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ABSTRACT

Additive manufacturing technology is suitable for producing energy-absorbing devices with
tunable mechanical properties and improved crashworthiness performance. In this study, the
mechanical properties and macrostructural crushing behaviour of five additively manufactured
polymer-based honeycomb structures (HS) are investigated. Subjected to in-plane loading, the
experimental results of the HS are compared with numerical findings and theoretical
predictions. Results indicate that deformation modes and overall crushing performance are
influenced by utilising different parent materials. The polymer HS made from polyethylene
terephthalate glycol gives the best overall crushing performance over the other polymers and
polymer-fibre reinforcement HS. However, the crush force efficiency of HS made from polylactic
acid is the least promising. The polymer-fibre reinforced HS outperforms some of the pure
polymer-based ones in terms of specific energy absorption and shows a characteristic
lightweight advantage. Hence, spotting it as a promising energy absorber utilised for
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crashworthiness application especially where ultra-lightweight property is highly desired.

1. Introduction

Energy absorbing structures are used as protective
device incorporated into vehicular structures to protect
carriers, passengers carried and/or cargoes transferred,
from mild and catastrophic damages or injuries during
impact or crash scenarios. To this end, various studies
have looked at ways of designing more efficient
energy absorbing structures using different structural
designs [1-6]. For example, a structural design mimicked
from nature is the honeycomb structure. This nature-
inspired structure, has lightweight advantage, high
specific strength and stiffness making it an excellent
energy absorbing device currently applied in the aero-
space, marine, automotive and building industrial
sectors. However, certain factors including the fabrica-
tion techniques for realising the structure, the kind of
structural designs and the type of materials used, can
either increase or decrease the efficiency of the honey-
comb structural absorber, significantly. First, several

manufacturing techniques including the subtractive
manufacturing technique, have been used to fabricate
the honeycomb energy absorbing structures [7-9].
However, these techniques have suffered some chal-
lenges in designing lightweight and more complex struc-
tures. The introduction of additive manufacturing has not
only overcome these challenges but also provide novel
possibilities of fabricating complex structures with
special functionalities [10-12]. Second, different geo-
metrical and topological honeycomb structural designs
have emerged in recent times through the modification
of their vertices and cell walls [13,14] to produce honey-
comb structures with negative, zero and positive Poisson
ratios [15-20]. Third, materials utilised for producing the
honeycomb structures are typically obtained from poly-
mers, composites, ceramics, metals and alloys. The mech-
anical property of these materials is one of the major
factors to be considered when designing and fabrication
an effective honeycomb structure. In this study, the
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mechanical properties of a composite-based and some
polymer-based materials are characterised.

In many cases, the mechanical properties of the feed-
stocks for additive manufacturing are indicated by the
suppliers. However, the conditions under which these
material feedstocks were initially tested are seldom pro-
vided. Research findings showed that there could be sig-
nificant variation in the values given by the supplier and
those determined by the executors. For example, it was
shown by [21] that the material properties of ABS-plus
provided by the supplier were different from those
obtained by the authors. In the authors’ findings,
values of the ultimate tensile strength, Young's
modulus, yield strength and fracture strain were 7.1%,
5.2%, 3.2% and 3.3% different from those given by the
supplier of the ABS-plus feedstock. Moreover, these
properties can further be influenced by the process par-
ameters of the 3D printing techniques. Therefore, it is of
utmost importance to test the actual mechanical prop-
erty of the base materials according to prescribed stan-
dards. The data obtained via the material testing not
only help investigators to know the actual mechanical
properties of the 3D printed parts but can also be incor-
porated into numerical simulations of structural parts.
The results of the numerical approximations can be uti-
lised to virtually validate the 3D printed parts.

The emergence of additive manufacturing, also
referred as 3D printing, has made possible the fabrica-
tion of both simple and complex structural parts.
These parts are obtained by adding materials in succes-
sive layers until the build parts are completely formed. A
good number of 3D printing techniques [22-27] includ-
ing material extrusion, for example, fused deposition
modelling (FDM) or fused filament fabrication (FFF),
have been utilised to realise cellular structures for
energy absorption [28-31]. In the present study, the
FFF 3D printing technology is used to fabricate all the
cellular honeycomb structural parts investigated. The
FFF technique uses the principle of material extrusion
[32]. That is, the feed materials are first heated and
then extruded by the nozzle before depositing them
layer-by-layer on the build platform. In recent times,
quite a good number of researchers have used the FFF
technique to fabricate honeycomb structures for
energy absorption [33-37]. To mention a few, Habib
et al. [38] used the FFF technology to fabricate honey-
comb structure made from nylon material. The struc-
tures were subjected to both in-plane and out-of-plane
compression and their energy absorption capacities
were investigated. Using similar material specimen (i.e.
nylon), Alomarah et al. [39] utilised the FFF technique
to fabricate hexagonal and re-entrant honeycomb struc-
tures and compared them with re-entrant chiral auxetic

structure. The fabricated structures were compressed in
the in-plane and out-of-plane loading directions and
their crushing performance were compared and evalu-
ated with respect to their loading conditions. In a
more recent investigation, Li, Sun et al. [40] studied
the compression behaviour and energy absorption of
FFF fabricated honeycomb structures made from PLA
material and having varying cross-sections. Their investi-
gation showed that under in-plane quasi-static com-
pression, variable cross-sections such as change in cell
topologies, flip angles and symmetry modes of the hon-
eycomb  structures influenced their  crushing
performance.

The parts produced via FFF technology can be
influenced by various printing parameters including
build platform, raster lay-up, printing orientation, layer
height, nozzle speed, nozzle diameter, infill density,
etc. For example, Dominguez-Rodriguez et al. [41] inves-
tigated the effect of infill densities and printing orien-
tation on the mechanical performance of ABS
honeycomb structures fabricated by the FFF techniques.
Ma et al. [42] studied the influence of infill pattern, infill
density and material types on the crushing performance
of PLA and PLA/carbon fibre based FFF 3D printed cubes.
Lubombo and Huneault [43] studied the effects of five
infill patterns using three infill densities, on the mechan-
ical response of cellular PLA parts manufactured via the
FFF technology. Khosravani et al. [44] analysed the
effects of raster orientation and printing speeds on the
mechanical properties of 3D printed PLA parts fabricated
via the FFF technology. From the investigations carried
out by these researchers, it can be seen that the printing
parameters significantly influenced the mechanical
properties and crushing performance of the 3D printed
parts. In the present study, various material specimens
are investigated and the effects of infill densities on
the 3D printed parts are analysed. This is motivated by
the following aspect.

