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Abstract

The design freedom to create complex shapes and parts is one of the major benefits offered by the 3D printing manufacturing
process. The aim of this study is to utilize this advantage to tailor and optimize cellular materials for impact energy-absorbing
applications. The energy-absorbing performance of two types of lattice structure, namely, octagonal and Kelvin lattices, is
investigated numerically and compared to the out-of-plane performance of the traditional honeycomb, under two different
loading conditions. Firstly, the relative density of the three structures is kept constant and each structure is subjected to three
different compression loading rates. Secondly, the three structures are designed to have the same stress threshold of 1 MPa at a
loading rate of 3.5 m/s produced at the maximum energy-absorbing efficiency strain (5,7max), and they are subjected to an impact
mass and an initial velocity of 1.75 kg and 3.5 m/s, respectively. For the second condition, an empirical relationship is established
to relate the design parameters of each structure to the peak stress produced at the €, . Compression experiments are performed
on the standard specimens of the thermoplastic base material at different strain rates to characterize its dynamic properties and rate
sensitivity, for the numerical modeling. The finite element approach is validated against experimental results of published studies.
The numerical results show that when the relative density is kept constant, the out-of-plane energy absorption of the traditional
honeycomb, which is known for its high-energy absorption, significantly outperforms the two lattices for all loading rates.
However, when the stress threshold is kept constant, the results show that both lattices can provide better energy-absorbing
performance than the honeycomb. Finally, a methodology is developed to improve the energy absorption of the octagonal lattice
and the traditional honeycomb; this enhances their energy-absorbing efficiency significantly, from 57 to 63% and from 44 to
61%, respectively.
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1 Introduction

Mitigating the kinetic energy produced by impact loading is a
major design consideration in many engineering applications.
These include but are not limited to human protective devices,
packaging, and applications in the defense industry. For an
energy absorber to be able to protect an object from an impact,
it should be able to absorb the dynamic energy produced by
the impact without transmitting a stress magnitude higher than
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the maximum permitted stress level (threshold) to the
protected object [1-3].

The unique compressive behavior of cellular materials, in-
cluding their high specific strength, large densification strain,
and potential for a smooth and consistent stress plateau
through the long strain stroke, makes them an attractive solu-
tion for energy-absorbing applications. In addition, cellular
materials offer a range of design variables for optimizing en-
ergy absorption, including topology and microstructure, cell
size, and cell wall material [4].

The design freedom offered by 3D printing can turn virtu-
ally any tailored design of a cellular structure, regardless of its
complexity, into reality. This allows freedom in designing,
manipulating, and optimizing the micro-architecture of a cel-
lular material to achieve the desired mechanical and energy-
absorbing characteristics.
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Due to the complexity and vast expense of experimental
investigations, researchers [5—12] have used the finite element
method (FEM) to study the structural and energy-absorbing
properties of cellular materials. It has been demonstrated that
the FEM is a cost-effective and efficient engineering tool to
analyze and predict the quasi-static and dynamic energy-
absorbing and mechanical behavior of cellular materials with
good accuracy if used properly.

Studying the energy-absorbing behavior of materials and
structures usually starts with quasi-static analysis and testing.
This is more convenient to perform, and quasi-static charac-
teristics include the predominant geometrical effects, which
also occur under dynamic loading [1]. The quasi-static ener-
gy-absorbing behavior of cellular materials has been exten-
sively studied. For instance, Fan et al. [13] studied the
energy-absorbing mechanism of tubular structures and pro-
posed higher-order tubular lattice structures to enhance the
energy-absorbing efficiency. Habib et al. [5-7] studied
quasi-static energy-absorbing behavior and efficiency of poly-
meric honeycombs and lattice structures of different cell ge-
ometries fabricated by different 3D printing techniques.
Michailidis et al. [14] experimentally studied the compressive
properties and energy absorption characteristic of aluminum
alloy foams manufactured by a powder metallurgy technolo-
gy. Al-Saedi et al. [15] studied the compressive properties and
energy-absorbing capability of functionally graded aluminum
alloy lattice fabricated by selective laser melting (SLM). The
quasi-static study can give a useful understanding of the
energy-absorbing behavior of a material or structure with less
effort and cost; however, it may not represent the most real-life
energy-absorbing applications that occur under dynamic
loading.

The dynamic energy-absorbing mechanism of a cellular
material is more complicated than the quasi-static one. That
is due to two factors, which do not exist in the quasi-static
condition. Firstly, the flow stress of most materials under high
strain rates does not remain the same as in the quasi-static
case. Thus, the rate dependency of the material should be
considered. Secondly, in dynamic events, the mode of defor-
mation for an energy absorber might be totally different from
that in the quasi-static condition due to inertia effects, which
are produced when regions of the structure experience high
acceleration during an impact [16].

