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Abstract

Three-dimensional (3D) printed polymer lattice structures of different configurations are investigated in this research to study
their behavior under low-velocity impact load. The Body Centered Cubic (BCC) is modified and redesigned to generate
three additional sets of the lattice structures to compare their impact energy absorption capability. The modified designs are
(a) BCC with vertical struts connecting all nodes (BCCV) (b) BCC with vertical bars connecting alternate nodes (BCCA),
and (c) BCC with gradient distribution of struts (BCCG). All the four sets are created using Acrylonitrile Butadiene Styrene
(ABS) polymer material on a Stratasys uPrint 3D printer. An in-house built ASTM Standard D7136 drop tester was used to
capture the impact response. Data obtained from the attached accelerometer is post processed to find velocity, displacement,
transferred energy, and force histories. The absorbed energy is found from the change in kinetic energy of the impactor before
and after impact. It is observed that the selective placement of vertical support struts in the thickness direction influences

the impact response of lattice structures.

Keywords Additive manufacturing - 3D printing - Energy absorption - Lattice structures - Low velocity impact

Introduction

Cellular structures are a combination of solid material and
air. These structures are available in nature like cork and are
made by conventional methods like honeycomb. In addition,
lattice structures are another type of cellular structure that
can be either 3D printed or made. Lattice structures (LS)
are a group of small unit cell structures arranged next to
each other over a space. They have great mechanical prop-
erties, such as being lightweight, having high strength-to-
weight ratio, and having good energy absorption capability
[1-6]. Owing to the recent advent of the three-dimensional
printing (3DP) processes, several studies of metallic LS
under impact loading have concluded that lattice core struc-
tures have impact performance comparable to honeycomb
structures, and that improvements to the performance can
be achieved through improved material and architectural
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combinations of the lattice core [2—6]. Cellular structures
including ordered and stochastic cellular structures can be
created by using conventional methods. For example, a man-
made honeycomb is an ordered cellular structure that can be
manufactured by joining the corrugated sheet and arrang-
ing them to build up the hexagonal shapes [7]. Stochastic
cellular structures can be made more easily than ordered
cellular structures. There are several examples including
metal sponges, metal foams and hollow sphere foams that
are produced by distributing the voids stochastically [8] dur-
ing manufacturing.

Over last several years, researchers have used several
methods such as photopolymerization using collimated UV
light and mask with apertures to create lattice structures
[4]; however, the 3DP method is currently being explored
because of its flexible nature of fabrication [5, 6, 9]. Three-
dimensional printing (3DP), an Additive Manufacturing
(AM) process, has rapidly grown in recent years and has
been widely used in many applications. The 3DP manufac-
turing process requires an input file usually in STereoLithog-
raphy (STL) format generated by a CAD software to build
complex models. From the STL file, the printer software cre-
ates toolpath, and prints the model layer by layer. There are
several AM technologies, however extrusion-based process
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widely known as Fused Deposition Modeling (FDM) is the
most used one for plastics due to its low-cost. The print head
extrudes the filament through the heated nozzle that solidi-
fies when it reaches build platform [10—15]. Due to the flex-
ible layering nature of manufacturing, the 3DP process can
be used to fabricate intricate parts with internal features of
great complexity. For example, the basic BCC lattice can be
redesigned by adding spatially distributed vertical and hori-
zontal struts to control its behavior and capability of strain
energy absorption for any specific application.

The total absorbed energy by a structure is typically eval-
uated by taking the difference between the incident kinetic
energy and residual kinetic energy of the impactor tip when
impact test is used [16]. However, the nature of absorbed
energy variation during the loading event, which is also
important for some applications, cannot be obtained from
the incident and residual kinetic energies. Energy absorp-
tion capability of cellular structures under low-velocity
impact tests has been investigated by many researchers [2,
9, 17-19]. St-Pierre et al. [17] performed a low-speed impact
test on Y-frame and corrugated sandwich beams. The drop-
weight responses were comparable to the ones measured
quasi-statically. Vesenjak, et al. [18] performed experimental
and computational investigation of regular open-cell cellular
structures under impact loading. Open-cell cellular speci-
mens made of aluminum alloy and polymer were experi-
mentally tested under quasi-static and dynamic compressive
loading in order to evaluate the failure conditions and the
strain rate sensitivity. Very limited work is done on the low-
velocity impact behavior of 3D printed metallic [5, 6] and
polymeric [9] lattice structures. Mines, et al. [5] and Shen,
et al. [6] investigated the effect of selective laser melting
(SLM) process parameters on the impact response of stain-
less steel and titanium lattice structures. Their focus was
BCC and BCCZ (BCC will struts added in the thickness
direction) lattice structures. Turner, et al. [9] studied a modi-
fied BCC structure with vertical struts added in the thickness
direction alternate nodes. The structures were created using
Acrylonitrile Butadiene Styrene (ABS) polymer material on
a fused deposition modeling (FDM) 3D printer.