Therefore, it is seen that most researchers only inves-
tigated the material properties and crushing perform-
ance of additively manufactured parts or honeycomb
structures made from either single or dual materials.
Very few research works have been carried out to
characterise different materials, reveal their material
microstructures and compare their macrostructural in-
plane crashworthiness performance at the same time
which is to the opinion of the authors essential. In this
study, four polymer-based materials which include poly-
lactic acid (PLA), polyethylene terephthalate glycol
(PETG), acrylonitrile butadiene styrene (ABS) and acrylo-
nitrile styrene acrylate (ASA) and one polymer-fiber
reinforcement material made from Polyamide 12 with
nano-carbon fiber (NCC) are utilised to fabricate dog-



bones and regular hexagonal honeycomb structures via
the FFF technology. The study gives some description of
the geometry, material, and fabrication procedures. It
further relates the microstructures of the parent
materials to their mechanical and crushing performance.
Also, it compares and shows both the experimental and
numerical results of force-displacement characteristics,
deformation modes and crushing performances of the
honeycomb structures made from five selected
materials. Lastly, numerical approximations and exper-
imental measurements are used to compare the theor-
etical predictions of the crushed honeycomb structures.

2. Methodology
2.1. Specimen geometric description

In this study, a regular honeycomb structure whose 3D
CAD design dimensions as illustrated in Figure 1 is
adopted. Various materials are tested with the same
geometric and parametric conditions. The honeycomb
structure is chosen for the study because of its bio-
inspired nature and wider application as cellular
energy absorbers for impact and crushing mitigation.
Figure 1(a) shows the unit cell of the honeycomb with
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thickness t and length of each side | having six equal
sides. Its length, width and height are designated as
dx, a, and a,, respectively as shown in Figure 1(b).
Table 1 gives the geometric parameters of the regular
honeycomb structure. Printing of the honeycomb struc-
ture was realised on the xy—plane and built along the
z—direction as seen in Figure 1(b). The dimensions of
the printed honeycomb structures were slightly
different from the CAD model due to the limitation in
accuracy of the FFF printer. Loading along the build
direction (i.e. z—direction) is referred as out-of-plane
crushing, designated as v, in Figure 1(c). However,
loading along the xy printing plane, (ie. either in
x-direction or y—direction) is referred as in-plane crushing,
designated as vy or vy, respective as depicted in Figure 1
(). In this study, we focus only on the in-plane crushing
along the x—direction, hereafter called in-plane crushing.

As mentioned, all specimens have approximately
same dimensions and are made from five different

material filaments. The measured relative density is
given as

(b)

Figure 1. CAD model (a) 2D view of honeycomb structure with the exploded view of its cell wall (b) 3D view of honeycomb structure
showing its dimensions, xy printing plane and build direction along the z-axis (c) 3D view of honeycomb structure showing in-plane
crushing in x- and y-directions, and out-of-plane crushing in z-direction.
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Table 1. CAD model geometric parameters of the regular
honeycomb structure used in this study.

Parameters (mm) Symbols Values
Length ay 119.0
Width ay 107.3
Height a, 25.0
Side / 7.5
Wall thickness t 2.0

where p; is the ratio of the mass of the honeycomb struc-
ture to the volume of the material configuration. The
average density of the honeycomb structures made
from PLA, ABS, ASA, PETG and NCC are approximately
446.40, 372.75, 385.56, 448.95 and 377.99 kg/m?,
respectively. Also, p,, is the density of the base or
parent material. The relative error in the relative
density for PLA, ABS, ASA, PETG and NCC are 0.19,
0.05, 0.07, 0.19 and 0.29, respectively. From the regular
hexagonal unit cell as depicted in Figure 1(a), the theor-
etical relative density is the ratio of the area of the cell
walls to the total area of the hexagonal unit cell evalu-
ated as [45]

. _ A _t
o= (zf /> @

A comparison between the theoretical and measured
relative densities of the different material specimens is
depicted in Figure 2. It is seen that p} approximates py,
and hence, verifies the relative densities of the measured
results for the different material specimens.

2.2. Material and fabrication procedures

To remove moisture and to improve the mechanical
response as well as quality of the printed specimens
for the different selected parent materials, each feed-
stock material was initially pre-heated in a 3D printing
dryer. The heating temperature for the material
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Figure 2. Comparison between measured relative density (py)
and theoretical relative density (p}) for the various materials
used in this study.

feedstocks ranges from 50 °C to 55 °C and takes an
average of 3-6 h of drying as prescribed by the manufac-
turer. All the polymer-based filaments were obtained
from Fiberlogy' while the composite-based filament
was obtained from F3Dfilament in Poland?. The norma-
tive diameter of all the filaments used for this study is
1.75 mm. It is worth noting that the nano-carbon
filament is a composite of polyamide 12 and nano
carbon fibre. After the drying procedure, the heated
filaments were transferred to the 3D printer.

All specimens used for setting the printing par-
ameters were modelled using the CATIA V5 CAD soft-
ware. First, the specimens were simulated in the
Ultimaker Cura software. The specimens were 3D
printed using the FFF 3D printer which is a dual extruded
type produced by TENLOG® 3D solution. This printer has
two direct extruders each with nozzles of 0.4 mm that
enables the deposition of the extruded filament on the
platform surface in a layer-by-layer manner as illustrated
Figure 3. All the specimens (i.e. dogbones and honey-
comb structures) were printed in the xy—plane with
the build direction along the z-axis. Depending on the
material to be fabricated and their printing temperature,
various techniques of bed adhesion were adopted as
recommended by the manufacturer. For example, for
satisfactory adhesion, the build platform made from
glass material could require either a hairspray, a sticky
glue, a masking tape or their combination. Moreover,
when wusing ABS printing material, an enclosed
chamber was installed for the 3D printer which
ensured the adhesion of the printed specimens. The
temperature in the enclosed chamber was maintained

N

4 e - N N \\
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Figure 3. Layer-by-layer printing of the honeycomb structure.



Table 2. FFF printing parameters for the various parent
materials used in this study.

Printing parameters PLA ABS ASA PETG NCC
Nozzle temperature (°C) 220 260 260 250 260
Bed temperature (°C) 70 110 110 920 110
Layer height (mm) 0.3 0.3 0.3 0.3 0.3
Nozzle diameter (mm) 0.4 0.4 0.4 0.4 0.4
Printing speed (mm/s) 60 40 70 80 45
Infill-density (%) 20,40, 20,40, 20,40, 20,40, 20,40,
60 60 60 60 60

"https:/fiberlogy.com; 2https://f3dfilament.com.

at 43°C and the fan speed of the printer was put for
0% to prevent cooling of the adhered surface.
However, for all other printing materials, a closed
chamber was not required to produce the printed speci-
mens. Table 2 provides the process parameters utilised
for printing the different material specimens. These par-
ameters (i.e. nozzle temperature, bed temperature and
printing speed) are obtained from the range of values
specified for each material feedstock as recommended
by the manufacturer of the FFF printer. The layer
height of 0.3 mm is the default value fixed for all
materials.