Researchers have studied dynamic energy absorption of
cellular materials. Shen et al. [17] experimentally investigated
the compressive and energy-absorbing behavior of closed-cell
aluminum foams at high strain rates. Xu et al. [18] studied the
out-of-plane dynamic compressive response and energy ab-
sorption of hexagonal honeycombs. Chen et al. [19] numeri-
cally studied the dynamic behavior and energy absorption of
closed-cell metal foams of functionally graded densities.
Rajendran et al. [20] used a drop hammer to perform experi-
mental tests to investigate impact-absorbing characteristics of
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a closed cell aluminum foam. In another study [21], they ex-
amined the effect of filling stainless tubes with a closed cell
aluminum foam on improving the energy-absorbing perfor-
mance of the combination compared to using the foam and
the stainless tubes separately. Harris et al. [4] investigated the
impact response of stainless steel hybrid lattice materials fab-
ricated via selective laser melting (SLM) process. It was dem-
onstrated experimentally how an additive manufacturing route
could be exploited to add geometric complexity to the material
microstructure, creating a robust basis for geometry optimiza-
tion. Cui et al. [22] proposed a functionally graded foam, in
which the density was varied throughout the thickness of the
foam block, to improve the impact absorption properties of
uniform foam. The published literature creates a good foun-
dation in this field. However, there is a need to demonstrate
how an energy absorber can be designed for a specific impact
protection application and what the criteria are, and why a
certain structure is preferred over the others, and how its
energy-absorbing performance can be optimized. Answering
these questions is the scope of this study.

In this work, compression experiments were performed on
standard specimens of the thermoplastic base material (PA12)
at different strain rates to characterize its dynamic response
and rate sensitivity for the finite element (FE) simulations. The
dynamic energy-absorbing behavior of two types of PA12
lattice structures, namely, octagonal and Kelvin lattices [7],
was studied by means of FE simulation under different dy-
namic loading conditions. A systematic approach was used to
assess the energy-absorbing capacity of these lattices and
compared with the out-of-plane performance of a well-
known high energy-absorbing structure, namely, the hexago-
nal honeycomb, and the best structure for each loading con-
dition was identified. Finally, an optimization methodology
was proposed to enhance the energy-absorbing performance
of the octagonal lattice and the traditional honeycomb.

2 Structures’ design

Two types of regular lattice structures, namely, octagonal and
tetrakaidecahedral (Kelvin) lattices [7], and a traditional hex-
agonal honeycomb were designed. Each lattice was construct-
ed by building unit cells of 5 x5 x 5 mm? in size and dupli-
cating them in three dimensions to make a lattice structure of
5x6x6 cells in height, width, and depth, respectively. The
honeycomb was prismatic in height with 7 x 6 cells in width
and depth, respectively, and was constructed from uniform
hexagonal cells of 5 mm in cell size. Since the relative density
(RD) is the most important feature of cellular materials [2], the
three structures were designed to have an identical relative
density of 15%.

All cell struts of each lattice were a cylinder of uniform
length / and diameter d throughout the structure. The cell walls
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of the hexagonal honeycomb had an identical length and
thickness of / and ¢, respectively. The CAD models of the three
structures and detailed design parameters of a unit cell and the
overall specimen of the three structures are presented in Fig. 1.

A brand of polyamide (PA 12) thermoplastic material avail-
able for multi-jet fusion (MJF) 3D printing process was con-
sidered as the base material for the cellular structures. PA12 is
from the nylon family of thermoplastic polymers known for its
high toughness and energy-absorbing capability. MJF process
was chosen as the additive manufacturing process due to its
durability, dimensional accuracy, and capability to make
dense and nearly isotropic parts more rapidly than the tradi-
tional 3D printing systems [7, 23].

3 Material characterization

In order to simulate and reliably predict the structures’ re-
sponse to the quasi-static and dynamic loadings, the behavior

of the base material (PA12) under large strains and various
strain rates needed to be characterized.

The raw material of PA12 thermoplastic provided by HP
Inc., in a powder form was used along with the HP fusing
agent on the HP Jet Fusion 4200 3D system to produce stan-
dard compression test specimens. The MTS Criterion
Electromechanical Universal Test System (Model 43) with
50-kN load cell was used for the low strain rate compression
tests, and the Split Hopkinson’s Pressure Bar (SHPB) was
used for the high strain rate compression tests at room tem-
perature. To ensure the repeatability of the experimental tests,
at least three samples were tested for each test condition.

Standard cylindrical specimens of 12.7 mm in diameter and
50.8 mm in length with the loading rate of 1.3 mm/min were
used to determine the elastic modulus and offset yield stress,
as recommended by ASTM D695-15 [24]. It was assumed
that the elastic behavior of the material is rate-insensitive and
remains constant for all strain rates.

The post-yield nominal stress-strain data at low strain rates
were obtained from the compression tests performed at strain

Cellular Unit cell design and parameters CAD model of cellular specimens
strl}ctur(.e CAD model ) dort Top view Isometric view Dimensions
designation
Octagonal 2.071|d= D 7 2T vV o T Height=25+d
lattice 0.813 ZAAAAOK Width =30 +d
AAAMNOK Depth =30 + d
AAAANAOK
AAAANOK
AAANNOK
SATATAITATAT
Kelvin 1.768 |d = Height=25+d
lattice 0.748 Width =30 + d
Depth=30+d
Hexagonal 2.887|t= Height (out-of-
honeveomb 0.362 plane) =25
4 Width =31.76 + ¢
Depth=30+1¢