Due to the flexible nature of fabrication, the 3DP methods
can be used to design lattice structures with abundant design
variability. There has been some effort in creating 3D printed
lattice structures [3, 6, 9]; however, it requires more research
with different design possibilities of LS to utilize the full
capability of 3DP. In this study, polymer lattice structures
of Body Centered Cubic unit cell (BCC) and its three differ-
ent variations are used to understand their behavior under a
low-velocity impact load. The Body Centered Cubic (BCC)
is modified and redesigned to generate three additional sets
of the lattice structures to compare their impact energy
absorption capability. The modified designs are (a) BCC
with vertical struts connecting all nodes (BCCV) (b) BCC
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with vertical bars connecting alternate nodes (BCCA), and
(c) BCC with gradient distribution of struts (BCCG).

Experimental Procedures
Design and Fabrication of Lattice Core Structures

The four configurations of lattice core structures BCC,
BCCYV, BCCA, and BCCG were designed using a CAD
software. The BCC unit cell was considered as a reference
to compare with the other three configurations. The overall
dimensions of the structure were 50 mm X 50 mm x 20 mm
in thick, and a single unit cell had dimensions of 5 mm x
5 mm x 5 mm. The unit cells were patterned in 3D coordi-
nate system with 10 cells in x and y-directions and 4 cells
in z-direction. The total number of the unit cells for each
configuration is 400 cells. The truss elements of the unit cell
had a diameter of 1 mm.

Figure 1 shows the side views of the BCC, BCCV, BCCA
and BCCG samples, respectively. Figure 1a shows the front
view of a BCC lattice sample. Adding vertical struts to the
BCC lattice structure is expected to increase the strength
of the structure. One such design variation is called BCCV
that is shown in Fig. 1b where the BCC structure is modi-
fied by adding vertical struts of diameter 1 mm in all nodes.
Another variation of the design was to add alternative ver-
tical struts to BCC to increase strength as well as flexibil-
ity. This configuration is termed as BCCA and is shown in
Fig. lc. It has alternating vertical struts located in between
the first and second stages of the unit cells. Those struts are
patterned in the xy-plane and then mirrored over the top
plane. Finally, inclusion of gradient vertical struts (BCCG)
introduces a new type of BCC. Figure 1d shows the side
view of a BCCG lattice structure. In this case, the verti-
cal struts are distributed linearly in the thickness direction.
This design is intended to have controlled progressive failure
from the weakest layer (the least number of vertical struts) to
the strongest layer (the most number of vertical struts). The
gradient distribution number of vertical struts in the thick-
ness direction are shown by different planes in Fig. 2. Six
different planes indicated by a—a, b-b, c—, d—d, e—e, and f—f
are shown in Fig. 2a. The total numbers of vertical struts at
those planes a—a through e—e were 32, 32, 52, 59, 100, and
111, respectively. Figure 2b shows the quarter section view
at Plane a—a showing the location of vertical struts indicated
by yellow circles.

A fused deposition modeling (FDM) based 3D printer
Stratasys uPrint SE plus [20] having a nozzle diameter of
254 pm was used to make all four designs of lattice struc-
tures. Three samples from each design totaling twelve sam-
ples were printed. An ivory-colored production-grade ther-
moplastic (ABSplus-P430) was used to create the samples.
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Fig.1 Side view of four different lattice configurations: a BCC, b BCCV, ¢ BCCA, and d BCCG
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Fig.2 Gradient distribution of vertical struts, a six different planes indicated by a-a through f-f having different arrangement of vertical struts, b
a quarter view of plane a—a showing eight vertical struts indicated by circles

The material exhibits elastic—plastic behavior both under
tension and compression at room temperature [21, 22].
Mechanical properties of the material obtained under those
room temperature tests performed are shown in Table 1. The
material also exhibits the following thermal properties: heat
deflection at 66 psi of 96 °C, glass transition temperature
of 108 °C, and coefficient of thermal expansion (CTE) of
8.82x 107%°C [21].