2.3. Specimen material characterisation

A Zwick/Roeu universal tensile machine with a load cell
of 10 kN was used to carry out the tensile tests of various
material dogbone specimens and mounted as shown in
Figure 4(a). For the five material specimens, three infill-
densities denoted as dq, d, and ds (i.e. 20%, 40% and
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60%, respectively) were investigated as illustrated in
Figure 4(b). However, it is worth nothing that the infill-
density does not consider the thickness of the outer
layer generated during the 3D printing. Also, for all
dogbone specimens, the percentage of infill layer thick-
ness was set to 100% to ensure that the property of the
actual material was retained irrespective of the differ-
ences in the values of infill-densities. To ensure stan-
dards, the original thickness (t;) of the dogbone
corresponds to the thickness (t) of the honeycomb cell
wall. A schematic of the dogbone with the designed par-
ameters is depicted in Figure 4(c). Where A; is the sec-
tional area, I =20 mm represent the grip length,
lo =70 mm is the gauge length, /s = 130 mm is the
overall length, rr = 20 mm is the fillet radius, wy =
10 mm is the original width, and wy = 20 mm is the
grip width. Figure 4(d) depicts the dogbone samples
of the different materials after tensile tests. The
tensile tests of all the polymer-based materials were
performed according to test standard ASTM D638-14
for plastics with thickness above 1 mm. For the compo-
site-based material, testing was done according to the
standard test ASTM D3039. To ensure repeatability, two
of each sample for the three infill-densities were tested
for all material specimens and the average nominal
stress-strain graphs are plotted. These graphs and the
influence of infill-densities on the mechanical proper-
ties for the various base material specimens are dis-
cussed in the subsequent sections. Moreover, Table 3
gives the material properties of all tested material
specimens.

& upper Jaw

Dogbone

specimen

Extensometer

lower Jaw
of traction

Figure 4. (a) Mounting of universal tensile machine for the tensile tests of dogbones (b) schematic of various infill-densities described
in this study (c) schematic and dimensional representation of dogbone (d) various material dogbone specimens after tensile tests.


https://fiberlogy.com
https://f3dfilament.com

6 (&) C W.ISAACETAL.

Table 3. Material properties obtained for the various printing feedstocks utilised in this study.

Material Density (kg/m2) Infill-density Young's modulus (GPa) Yield stress (MPa) Ultimate tensile stress (MPa) Failure strain (%)
PLA 1240 d, 2.23 45.26 56.50 2.89
d, 2.20 4493 55.74 3.00
d3 248 49.28 59.21 2.67
ABS 1050 d; 1.16 24.56 29.00 2.87
d, 1.45 30.37 38.26 3.01
d; 1.40 29.38 36.58 3.02
ASA 1080 d 1.07 22.71 27.69 3.28
d, 1.01 21.56 28.40 3.87
ds 0.81 17.22 27.22 496
PETG 1230 d; 1.70 34.52 51.77 3.67
dy 1.70 34.94 54.02 4.05
d; 1.74 35.49 54.66 3.84
NCC 1400 d, 2.13 4373 57.02 3.90
d, 2.22 4496 56.60 3.62
ds 2.31 46.73 60.06 3.88

2.4. Microstructure features of parent materials

Understanding the microstructure features of the parent
materials used in this study can further help in tailoring
their mechanical properties toward the design of
effective energy-absorbing structures. To this end, the
in the

microstructure of various materials utilised

(a)
NCC: 20%

4

present work was examined by using an inverted micro-
scope with optical bench at a room temperature of 20°C.
The microscope technique involves focus staking the
fracture surface of the dogbone specimens after the
tensile test have been carried out. Figure 5 shows the
micrograph images of the various materials. These

Figure 5. (a) Comparison of the effect of various infill-densities on the microstructure of NCC material (b) Microstructures of parent
materials used in this study with a comparison between NCC and PA12 materials.



images are obtained at a direction of 45 degrees perpen-
dicular to the elongation of the dogbone specimens test
samples. It was observed that the different infill-den-
sities studied for all material specimens did not play
any significant role in their microstructural features. To
buttress this point, an illustration is given in Figure 5(a)
for NCC material. The three infill-densities show similar
microstructures when placed at three different separ-
ation areas of the inverted microscope. However, it is
evident that various materials have unique microstruc-
tural features. To start with, the NCC microstructure, as
shown in Figure 5(b), reveals its composite feature i.e.
spikes of reinforcement nano-carbon fibres in bright
colours and its polyamide 12 (PA12) matrix in dark
colours. For the purpose of comparison, the micrograph
of a pure PA12 dogbone specimens is also shown along-
side with the NCC micrographs in Figure 5(b). In succinct,
the PA12 microstructure reveals its highly stretching
property. The microstructures of PLA and PETG look
similar with PLA more granular-like at the lower left
end of the micrograph. Micro-cracks are observed
along the polymer boundaries of the PLA material
which could explains why PLA materials are highly
brittle. On the other hand, the micro-cracks of PETG
material are observed to be perpendicularly to the
polymer boundaries which could be a reason for their
more ductile property. Furthermore, the microstructure
of ABS and ASA look very similar in their material flow
along polymer boundaries. The presence of micro-
cracks along the polymer boundaries for both materials
make them more brittle. However, along the polymer
boundaries, the ABS material flows less than the ASA
material due to some micro-cracks perpendicular to
the polymer boundaries. This could be one of the
reasons why the ABS material could switch property
from being brittle to being ductile. In summary, it can
be inferred that the unique microstructural features of
the different parent materials have some influences on
both the mechanical behaviour and crushing perform-
ance of honeycomb structures.

2.5. In-plane compression testing

All the 3D printed honeycomb structures were subjected
to quasi-static in-plane loading of 2 mm/min and com-
pressed up to 50% displacement using a Zwick Z100
electronic universal crush test machine as shown in
Figure 6(a). This quasi-static speed was selected to
easily control and carefully observe the collapse behav-
iour of the honeycomb structure. The upper platen
moves with the quasi-static speed, while the lower
platen was fixed. The test machine has a load cell of
100 kN. The honeycomb specimens, as represented in
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Figure 6(b), were crushed between two circular platens
whose diameters are wider than the breadth of the hon-
eycomb structure. This was necessary to capture the true
deformation stages of the impacted structure up to € =
0.5 strain deformation. A 50% plastic deformation was
chosen to avoid the onset of densification which is typi-
cally associated with rapid increase of force, and conse-
quently, causing the crush test machine to stop abruptly.
The crushing distance of the specimens is Ds = eay.
Deformation stages were captured by a positional
high-speed camera and the crushing forces versus dis-
placements were recorded. To confirm repeatability,
two samples for each material specimen were tested.
Unlike the dogbone specimen with three tested infill-
densities for each material specimen, the honeycomb
structure, on the other hand, was only tested with 20%
and 40% infill-densities. This is because the two infill-
densities selected (i.e. 20% and 40%) took lesser time
and materials to fabricate compared to the 60% infill-
density which required longer period and more material
costs to fabricate a sample of the honeycomb structure.
As stated previously, the infill-density does not consider
the thickness of the outer layer of the 3D printed part.
However, for the cellular honeycomb structure, the
infill-density takes into consideration the thickness of
the inner layer.

2.6. Crushing performance index

The performance of the crushed honeycomb structure is
determined by certain crushing indices which can be
obtained from the force-displacement curve. Three
stages are typically obtained during crushing which
are the elastic, plateau and densification stages [14].
However, in this work, only the first two stages are con-
sidered. From the force-displacement diagram, the first

Figure 6. (a) Universal crushing test machine showing the hon-
eycomb structure before in-plane crushing (b) the different
material honeycomb specimens investigated in this work.
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peak after the elastic stage is referred as initial peak
load/force (IPF). The lower the IPF to the subsequent
peaks, the more effective the energy absorber. More-
over, the area under the curve is the energy absorption
(EA) which is expressed as

Ds
EA = j F,0)dx
0

3)

where F; is the crushing force, x is the displacement and
Ds is the crushing distance. The energy absorbed per
unit mass is called the specific energy absorption (SEA)
written as

EA
SEA = —;

C

(4)

where m, is the total crushed mass of the structure.

