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Abstract. Structural change can alter the energy absorption ability of constituent materials. Carbon organic framework
(COF)-inspired structures printed with fusion deposition modeling (FDM) using polylactic acid (PLA) and acrylonitrile bu-
tadiene styrene (ABS) polymers are used to analyze the structural effect. Structures were characterized for specific energy
absorption under static compression. The best structures from the static testing results were further characterized for dynamic
compression using sinusoidal displacement to calculate the dynamic elastic recovery (DER), hysteresis work, and tan3d.
Based on the results, the bending-dominated structure absorbed the highest energy, and the surface structure provided the
best DER. The structure which failed by the pure collapsing of the layer showed the best specific values. The delamination
of printed layers during loading reduced the performance of structures despite of the materials.
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1. Introduction

Several manufacturing techniques for instant casting,
forging, welding, and forming have been used for
decades. However, industries are now shifting their
focus toward additive manufacturing (AM) because
of'its ability to manufacture lightweight and structur-
al designs [1, 2]. Currently, AM has been employed
to fabricate numerous engineering components using
polymers and metallic materials. Vat photopolymer-
ization, material jetting, material extrusion, sheet
lamination [3, 4], direct energy deposition binding
jets, and powder bed fusion [5—-10] are examples of
commercially applied AM processes.

Among the processes, fusion deposition modeling
(FDM) is widely used to create three-dimensional
(3D)-printed structures using thermoplastic fila-
ments [11]. FDM provides manufacturing with
greater autonomy to control mechanical properties
[12]. These properties are easy to alter by changing
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some parameters, such as the extrusion and printing
bed temperature, printing speed [12—15], resolution
of the extruded layer, infill density, and pattern [15,
16]. This makes FDM more suitable for fabricating
lattice structures. Polylactic acid (PLA) and acry-
lonitrile butadiene styrene (ABS) are abundantly
available commercial polymeric materials [17-21].
These polymers are well known for their high me-
chanical strength, better printability at a low cost,
and biodegradable nature for PLA, which make them
suitable candidates for lattice structure fabrication
using FDM [22-25].

In recent years, researchers have fabricated traditional
structures and analyzed their compression properties.
Dalaq et al. [26] fabricated a triply periodic minimal
surface (TPMS) of the Schwarz structure, diamond
rhombic, Schoen, Neovius, and Fischer—Koch types
using Tango- and Vero-plus material and evaluated the
mechanical properties under uniaxial compression.
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They concluded that the Schwarz primitive showed
the best mechanical properties because of least
debonding under static loading [26]. Honeycomb
structures using thermoplastic polyurethanes were
manufactured by Bates et al. [27] They concluded
that the energy absorption ability of these structures
depended on the strain rate and cell orientation of the
structure under the static compression load. Li ef al.
[28] proposed truss, conventional honeycomb, and re-
entrant honeycomb structures and evaluated their
bending behavior. Owing to the localized stress con-
centration in the truss and conventional honeycomb
structures, they showed an early catastrophic failure.
Hence, the energy absorption and mechanical prop-
erties were less than that of the re-entrant structure
Abueidda et al. [29] printed Schwarz, Schoen, and
Neovius structures with polyamide-12 and evaluated
their compressive strength, modulus, and energy ab-
sorption with static loading. The Neovius structure
provided the highest results because it retained the
geometrical structure until the compression ended
[29]. Cubic, octet, and Isomax structures were char-
acterized by quasi-static bending and dynamic low-
velocity impact. The Isomax with cubic meta sand-
wich beam provided the highest energy absorption
under bending as well as impact [30]. Al-Ketan et al.
[31] evaluated the mechanical properties of the strut
base, skeletal-TPMS, and sheet-TPMS structures
under uniaxial static compression, and the high rela-
tive density of the sheet-based TPMS structures out-
performed that of the other structures. Another report
by Abueidda et al. [32] evaluated the mechanical
properties of the gyroid surface structure under a uni-
axial static test and demonstrated that the highest rel-
ative density absorbed the highest amount of energy
under static compression. Similarly, octet structures
composed of PLA were found to absorb more specific
energy at a higher relative density under quasi-static
compression [33]. Evidently, most studies were per-
formed using static loading compression, and none
has yet used dynamic compression yet, particularly
not with sinusoidal displacement for the characteri-
zation of the proposed structures.