The CAD software generated STL files were processed
with CatalystEX software provided by Stratasys. Three sam-
ples were printed for each design using the following printer
parameters. The printer head temperature of 300 °C, and

Table 1 Mechanical properties of ABSplus polymer

Mechanical properties Tensile (ASTM D638) Com-

[21] pressive
[22]
Yield strength (MPa) 31 37
Ultimate strength (MPa) 33 42
Elongation at yield (%) 2 -
Elongation at break (%) 6 21
Modulus (GPa) 2.2 1.83
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the chamber temperature of 77 °C was maintained. Layer
thickness was set to 0.254 mm. The models were printed
using the Stratasys standard sparse high-density fill patterns
where the linear scan pattern is used to create fully dense
solid structure. Some samples required support materials
and the amount of support material depends on the geo-
metric complexity. The support material used in this case is
a Stratasys proprietary polymeric material that is different
from ABS model material. To remove the support material,
a cleaning apparatus by Stratasys was used where the sam-
ples were soaked in the heated chemical bath for approxi-
mately 4 h. After removing the material, the specimens were
washed by water at room temperature and were dried. The
average diameter of the struts was measured to be 1.1 mm
after printing.

Kevlar Face Sheet Fabrication

The face sheets consisted of 4 layers of Hexcel Composites’
K285-38"-F161 Kevlar fabric were fabricated and attached
to the lattice structures. The type of Kevlar was Kev. 49
1140 fiber with a crowfoot weave. It was pre-impregnated,
pre-preg, with laminate-grade epoxy resin. The cure cycle
of the Kevlar consists of three stages which are heat-up, hold
and cool down. A Carver hot press was used to create the
four-layer face sheet. First, four ply Kevlar was lubricated
with silicone oil and covered with aluminum foil. It was then
held under pressure of 3 metric tons for 3 h at 220 °C. After
3 h at 220 °C, the Kevlar was kept in the hot press under
pressure until it reached room temperature. Finally, the face
sheet had dimensions of 105 mm X 105 mm X 0.86 mm that
was equally cut into four pieces. A microscopic side view
picture of a 4 ply Kevlar face sheet is shown in Fig. 3. It
is clear from the image that the four layers of Kevlar were
bonded and cured very well.

Preparation of Sandwich Structures
The composite sandwich structure consists of the lattice core

structure and the Kevlar face sheet. To adhere the face sheet
to the core, Loctite® Epoxy Heavy Duty adhesive was used.

Fig.3 Microscopic picture of four ply Kevlar face sheet from edge
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It is a two-part material that are an epoxy resin and a hard-
ener that should be mixed in an equal amount. After mixing
them, the adhesive was uniformly spread over the Kevlar
face sheet and the lattice structure was placed carefully on
it. The assembled composite structure was kept Kevlar face
sheet down under a load of approximately 4 kg for 24 h to
ensure that the adhesive is fully cured and that the face sheet
is completely adhered to the core. Figure 4 shows the com-
pleted sandwich structure with BCCV lattice core. Table 2
shows the composite mass of all four configurations includ-
ing the masses of Kevlar face sheets and epoxy resin. The
approximated amount of the epoxy resin was 2.1 g and the
Kevlar face sheets had a mass of 2.5 g.

Low-Velocity Impact Testing

An in-house built ASTM Standard D7136/D7136M-15, low-
velocity impact testing machine was used in this study [23].
It has two guide bars to make sure that the impactor hits the
specimen at the center. An impactor assembly consists of
proof mass and an impactor with hemispherical tip of diam-
eter 9.5 mm (Fig. 5a). The drop height, i and proof mass, m
can be adjusted to control the impact velocity and energy. In
this study, the impactor assembly was dropped from a height
of 0.6215 m so that the impactor reached the specimen with
an incident velocity of 3.492 m/s (using v= \/ 2gh). Here,
the friction due to the guide bars was considered negligible.
The impactor assembly had a mass of 2.436 kg, thus the total
impact energy available is the kinetic energy of the impactor
assembly at the start of the impact and was calculated to be
14.85 J using Eq. (1).