The mean crushing load can be obtained by dividing
the energy absorption with the crushed distance of the
material specimen. It is calculated as

EA
MCL = —;

D; (5)

Dividing the MCL by the peak crushing force/load (PCF)
gives the crush force efficiency (CFE). It is this crushing

index that is used to distinguish the best crushing per-
formance of the different crushed honeycomb struc-
tures. The higher the CFE the better the crushing
performance. Which implies a reduction in force fluctu-
ation during impact loading. This index can be
expressed as

MCL

(6)

3. Experimental results and analysis
3.1. Mechanical properties of parent materials

To characterise the different materials by using the
dogbone specimens, it was ensured that the differences
in infill-densities do not affect the actual materials.
Further investigation showed that the fabrication of
the dogbone specimen with a 100% infill-density pro-
duced similar print with those considered in this study.
However, there could be some slight variations in the
results during the tensile tests which are discussed in
this section. In Figure 7, it is seen that the dogbone
specimen made from PLA material with ds; gives the
highest yield stress value and lowest failure strain

PLA ASA
60F 30
o —
o ©
S 401 £ 201
@ Py
(72} w
g 20t —PLA-d1 g 10+ —ASA-d1
» —PLA-d2| O —ASA-d2
d ) ) ) ) | —PLA-d3 o ) ) . |=AsA-d3
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.02 0.04 0.06 0.08
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ABS PETG
40 60
‘©30f = |
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& 20 g - —PETG-d1
o —ABS-d1 = —PETG-d2
& 10} »n
1] —ABS-d2 —PETG-d3
. . . —ABS-d3 0 : ; ] :
0 0.01 002 0.03 0.04 0 0.01 0.02 0.03 0.04
’ ‘Strain ’ ’ Strain
NCC
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Figure 7. Relationship of stress-strain curves of all the material specimens with the three infill-densities for each material specimen.



value as recorded in Table 3. However, a reduction of
infill-density from d, to d; causes a reduction in the
yield stress but significantly elongates yielding of
material. For the dogbone specimen made from ABS,
the infill-density has some effect in terms of elongation
during yielding of the material. The specimen with d;
shows the least yield stress value. For ASA dogbone
specimen, a very low yield stress can be observed with
highest failure strain compared to that of PLA and ABS
material specimens. For PETG material specimen, it is
shown that the infill-densities have very little effect on
the dogbone specimen which are observed in their
elongation during yielding. For NCC dogbone specimen,
the influence of infill-density can be seen both in the
yield stress and ultimate tensile stress. A careful selection
of infill-densities during 3D printing is, therefore,
required especially when there are different materials
to choose for specific applications. Moreover, it can be
seen that the yield strength of both PLA and NCC
materials are relatively higher than those of ABS, PETG
and ASA. This indicates that PLA and NCC materials
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can withstand higher stresses than their other three
material counterparts without them permanently
deformed. This attribute makes them promising shape
memory polymer feedstocks that could be used for the
fabrication of 4D printed energy absorbers with shape
changing and recoverability properties [46].

3.2. Force-displacement curve

Figure 8 represents the force displacement curve of all
the crushed honeycomb structures. A comparison of
the two infill-densities for different materials is also
depicted. For the PLA honeycomb structure in Figure 8
(a), the first three peak curves take a regular pattern
up to a deformation of 30% compression. Afterwards,
the subsequent peak forces behave in irregular way.
However, it is seen that the IPF is higher than the sub-
sequent peaks. This force-displacement attribute
makes the PLA structure less efficient as crushing absor-
bers. Additionally, the effect of infill-densities is signifi-
cant at the initial crushing stages through the peak
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Figure 8. Comparison of force-displacement characteristic curves for the various honeycomb structural specimens with two infill-den-

sities for (a) PLA (b) ABS (c) ASA (d) PETG (e) NCC.
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forces and to the final deformation stages. For the ABS
honeycomb structure as seen in Figure 8(b), up to 20%
deformation, the deformation curves for the two infill-
densities behave almost in the same way. After this
deformation points, irregular deformation pattern can
be observed, and the effect of infill-densities becomes
evident on the force-deformation curve. Moreover, the
initial peak forces almost correspond to the subsequent
peaks which makes the ABS honeycomb structure more
promising for crushing absorbers than their PLA
counterpart. The force-deformation curve of the two
in-fill density in the case of ASA honeycomb structure,
show a similar pattern as seen in Figure 8(c). This
implies that infill-densities are likely to have no signifi-
cant effects on the crushing performance of the honey-
comb structure. For PETG honeycomb structure as
shown in Figure 8(d), most of the subsequent peaks
are slightly higher than the IPF. This attribute makes
the structure also promising as energy absorber. It is
seen from the force-displacement curve that up to 5%
and 47-50% deformation loading, the honeycomb struc-
tures with the two infill-densities behave in similar way.
However, the force-displacement curves resulting from
the two infill-densities behave differently during the
deformation (i.e. the plateau stage). Generally, the low
IPF with respect to the subsequent peak forces observed
by PETG honeycomb structure makes it more promising
over other polymer-based honeycomb structures. Lastly,
for the NCC honeycomb structure as depicted in Figure 8
(e), it can be seen that infill-densities have slight effect
on the force-displacement curves. Also, deformations
at the plateau stage are more stable than for all the
polymer-based honeycomb structures. Moreover, the
reduced subsequent peaks observed during the defor-
mation process indicate a highly promising material can-
didate for energy absorbers.

3.3. Deformation mode

At the onset of loading, in the linear-elastic region, it is
observed that all the honeycomb material specimens
are characterised by homogenous deformation as
evident in the force-displacement curves of Figure 8.
However, after this region, unique deformation modes
characterised each material specimen as displayed in
Table 4. For each material specimen type, two infill-den-
sities were tested. However, the effects of infill-densities
on the deformation behaviour of the honeycomb struc-
tures are insignificant. It should be recalled that the in-
plane loading of the honeycomb structures were per-
formed in the x-direction only as illustrated in Figure 1
(c). However, it should be noted that, for in-plane
loading in the y-direction, a slightly different results

could be obtained. The results of the collapsed modes
clearly indicate that the types of base materials utilised
in fabricating the honeycomb structures influence their
collapse behaviour.