Most studies have focused on traditional TPMS and
octet structures, and for these structures, relative
density is the most effective criterion for good ener-
gy absorption. However, if a greater number of strut
arrangements are provided in the loading direction,
the energy absorption ability of the structure may
also be enhanced. Carbon organic framework (COF)
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compounds have some unique two-dimensional and
3D atom arrangements that can be used as inspiration
for designing novel structure arrangements because
they can provide more struts in the loading direction
[34-37]. These COF-inspired structures fabricated
using FDM with PLA and ABS have never been re-
ported. The main aim of this study is to fabricate the
proposed COF-inspired structures printed with hard
materials (PLA and ABS) and characterize the effect
of these structure arrangements on the energy absorp-
tion ability of the materials under static and dynamic
sinusoidal cyclic loading compression.

2. Experimental procedure

2.1. Design of structures

The design concept for the new type of structure was
inspired by the COF compounds shown in Figure 1.
The major advantage of COF-inspired structures is
their ability to change the density of unit cells with-
out changing in diameter, and all inspired structures
can provide more struts in the loading direction.
The lattice structures are either strut or surface-based
and show stretch or bending domination behaviors
[2]. COF compounds have an umpteen type of atomic
arrangements that can be used to fabricate both types
of structures. The first structure (S1) was drawn from
the sp? carbon conjugate COF. This compound can
provide the stretch domination behavior (Maxwell
number (M) = 5) by dividing the load on the two
struts. The S2 and S3 structures were adopted from
the boronic ester and tetrathiafulvalene COFs. These
arrangements were selected because they can provide
the bending domination behavior (M = —6 for S2 and
M =-12 for S3). To compare the strut-based structure
with surface-typed structures, periodic surface-based
structures (SS) were designed by mimicking the ze-
olitic imidazolate framework (ZIF-8). The SS can pro-
vide better foam-like properties. Another reason for
the selection of these COF compounds was their print-
ability with the FDM printer. All unit cells of the in-
spired structures carry loads, as shown in Figure 2.
Solidworks 2019 (SP5, Dassault Systémes, Vélizy-
Villacoublay, France) was used to illustrate the CAD
files of the structures. The structures were formed
according to the hybrid connection approach as out-
lined in Figure 3. A unit cell of 10x10x10 mm was
formed in two manners: with an external connector
and with self-connection. This approach can control
the density of the unit cell without changing the di-
ameters of the struts. The external connector made
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Figure 1. Unit cells inspired by the different carbon organic frameworks, along with final structural arrangements.
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Figure 2. Direction and distribution of the load in the struts
and shell-type unit cells under the compression
loading.

the unit cell denser, whereas self-connection made
the unit cell more porous. Unit cells were repeated
in the 3D space to form 40 x 40 x 40 mm [35] struc-
tures. All unit cells were connected with the surfaces
in the 3D structure. The diameter for the struts was
selected to be 3.00 mm, which is the minimum di-
ameter that prints at an acceptable quality. Similarly,
the SS was printed with a 3.00 mm shell.

2.2 Manufacturing samples

All printing filament materials: ABS (PA-756,
POLYLAC®, Chimei Corporation, Tainan, Taiwan)
and PLA (4032D, IngeoTM, NatureWorks, Minnesota,
USA; having D-lactic content of 1.4%), were pur-
chased from XYZ Printing Company, Taipei, Taiwan,
with a diameter of 1.75 mm. The CAD drawing of
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these samples was saved in STL format and sliced
using Ultimaker Cura 4.13 software (Ultimaker B.V.,,
Massachusetts, USA). The G-codes, generated with
Cura, were sent to the 3D printer (Ender-3 Max, Cre-
ality 3D technology corporation limited, Shenzhen,
China) with a nozzle diameter of 0.4 mm. Table 1
lists the optimized printing parameters.

2.3. Morphology of structures

To verify the printing quality and layer adhesion of
the manufactured samples, one unit of each type of
structure was examined randomly under an optical
microscope (SV-55, Sage Vision, Pennsylvania,
USA). For further investigation of the quality of fab-
ricated structures, the higher magnification images
were captured by a scanning electron microscope
(SEM, 6390 LV, JEOL, Tokyo, Japan). As all the
samples were non-conductive, hence, before keeping
them inside the SEM chamber, the platinum coating
was applied by using an automatic spin coater (JFC-
1300, JEOL, Tokyo, Japan).

2.4. Energy absorption characterization
under static loading

Uniaxial quasi-static compression was performed

with a universal testing machine (MTS 810, Capacity

100 kN, MTS Systems Corporation, Minnesota,
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Figure 3. Unit cell assembly approach and final structure dimension.