Fig. 1 Unit cell and overall specimen design and dimensions for the examined 3D structures of 15% relative density (units are in mm)
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Table 1  Material properties of PA12 determined from the compression Typical true stress vs. true plastic strain curves generated
tests and used in the FEM . . .
from each set of compression tests at various strain rates are
Elastic Poisson’s Density®  0.2% offset Strain rate presented in Fig. 2a. Each curve is a representative of a set of
modulus  ratio® yield stress sensitivity, C at least three repeated test results. It can be observed that the
5 PA12 material is moderately sensitive to the applied strain
1300 MPa 0.33 919 kg/m’ 36 MPa 0.05

#From [7]

rates of 2x 107, 2x 1072, 2x 10", and 5% 107" s™" on the
standard test specimens used for strength measurements (cy-
lindrical specimens of 12.7 mm diameter and 25.4 mm in
length), as recommended by the ASTM D695-15 standard.

SHPB was used to perform compression tests at a high
strain rate of 3 x 10° s™'. The diameter of the striker, incident,
and transmission bars was 14.5 mm. The dynamic compres-
sion samples used on SHPB were of cylindrical shapes of
11 mm in diameter and 6 mm in length [25, 26].

The resulting post-yield nominal stress-strain data from the
low and high strain rate tests were converted to the true stress-
strain data using Egs. (1) and (2).

Otrue = Onominal ( 1_5‘:n0minal) ( 1 )

Etrue = 1n(l_gnominal) (2)
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Fig. 2 a True stress vs. true plastic strain curves achieved for PA12 at
different strain rates and b normalized yield stress o plotted as a function

of log é*, normalized strain rate, at 0.1 and 0.3 plastic strains
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rate, as the flow stress increases moderately with the strain
rate. At the extremely high strain rate of 3 x 10* s~', fluctua-
tions of stress are observed.

In this study, the Johnson-Cook (J-C) plasticity model was
used to model the hardening behavior and the strain rate de-
pendency of PA12 material. The J-C material model [27, 28]
is widely used to capture the strain rate sensitivity of materials.
Although this material model was originally developed for
metals, it has been shown that it can capture the loading be-
havior of thermoplastics well, but it is unable to capture the
unloading cycle due to the viscoplastic nature of these mate-
rials [29].

Since the time interval of the dynamic impacts in this study
is considerably small (i.c., the viscoplasticity effect can be
ignored), the material acts like a rigid ductile polymer and
the unloading cycle is not of interest; therefore, the use of J-
C material model is justified.

In the J-C model the yield stress is given by the following
Eq. (3) [27, 28]:

o= [A+ 82" 1+ Cin(=)] [1-7™"] (3)

where A, B, n, C, and m are the model constants that need to be
determined from experimental tests; ¢, is the accumulated
plastic strain; & =¢,/c is a dimensionless strain rate; ¢ is
the reference strain rate; and 7™ is the temperature variation
effect.

As the sensitivity of the material to the variation in temper-
ature is not of interest in this study, Eq. (3) can be reduced to

o=[A+Be)] [1 + Cin (E*)} (4)

In this reduced equation, A is the yield stress; B and »n are
the strain-hardening coefficient and exponent, respectively, at
the reference strain rate &; and C is the slope of the fitted line
for the normalized yield stress & plotted as a function of log

(é*) at a certain plastic strain, where o is given by

| ®)

In the present study, the reference strain rate was taken as
2x 10725 " In Eq. (5), the term [A + Be,,"] is a prediction for
the yield stress at a plastic strain ¢, for the reference strain rate
¢. However, to obtain more accurate results, in this study the
yield stress for the reference strain rate € at each plastic strain
was taken from the test data rather than the [A +
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Fig. 3 FE model of simulated structures of 15% relative density under compression a octagonal lattice, b Kelvin lattice, and ¢ hexagonal honeycomb in

the out-of-plane direction

Be,"] prediction. Figure 2b shows two sets of data for & plot-

ted as a function of log (25*) at two different plastic strains of
0.1 and 0.3. The slope of the fitted line was calculated for each
set of data. The average of the two values was taken as the
strain rate sensitivity parameter, C, for the J-C material model.
Material properties determined in this section and used in FE
simulations in the next sections are listed in Table 1. By com-
paring compression properties of PA12 presented in Table 1
with tensile properties published in [7, 23] it can be concluded
that the MJF PA 12 material is slightly stronger in compression
than in tension. However, as it can be seen in the Sect. 4.2, that
does not make a significant difference in the FEA results.

4 Nonlinear finite element modeling

In this study, the compressive and energy-absorbing behavior
of the three structures were investigated using nonlinear finite

4.0

g5 [ =2 elements
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Fig. 4 Stress-strain curves for the octagonal lattice of 15% relative
density with various mesh sizes

element (FE) modeling. ABAQUS/Explicit 2018 code was
employed for the FE simulations. Beam elements of type
B31 were used to discretize the two lattices, and shell elements
of type S4R with reduced integration [30] were used to
discretize the honeycomb. In the FE model, the upper and
lower plates were assumed to be rigid. All degrees of freedom
of'the lower platen were constrained. Three rotational and two
translational degrees of freedom of the upper moving rigid
platen were constrained; thus, it could only move in one di-
rection, up or down. The structures’ model sat on the fixed
lower platen and the upper platen moved downward to com-
press the cellular structures. An illustration of the FE model
used for the three structures is shown in Fig. 3.