Impact energy: KE, = %mvé @))]

where m is the mass of the impactor assembly and v, is the
impactor velocity at first contact. To evaluate the absorbed

Fig.4 A BCCV composite sandwich structure after assembly
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Table2 Sample characteristics . foyration BCC BCCV BCCA BCCG
for all four configurations
Sample# 1 2 3 4 5 6 7 8 9 10 11 12
Avg. total mass (g) 18.4 19.4 19.6
plate to locate the specimen at the center of the impactor.
The specimen sits in a 57.2 mm X 57.2 mm recess in the fix-
ture. The entire bottom surface of the specimen was bounded
Accelerometer from the fixture. A top plate is used to apply a downward
pressure around the perimeter of the specimen using four
toggle clamps.
Impactor

Sandwich sample
clamped with a
picture frame

(b)

Fig.5 a Impactor assembly; b a sample to be impacted clamped in a
fixture

energy, velocity of the impactor during impact event is
needed and can be calculated by integrating the measured
acceleration of the impactor over time. A piezoelectric
accelerometer attached to the impactor assembly measured
the acceleration history.

A fixture was designed to support the 50 mm X 50 mm
specimens (Fig. 5b). The fixture uses a cutout on the test

Fig.6 Velocity (v,(t)), displace-
ment (J(¢)), and force histories
(F(t)), absorbed energy (E,),
and elastic energy (E,)

Accelerometer

L a8

3D X-ray Microscopy

The 3D printed sandwich structure has a very intricate core
geometry which plays a significant role in energy absorption
during low velocity impact. The objective of this section is
to understand the extent and mode of damage in the sand-
wich structure through nondestructive visualization. A 3D
X-ray Computed Tomography Microscope (3D XCT micro-
scope by Zeiss) was used which allows high resolution (0.7 u
pixel size) 3D imaging of materials. However, for this analy-
sis, a low-resolution setup (33-38 p pixel size) was used to
capture the entire damaged volume. 3D X-ray images were
taken for a representative set of specimens which provide
a lucid description of the internal features of the printed
substrates.

Results and Discussion

Once the experiments of all twelve samples were complete,
the acceleration data were post-processed in Matlab to deter-
mine the velocity, displacement and force histories [23]
according to the calculation scheme shown in Fig. 6. The
data was captured during the entire impact event or from
the point of first contact (a =— g) till the point where the

Force and displacement histories

,

v;(t) = vy +f a(t)dt

0

1 il
Ex(t) = 5mv§ — Sm(vi()?

Energy absorption
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impactor just loses contact (a =— g) with the sample. Usu-
ally, the entire test duration was 5-9 s and the impact period
was about 5—7 ms. The total number of the data were about
250-350 readings. Firstly, the acceleration data obtained
from the accelerometer is integrated to find impactor veloc-
ity v;(¢) at time ¢ using Eq. (2).

vi(t) = vy + g a(t)dt 2)

Here v, is the initial impactor velocity at first contact,
which was 3.492 m/s and a(?) is the measured acceleration
history. Further integration of Eq. (2) gives displacement
history 6(¢). The integration starts at the first excitation point
on the acceleration curve and end at the point at which the
accelerometer reading is g. Integration was performed using
cumulative-trapezoidal-integration algorithm. The cumula-
tive trapezoidal (cumtrapz) method automatically smooths
the data by breaking the area under the curve into infinitesi-
mally small trapezoids. This method eliminates the need for
a filter on the velocity and displacement data. Force history
F(t) can be obtained by multiplying the mass of the impac-
tor assembly m and acceleration a(z). Energy transferred to
the sample should be the same as the difference in impactor
kinetic energy that was calculated in Excel using Eq. (3) as
follows

E(n = %mvé - %m(vi(t))z 3)

Thus, the energy transferred to the sample through impact
is the summation of elastic energy (E,) and absorbed energy
(E,) values. The elastic energy region represents the amount
of the rebound energy from the specimen.

Figure 7 shows the comparison of typical velocity his-
tories for all four configurations. There are three distinct
stages in the plot, negative velocity during which the impac-
tor moves in the downward direction after first contact up
to the maximum displacement. This stage is termed as
Stage I during which period the velocity changes from the
downward velocity of 3.49 m/s to zero. Stage II is when
the impactor changes its direction and starts moving in the
upward direction due to elastic recovery of the samples. At
Stage 11, the impactor velocity is zero; however, its accelera-
tion and displacement are maximum. The elastic recovery
period of the sample is called Stage I1I during which the
impactor starts moving in the upward direction (i.e. positive
velocity) while being in contact with the sample. At the end
of Stage 111, the impactor separates from the sample and its
acceleration becomes g.