Table 1. Optimized printing parameters used for manufacturing structures with FDM.

. Nozzle temperature | Printing speed | Heating bed temperature | Layer height .
Material °C] [mmis] °C] [mm] Infill density | Infill pattern
ABS 235 20 100 0.2 10% Cubic
PLA 190 20 45 0.2 10% Cubic

USA) to obtain the energy absorption capacity. All
samples were compressed until failure. Here the
meaning of failure is till the structure is delaminated
or compressed to half of its depth. Compression
plates were polished with oil to avoid samples stick-
ing during compression. The test was conducted ac-
cording to ASTM D1621 with a steady crossed-head
speed of 3 mm/min under room temperature condi-
tions [38]. All samples were compressed in the print-
ing direction. To minimize biasing in the experiment,
all structures were fabricated in large quantities, and
three units of each structure were randomly tested.
The energy absorption was calculated from the area
under the load-displacement curve with OriginPro
2021 software (OriginLab Corporation, Northamp-
ton, USA). The value of the specific energy absorp-
tion (SEA) was calculated according to Equation (1)
[39, 40]. Furthermore, the load-displacement data
was converted into stress and strain to calculate the
modulus. For further comparison purposes, these
values were also normalized by relative density (p),

which normalized the effect of materials and struc-
tural density. The relative density is defined as the
ratio of structural density to the parent material den-
sity and is calculated as per Equation (2) [41]. The
modulus per unit relative density is called relative
modulus. Similarly, initial peak stress and energy ab-
sorbed per unit relative density is known as the rel-
ative initial peak stress and relative energy absorp-
tion, respectively.

P Fds
SEA[1/¢]= Of e ()
where w is the mass of the sample in grams, £ is the
compression force and do is the displacement.

b
Ps
where p is the structural density, calculated with the
ratio of the mass of the structure to the volume of the

structure and ps is the density of the parent material.
The density of ABS and PLA was taken at 1.05 and

Relative density,p = (2)
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Table 2. Mass, volume, and relative density of FDM printed

structures.
) Mass | Volume Struct.ure Rela.tlve_
Material | Sample le] [em?)] density |density, p
8 lgfem’] | -]
S1 24.9 35.7 0.70 0.66
S2 16.2 21.4 0.75 0.72
ABS
S3 28.9 41.5 0.69 0.66
SS 19.0 24.2 0.78 0.74
S1 29.0 35.7 0.81 0.66
S2 19.0 21.4 0.89 0.72
PLA
S3 33.6 41.5 0.81 0.66
SS 22.6 24.2 0.93 0.75

1.24 g/cm?, respectively, from the literature [22].
Table 2 provides the mass of each sample, the mate-
rial volume of the structures (calculated with Solid-
works 2019), and structural and relative densities.

2.5. Dynamic compression

Because the structures were brittle and hard, sustain-
ing the structures for repeated cycles was difficult.
Hence, to perform the repeated compression, the
cyclic displacement was required to be below the first
peak point in the load-displacement curve during stat-
ic testing. Moreover, during static testing, the dis-
placement value of the first peak was considered to
decide the range of the dynamic displacement. The
displacement was given in the form of a sinusoidal
wave using the same machine used for static com-
pression. The range of the sinusoidal displacement

15kV X200 100pm 15kV

a)

X300 50pm

was from 30 to 50% of the displacement value of the
first peak for each load-displacement curve of a stat-
ic test. The range was selected after many trial ex-
periments to prevent the plate and sample from de-
taching during the cycle. The cyclic test was per-
formed only on samples that provided higher energy
absorption in the static test. Ten cycles were applied,
and the 10" cycle was considered for further calcu-
lations. The sin wave displacement was generated at
three different frequencies, and all structures were
tested at frequencies of 0.1 Hz (low), 1.0 Hz (base),
and 4.0 Hz (high). The dynamic elastic recovery
(DER) ratio of the area under the unloading curve to
the loading curve was calculated for each 10" cycle
along with the hysteresis work (the area enclosed by
the cyclic curve).