For the quasi-static compression simulation of such struc-
tures, as it is discussed elsewhere [7], it is infeasible to use the
standard implicit solver, if not impossible. It is a general prac-
tice to use explicit solver for this kind of simulations. When
using the explicit solver for quasi-static simulations, there are
two methods to achieve an economical solution [31]. The first
method involves reducing the time period of the analysis and
the second involves using the mass scaling technique.
However, the first method is only valid when dealing with
the rate-independent base material. Since in this case, the nat-
ural time scale is generally not important. In the second meth-
od, a limited amount of mass is added to the entire or part of
FE model artificially resulting in an increase in the time incre-
ment used by ABAQUS/Explicit and a corresponding reduc-
tion in computational time. However, it must be ensured that
the change in the mass and consequent increase in the inertial
forces do not affect the solution significantly.

In this study, for the quasi-static simulations, the first tech-
nique was employed, and the velocity of the top rigid com-
pressive platen was artificially increased. The material was
assumed to be rate-independent and the true yield stress-true
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plastic strain data of the quasi-static material test (2 x 105 ")
was used to define its post-yield behavior. However, for the
dynamic loading simulations, the actual time scale and the J-C
material model discussed in Sect. 3 with the reference strain
stare of 2 x 10 > s ! and rate sensitivity, C, of 0.05 were used.

4.1 Mesh size sensitivity analysis

A study was conducted on one of the structures (octagonal
lattice) to determine the number of beam elements that should
be used for the FE modeling of the structures. The aim was to
determine the minimal number of elements per edge required to
discretize the lattice structure that can produce consistent results
with a feasible computational cost. Figure 4 shows the stress-
strain curves of the octagonal lattice of 15% relative density at a
loading rate of 3.5 m/s when each cell edge of the lattice (/)
discretized with two, four, six, and eight elements. It can be
seen from Fig. 4 that using four elements per edge can give
consistent results with feasible computational cost. In addition,
it was observed that using more than four elements per edge
may lead to unrealistically increasing the densification strain.

4.2 Validation of the FEA

The FE method described in the previous sections of this study
was validated against published experimental works of Habib
et al. [7] on PA12 lattices and Xu et al. [18] on aluminum
honeycombs. The experimental specimens of the two lattices
in [7] were fabricated in PA12 on HP Jet Fusion 4200 3D
printer. Three specimens of 5 x5 x5 cells from each lattice
were tested under the quasi-static compression loading of
5 mm/min [7]. The same specimen size was used in the FE
simulations with the material properties determined in Sect. 3.
Figure 5a, b compares the quasi-static stress-strain curves ob-
tained from the FE simulations with the experimental curves
for the octagonal and Kelvin lattices. Good agreements be-
tween the FEA and the experimental results were observed
for both lattices. For instance, the percentage of difference
between plateau stress [7] calculated from the FEA and exper-
imental results (the average of three samples) for the octagonal
and Kelvin lattices was 6.8% and 4.8%, respectively.

The FE method used to simulate the out-of-plane
crushing behavior of the honeycomb discussed in the pre-
vious sections was validated against a published experi-
mental study by Xu et al. [18] on commercial HexWeb-
CRIII aluminum honeycombs. The honeycomb samples
used in that study were of 9 x 9 cells, and the cell wall
material was aluminum alloy 5052 with an H39 temper.
The input material properties for aluminum 5052 used in
the FE validation simulations of the current study were
[32] density =2680 kg/mS, elastic modulus =69 GPa,
Poisson’s ratio = 0.33, yield stress = 292 MPa, and tangent
modulus = 690 MPa, and the base material was assumed to

@ Springer

be rate insensitive. Figure 5S¢ shows a comparison between
our FEA stress-strain curves at two different strain rates of
10%s " and 2 x 10* s ' and Xu et al.’s experimental stress-
strain curves. Again, good agreements between the FE
method and the experimental results were achieved. The
difference between the FEA and experimental plateau
stress for the honeycomb [18] at two different strain rates
of 10 s ' and 2 x 10? s~ was 6.5% and 9%, respectively.

4.3 Energy absorption of structures with the same
relative density

To understand the effect of loading rate on the energy-
absorbing behavior of the three types of structures, a structure
of each type with a constant relative density of 15% was sim-
ulated under three constant loading velocities of quasi-static,
3.5 m/s and 35 m/s. The resulting numerical compressive
strain vs. transmitted stress to the lower platen (protected side)
curves for the three structures are shown in Fig. 6.

The stress-strain curves are analyzed to plot the energy-
absorbing efficiency vs. strain curves and to determine the
strain corresponding to the maximum energy absorption effi-
ciency (E,Imax), which is the optimum limit for using each
structure; beyond €, , the stress increases rapidly without
much increase in absorbed energy. Here the energy absorption
efficiency, 7, is defined as the ratio of energy absorbed by a
cellular material when compressed to a strain ¢, to that of the
ideal energy absorber (Fig. 7), which transmits the same max-
imum but constant stress to the protected object when fully
compressed throughout its thickness [4, 7, 33], and it is given
in Eq. (6):

n= ,[;O'((;:)dg (6)

where Jgo(s)de is the energy absorbed by a cellular structure
per unit volume (represented by the area under the stress strain
curve) when compressed to the strain € and o, is the maximum
stress generated up to the strain €. These steps are discussed in
detail elsewhere [7], and the octagonal stress-stain curve and
analysis are illustrated in Fig. 7 as an example.

