 while the thickness ¢ changes. The binder correction coefficient is defined as the

correction of the volume of binder because the binder volume cannot be calculated analytically. We calculate 74°] / 4
as the first part of binder volume, then use binder correction coefficient to correct the rest. ¢ =0.027 was determined
by fitting equation (1) from CAD calculations. By changing the spherical thickness ¢, one can change the relative
density. By changing the binder angle &, one can tailor the shape of flat strut connectors, thereby changing the

connectivity among the spherical shells. In this work, the lattice constant is set as a =25 mm.

(a) (b)

Figure 1. Design and 3D printing of 3D APFs. (a) APF foam with 3x3x3 representative volume elements (RVEs). (b)
An RVE of APF. The lattice constant of the RVE is a. (c¢) Detailed geometric parameters for perforated spherical

shell and flat strut connector. Sphere radius R, sphere thickness ¢, perforation radius », binder parameter &, and



filletradius 4. (d) 3D printed samples with p/p, =0.13 and p/p, =0.31.Here a =25mm, r=4¢,and 6 =20. (¢)

3D printed samples with § =10° and # =30°. Here a =25mm, ¢/R =1/10, and » =4¢. The dashed squares in (d)

and (e) highlight the sphere thickness and size of flat strut connector, respectively.

All samples were 3D printed using Objet260 Connex3 printer (Stratasys, USA), with a printing resolution of 16 um
[41]. The micrometric sized photopolymer resin is deposited from nozzles of printer heads onto the build tray and
instantly cured with UV light [42]. RGD515/531 is chosen as the base material because it is the most ductile polymer
material in the printer. Printing angle is denoted as « and defined as the angle between the build layers and load
direction. Specimens for testing geometric parameters and strain rate were printed with two faces parallel to the build
tray, @ =0°. To vary the printing direction, samples were rotated off the horizontal to achieve the desired angle
relative to the build tray. Additional support material was used on the bottom of the rotated sample to facilitate printing.
After printing, samples remained on the build plate for at least two hours to completely cure. Once removed from the
build plate, support material was carefully removed from perforations by using waterjet (Stratasys, USA). After that,
mixed solution of sodium hydroxide and sodium metasilicate was prepared in Branson ultrasonic cleaner (Emerson
Electric, USA) to dissolve the remaining support material (Sup706) in the concave side of shells. It should be pointed
that due to the resolution of the printer and the technique the printer adopted, we are unable to print or unable to clean
the support material of the structures with relative density under 12%. Nevertheless, our designed structures show
comparable stiffness with other architected polymer foams [36,43,44], and superior to stochastic polymer foam at high
relative density [41]. Printed samples with different relative densities and binder angles are shown in Figures 1 (d)

and (e), respectively.

2.2 Mechanical testing
Performance of APF was characterized by investigating the effects of geometry, printing process, and

constitutive materials. Two sets of compression experiments were conducted to determine impact of geometric



parameters, shell thickness and binder angle, on mechanical performance. Effects of 3D printing direction and effect
of strain rate on mechanical performance were also tested. Mechanical properties determined were Young’s modulus,
yield strength, and energy absorption. Cubic specimens of 3x3x3 RVEs were used for all experimental testing. Size
of 3x3x3 the specimen was selected to lessen boundary effects and keep foam yield stress below maximum force of
the compression machine. Specimens were uniaxially compressed by Instron 5569 A mechanical tester (Instron, USA),
with a maximum load capacity of 50 kN, load resolution of 10~ N, and load accuracy of +0.5% [45]. Load direction
was perpendicular to 3D printed layers for geometry and strain rate testing. Unless otherwise specified, the
compressive extension rate was controlled by the embedded software Bluehill 2.0 (Instron, USA) at 2.25 mm/min,
corresponding to a compressive strain rate 5x107*s™" . Specimens were loaded until 70% deformation, corresponding
to 52.5mm deflection. Specific energy absorption was approximated using midpoint numerical integration as the area
under the stress-strain curve, up to maximum deformation of 70% strain. Prior to testing, 2D Digital Image Correlation
(Correlated Solutions, USA) equipment was installed to capture sample deformation. Using DIC software VIC Snap8
(Correlated Solutions, USA), focus and exposure of images were adjusted.
2.3 Finite element simulations