3. Results and discussion
3.1. Surface integrity of the 3D-printed
structure

To determine the integrity of the extruded layers, all
samples were enlarged under an optical microscope.
As observed in Figure 4, all layers were well con-
nected and aligned. This shows that the quality of
the 3D-printed structures was appropriate for com-
pression testing. None of the samples demonstrated
any visible type of void under extrusion, void crack-
ing, or printing misalignment. For further verification,
the samples were magnified under SEM. As can be
seen from the SEM images, the extruded layers are

S2

15kV X200 100pm 15kV X300 50pum

b)

Figure 4. Layer integrity and quality of the extruded layers under high magnification SEM a) ABS, b) PLA.
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firmly fused together at the interface without any
delamination. At 200x magnification, the structure
looks similar to an image captured by a light micro-
scope. Further magnified to 300 times, the interface
between the layers is still well bonded, and there are
no microcracks and microvoids on the surface of the
layer. This indicates that the print quality is fully up
to standard and the sample is well-qualified for fur-
ther testing. However, the interlayer adhesion strength
of the samples needs to be tested under a universal
testing machine.

3.2. Specific energy absorption under static
loading

All structures exhibited different SEAs and initial

peak values in load-displacement curves despite

being composed of the same materials. Figure 5 de-

picts the load displacement of the S1 structures. Both

material structures provided similar fluctuating curves

PLA

First peak

First peak bottom

regardless of the material. The PLA structure absorbed
4.71 J/g energy, whereas the ABS structure absorbed
1.99 J/g. The SEA for the PLA structure was 58%
more than that of the ABS structure. The S1 structures
(ABS and PLA) exhibited dominating stretching.
Both structures experienced a cross-shear failure
until the first curve, but this failure was more severe-
ly pronounced in the ABS structure owing to the de-
lamination of the layers. The first peak for the PLA
was higher than that of ABS because, until the first
peak in the PLA structure, only some cracks were
evident, in contrast, with ABS, the delamination had
already started. After the first peak, the PLA struc-
ture showed cross-shear failure, which caused the
large drop in the curve. However, subsequently, the
structural part below the shear line exhibited resist-
ance to the subsequent load. Therefore, the structure
could sustain and carry the additional load. Owing
to this, the PLA structure showed the second peak.

25 1T— ‘— Y,
; Shear ABS
Cracking PLA
20 e .
i
Second peak Second peak bottom
15 4
= Bottom
x part
el Jresistance
[
o
-
10 4
5 Failure by
delamination
0 T T T T T T T
0 5 10 15 20
Displacement [mm]
First peak botton Second peak
Delamination
ABS

S—0 7 *Th

Delaminated

-
Delamination

Load carried till
second peak

Figure 5. Load-displacement curve of S1 structure for ABS and PLA materials along with failure images at the different
stages of static displacement.
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After the second peak, one more cross-shear failure
occurred, causing the second peak drop. After this
point, the structure had already failed, but the debris
of the structure carried the additional load from the
bottom of the second peak and fully densified until
the end.

For the ABS structure, after the first peak, the curve
drop was a straight line because of the fatal delami-
nation. Subsequently, the remaining structure was
able to carry the load, thereby showing the second
peak, but the structure failed with delamination. After
the second drop in the peak, the next curve was caused
by the debris of the structure. The delamination of
the printed layer was the primary reason for the poor
performance of the S1 structure with ABS.

A similar tendency was observed for the S2 structure,
as shown by Figure 6, where the PLA structure had
an of 6.87 J/g, which was 78% higher than that of the
ABS structure, which was 1.51 J/g. However, the
structures showed no fluctuations in the curve after
the first peak. The ABS structure had broken from
the bottom side until the first peak, whereas the PLA
structure showed only some cracking, which caused
a higher first-peak value for the PLA structure than
that of the ABS structures. After the first peak, the

ABS structure was fully delaminated and could barely
sustain until the 20 mm displacement owing to a
complete debonding of the printed layer, whereas the
PLA structure demonstrated a layer collapse.

For the S3 structures, as shown in Figure 7, regard-
less of the materials, both structures (ABS and PLA)
showed the highest SEAs with 15.16 and 10.07 J/g
for PLA and ABS, respectively. However, PLA still
absorbed 34% more specific energy than the struc-
tures composed of ABS. These structures carried the
load with a bending domination behavior in both ma-
terials. From the failure images, cracking and delam-
ination started in the ABS structures until the first
peak, whereas the PLA structure exhibited no signs
of delamination. As the displacement progressed, the
cracks formed in more areas in the ABS structure,
whereas PLA deformed with collapsing layers. At
the 20 mm displacement, the ABS structure showed
a delamination failure, whereas the PLA structure
failed by only a layer collapse. Here, layer debond-
ing was also the cause of less energy absorbed by the
ABS-printed structures.