The energy absorbed by each structure under the three
loading conditions up to the strain g, is presented in
Fig. 8. The results show that the energy absorption of the three
structures increases significantly when the loading rate in-
creases though their produced stress also increases. Also, it
can be observed in Fig. 6 and 8 that the compressive strength
and energy absorption of the traditional honeycomb is dramat-
ically higher than the two lattice structures. Both the octagonal
lattice and the honeycomb generate an initial peak and then
soften under the compression, while the Kelvin structure
hardens with the increase of strain. In the latter, the stress



Int J Adv Manuf Technol (2019) 103:2347-2361

2353

4.0 Octagonal Exp-samplel 4.0 Kelvin Exp-samplel "
— 35 Octagonal Exp-sample2 ' 3.5 Kelvin Exp-sample2 ‘l
& 30 Octagonal Exp-sample3 ! © 3.0 Kelvin Exp-sample3 !
S 25 ==-- Octagonal FEA ; % 25 | ==== Kelvin FEA !
iy 1
b 20 7 '; 2.0 !
v 15 s 15
o 10 @ 10 e
o - -
» 05 & 05
0.0 0.0 4
0 01 02 03 04 05 06 0.7 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Strain, € Strain, €
(@) (b)
19 Exp. FEA /
8 1x10s" —1x102s™
b= — 2 -1
& 6 2x10%s
2.
°2
«
(7]
0 +
= |
& 2 0 l 0.2 0.4 0.6 0.8 1.0
Honeycomb designation:
4 4.5-1/8-5052- .001N
Strain, €
(©

Fig. 5 Validation of the numerical (FEA) method results used in this work against published experimental (Exp) results

seems less sensitive to the loading velocity than the other two
structures. This behavior of the Kelvin lattice is in agreement
with the remark made by Calladine and English [16].

Fig.6 The numerical stress-strain
curves of a the octagonal and b
Kelvin lattices and ¢ the
traditional honeycomb of constant
RD of 15% under different
compression loading of quasi-
static, 3.5 and 35 m/s
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Another observation that can be made in Fig. 6 for the
stress-strain curves at the high loading rate of 35 m/s is
that there is a noticeable zero stress region at the
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beginning of the loading. This is due to some time delay
required to propagate the deformation to the lower platen
(protected side).

4.4 Relationship between the design parameters
and peak stress

For most applications, such as packaging and human protec-
tive devices, there is a stress threshold that the energy absorber
must not exceed while absorbing the dynamic impact energy;
otherwise, the protected object will be injured (if human) or
damaged [1, 2, 6]. In this study, a protective structure to be
used as a hip protector was taken as an example. A stress
threshold of 1 MPa was taken as the maximum tolerated peak
stress, and an initial impact velocity of 3.5 m/s with a mass of
28 kg, as recommended for biomechanical testing of hip pro-
tectors [34], was considered for the impact loading. As the
specimens used in the present study were smaller than the
actual hip protector size by 16 times, the impact mass was
scaled down by the same ratio, and a mass of 1.75 kg was
considered while the actual impact velocity (3.5 m/s) was
kept. Hence, the kinetic energy produced, which is required
to be absorbed by a unit volume of the scaled-down energy
absorber, was kept constant. Any energy-absorbing structure
designed for this application need to be able to absorb the
impact energy produced by a mass of 1.75 kg with an impact
velocity of 3.5 m/s without exceeding a maximum tolerated
stress of 1 MPa. In such simulation, the initial impact velocity
(here 3.5 m/s) is required to reach zero at the end of the
crushing process of the energy absorber.

Impact simulations were performed on the previous de-
signs of the three structures with RD of 15% (Fig. 1). A mass
of 1.75 kg and an initial velocity of 3.5 m/s were assigned to

the upper compressive rigid platen. The three structures
absorbed the impact energy by deforming until the entire ki-
netic impact energy had been absorbed, and the velocity of the
impact upper platen reached zero. It was observed that the
stress-strain curve under the impact loading took nearly the
same path of the constant displacement loading of 3.5 m/s
until the zero velocity point. At the zero velocity point, the
whole impact energy was absorbed and there was no load-
ing on the structure except the weight of the moving upper
platen of 1.75 kg. The structures’ behavior after this zero
point is beyond the scope of this study; it may be able to
recover to some extent depending on the base material
properties.

As shown in Fig. 9a—c, when the structures are loaded by
an impact mass of 1.75 kg with an initial velocity of 3.5 m/s
the stress-strain curve takes nearly the same path of the con-
stant displacement loading of 3.5 m/s. The impact energy
produced per unit volume of the energy absorbers (% mv? /vol-
ume = 0.44 J/cm?®) is absorbed by each structure according to
its structural behavior represented by the area under the red
curves (Fig. 9).