Table 4 gives different deformation stages of all the
honeycomb structures under compression up to 50%
strain. During compression loading, it is observed that
the deformation of honeycomb structure made from
PLA material commences at a deformation strain of 5%
on the top side corner. As the loading progresses up
to a deformation strain of 15%, a diagonal L-shape defor-
mation mode becomes evident and characterised by
bending/buckling of the cell walls with brittle fracture.
Moreover, it was observed that the oscillation in the
force-displacement curve of the PLA honeycomb struc-
ture is the most noticeable among the other material
honeycomb structures as represented in Figure 8(a).
This is because, PLA material is relatively more brittle
and cracks easily during compression. Hence, causing
instability in the plateau region which are carried by
large oscillations. At a deformation strain of 35%, the
number of buckled cell walls increased along the
middle portion of the PLA honeycomb structure. Defor-
mation at the bottom of the PLA honeycomb structures
become evident at 42% deformation strain. In the case
of ABS, at a deformation strain of 15%, the collapse
mode commences at the bottom end of the honeycomb
structure and progresses diagonally upward-right in a
layer-by-layer manner up to the deformation strain of
50%. An oblique quadrilateral collapse mode was also
observed at the bottom end of the collapse honeycomb
structure. This kind of deformation mode is also
observed with PETG honeycomb structure. However, a
difference between it and ABS honeycomb deformation
is that deformation progresses diagonally upward-left in
a layer-by-layer manner up to the deformation strain of
50%. For the ASA honeycomb structure, the collapse
behaviour also commences at the bottom end, and as
deformation progresses at 35% deformation strain, a
horizontal layer-by-layer deformation at the middle of
the structure was observed. The whole deformation
process also resulted in an oblique quadrilateral collapse
at the bottom end of the crushed ABS honeycomb struc-
ture. Lastly, for the NCC structure, at 15% deformation
strain, deformation begins immediately before the
bottom end of the honeycomb structure and progresses
diagonally upward-right in a layer-by-layer manner. At a
deformation strain of 35%, deformation continues at the
top left corner of the honeycomb structure and then
progresses diagonally downward-right. The upper and
lower diagonal mode patterns formed at a deformation
strain of 50% resulted in an increased oblique quadrilat-
eral deformation mode.
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Table 4. Stages of deformation modes for the different honeycomb structural specimens for PLA, ABS, ASA, PETG and NCC,

respectively with two infill-densities.
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Table 5. Result summary of crushing performance for the different materials utilised to fabricate the honeycomb structures.

Material/ infill-density (%) EA (J) SEA (kJ/kg) MCL (N) me (kg) ms (kg) PCF (N) CFE (%)
PLA dq 257.19 2.53 5143.88 0.10186 0.10318 7957.39 64.64
dy 265.09 2.60 5301.84 0.10105 0.10236 8853.25 59.89
ABS d 182.04 2.14 3640.71 0.08498 0.08617 4687.29 77.67
dy 184.36 2.16 3687.28 0.08546 0.08666 4687.29 78.67
ASA dq 150.93 1.71 3018.61 0.08822 0.08981 4292.14 70.33
dy 152.70 173 3054.08 0.08833 0.08992 4448.21 68.66
PETG dq 263.64 2.50 5272.84 0.10568 0.10674 6564.48 80.32
dy 261.98 2.49 5239.53 0.10506 0.10611 6265.11 83.63
NCC dq 144.06 2.24 2881.26 0.06431 0.06560 3597.26 80.10
dy 147.03 2.30 2940.56 0.06384 0.06512 3949.07 74.46

3.4. Crushing performance

The crashworthiness performance of the crushed honey-
comb structure is used to characterise the actual perform-
ance of the energy absorbing structure. In this study, one
critical parameter considered is the crushed mass m. of
the structure at 50% deformation. When compared with
the measured mass (m) of the structures before
loading with that after 50% deformation, it was observed
that the mass of the latter reduced slightly over the
former within the range of 1-2% mass reduction. This
slight difference in mass is presented in Table 5. To
measure the SEA, the mass difference can be ignored
especially when the material used for designing the
energy absorbing structure is the same. Therefore, the
SEA has been measured preferably by various research
works using the mass of the structure before loading to
the mass of the structure after the deformation stage.

In Figure 9(a), it is seen that the infill-densities have
little or no influence on the SEA of the structural honey-

combs. However, for the two infill-densities, the
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Figure 9. Comparison of the crushing performance against infill-
densities for the various honeycomb structures (a) specific
energy absorption, SEA (b) crush force efficiency, CFE.

structural honeycomb made from PLA and PETG
produce the highest SEA values. The results are attribu-
ted to the high energy absorption capacity they pro-
duced during and after crushing. For example, for the
infill-density d,, the SEA value of the honeycomb struc-
ture made from PETG is 14.40%, 31.60% and 10.4%
higher than those made from ABS, ASA and NCC,
respectively. In the same vein, for the infill-density d,
the SEA value of the honeycomb structure made from
PETG is 13.25%, 30.52% and 7.63% more than those
made from ABS, ASA and NCC, respectively. However,
for the infill-densities d; and d,, the SEA values of PLA
honeycomb structure are 1.19% and 4.23% slightly
higher than that of PETG honeycomb structure. More-
over, it is seen that the ASA honeycomb structural can-
didate produced the least SEA values which makes
them not too promising for energy absorbers. Therefore,
given the choice of selecting from these various
materials and considering applications strictly demand-
ing higher specific energy absorption, the PLA or PETG
structural candidates are most promising.

Figure 9(b) shows the overall crush load efficiency of
the various honeycomb structural specimens. It is seen
that the infill-densities have little influence on the CFE
of the structural honeycomb especially those that are
composite-based. For example, the CFE of NCC honey-
comb structure at 20% infill-density is approximately
7% higher than the one with 40% infill-density. Similarly,
the CFE of PLA at 20% infill-density is 1.08% lower than
that at 40% infill-density, while the CFE of ASA at 20%
infill-density is 2.38% higher than that at 40% infill-
density. On the other hand, increasing the infill-density
from 20% to 40% resulted in appreciable increase in
the CFE. For example, it can be seen in Table 5 that
ABS and PETG honeycomb structures at 40% infill-
density are 10.6% and 3.86% higher, respectively than
those fabricated with 20% infill-density. A comparison
of the overall CFE of all the structural honeycombs
shows that those made from PLA material give the
least CFE in spite of their high energy absorption
capacity. This is because, the CFE index takes into con-
sideration the peak forces of the deformed structures.



Table 6. Comparison of the final mean crushed lengths of the
honeycomb structures at d; and d, for all materials
considered in this study.

Crushed length (mm)

Material d; d,

PLA 62.54 62.60
ABS 72.10 74.34
ASA 78.10 78.53
PETG 65.05 65.06
NCC 67.20 67.31

3.5. Effect of crushed length upon deformation

All the materials respond differently after the 50% defor-
mation strain upon the release of the upper platen.

Figure 10. Comparison of the final mean crushed length of 3D
printed honeycomb structures with various materials.
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Table 6 compares the mean crushed length of the
deformed honeycomb structure with d; and d, after
the removal of the moving platen. As depicted in
Figure 10, it is seen that ASA honeycomb structure gen-
erates the highest in-plane spring up behaviour followed
by ABS and then NCC structure. The high spring up
behaviour of ASA honeycomb structure could be attrib-
uted to the high internal energy retained during the
deformation process. The higher the internal energy of
the crushed structure, the lower the energy absorbed,
and vice versa. This explains why both the PLA and
PETG honeycomb structures with lower internal
energy, give more promising energy absorption
capacities than those of NCC, ABS and ASA honeycomb
structures (i.e. see Table 5).