Similarly, for the SS structures, the energy absorp-
tion was 6.29 and 3.16 J/g for the PLA and ABS
structures, respectively. The SEA for PLA was still

25
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Figure 6. The load-displacement curve of S2 structure for ABS and PLA materials, along with failure images at the different

stages of static displacement.
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Figure 7. Load-displacement curve of S3 structure for ABS and PLA materials along with failure images at the different

stages of static displacement.

50% higher than that of ABS. As shown in Figure 8,
the structural effect provided the bending domination
behavior. From the failure images until the first peak,
the PLA structure failed because the bottom layers
collapsed, but ABS had already delaminated severely.
The PLA structure showed mostly layer-collapsing
failures with small cracks. Hence, it was able to ab-
sorb more energy. In this case, the ABS structure
demonstrated poor energy absorption because of the
delamination. A small fluctuation was observed at the
end of the ABS curve caused by the instability of the
delaminated structure during compression.

25

To analyze the unit load required for unit displace-
ment, the specific elastic constant of all structures
was calculated from their respective load-displace-
ment diagrams, as shown in Figure 9. The S3 struc-
ture had the highest specific elastic constant among
all the PLA structures, followed by the S2 and SS
structures, regardless of the material, and the S1
structure had the lowest specific elastic constant for
both materials. Comparing the materials, the PLA
structure had higher specific elastic constant values
than those of the ABS structures. The poor interlayer
adhesion for the ABS structure led to lower specific

20

-
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1

Load [kN]

10
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Delaminated structure
|

10 15 20
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Delamination

Figure 8. The load-displacement curve of SS structure for ABS and PLA materials, along with failure images at the different

stages of static displacemen.
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Figure 9. Specific elastic constant under static load calculat-
ed from the load-displacement diagrams.

elastic constant values. As the S3 structure with PLA
had the highest specific elastic constant, it required
the highest amount of force to deform and could ab-
sorb more compression energy than the other struc-
tures. For the PLA structures, the energy absorption
tendency agreed with the specific elastic constant
value, but the early delamination for the ABS struc-
tures caused a deviation of the stiffness tendency
from the energy absorption values.

The structural effect on the materials was also con-
firmed by the specific modulus and specific initial
peak stress values calculated from the stress-strain
curve, as shown in Figure 10. Table 3 lists the spe-
cific values of the respective structures. The struc-
tures showed different specific moduli and specific
initial peak stresses. From this, a single material
could provide several specific modulus and initial
peak stress values depending on its structural
arrangement. The failure mode of the structures would
be the critical criterion for structural performance.
The S3 structure with PLA had the highest SEA and

304 — S1 ABS
e §2
— S3
—— SS
25
— 20
©
o
=3
B 157
o
0
10
5_
~— =S
0 T T — 1 T T
0 10 20 30 40 50
a) Strain [%]

Table 3. Specific modulus and specific initial peak stress
under static loading.

Specific modulus Specific initial peak
[MPa/g] stress
Structures [MPa/g]

ABS PLA ABS PLA
S1 1.4540.06 | 1.5340.70 | 0.10+£0.01 | 0.19+0.02
S2 5.10£0.21 | 6.89+0.62 | 0.17+£0.02 | 0.26+0.03
S3 3.14+0.03 | 5.26+0.99 | 0.27+0.03 | 0.40+0.06
SS 3.48+0.08 | 3.47+0.54 | 0.16£0.01 | 0.22+0.02

specific initial peak stress. Because the failure was
purely dominated by layers collapsing for PLA, the
same structure with ABS showed lower energy ab-
sorption and modulus values because of delamina-
tion. The S2 structure had the highest modulus for
the PLA structure, but later little delamination in the
structure caused lower energy absorption than S3 in
the later stage. The S1 structure showed the lowest
specific modulus for both material structures be-
cause of the diagonal shear failure.

For further comparisons, all values were normalized
with the relative density of the respective structures.
Table 4 lists the relative modulus, relative initial
peak stress, and relative energy absorption. All struc-
tures with ABS showed lower values when com-
pared with the structures with PLA. Structure S3
with PLA absorbed the highest relative energy and
showed the highest relative modulus and the highest
relative initial peak stress. All other structures S1,
S2 and SS provided lower values when compared
with the S3 structure of PLA. The cause of the higher
performance of the S3 structure with PLA was also
described on the base of failure mode, which was a
complete layer-wise collapsing failure. All other

304 — 1 PLA
—F— 82
— S3
— S8
25 4
— 20
©
o
=
@ 15
Q
»
10 1
5 -
0 T T T T T
0 10 20 30 40 50
b) Strain [%]

Figure 10. Stress-strain curves of the structures under the static loading. a) ABS, b) PLA.
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Table 4. Relative modulus, relative initial peak stress, and relative energy absorption of structures under static loading.