It is clear from the figure that all configurations follow the
same trend for the first millisecond of impact. This can be
the response of the Kevlar face sheet in combination with the
elastic deformation of the first layer of lattice. The duration
of Stage I for BCCV and BCC samples are approximately
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BCCV
BCCG
BCCA BCC

Velocity (m/s)

BCC (sample #3)
——BCCV (sample #5)

BCCA (sample #9)

BCCG (sample #12)

Time (ms)

Fig.7 Comparison of typical velocity histories among all four con-
figurations (samples 3, 5, 9, 12) impacted at 14.85 Joule

2.8 mm/s and 4.4 mm/s, respectively, and that for BCCA
and BCCG samples are about 3.8—4.0 mm/s. The Stage I
duration depends on the stiffness of the structure. Higher the
stiffness lower is the time needed for the impactor to reach
the maximum indentation depth. The compression behavior
of the BCC, BCCV, BCCA, and BCCG samples presented
in Ref. [24] shows that the BCCV and BCC have the highest
and the lowest stiffnesses, respectively, while the BCCG and
BCCA have similar stiffnesses. The most number of verti-
cal struts in the BCCV structure offers the highest stiffness.
The BCCA and BCCG samples have less number of verti-
cal struts than BCCV (causing less stiffness than BCCV)
while the BCC have the lowest stiffness. While the length
of the response is different for the different configurations,
the BCCV offers the higher velocity on the bounce in Stage
111 as compared to the other three configurations.

A second integration of the acceleration history in
MATLAB provides a displacement history. The calculated
displacement is for the impactor and it should be same as
the deformation of the Kevlar and the ABS lattice core
structure. Representative displacement curves for all four
configurations are shown in Fig. 8. It is very clear from the
figure that the BCCV has the least deformation while the
BCC samples have the most. The BCCA and BCCG sam-
ples have the similar displacement history and lie between
BCC and BCCV. Maximum deformations for all configura-
tions and corresponding percentile coefficients of variance
are summarized in Table 3. The BCC, BCCV, BCCA, and
BCCG sandwich panel structure has average maximum
deformations of 8.91, 5.99, 7.65, and 7.56 mm, respec-
tively. Again Fig. 8 also shows three distinct stages I, II,
and III that were discussed earlier. It is clear from Stage III
in Fig. 8 that the BCC has the least elastic recovery and the
BCCYV has the most. The amount of elastic recovery for
the BCCA and BCCG samples are similar and lies between
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Fig.8 Comparison of typical displacement histories among all four
configurations (samples 3, 5, 9, 12) impacted at 14.85 Joule

BCC and BCCV. This trend in elastic recovery follows the
trend of the stiffness [24] due to obvious reason.

The change in kinetic energy or energy transferred to
the samples was calculated in Excel by using Eq. (3) and
plotted against time during the impact period. The repre-
sentative energy history is shown in Fig. 9. It is clear that
the total transferred energy reaches the maximum available
or impact energy at Stage II when the impactor is at its
maximum displacement. However, some energy is recov-
ered by the impactor during Stage III due to the elastic
recovery of Kevlar face sheet and undamaged, elastically
deformed lattice. After elastic recovery, the final trans-
ferred energy is the absorbed energy. Table 3 summarizes
the average absorbed energy along with corresponding
coefficient of variance in percentage. Although the four
configurations have different total impact period, the BCC,
BCCA, and BCCG samples have similar absorption energy
of 13.83, 13.73, and 13.73 J, respectively. The BCCV
samples have the lowest energy absorption of 13.05 J due
to the largest elastic recovery. It may be mentioned here
that a small portion of these absorbed energies are used
to deform the Kevlar face sheets. Since the face sheets are
thin, the energy needed to cause it to deform may well be

Time (ms)

Fig.9 Comparison of typical energy histories among all four configu-
rations (samples 3, 5, 9, 12) impacted at 14.85 Joule

small. As such, the energy absorption behavior of LSs will
still follow the same pattern.