Finite element simulations were performed through Abaqus 6.14 (Dassault Systems, France) to provide
additional insights into the deformation mechanisms of the APFs. The dynamic explicit solver with adaptive time-
stepping was employed. Two sets of models, including different binder angles and different relative densities were
simulated, respectively. The geometrical models were meshed using Hypermesh (Altair Engineering Inc. USA) with
first-order hexahedral and second-order tetrahedral elements. The models with binder angle of 10° and 30° were

meshed with 202,000 and 274,000 C3D8 elements, respectively. The model of relative density p/p, =0.13 was
meshed with 217,000 C3D8 elements, and the model with relative density p/p, =0.31 was meshed with 866,000

C3D10 elements. Mesh convergence tests were performed to ensure that the number of elements is enough to capture



mechanical response. For the boundary condition, the bottom face was constrained in the vertical direction. The top
face was applied compressive displacement of 7.5mm, corresponding to the strain of 0.1.

A user-defined viscoplastic constitutive model was first developed to simulate the response of the 3D printed
polymer in [46], where the detailed description of implementation was given. In addition, reference [47] also adopted
this model and made it publicly available. In this paper, we referred to [47] for this constitutive model. The strain
energy potential for the Arruda-Boyce model is [48]
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where p is the initial shear modulus, 4, is the limiting network stretch, K is the initial bulk modulus, J,is the

elastic volume ratio related to temperature. s defined as [49]
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where B is left Cauchy-Green deformation tensor. The total volumetric ratio J can be described as
J =,/det(B) )

If thermal effect is not considered, J, =J .

The effective shear strain rate can be determined through equation [48]

ool 2]

where y, is the pre-exponential shear strain rate, sis the thermal shear yield strength, « is the Boltzmann’s constant,

(6)

o, 1s the effective stress, AG is the initial free energy change.



The rate of shear yield strength for strain-softening is determined through [48]

§ = h[l —ij 7’
B ()

where s is sat steady state, / is the slope of the strain-softening zone. All the parameters which contributed to this

user-defined constitutive model are summarized in Table 1. Note that material failure was not considered in all
simulations.

Table 1. Parameters for the user-defined constitutive model

Material parameters Values

E (MPa) 1200

4 033

Y 5.0x10°
AG () 1.25x107"
s (MPa) 70

s, (MPa) 30
h(MPa) 200

M (MPa) 4.5

A 35

3. Results and discussion
3.1 Effect of relative density

The first set of experiments evaluated five geometric configurations of the APF, each with a different relative
density. Relative density was most influenced by shell thickness, compared to other geometric parameters. Therefore,
shell thickness was varied to explore the relationship between relative density and relative stiffness. Range of relative

densities was selected due to limitation on printing resolution. Stress-strain curves for relative densities p/p, =13%,

16%, 20%, 25%, and 31% are shown in Figure 2 (a). Elastic region and the first peak of each curve are shown on a
separate plot for clarity in Figure 2 (b). Each stress-strain curve showed an initial peak, corresponding to the first
failure of each structure. Following the first failure, stress reduced, and compression continued. Stress then increased

until another failure occurred. This failure process continued, evidenced by multiple peaks in the stress-strain curve



until all spheres fractured. The remaining material was then compressed upon itself, known as densification, which

corresponded to a rise in stress at large deformation.
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Figure 2. Effect of relative density on mechanical performance. (a)-(b) Stress-strain relations at different relative
densities. (c) and (d) Deformation patterns for p/p, =0.13and p/p, =0.31, respectively. Here a = 25 mm, r = 47,

6 =20".