Relative modulus Relative initial peak stress Relative energy absorption
Structures [MPa] [MPa] [J]
ABS PLA ABS PLA ABS PLA
S1 54.70+2.22 67.14+0.55 3.81+0.03 8.17+0.29 74.98+4.08 206.67+2.50
S2 114.84+3.35 181.76 +0.58 3.85+0.05 6.92+0.04 33.73+0.66 180.81+0.39
S3 137.50+1.18 267.844+0.63 11.60+0.14 20.13+0.05 440.40+2.02 772.35+0.06
SS 88.08+2.55 104.38+0.06 4.01+0.02 6.6140.06 79.89+0.38 192.25+0.25

structures, showed little delamination in the case of
PLA structures and severe delamination was ob-
served with ABS structures.

Overall, from Figures 5 to 8, the load-displacement
curve for the ABS structures was lower in all cases.
The root cause of the poor performance of the ABS
structures was the delamination of the printed layers
under compression. The dominant failure mode for
ABS structures was cracking, followed by fatal de-
lamination, which was less pronounced in PLA struc-
tures. The S3 structures with PLLA absorbed the high-
est energy because the mode failed purely from col-
lapsing layers. Hence, for a good 3D printed structure,
better interlayer adhesion is highly necessary. In a
general case, ABS is stiffer than PLA, but the struc-
tural effect reversed the nature of the materials. All
structures absorbed different amounts of energy and
showed different elastic moduli and initial peak
stresses, regardless of the material, which indicates
that a material can have a wide energy absorption ca-
pacity range under compression loading that can be
altered by changing the structural arrangement. That
is, the structure and its integrity can determine the
mechanical energy absorption capacity of the con-
stituent materials. For ABS, FDM fails to achieve
good layer adhesion, which can be attributed to the
rapid consolidation reducing the interfacial layer ad-
hesion ability. However, it is not as pronounced as
in the case of crystalline PLA.

3.3. Energy absorption by structures under
dynamic displacement

The PLA structure outperformed ABS structures be-
cause of better inter-layer adhesion. Hence, only
PLA structures were selected for dynamic cyclic
compression. Figure 11 shows the 10" load displace-
ment cycles of each structure at the base frequency
(1.0 Hz). The other cycles had similar enclosure
shapes; hence, for the other two frequencies, only
the DER and hysteresis work are reported in Table 5
for the 10™ cycle.

As presented in Table 5, PLA showed different DER
values for all frequencies, because of the structural
effect. Hence, the DER of the materials could be de-
termined by structural arrangement. Here, the struc-
tures were first tested at the base frequency of 1.0 Hz.
At this frequency, the S3 structure showed the lowest
DER, whereas the SS structure provided the highest
DER 0f 96.12%. The S1 and S2 structures had DERs
0f92.31 and 95.63%, respectively. DER generally in-
dicates the amount of recovery that occurs after
cyclic loading. A higher dynamic recovery means a
higher energy-releasing ability, and vice-versa. The
S3 structure stored the highest hysteresis work, which
indicates that this structure had a higher ability for
storing energy than that for release. Moreover, the
SS structure was able to release energy better than all
other structures and could store only 0.08 J of hys-
teresis work. By comparing the SS and S2 structures,
the difference in DER was 0.50%, and the hysteresis
works were the same.

When testing at the low frequency (0.1 Hz), all struc-
tures followed the same tendency as with the base
frequency in terms of DER and stored hysteresis
work. The lowest DER and highest hysteresis work
were provided by the S3 structure. The SS structure
had the best DER of approximately 96.52% with the
lowest hysteresis work of 0.07 J. The S2 and S1
structures had DERs of 94.48 and 93.31% with hys-
teresis works of 0.09 and 0.17 J. At this frequency,
the S3 structures had similar behaviors as those ob-
served at the base frequency. Comparing all struc-
tures at 1.0 and 0.1 Hz, all structures demonstrated
similar DERs, hence, the frequency change did not
significantly affect the DER or the hysterics work at
a larger scale to differ with a small range.