From Fig. 9a—c, it can be seen that the three structures with
the arbitrary relative density of 15% are not suitable for this
particular application as they produce higher stress levels than
that which can be tolerated. Octagonal lattice, Kelvin lattice
and the honeycomb structure produced maximum stresses of
1.9, 1.2, and 9.0 MPa respectively, all exceeding the tolerated
stress threshold of 1 MPa. This means that the object (here the
human hip bone) cannot be protected by these designs and
they may cause a hip fracture if they are used. Figure 9d illus-
trates the stress-strain behavior of an ideal energy absorber for
absorbing the same amount of energy (0.44 J/cm®) producing
the maximum stress of 0.44 MPa, which is much less than the
tolerated stress threshold.

Fig. 7 The stress and energy- 4.0 5 - 70
absorbing efficiency vs. strain for Stress-strain Nimax
the octagonal lattice of 15% 3.5 = — =Ideal energy absorber 1ot - 60
relative density under quasi-static © 3.0 * Max. efficiency point ...°° ': Q
compression and its % ......... Efficiency-strain o . - 50 &
corresponding ideal energy 2.5 o oot . w
absorber which produce the same ~ Max. efficiency ...'° 3 - 40 =
peak stress, o, o) = o
~ [
(7]
@ ks
o 2
e 4=
n ]
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Fig. 8 Energy absorption of the three structures up to the maximum energy-absorbing efficiency strain (z—:,,m), under three different loading rates of
quasi-static (QS), 3.5 m/s and 35 m/s

To design a structure of a required stress threshold for a  limit for using each structure and the stress at the ¢, is the
specific loading velocity, a relationship between the geometric  highest stress up to that limit, the stress at &, _ is taken as the
parameters of the structure and the peak stress produced is peak stress and is used in the calculations.
needed. As the ¢, (defined in Fig. 7) is the optimum strain
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Fig. 9 Stress-strain paths of a octagonal and b Kelvin lattices, ¢ honeycomb structure, and d ideal energy absorber, under a constant loading of 3.5 m/s
and impact loading of a mass of 1.75 kg with an initial impact velocity of 3.5 m/s
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Fig. 10 Peak stress, op, vs. a (d/1)? of the lattice structures and b (/1) of the honeycomb structure

To establish the relationship between the design parameters
and peak stress, six uniform designs with varied (d//) or (¢/)
ratios were created for each of the three types of structures.
The unit cell edge length / was kept constant for each structure
(illustrated in Fig. 1) and only d or ¢ was varied for each
design. Each design was numerically studied under a constant
loading velocity of 3.5 m/s. The peak stress produced at the
€n,. Was determined as discussed in Sect. 4.3 and plotted
against their design parameters as shown in Fig. 10a, b.
Wierizbicki [2, 35] expressed plastic collapse strength of hon-
eycombs in the out-of-plane direction in terms of ay(t/l)S/ ?,
when o, is the yield stress of the base material. The same
method was used here to express peak stress, o, of the hon-
eycomb structure. Good agreement with Wierizbicki’s equa-
tion was observed. For the lattice structures, however, it was
observed that the o, is linearly related to (d/l)*. The deter-
mined relationships are expressed in three empirical equations
(Egs. (7) to (9)). The parameters in the three equations were
determined by curve fitting. The three equations imply that the
peak stress o, increases when the relative density of the cel-
lular structures increases. The high parameter of Eq. (9) indi-
cates the high sensitivity of the honeycomb structure to the
relative density, meaning much less dense structure is required
for the same stress threshold, o,,, compared to the octagonal
and Kelvin lattices. These equations are used in Sect. 4.5 to
design structures with the same stress threshold.

0, (octagonal lattice) = 0.918 o, (d/1)’ (7)

Table 2
the €, under the loading rate of 3.5 m/s

20

© ¢ Honeycomb

a

2 15 ¢

N ¢

?; 0 2

§ o5 f

4

©

[}

a 00

0.00 0.05 0.10 0.15 0.20
(/)3
(b)

0, (Kelvin Lattice) = 0.598 o, (d/1)’ (8)
0, (Honeycomb) = 8.075 o, (t/l)s/3 9)

where o, is the yield stress of PA12 and equal to 36 MPa
(Table 1).

4.5 Design of structures with the same peak stress

Using the empirical relationships determined in the previous
section, a structure of a maximum peak stress of 1 MPa at the
maximum efficiency strain (snm) was designed using the
abovementioned Egs. (7)—(9) for each type. The three struc-
tures were simulated under a constant compression loading of
3.5 m/s. The dynamic energy absorption, peak stress, and
strain at the &, in addition to the design parameters for each
structure are listed in Table 2.