3.6. Effect of material types on macrostructural
cell wall deformation

Figure 11 shows the macrostructural collapse behaviour
of the honeycomb structures made from the different
materials. It can be seen that two of the honeycomb
structures i.e. those made from PLA and NCC, undergo
a dominant brittle fracture as shown in Figure 11(a)
and 11(e), respectively. In this case, the cell walls fracture
at their plastic hinges and collapse into their unit cells.
In the case of ASA, brittle fracture is dominant at the
plastic hinges with bending of the cell walls as shown

Figure 11. Macrostructure cell walls deformation of honeycomb structures made from different materials (a) PLA (b) ABS (c) ASA (d)

PETG (e) NCC.
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in Figure 11(c). Moreover, when deformed further, it was
observed that ASA honeycomb structure fractures along
the cell wall. It is worth nothing that, during the defor-
mation of most of the honeycomb structures character-
ised by brittle fracture, their initial peak forces was
observed to be very high compared to their subsequent
peak forces. Consequently, resulting in a low crush force
efficiency. However, due to the carbon content in NCC
honeycomb structure, the initial peak compared to the
subsequent peaks in the load-deformation curve is
reduced. However, during the collapse process of hon-
eycomb structures made from PETG, it was observed
that the cell walls bend without fracture at their plastic
hinges as shown in Figure 11(d). This shows the ductile
nature of PETG material. A further compression of
PETG honeycomb structure produce a ductile collapse
behaviour without hinges or cell-wall fracture. In the
case of honeycomb structure made from ABS, it is seen
in Figure 11(b) that its collapse behaviour is character-
ised by both bending along the cell walls and brittle frac-
ture at the plastic hinges with some of the cell walls
collapsing into their unit cells. Also, fracture along the
cell walls can be observed. The crushing behaviour of
ABS honeycomb structure (i.e. bending of the cell walls
and fracture at the plastic hinges) accentuates the attri-
bute of it switching from ductile to brittle making it
possess higher CFE over ASA and PLA honeycomb struc-
tures (i.e. see Table 5).

4. Numerical results and verification

In this section, finite element (FE) simulation is per-
formed to compare with the experimental results and
give more findings into the crushing performance as
well as mechanical behaviour of the honeycomb struc-
tures with different materials. It was observed from the
experiment that the dependence on different infill-den-
sities to the collapse mode of the honeycomb structure
is very weak. Therefore, it does not provide a significant
contribution to the crushing mode of the structural

(a) (b)

/
Moving
impactor

Honeycomb
stucture

Rigid wall

honeycomb made from the same material constituent.
In the light of this and to avoid repetition of results,
only the mechanical parameters for the infill-density,
d,, was used in the FE approximations to compare
with the experimental results.

4.1. Finite element model description

In-plane compression of the various honeycomb struc-
tures were performed using the Abaqus/Explicit FE simu-
lation software. First, the honeycomb structure was
placed between a moving impactor and a rigid wall as
shown in the crushing model of Figure 12(a). It should
be noted that the boundary condition of the impactor
was fixed in the x and y-directions and made to move
in the z-direction. However, the rigid wall was fixed in
all the degrees of freedom to avoid translation and
rotation during the deformation process. Both the
impactor and the rigid wall were modelled as 3D analyti-
cal rigid shell elements which required no mesh for
result analyses. The material model used for the simu-
lation was elastic-perfectly plastic which is typical for
polymeric materials. To further simplify the simulation
process and reduce computational time, the FE model
assumes no fracture damage on the cell walls of the hon-
eycomb structural models. Hence, damage model of the
honeycomb structure in the FE model was not con-
sidered for the present study [47]. Moreover, the honey-
comb structure was meshed using a 4-node linear
tetrahedron element, C3D4. The meshed honeycomb
structure and its deformed mesh during in-plane
loading are illustrated in Figure 12(b) and (o),
respectively.

To further reduce computational time and maintain
the quasi-static loading response of the simulation, a vel-
ocity (V) of 0.15 m/s was adopted to scale up the speed
of 2 mm/min utilised in the experiment [48]. The kinetic
energy as a result of this velocity scaling tends toward
zero and was far less than the internal energy. As in
the experiment, the maximum crushing distance was

Figure 12. Honeycomb structural model and FE analysis (a) model description (b) finite element meshing of honeycomb structure (c)
illustration of deformed meshes during quasi-static loading of the honeycomb structure.



set for 50 mm to avoid the densification stage. Also, to
address self-contact penetration, a general contact was
adopted. Tie constraint between the impactor and the
honeycomb structure as well as between the rigid wall
and the honeycomb structure was ensured using
penalty friction for the tangential behaviour and hard
contact for the normal behaviour. The total number of
tie constraints with material-contact interaction prop-
erty was thirty-six. The material-contact interaction
property ensures the unique deformation mode of the
honeycomb structures with different materials. The fric-
tion coefficients in the contact interfaces of PLA, ABS,
ASA, PETG and NCC honeycomb model for the tangen-
tial behaviour were set as 0.42, 0.35, 0.05, 0.22 and
0.35, respectively [49-52]. These friction coefficients
can be obtained by a tilted plane test as demonstrated
by Ma et al. [53].

Using the PETG honeycomb structure (i.e. the material
structure with the best CLE as observed from the exper-
iment), a mesh convergence study was carried out to
determine the best mesh size and eliminate mesh sensi-
tivity. The mesh sensitivity study of three average
element sizes (i.e. 2.4, 3.2 and 4.0 mm) showed that the
approximate element size of 3.2mm with 31,988
elements produced the best convergence as represented
in the force-displacement curves, energy-displacement
curves and energy-element size curve of Figure 13. The
energy-displacement curve history in Figure 13(b)
depicts how the energy absorption of both the mesh
sizes, 24 and 3.2 mm, become approximately equal
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despite the shorter computational time of the latter com-
pared to the former. Hence, with the element size of
3.2 mm, more energy was absorbed within acceptable
computational time compared to using element size of
4.0 mm as represented in Figure 13(c). Therefore, the
element size 3.2 mm, was used for all the FE model of
the honeycomb structures made from the different
materials. Moreover, Figure 13(a) also gives a good corre-
lation of the force-displacement curves between the PETG
honeycomb structure obtained during the experiment
and the PETG honeycomb structure for various element
sizes obtained in the finite element model. It is worth
noting that the brittle fractures observed in some of the
honeycomb structures during the experiment was not
modelled in the numerical simulation.

4.2. Finite element and deformation modes
comparison

The approximations obtained in the numerical method
relate well with the experimental results. Table 7 com-
pares the deformation modes of the FE approximations
with the experimental results for the honeycomb struc-
tures with various materials. In the experiment, brittle
fractures occurred at the plastic hinges of the honey-
comb structures. However, in the numerical approxi-
mations, there are no fractures at the plastic hinges
because such fracture conditions were not modelled in
the present study but could be considered in future
works. The fracture discrepancy causes a slight
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Figure 13. Mesh convergence study of PETG honeycomb structural model (a) comparison of the force-displacement curves between
three different average mesh sizes and results obtained by experimental measurement (b) comparison of energy absorption versus
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Table 7. Finite element and experiment comparison of deformation modes of the honeycomb structure made from various materials

and at different deformation strains.
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Table 7. Continued.
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Deformation strain

Material Method
NCC Experiment
FE Simulation

difference between the deformation modes of the
experiment and the simulation. For example, for the
PLA honeycomb structure in Table 7, a V-shape band
was observed at 15% deformation strain during the
experiment. However, this was not evident at the 15%
deformation strain in the simulation. In general, at
all represented deformation strains as indicated in
Table 7, the numerical results approximated well with
the experimental measurements.