On testing all structures at the high frequency
(4.0 Hz), the S3 structure showed the lowest DER
again, along with the highest hysteresis work at
1.48 J. The SS structures had a DER of 97.13%,
which was the highest among all structures. The S2
and S1 structures had the second and third best
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Figure 11. 10" load displacement cycle of each structure under dynamic loading at the base frequency (1.0 Hz). a) S1, b) S2,

¢) S3, d) SS.
Table 5. DER and hysteresis work of PLA structures under dynamic loading.
Frequency 0.1 Hz Frequency 1.0 Hz Frequency 4.0 Hz
Structures DER Hysteresis work DER Hysteresis work DER Hysteresis work
[%] [J] [%] 3] [%] 1
Sl 93.31 0.17 92.31 0.19 93.46 0.20
S2 94.48 0.09 95.63 0.08 96.81 0.08
S3 80.45 1.14 79.62 1.91 85.94 1.48
SS 96.52 0.07 96.12 0.08 97.13 0.07

DERs 0f 96.81 and 93.46%, respectively. At this fre-
quency, the DER of all structures was the highest
compared with the DER responses at 0.1 and 1.0 Hz.
At all frequencies, the S3 structure had the lowest
DER but the highest hysteresis work absorbed. The
cause of the high value of hysteresis work absorp-
tion could be explained based on the free volume of
the structures. The S3 structure consisted of the most
material, thereby having the lowest free volume. The
struts were close to each other, which provided bet-
ter support for the applied loading. Less free space
for the movement of struts in S3 enabled it to sustain
a high loading but made its elastic recovery poor.
Similarly, the S1 structure had the second heaviest

structure and more free volume than the S3 structure.
Owing to the higher free volume, the structure could
recover more because of a better release of energy;
hence, less hysteresis work was observed than with
S3. The S2 structure had the lowest amount of ma-
terial among the strut-type structures. The additional
free volume in the S2 structure provided more move-
ment space for the structures while loading. Because
of the additional free space, the struts in the S2 struc-
ture were able to recover better for all frequencies.
The S2 was the best in terms of DER among the
strut-type structures.

The SS structure had shell unit cells. The space for
movement inside shell is more, which means more
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free space for the movement of shells. The free vol-
ume of the SS structure enabled them to reach the
highest DER with the lowest hysteresis work absorp-
tion. For a structure, the free volume is a significant
factor in determining the DER and hysteresis work
absorption at all frequencies. Here, the S3 structure
is recommended for better energy absorption appli-
cations. The SS structure is recommended for appli-
cations requiring a quicker recovery under dynamic
loading conditions. The S3 and SS structures had
large DER and hysteresis work differences but a small
difference was observed in the DER and hysteresis
work when these structures were individually com-
pared at different frequencies. Hence, the DER and
hysteresis work was more pronounced with the struc-
tural change rather than the frequency change.

3.4. Effect of frequency on the structural
damping ability

The damping ability of the structures was calculated
from the lag (3) between the dynamic load and dis-
placement curves, as shown in Figure 12. The tan-
gent of the lag (tand) indicates the damping ability
of the structures. Table 6 provides the average tan
of the 10 cycles and the tan 6 of the strut-structures

Table 6. Average tand of 10 cycles at different frequencies

(0.1, 1.0, 4.0 Hz).

tan §-102
Structures
0.1 Hz 1.0 Hz 4.0 Hz
S1 2.13 2.43 3.82
S2 2.05 2.99 3.82
S3 3.36 3.61 3.82
SS 1.93 2.43 1.05

(S1, S2, S3) and SSs. For strut-based structures, as
the frequency was increased from 0.1 to 4.0 Hz, the
tan o increased for the S1, S2, and S3 structures. The
S3 structure had the highest tan 6, indicating that this
structure had a more viscous nature and provided the
lowest DER because it could dissipate the energy as
hysteresis work. The SSs had the lowest tan 6, which
shows that these structures had a more elastic nature
and highest DER.

By comparing the frequency effect, based on the vis-
coelastic nature of materials [42], materials become
brittle at high frequencies and viscous at low fre-
quencies. However, owing to the structural effect,
strut-based structures (S1, S2, and S3) showed a
more viscous nature at a high frequency. This indi-
cates that the nature of the material could be changed
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Figure 12. Load-time-displacement diagrams for S1 structures under dynamic loading at a) 0.1 Hz, b) 1.0 Hz, and ¢) 4.0 Hz.
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Table 7. Percentage improvement in energy absorption of S3 (ABS and PLA) structures compared with previously reported

FDM fabricated structures.