10



Figures 2 (c)-(d) show contrasting deformation patterns for relative density p/p, =13%and p/p, =31%,
respectively. Deformation of p/p, =13% showed a progressive, layer by layer failure. Sequenced failure of layers is
also visible in the stress-strain curve, with a peak corresponding to each failed layer. Following the failure of all layers,
the structure was compressed further and began densification, shown as a rise in the stress-strain curve around

£,=0.55. In contrast, the deformation of p/p =31% showed catastrophic failure. Stress-strain curve for
p/p,=31% was jagged between &, =0.1 and 0.6, with more extreme and less defined peaks compared to
p/p, =13%. Due to the randomness of the fracture position of the test, coupled with the boundary condition, failure
began at the bottom of the specimen and subsequent failures occurred from bottom to top. For p/p, =13%, first layer
failure occurred at &, =0.025, corresponding to a yield stress of 0.228 MPa. For p/p, =31%, the first failure

occurred much later, at £, = 0.079 and yield stress of 6.35 MPa. This can be verified from the second image. When

¢,=0.03, the complete bottom layer has failed for p/p, =13% , while for p/p, =31% structural integrity is

maintained. This is because when thickness is increased, specimen tends to exhibit brittle behavior, which
correspondingly will absorb more energy in the initial stage. As the strain increases to 0.65, one can observe that
specimen with a relative density of 31% collapses while specimen of 13% still show some resistance against
compression. This phenomenon can be attributed to the progressive failure process of 13%, the localized failure of
spheres leads to the relative integrity of the model during compression compared to 31%. By contrast, the model of
31% experienced a catastrophic failure during compression, and this brittle behavior attributes to the breakdown at
the strain of 0.65.

The mechanical properties including stiffness, strength, and energy absorption for the APFS are summarized
in Figure 3. Stiffness was plotted against relative density on a log-log scale and fit with a power curve (Figure 3(a)).
It was found that relative stiffness is related to relative density by an exponent of 2.2, indicating a bending-dominant

deformation behavior. This implies that, for this architecture, varying relative density is inefficient for controlling
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stiffness. Yield strength and energy absorption are shown in Figure 3 (b) and 3 (¢), respectively. As expected, strength

and energy absorption increase with the relative density.
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Figure 3. Effect of relative density on mechanical performance. (a) Stiffness as a function of ,0/ P, . (b) Strength as a

function of ,0/ P, . (c) Energy absorption as a function of p/ P, . Here a = 25 mm, r=4¢, 6 =20°".

To further elucidate the deformation mechanisms, finite element simulations were performed on APFs with

different relative densities. Figure 4 shows the numerical results for APFs with p/p, =13% and p/p, =31% from
£,=0t00.1.For p /p, =13%, there is no apparent peaks in the stress-strain curves, meaning this APF experiences
a more stable deformation (Figure 4 (a)). However, for p/p, =31%, the presence of the distinct peak in the stress-

strain curve, corresponding to less uniform deformation of the structure (Figure 4 (e)). At the strain of 0.01, simulated

contour plots reveal that stresses are concentrated on the spheres around the binders for p/p, =13%, which leads to
the yield of spheres first (Figure 4 (b)). But for p/p, =31% , much of the stresses are concentrated on the binder.
This indicates first yield of binders (Figure 4 (f)). When &, =0.03, the stresses spread to much of the spheres, and
the spheres of middle layers exhibit buckling for p/p, =13% (Figure 4 (c)). However, for p/p, =31%, the stresses

rapidly spread to most of the model and stay in a much higher stress level than that of p/p, =13% (Figure 4 (g)). At

12



the strain of 0.08, the stresses remain fairly similar to that of &, =0.03 for p/p, =13%. The spheres show increased

buckling, indicating a progressive deformation pattern (Figure 4 (d)). For p/p, =31%, the stresses continue to

spread around the model. However, one cannot observe localized spheres deformation at this stage. Instead, one can
see shear deformation of binders (Figure 4 (h)). This indicates that failure of binders will drive the structure to

catastrophic collapse, as confirmed by the experiment (Figure 2 (d)).
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Figure 4. Finite element simulations for the mechanical response of APFs with different relative densities. (a)

Simulated stress-strain curve for p/ p, =0.13. (b)-(d) Simulated deformation patterns for p/p, =0.13. (e) Simulated

stress-strain curve for p/p, =0.31. (f)-(h) Simulated deformation patterns for p/p, =0.31.
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3.2 Effect of binder angle