4.3. Finite element crushing performance
comparison

The major crushing performance of the FE approximations
and their comparison with the experimental results are
represented in Figure 14. Figure 14(a) compares the
force displacement graphs between simulation (i.e. Sim)
and experiment (i.e. Exp). It can be observed that sub-
sequent peak forces are visible in the experimental
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Figure 14. Finite element crushing performance for the honeycomb structural models (a) force-displacement curve comparison
between FE simulation and experimental results (b) energy absorption versus displacement curve for simulation results (c) energy
absorption comparison between simulation and experiment (d) SEA comparison between simulation and experiment (e) MCL com-
parison between simulation and experiment (f) CFE comparison between simulation and experiment.
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results due to folding and fracture collapse of the cell wall
during crushing of the honeycomb structures. However, in
the FE simulation results, apart from the initial peak forces
observed for the various structural models, the subsequent
peak forces are not visible because fracture damage was
not modelled during the FE simulation. Also, Figure 14(b)
shows the history of the FE force-displacement graphs.
Moreover, it can be seen from the force-displacement
curves of the simulation that the initial peak forces for all
the polymer-based and composite-based honeycomb
structures are relatively lower than their maximum peak
forces. This shows the promising crushing attributes of
polymer and composite materials for crashworthiness
applications. The area under the force-displacement
curves for the various honeycomb structures represent
the energy absorption. It can be observed that more
energy is absorbed by PLA and PETG honeycomb struc-
tures compared with the ABS ASA and NCC honeycomb
structures. Also, it is seen that the energy absorption
capacity of ASA and NCC structures are very low compared
with that of ABS structure. The low absorbed energy has
been attributed to the high internal energy stored by
these two materials during their deformation processes.
In general, the energy absorption capacity obtained by
all the different honeycomb structures during the simu-
lation agrees well with those obtained in the experiment
as depicted in Figure 14(c). Despite the low energy
absorbed by NCC honeycomb structure, a comparison of
the simulation and experiment shows that its SEA values
are higher than those of ABS and ASA honeycomb struc-
tures as represented in Figure 14(d). The increased SEA
value of NCC over ABS and ASA honeycomb structures is
probably initiated by the presence of carbon particle/
fibre in its composite. The SEA and MCL results at infill-
density d,, obtained from both the simulation and exper-
iment for PLA and ABS structures, indicate very close
agreement i.e. see Figure 14(d) and (e). Also, in the two
evaluation methods, it can be seen in Figure 14(f) that
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PETG honeycomb structure has the highest CFE and out-
performs all others in crushing performance. However,
PLA honeycomb structure indicates the lowest CFE
results both numerically and experimentally. This could
be attributed to its highly brittle nature as seen in its
macro-structural behaviour during mechanical crushing.

5. Analytical prediction and verification

In this section, the theoretical solution of the mean crush-
ing strength of honeycomb unit cell influenced by the flow
stress of the parent materials, as described in this work, is
calculated and compared with the FE approximations.

5.1. Theoretical mean crushing strength

For the honeycomb unit cell, there are four inclined cell
walls and two vertical cell ones. Owing to small deflection,
it is assumed that the unit cell walls exhibit a Euler-
Bernoulli beam characteristics with uniformly distributed
load acting on the unit cell along the x-direction. More-
over, it is assumed theoretically that the deformation of
the vertical cell walls is not taking into consideration and
can be ignored [54,55]. However, due to the in-plane com-
pression under quasi-static loading i.e. as depicted in
Figure 15(a), the inclined cell walls are assumed to
undergo bending deformation theoretically. Figure 15(b)
gives the free body diagram of the bending of one of
the cell walls of the unit cell inclined at AB. The cell wall
material is modelled as elastoplastic. During in-plane com-
pression loading, the stress components are zero and the
bending moments due to the forces F acting on the beam
as illustrated in Figure 15(b) is given by

1
M = EF/cose (7)

The deflection 6 of the cell wall beam is calculated as
8 = MPP/6E,,I. Where E,, is the Young's modulus of the
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Figure 15. (a) conventional hexagonal honeycomb unit cell under in-plane stress and showing the inclined cell wall (b) free-body
diagram of the inclined cell wall and its deflection due to bending and forces acting on the cell wall (c) plastic deformation under
in-plane crushing and resulting in the plastic rotation of the hinges.



parent materials (i.e. PLA, ABS, ASA, PETG and NCC) which
is given in Table 3. As performed in the simulation, only
the material properties obtained using infill-density d, is
used for the theoretical analysis. Also, the symbol
| = a,t3/12, denotes the moment of inertial which is
assumed to be the same for all the honeycomb structures
with different parent material constituents used in the
study. Where a, represent the out-of-plane width of the
honeycomb unit cell obtained along the z-direction of
printing. Hence, the strain & due to the deflection of the
honeycomb unit cell wall beam in the in-plane crushing
direction can be obtained.

Figure 15(c) shows the plastic deformation of the cell
walls due to in-plane compressive loading. This occurs at
a point where the bending moment of the cell wall
equals the plastic moment [56,57]. The external work
imposed on the honeycomb unit cell is given by

Wexe = Fa, = 37\/30',,/202 (8)
where gy, is the maximum collapse strength. The plastic
dissipation at the four hinges is given as

W, = 4Mpe (9a)

where ¢ is the plastic rotation at the hinges as shown in
Figure 15(c). In this study, ¢ is taken as 2/5. Also, the
term M, = 0oa,t*/4 is the plastic bending moment of
the cell wall. Equation 9(a) becomes

27
Wp = ? anztz

(9b)
The honeycomb unit cell collapse when the external
work acting on the unit cell equals the plastic dissipation
at the four hinges. Hence, the maximum collapse stress
can be obtained as

41 <t>2
Oy, = —— 07 -
P 1503 2\

where the ratio t/l is considered as the slenderness of
the honeycomb cell wall. Moreover, the mean crushing
stress Oomean IS the average collapse stress during the
plastic deformation process and can be obtained by

(10)
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the expression,

9

(1)

Omean =
Emax

The symbol, gy, is the maximum crushing strain whose
value was determined as 0.5 at the onset of densification
during the experimental and numerical simulation
procedures.