It can be seen from Table 2 that all structures have nearly
the same intended maximum peak stress of 1 MPa atthe g, .
The honeycomb, due to its high compressive strength, has the
least relative density (RD) of 4%, but it can absorb only 0.41-
J/em® energy up to the stress limit of 1 MPa, meaning that it
cannot absorb the required kinetic energy without exceeding
the stress threshold (1 MPa) The Kelvin lattice needs the RD
of 10.6% to have the same maximum peak stress, and it ab-
sorbs 0.56-J/cm® energy up to that stress limit. The octagonal
lattice with a RD of 9.5% is able to absorb 0.55-J/cm® energy

Design and energy-absorbing parameters of the examined uniform structures designed to have the same maximum stress threshold of 1 MPa at

Cellular structure Design parameters Energy absorption parameters at &,
[ (mm) d or ¢t (mm) RD (%) El 0, (MPa) Energy, W (J/cm3) Efficiency, ) (%)
Octagonal 2.071 0.64 9.5 0.83 0.97 0.55 57
Kelvin 1.768 0.62 10.6 0.83 0.97 0.56 57
Honeycomb 2.887 0.09 4 0.75 0.94 041 44
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Fig. 11 The stress-strain curves for a constant compressive loading of 3.5 m/s, an impact of 1.75-kg object with an initial velocity of 3.5 m/s combined
with the object velocity for the a octagonal and b Kelvin lattices and ¢ the honeycomb of identical o, of 1 MPa at e,

up to the stress limit of 1 MPa. This preliminary analysis
shows that, unlike the honeycomb structure, both lattices have
potential to absorb the required impact energy of 0.44 J/cm®
safely within the given stress threshold of 1 MPa.

The impact protection behavior of these structures was
simulated under the loading of an impact mass and an initial
velocity of 1.75 kg and 3.5 m/s, respectively, as discussed in
Sect. 4.4. The stress produced on the protected object (lower
plate) and the loading velocity are plotted against the structur-
al strain for the three structures as shown in Fig. 11.

It can be observed from Fig. 11a, b that for both lattice struc-
tures the velocity of the impact mass reaches zero (where the blue
curve ends) well before their €, . This indicates that they can
absorb 0.44-J/cm® impact energy produced by the impact mass
effectively and even have potential to absorb some more energy
(0.11 J/em® for the octagonal and 0.12 Jem® for the Kelvin)
below the stress threshold of 1 MPa. However, for the traditional
honeycomb to be able to absorb that amount of energy the stress

exceeds the 1 MPa as the structure’s deformation exceeds the
€, limit, as shown in Fig. 11c.

4.6 Enhancing the energy absorption by using
density-graded structures

Unlike conventional manufacturing, 3D printing allows tailor-
ing of the cellular structures to obtain the required mechanical
behavior. While there is not much that can be done with struc-
tures whose stress increases continuously with strain, referred
to as type I by Calladine and English [16], such as in Kelvin
lattice, it can be hypothesized that the energy-absorbing effi-
ciency of structures that produce the initial peak stress and
then soften (type II) can be enhanced using functionally grad-
ed designs. Density-graded structures (in the loading direc-
tion) allowed by 3D printing can firstly eliminate the initial
peak on the stress-strain curve and secondly reduce the
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(a)

(b)

Front view Design Atthe g,
Uniform Graded Designation|Step, Ad (W op n
(mm) |(J/em® |(MPa)|(%)
Uniform 0 0.55 0.97 |57
d-2Ad

d-Ad Graded-1 |0.08 0.78 2.11 |37
d Graded-2 |0.04 0.63 1.13 (56
d+Ad Graded-3  |0.02 0.61 0.99 |62
d+2Ad | |Graded-4 0.01 0.61 [0.96 |63

Fig. 12 a Details of design parameters and b energy absorption characteristic for the uniform and four graded octagonal lattices when keeping the cell
struts” length and overall structural relative density constant (1=2.071 mm and d = 0.62 mm)

softening behavior of these structures, thus increasing their
energy-absorbing efficiency.

Regular graded structures with different step sizes of Ad
and Af were built from the octagonal lattice and the traditional
honeycomb, respectively, as illustrated in Figs. 12 and 14. Cell
edge length, /, and the overall relative density for all structures
of each type were kept constant and equal to that of the uni-
form structure, which was discussed in Sect. 4.5. For the grad-
ed designs, each row has identical d, or ¢, but increasing by Ad
or At, respectively, from top to bottom in the loading direction.

Figures 12 and 14 list the design parameters of the uniform
and graded structures for the octagonal lattice and the honey-
comb, respectively, and their energy-absorbing characteristics
obtained from FE simulations under a constant loading veloc-
ity of 3.5 m/s. Figures 13a and 15a compare the stress-strain

4.0 Uniform
3.5 Graded-1
3.0 Graded-2
25 Graded-3
’ Graded-4

Stress, o (MPa)

0O 01 02 03 04 05 06 07 08 09 1

Strain, €

(a)

Stress, o (MPa)

curves of the graded structures to the uniform one for each
type of structure. Figures 13b and 15b show the stress-strain
and efficiency-strain curves for optimum design of each struc-
ture to absorb the maximum energy at the given stress thresh-
old of 1 MPa.