Binder angle does not significantly affect relative density of the APF and was therefore tested as a unique
alternative for increasing stiffness. Stress-strain curves for samples with binder angles of 10°, 20°, and 30° are shown
in Figure S (a). Each stress-strain curve shows an initial peak corresponding to first failure. Stress raised and fell for
each subsequent failure. Failure continued until all spheres or binders fractured, and then densification began, shown
by an increase in stress at large deformation. Young’s modulus and energy absorption are shown in Figures 5 (b) and
5 (¢), respectively. It is shown that Young’s modulus and energy absorption increased with binder angle. In contrast
to increasing shell thickness, increasing binder angle has little effect on relative density of the structure. By increasing
binder angle from @=10"to 8=30", stiffness increased over an order of magnitude, while relative density only
increased by 5%. With the ability to vastly increase stiffness without greatly increasing weight, binder angle is much
more efficient for improving mechanical properties than wall thickness. In this sense, binder angle could be used to
design efficient graded structures with controllable deformation patterns and mechanical properties.

Figures 5 (d)-(e) shows contrasting deformation patterns for binder angles 10° and 30°, respectively.

Deformation of €=10"showed progressive failure, which can be observed from Figure 5 (d), similar to p/p, =0.13
at #=20"in Figure 2 (c). Following layer by layer failure, densification gradually started around &, =0.6. For

60 =30", however, the structure experienced a catastrophic failure. The stress-strain curve showed less defined peaks

after £, =0.2, evidenced by non-uniform deformation in images of &, =0.25 to 0.65. First failure of #=10" occurred

at £, =0.039 with a yield stress of 0.075 MPa. In contrast, first failure of €=30" began much earlier with &, =0.02
and yield stress of 0.525 MPa. This can be observed from the second image of Figure 5 (d) and (e) where the bottom

layer of &=30failed at &, =0.024, while € =10" remained intact.

14



@0+ (b)y l . (© 04 . .
B —0=10° J i e : |
n_’c?o 8t —6=20° =
2 i 9:300 ﬂ g 30+ =4 é 03F e
2 0.6 NE T 18 } !
s L 1220+ 1 Bo2} .
=2 / § o
E 04 W' - EF’: B J _.: = ]
g [ A >
g 10} 4 Boaf -
202 5
L «4 = L -
0
O . 0 | | | | O | |
0 0.2 04 0.6 10 20 30 10 20 30

Nominal strain Bond angle (°) Bond angle (°)
g, =0.65

g =0

Figure 5. Effect of binder angle on mechanical performance. (a) Stress-strain relations for 8=10", §=20", and

60 =30 (b) Stiffness. (c) Energy absorption. (d) and (¢) Deformation patterns for @ =10"and 8=30", respectively.

Here ¢ = 25 mm, p/p, =0.13, r = 4.

Our simulation results are shown in Figure 6. We have calibrated our simulation based on the model with a

relative density of 13%. The calibration revealed that simulation result is consistent with experimental result for

15



printing direction of 90" while higher than the printing direction of 0°. This is because the mechanical behavior is
dependent on printing direction and the possible imperfections involved during printing. In our simulation, we did not
consider the anisotropic feature and failure. It should be pointed out that the purpose of the numerical simulation in

this work is to provide additional information to identify the deformation mechanisms.

Figure 6 shows the numerical simulation results for APFs with @ =10 and @=30", respectively. For 8 =10",

there is no distinct peak on the stress-strain curve, indicating a stable deformation (Figure 6 (a)). In contrast, the
presence of apparent stress peak for @=30" indicates a less uniform deformation (Figure 6 (e)). At the strain of 0.01,
it can be observed that the stresses are concentrated on the binders and part of the spheres around binders for =10’
(Figure 6 (b)). For 8=30", the stresses are concentrated on local spheres around the binders and the stress level is

higher than that of 6=10"(Figure 6 (f)). When &, =0.024, stresses are locally concentrated on the interface of

different layers for @ =10°. This leads to yield and buckling of spheres in the middle layer (Figure 6 (c)). However,

for @=30", the stresses spread to most of the model from &, =0.01 to 0.024. This indicates that binder of §=30

functions much more efficiently with regard to transferring stresses from binder to sphere compared with €=10". The

high-stress transfer efficiency means that a more uniform stress distribution can be expected for =30 (Figure 6
(g)). The uniform stress distribution drives the APF to a catastrophic failure mode, as confirmed from experiment

(Figure 5 (e)).
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Figure 6. Finite element simulations for the mechanical response of APFs with different binder angles. (a) Simulated
stress-strain curve for@=10". (b)-(d) Simulated deformation patterns for =10". (e) Simulated stress-strain curve

for 8=30". (f)-(h) Simulated deformation patterns for 8=30".