Structure Material Energ)[/Jz;;)]sorbed Impr{(:;:)eiment References
Honeycomb 5.43 46 [22]
Hexagonal re-entrant 2.82 72 [41]
Tet oct vertex centroid ABS 2.63 74 [45]
Body center cube-V 0.49 95 [46]
Biomorphic cellular 1.50 85 [47]
Modified octet 4.50 70 [43]
Bi-graded honeycomb 13.62 10 [48]
Hexagonal prism PLA 10.50 30 [49]
Kelvin foams 11.90 21 [50]
Neovius surface 10.42 31 [51]

by changing the material arrangement in the struc-
tures. The structural effect can also be justified by
the ability to transmit vibration out of the system. The
high tand indicates a higher damping property. The
many interconnected struts composing the structures
helped transmit the vibration out of the structures. At
the lower frequency, the struts moved slowly; thus,
less vibration was transmitted out of the structures and
caused less vibration isolation. Therefore, a low tand
was obtained at the high frequency because the fast
movement of the struts made the structures transmit
more vibration out. The surfaces of the SSs could not
provide as much movement as the struts, obtaining a
low tand at the higher frequency. All structures com-
posed of struts could be applied at the higher frequen-
cy vibration damping, but the SS structure composed
of the surface is better suited for lower frequency vi-
brational damping applications.

3.5. Comparison of failure mode and energy
absorption results

For the S3 structure, PLA absorbed the highest
amount of energy because of the full layer collapsing
failure. The upper and lower layers started deform-
ing, and this deformation traveled toward the center
layer without delamination and ended with densifi-
cation of the structure without layer debonding dur-
ing the entire compression period. A comparison of
the S3 failure mode with the octet structures with
PLA studied by [43] showed that the collapsing de-
formation of the unstable layer caused the post-yield
fluctuation behavior. Hence, the energy absorption
was approximately 87% less than that of the S3
structure with PLA. This shows that stability in layer
collapsing is essential for structure deformation. An-
other study reported a re-entrant circular auxetic

honeycomb structure [44] from PLA material,
demonstrating non-uniform cross X-like failure dur-
ing compression. Moreover, owing to this type of
failure, the oscillation formed into a stress-strain
curve, and the highest SEA was reported at only
2.2 J/g, which is far less than that of the S3 structure.
Similarly, another study [35] with a hexagonal open
cell structure composed of PLA showed that the best
stress-strain curve was obtained with a structure with
a layer collapsing failure. These results agree with the
cause of the highest energy absorption observed for
the S3 structure. The cross failure by the S1 structure
for both materials is undesirable, and this also agrees
with the deformation behavior explained by [44].
Other structures, S2 and SS, showed minimal delam-
ination with PLA and were severely delaminated
with the ABS material which caused the poor SEA
results for ABS. This result agrees with [26], which
stated that the structure with little debonding had the
highest mechanical properties. Comprehensively, the
layer collapsing mode with a stable manner is the
best deformation mode for 3D-printed structures,
whereas debonding always reduces the performance
of these types of structures.

To analyze the improvement of the purposed struc-
ture, the result of the energy absorption of bending-
dominated S3 structures was compared with the re-
sults published in the literature, as listed in Table 7
for ABS and PLA.

4. Conclusions

o The structural effect changed the energy absorp-
tion of the materials (PLA and ABS). A material
can absorb different amounts of energy under com-
pression, which can be determined by structural
arrangements.
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For FDM-manufactured structures, interlayer ad-
hesion plays the main role in energy absorption
under compression. ABS could not provide better
layer adhesion; hence, delamination caused it to
absorb less energy than the PLA structures.

The results show that the energy absorbed by the
S3 structure of PLA is the highest, which is
15.16 J/g, the specific strength of the first peak is
the highest, which is 0.40 MPa/g, and relative
modulus is the highest, which is 267.84 MPa.
The free volume of the structures resulted in a
quick recovery after dynamic loading.

Under dynamic compression, changes in frequen-
cy were less effective for the DER, but the struc-
tural change effect was more pronounced on the
DER and hysteresis work.

The SS structure has the best dynamic elastic re-
covery of 97.13% at 4.0 Hz, while S3 shows the
best hysteretic work at 1.91 J.

All strut-based structures demonstrated a viscous
nature at a high frequency, whereas a more elastic
nature was observed in the SSs.

The bending-dominated (S3) structures are rec-
ommended for civil engineering applications,
such as in load bearing, SS has the highest DER,;
hence, they can be used for applications requiring
quick recovery after loading.
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