The graded structures allow the plastic deformation to
localize initially at the least dense (weakest) row, thus
lowering the initial peak stress. Subsequently, the local-
ization propagates through the structure from less to
more dense rows, largely eliminating the softening be-
havior. For the optimum design, this approximates the
stress-strain behavior of the structure to that of the ideal
energy absorber and increases the energy-absorbing ef-
ficiency. By using this methodology, the energy absorp-
tion and efficiency of the uniform octagonal lattice were

4.0 . - 70
Stress-strain (Graded-4)
35 Ideal energy absorber - 60 -
3.0 eerereens Efficiency-strain L 50
Max. efficienc -
iz 4555 { faow
X >
15 i [0 g
: 20 2
10 v S
0.5 o - 10 &
w
0.0 = - 0
0O 01 02 03 04 05 06 07 08 09 1
Strain, €
(b)

Fig. 13 a Stress-strain curves for uniform and four designs of graded density octagonal lattice structures of identical RD of 9.5%, under constant
displacement loading of 3.5 m/s, and b stress and efficiency vs. strain for the optimum structure (graded-4) for energy absorption at 3.5-m/s loading rate
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(a) (b)
Vertical cross section Design Atthe g,
Uniform Graded Designation |Step, At (W op n
(mm) |(J/em® |(MPa)|(%)
i ; N Uniform 0 0.41 0.94 |44
t-At Graded-1 |0.02 0.72 1.53 47
4
Graded-2  |0.01 0.63 1.06 (59
At
+oAr | |Graded-3  ]0.005 0.53 0.86 (61

Fig. 14 a Details of design parameters and b energy absorption characteristic for the uniform and three graded hexagonal honeycombs when keeping the
cell walls’ length and overall structural relative density constant (1=2.887 mm and t=0.09 mm)

optimized in the graded design-4 from 0.55 J/em® and

57% to 0.61 J/em® and 63%, respectively, while keeping the
stress level below 1 MPa, as shown in Fig. 12. For the hon-
eycomb, these parameters were optimized from 0.41 J/cm®
and 44% to 0.53 J/em® and 61%, respectively, by graded de-
sign-3, whereas the peak produced stress lowered from 0.94 to
0.86 MPa, as listed in Fig. 14.

5 Conclusions

This paper has evaluated energy absorption of two pro-
posed lattice structures, octagonal and Kelvin lattices,
and compared their energy-absorbing behavior with a
well-known high out-of-plane energy-absorbing struc-
ture, namely, hexagonal honeycomb, using FE

4.0
Uniform
—_ 35  —Graded-1
S 30 Graded-2
S 25 ——Graded-3
o 20
w 15
7]
g 1.0
w 05
0.0
0 01 02 03 04 05 06 07 08 09 1
Strain, €
(a)

Stress, o (MPa)

simulation. The FE method used is validated against
published experimental studies. Compression experi-
ments were performed on the standard specimens of
the thermoplastic base material (PA12) at different strain
rates to characterize its dynamic response and rate sen-
sitivity for the FE simulations. The three structures were
initially evaluated at different compression loading rates,
with all having the same relative density. The results
showed that the traditional honeycomb provided dramat-
ically higher-energy absorption in its out-of-plane direc-
tion than the lattices. To compare their energy-absorbing
behavior and efficiency for a specific application, a pro-
tective structure to act as a hip protector was taken as
an example with the stress threshold of 1 MPa and
impact mass and initial velocity of 1.75 kg and
3.5 m/s, respectively. An empirical relation was

40 Stress-strain (Graded-3) r 70
3.5 e Ideal energy absorber - 60 =
3.0 [reseslsess Efficiency-strain X L 50 g\_
25 Max. efficiency .- w
3 F40 &
2.0 / 3
15 w08
1.0 - 2203 : - 20 é
0.5 F_i,.-"‘f 10 &
00 I Lo
0O 01 02 03 04 05 06 07 08 09 1
Strain, €
(b)

Fig. 15 a Stress-strain curves for uniform and three designs of graded density honeycombs of identical RD 0f 4% under constant displacement loading of
3.5 m/s and b stress and efficiency vs. strain for the optimum structure (graded-3) for energy absorption at 3.5-m/s loading rate
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developed between the design parameters and the peak
stress produced at the maximum efficiency strain
(6,,nm), which is the optima for each structure at that
loading rate (3.5 m/s). Using these empirical equations,
a structure of each type was designed to produce a
maximum stress limit of 1 MPa at the ¢, . The per-
formance of these structures was then simulated under
an impact loading and velocity of 1.75 kg and of
3.5 m/s, respectively. The numerical results showed that
the two lattices were able to absorb the impact energy
well before densification. However, in order for the
honeycomb structure to be able to absorb that amount
of energy, the produced stress exceeded the limit of
1 MPa. Finally, the energy-absorbing behavior of the
two strain-softening structures, namely, the octagonal
lattice and the honeycomb structure, was enhanced sig-
nificantly using functionally graded designs. By using
density-graded structures the numerical out-of-plane energy
absorption of the honeycomb was increased from 0.41 to
0.53 J/em® and efficiency from 44 to 61% while decreasing
the maximum produced stress from 0.94 to 0.86 MPa. The
graded methodology could improve the numerical energy ab-
sorption of the octagonal lattice from 0.55 to 0.61 J/em® and
efficiency from 57 to 63% while decreasing the maximum
produced stress from 0.97 to 0.96 MPa. This study demon-
strates that the process of optimizing the energy absorption of
cellular structures has further potential. It was concluded that
the energy-absorbing performance and efficiency of 3D
printed cellular materials can be improved significantly by
using carefully tailored functionally graded structures.
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