Force history was obtained by multiplying the impactor
mass with acceleration. Figure 10 shows the typical force
history for all the four configurations. The plots have been
smoothened for clarity. All the configurations show two
peaks. The BCCV has the highest peak load followed by
BCCG and BCCA, and BCC. The average peak loads for
all configurations are summarized in Table 3 as well. The
maximum load for the BCC, BCCV, BCCA, and BCCG
specimens are 2447, 3669, 2838, and 2841 N, respectively.
The peak loads appear to follow the peak load behaviors of
the structures tested under compression load [24]. The first
peak as indicated by [i] on the load—displacement curve cor-
respond to the first stage of failure up to which the material
deforms elastically deforms. This location is also shown in
velocity history in Fig. 7 which indicates that the impactor
is still moving in the downward direction within the LS. The
second peak indicated by [ii] in Fig. 10 corresponds to the
second stage of failure. This point is little before zero veloc-
ity as shown in Fig. 7. In other words, the impactor motion
is still in the downward direction. The kinetic energy of the
impactor decreases until the impactor velocity decreases to

Table 3 Maximum

: Config. Max displacement Absorbed energy (impact Peak Load from F=ma
displacement, peak load, and _
energy =14.851J)
absorbed energy
Average (mm) Coefficient of Average (J) Coefficient of Average (N) Coefficient of
variance (%) variance (%) variance (%)
BCC 8.91 1.64 13.83 2.07 2447 0.79
BCCV  5.99 3.24 13.05 1.15 3669 2.92
BCCA  7.65 3.55 13.73 0.34 2835 5.49
BCCG 7.56 1.73 13.73 1.91 2841 2.35

Peak load was calculated from F=ma
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Fig. 10 Comparison of typical force histories among for all four con-
figurations calculated from F=ma

zero. Subsequently, the elastic energy stored in the deformed
LS and Kevlar face sheet causes the impactor to bounce back
and the load approaches to zero where the impactor sepa-
rates from the face sheet.

Figure 11 shows X-ray images of all four configurations
after impact. The damage of internal lattice structures, and
delamination at the face sheet/core interface are clearly vis-
ible. The depth and in-plane spread of impact damage has
been quantified in the images as well. It is observed that
the damage depths of BCC (Fig. 11a), BCCV (Fig. 11b),
and BCCA (Fig. 11c) samples are 10.9 mm, 10.1 mm, and
10.6 mm, respectively. In other words, the top two layers of
BCC, BCCYV, and BCCA configurations failed while remain-
ing two layers remained undamaged. On the other hand, the
damage depth for BCCG samples is 8.5 mm, that means, top
one and half layers failed keeping the remaining two and half
layers undamaged. Damage sizes close to Kevlar for BCC,

Sample 2 | .
lﬁoovovqc
TAY MY,
LA
4 ¥ 4 §'~,

4 e

. 2 ands ¥ 2
F e 1

TR

(a) BCC (b) BCCV

Fig. 11 X-ray images of four different impacted samples

@ Springer

Sample 7

BCCV, BCCA, and BCCG are 19.8 mm, 20.5 mm, 17.9 mm,
and 16.0 mm, respectively.

Table 3 and Figs. 7, 8, 9 and 10 show that the BCCV
configuration is the stiffest and strongest, while the BCC
configuration is the most compliant and the weakest. The
behavior of the BCCG and BCCA configurations is similar
and fall between BCC and BCCV. The BCCA and BCCG
have the same arrangement of vertical struts in the first two
layers closest to the point of impact, namely no struts in the
upper most layer and vertical struts at every node of the sec-
ond layer (BCCA) and vertical struts at half the nodes in the
second layer (BCCG). The struts in the second layer seem
to provide constraints to the deformation for both structures,
and therefore similar behavior. This observation is confirmed
by the X-ray images discussed in Fig. 11.

Summary

In this study, the low-velocity impact behavior of 3D-printed
polymer lattice structures has been investigated. The dif-
ferences in the absorption energy has been discussed for
comparison of the four configurations which are the BCC,
BCCYV, BCCA and BCCG. To consider uncertainty of the
results, three specimens were used for each configuration.
The differences in design between the four configurations
were based on the strut distribution inside the unit cells.
In contrast, there are no vertical struts in the BCC con-
figuration. A CAD software has been used to design the
specimens. A 3D printer which is Stratasys uPrint 3D has
been used to fabricate the specimen. The specimens were
investigated under a low-velocity impact test using an ASTM
Standard D7136. Furthermore, the sandwich panel was
designed and fabricated for impact tests. Four ply Kevlar
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face sheets were fabricated and cured using hot press and
then glued to the lattice core structures.

The data obtained from the accelerometer attached with
the impactor were integrated to find impactor velocity and
displacement. The absorption energy was calculated from
the change in impactor kinetic energy. BCCV had the low-
est penetration compared with others. The BCCV have the
lowest energy absorption capability while the other three
configurations have similar energy absorption capability
when the impact energy is 14.85 J.
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