3.3 Effect of printing direction

To understand the effect of manufacturing process on the mechanical performance of APFs, samples were 3D
printed at different orientations to the build tray. Stress-strain curves for samples printed at =0", 15", 30°, 45", 60" ,

75 and 90" are shown in Figure 7 (a). Elastic region and first peak of each curve are shown on a separate plot for

clarity in Figure 7 (b). Stress-strain curves for all orientations showed different peaks, meaning structures failed in

17



multiple stages. Several stress peaks existed in all curves, but peaks became less as print angle increased. Failure

continued in the structure until all spheres fractured, and then stress increased as densification occurred.
Figures 7 (¢)-(e) show deformation patterns for ¢ =15", ¢ =45", and @ =75, respectively. Deformation of

a=15"showed progressive failure. First failure occurred along the printing direction at &£, =0.027 with a yield stress

of 0.315 MPa. Failure began at the top of the structure at £, =0.15, and propagated along printing direction of 15,

This is expected due to the comparatively weak bonding interface during the layer-by-layer fabrication. Then, failure

occurred in other layers, and not sequentially. This verified the randomness of the failure position because the

specimen was symmetric. Finally, well-defined densification can be observed at &, =0.6. In contrast, for =45 and
a="75", much more pronounced effect of printing direction can be observed. First failure occurred at £,=0.033 and
£,=0.017for «=45and a=75", respectively. At &, =0.05, both models exhibited clear fractures along printing

direction, especially for &="75". When compressed to the &, =0.15, @=45" showed a clear shear band of 45,
followed by the failure along with the shear band. After the shear band failed, the remaining part was compressed until
the end of the experiment. For & =75", one may not observe shear band as distinct as &=45" at &, =0.15. However,
some parts of the spheres break until disconnected along 75, and this trend continued to grow to the end of the test.
As a result, samples collapsed, and no significant densification can be observed at £, =0.6 for these two cases.

Intrinsically, this is attributed to the weak bonding of interface between layers. Failure becomes much more drastic
with the increase of the printing direction, especially at relatively large deformation. This is also evidenced by the less

defined peaks when the printing angle increases.
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Figure 7. Effect of printing direction on mechanical performance. (a)-(b) Stress-strain curves for different printing
directions. (c)-(e) Deformation patterns for @ =15", @ =45", and a=75", respectively.
Figures 8 (a)-(¢) show Young’s modulus, yield strength, energy absorption of APFs for different printing

directions, respectively. It is shown that the stiffness and strength increase with the printing angle. From heuristic

point of view, composite ply theory can be applied to explain this phenomenon. Take lamina as an example, plies are
the different layers the printer has printed. Assume vertical load of P, the load applied along the fiber direction will

be Psina. This means that fora =90, the load is all applied along the stiffest fiber direction. However, for =0,

load is applied to the weakest direction which is perpendicular to fiber. Other printing direction follows the same
principle. Energy absorption was highest for & =15"and decreased with increasing a, as failure became less stable,

untilac=90".
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Figure 8. Effect of printing direction on mechanical performance. (a) Stiffness as a function of ¢ . (b) Strength as a
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3.4 Effect of loading rate

Depending on the application of APFs, the structure may be subjected to different loading rates. Five strain
rates were tested on the same geometry to understand the effect of loading rate on mechanical response and failure
modes. Stress-strain curves for samples subjected to strain rates 0.1, 0.01, 0.001, 0.0005, and 0.00001 s™' are shown
in Figure 9 (a). Elastic region and first peak of each curve are shown on a separate plot for clarity in Figure 9 (b).
Each stress-strain curve showed an initial peak, corresponding to first failure of each structure. Multiple peaks existed
for all stress-strain curves, corresponding to a layer failure. Notably, peaks became increasingly less as strain rate
increased. Deformation continued in each structure until all spheres fractured, followed by densification.