5.2. Theoretical verification

The theoretical results are verified with the FE approxi-
mations by comparing their SEA values. The SEA crushing
index is related to the mean crushing stress and density
of the parent material (p,,) by the equation,

SEA — Omean
Pm

(12)

where the density of the parent material is given in Table
3. It can be seen from Figure 16 that the theoretical
results are similar to the FE approximations. The theor-
etical SEA and energy absorption values for both PLA
and ABS models are higher than their simulation
values. Moreover, it is seen that the theoretical SEA
and energy absorption values for both ASA and NCC
models are approximately the same. However, for
PETG models, the theoretical SEA and energy absorption
values are lower than the simulation values. Further-
more, the maximum SEA and energy absorption values
are obtained by the honeycomb structural models
made from PLA and PETG materials. The least SEA
value is obtained by those made from ASA material.
While the SEA values of NCC structural model for both
the theory and simulation give very similar results, it
can be observed that NCC model are relatively higher
than the ABS and ASA models in terms of SEA values.
Lastly, the energy absorbed by the NCC model for
both the theoretical and FE simulation, is relatively low
as that of the ASA model depicted in Figure 16(b).
Table 8 shows the error due to theoretical deviation
from the simulation and experiment. It can be seen
that both the theoretical and simulation results have

FE Simulation|
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Figure 16. Comparison between theoretical solution and FE approximations (a) SEA performance (b) Energy absorption capacity.
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Table 8. Comparison of the SEA between theoretical and FE simulation and between theoretical and experimental results.

Structural model SEA (/kg) SEA (l/kg)

Theory FE Error (%) Theory Experiment Error (%)
PLA 2.792 2.683 -3.90 2.792 2.60 —6.88
ABS 2.248 2.181 —2.98 2.248 2.16 -3.91
ASA 1.591 1.591 0.00 1.591 1.73 8.74
PETG 2.488 2.638 6.02 2.488 2.49 0.08
NCC 2.495 2.486 —0.36 2.495 2.30 —7.82

very close similarity. The slight difference between these
two results can be attributed to the choice of plastic
rotation given for the theoretical calculation. The
influence of this parameter is analysed in the next sub-
section. Moreover, it is evident from Table 8 that the
maximum SEA error of the theoretical deviation
with respect to the simulation and experiment are
6.02% for PETG model and 8.74% for ASA model,
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respectively. Similarly, the minimum SEA error of the
theoretical deviation with respect to the simulation
and experiment are 0.0% for the ASA model and 0.08%
for the PETG model, respectively. These maximum and
minimum error values indicate that the theoretical
model is within reasonable solution and can be satisfac-
torily used to compare both the FE simulation and
experimental results.
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Figure 17. Influence of plastic rotation of hinges and slenderness ratio on the mean crushing stress for (a) PLA model (b) ABS model
(c) ASA model (d) PETG model (f) NCC model (g) comparison of the honeycomb structural models obtained from different materials.



5.3. Parametric analysis

In Equation (12), the higher the mean crushing strength
(0mean) the better the energy absorbed per unit mass of
the crushed structure, i.e. the SEA value of the crushed
honeycomb structure increases. However, during plastic
deformation of the honeycomb structure, the plastic
rotation at the hinges (¢) and the slenderness ratio of
the cell wall (t//) are key parameters that influence the
crushing performance. Figure 17 combines the effect of
¢ and t/l on Opmean for all the structural models made
from various materials. Five ¢ (i.e. in radians) including
/5, 7/3, 27/5, 37w/5 and 27/3 are used. Also, thick-
nesses and cell wall lengths ranging from 1.6 mm to
2.4 mm with 0.2 mm intervals, and 6.5 mm to 8.5 mm
with 0.5 mm intervals, respectively, are considered.
From Figure 17, the results show that as the slenderness
ratio increases, the oneqn increases. However, there is a
non-linear decrease of 0Opean With increased plastic
rotation. The maximum values of oeq, for all structural
models are obtained when t=2.4mm, [=6.5 mm and
¢ =0.63 radians. Also, the minimum values of gpeqn for
all structural models are obtained when t=1.6 mm, /=
8.5 mm and ¢ rises to 2.094 radians. For PLA model in
Figure 17(a), the optimum and minimum oyneqn are 2.96
and 0.77 MPa, respectively. In the case of ABS model as
shown in Figure 17(b), the optimum and minimum
Omean are 2.00 and 0.52 MPa, respectively. Moreover,
ASA model has optimum and minimum oeqn at 1.42
and 0.37 MPa, respectively as seen in Figure 17(c). The
ASA model is the least desired for energy absorption.
For PETG model, (i.e. see Figure 17(d)), the optimum
and minimum o7eqn 0ccurs at 2.30 and 0.60 MPa, respect-
ively. Lastly, for the NCC model shown in Figure 17(e), the
maximum value of oeqn is obtained at 2.97 MPa while
the minimum value is obtained at 0.77 MPa. These ana-
lyses indicate that NCC, PLA and PETG models are prom-
ising candidates that can produce improved SEA
performance by obtaining the optimum values of opean
as depicted in Figure 17(f). The theoretical prediction of
optimum structural designs for the various materials is,
therefore, a veritable means of preventing waste of
materials which are usually encountered during exper-
imental procedure and fabrication process. Therefore,
by careful selection of parameters, it is plausible to
improve both the mechanical and crushing performances
of honeycomb structure and other complex design use
to generate energy absorbing structures.

6. Conclusion

The mechanical properties and crashworthiness per-
formance of energy absorbing honeycomb structures
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made from four polymer-based materials and one
polymer-fibre reinforcement material, have been investi-
gated. These structures were manufactured via the FFF
technology and compressed under in-plane quasi-static
loading condition. Experimental results correlate well
with both the FE approximations and analytical predic-
tion. In general, the investigation showed that the type
of materials used in FFF 3D printed honeycomb struc-
tures can influence the deformation modes and overall
crashworthiness performance of energy absorbing struc-
tures. In addition to the novelty of the study in that it
characterised different materials, revealed their material
microstructures and compared their macrostructural in-
plane crushing performance at the same time, the follow-
ing also enumerates other main findings of the study:

1. Under various deformation strains, unique failure
modes for the studied honeycomb structures with
different materials were observed in the experiment
and simulation. Moreover, the macrostructure defor-
mation revealed that PLA structure was brittle, ABS
structure could switch from being brittle to being
ductile, ASA structure had ductile property, PETG
structure was more ductile than brittle and lastly,
NCC structure was brittle.

2. Results showed that in terms of the CFE, the honey-
comb structures made from PETG outperformed
those made from PLA by 39.64%; ABS by 6.30%;
ASA by 21.80% and NCC by 12.32%. PLA structure
produced the least CFE due to its highly brittle
nature compared to other material counterparts.

3. Also, in terms of both EA and SEA, the PETG honey-
comb structure was approximately equal to that of
PLA honeycomb structure. These two honeycomb
structures (i.e. those made from PETG and PLA)
showed higher EA and SEA values than those made
from ABS, ASA and NCC. However, NCC honeycomb
structure outperformed ABS and ASA honeycomb
structures in SEA values.

4. Investigation also revealed the characteristic light-
weight advantage of NCC honeycomb structure
over the polymer-based ones. The lightweight advan-
tage of NCC honeycomb structure could be attribu-
ted to the fiber reinforcement in the composite
material which were obviously absent in the
polymer-based honeycomb structures. NCC struc-
tures can, therefore, be utilised for crashworthiness
application especially where extreme lightweight
property is highly desired.
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