Figures 9 (c) and (d) show deformation patterns for strain rates 0.1 and 0.00001 s™!, respectively. Deformation

at a strain rate of 0.1 s”' showed a non-uniform and catastrophic failure. The first failure occurred at ¢ =0.03,
p y

corresponding to a yield stress of 0.645 MPa. Failure began in the middle layer of the specimen. Initial failure was

less uniform throughout the layer than other stable layer failures, resulting in loss of small fragments. As seen in the

image at £, =0.07, the failed layer was compressed until another failure occurred due to insufficient time to further

absorb energy. At £, =0.14, the second failure was not contained within one layer of the structure but spanned

multiple layers surrounding the first failed layer. Collapsed spheres created an angled deformation band from the

bottom left corner of the specimen to the middle right. Partial failure of layers resulted in continued non-uniform

collapse. Material was contained within the initial profile and the top layer had not fractured for £, =0.22. The APF

compressed at a strain rate of 0.00001 s!, however, showed a stable and progressive collapse. Different from the

fragmented collapse of the APF at 0.1 s™! strain rate, no obvious cracks can be seen at &, =0.03. Failure began in the
middle layer at £, = 0.07 and continued in other layers. At £, = 0.22 , material was well contained within the structure

and deformation was visible in all layers, showing a stable failure mode.
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Figure 9. Effect of loading rate from 10 to 0.1/s. (a)-(b) Stress-strain curves for £=10", £=10", £=10",
£=10",and £=10". (c) Deformation patterns for a strain rate of & =10", and (d) Deformation patterns for a strain

rate of £=10". Here ¢ = 25mm, t/R=1/10, r=4¢, 9 = 20-.
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Stiffness, strength, and energy absorption were obtained from stress-strain curves for strain rates of 0.1, 0.01,
0.001, 0.0005, and 0.00001 s! are shown in Figures 10 (a)-(c), respectively. Two trials were performed for each strain
rate. Averages are reported in Figure 10, with deviation lines indicating results from each trial. It is shown that
stiffness increases with increasing strain rate, but the three lowest rates result in similar stiftness values. Yield strength
is consistent for three lowest strain rates but increases at higher strain rates. This indicates that mechanical behavior
of APFs is not highly influenced by low strain rates. Yield strength for highest strain rate was over three times that of
the lowest strain rate. Therefore, effect of loading rate on stiffness and strength is evident in the two highest strain
rates, which are above standard quasi-static rates [50]. This improved mechanical properties at high loading rates can
be attributed to stiffer molecular chains which are reoriented within the base material [51]. Energy absorption is fairly
constant for all strain rates, with a slight increase at higher loading rates. This study provides a preliminary
investigation into strain rate dependent mechanical performance of 3D printed structures. Further tests at higher strain

rates need to be performed to understand the dynamic response of the proposed APFs.
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4. Conclusions

This paper demonstrated successful 3D printing and testing of a novel APF with engineered mechanical
performance. Mechanical properties improved with increasing relative density, but foam architecture was observed to
be bending-dominant. Increasing the relative density of the structure was inefficient for controlling stiffness, due to
the bending-dominant behavior. The influence of the binder angle was investigated as an alternative for tailoring the
effective stiffness of the APF. Increasing the binder angle greatly increased stiffness with little effect on relative
density. Varying the binder size altered the stress transfer path of the structure, rendering the binder angle a more
effective parameter for controlling stiffness. This implies that the binder angle could be used to design graded
structures with controllable mechanical performance. In addition to geometric parameters, the printing process had a
large impact on mechanical performance. Structures fractured along the print direction and mechanical properties were
superior when loaded parallel to printed layers. Moreover, the mechanical performance of APF was strain rate
dependent due to the rate sensitivity of the base material. It should be pointed out that the strain rate tested here is still
very low, which cannot represent extreme dynamic loading conditions. Exending the strain rate to higher levels will
be essiential to examine the effectiveness of architected foams employed in blast and impact protection systems. In
addition, the finite element simulations performed here cannot consider the layer-by-layer feature of the printed
samples and manufacturing defects involved. This can be resolved by improving the current constitutive model to
incorporate anisotropy and failure criteria. Nevertheless, the findings presented here can provide design guidelines for
engineering open-cell foam structures to be employed within a wide range of applications, including structures of
increased crashworthiness and composite sandwich panels, with enhanced vibroimpact insulation and low-velocity

impact resistance.
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