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ABSTRACT

Selective laser sintering has been used to manufacture different structural variations of a pre-buckled cir-
cular honeycomb. The mechanical behaviour of these structures has been examined under both quasi-
static and dynamic impact loading. Pre-buckled circular honeycombs with aspect ratios e = 0.8 and
e = 0.6 were compared to a traditional, straight-walled honeycomb. It has been found that the mechanical
behaviour of the honeycomb can be tailored to yield different mechanical responses. Principally, decreas-
ing the aspect ratio reduced the stress at yield, as well as the total energy absorbed until densification,
however, this alleviated the characteristic stress-softening response of traditional honeycombs under sta-
tic and dynamic conditions. When subjected to multiple cycles of loading, a stabilised response was
observed. The numerical response closely agreed with the experimental results. A simplified, periodic
boundary condition model also closely agreed with the experimental results whilst alleviating computa-
tional run time by nominally 75%. The numerical full factorial parameter design sweep identified a broad
range of mechanical behaviour. This represents a valuable tool to identify optimal design configurations

for future impact mitigating applications.
© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The honeycomb is a classical structure defined as an array of
identical prismatic cells, nesting together to fill a plane [1]. These

* Corresponding author.

structures are found in nature, e.g., bee’s honeycomb, as well as
in man-made applications. In the latter, they are leveraged for their
notable high specific stiffness [2] and therefore are the preferred
design route to achieve lightweight structures with high energy
absorption ability. Consequently, they are increasingly being
employed in applications such as personal protective equipment,
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as an alternative to polymeric foams, e.g. expanded polystyrene
(EPS) [3].

Honeycomb structures can be fabricated via expansion, corruga-
tion, moulding and extrusion [ 1]; however, such methods only allow
linear projections (i.e., two-and-a-half dimensions), prohibiting
novel geometries. Design freedom is further constrained by limited
material choice and needing flat, planar configurations. The evolu-
tion of additive manufacturing (AM) has accelerated the develop-
ment of new honeycomb structures to include complex geometries
such as hierarchical features [4,5], functional grading schemes
[6,7], folds [8,9], hinges [10,11] as well as propagation throughout
curved volumes [12,13]. Moreover, broader fabrication opportuni-
ties now exist, including material derived from composites [14,15],
metal alloys [16,17], polymers [18,19] and elastomers [20].

Strategic geometry and material selection represents an effec-
tive method to tailor a honeycomb’s mechanical behaviour
[21,22]. For example, Bates et. al reported that hexagonal honey-
combs manufactured from thermoplastic polyurethane achieved
recoverable and repeatable behaviour under cyclic compression
[23]. Furthermore, the behaviour of these structures could be tai-
lored by changing the unit cell geometry [24]. Park et. al investi-
gated personal protective equipment by leveraging additive
manufacturing, demonstrating the efficacy of elastomeric honey-
combs at mitigating impact loads associated with falls [25]. Town-
send et. al investigated the energy absorption ability of elastomeric
origami-inspired honeycombs [26]. Through inclusion of a pre-
buckled feature (i.e., a fold), it was reported that it is feasible to
retain the characteristic stiffness-to weight ratio of honeycombs,
whilst removing the undesirable stress-softening phenomena.
Hence, there is good potential to tune the mechanical behaviour
of elastomeric pre-buckled structures for repeat, impact mitigating
applications that are subject to variable, application-specific load-
ing regimes [27] which would not otherwise be effectively miti-
gated by EPS foam [28]. Additive manufacturing now represents
a feasible route to low volume manufacture, meaning these struc-
tures can now offer an alternative to the current state of the art.

This study aims to investigate the mechanical behaviour and
energy absorption ability of various circular, pre-buckled honey-
combs under static and dynamic compressive loading as an alter-
native to EPS foam. Moreover, these conditions will be applied to
the structure for multiple loading regimes. Laser sintering of a
thermoplastic polyurethane powder is adopted to fabricate the
structures for experimental characterisation. Finite element simu-
lations, including computationally efficient periodic boundary con-
dition models, are developed and then validated by comparison to
experimental data, enabling numerical parameter sweeps of the
geometric design space. The outcome of this study will provide a
foundation for optimising these structures for future design appli-
cations, based on specific loading regimes and acceptable perfor-
mance thresholds.

2. Materials & methods
2.1. Materials

2.1.1. Honeycomb geometry

As illustrated by Fig. 1, the circular honeycomb topology unit
cell is defined by geometric parameters: cell size (w), wall thick-
ness (t), and depth (h). The pre-buckled design feature, charac-
terised as a smooth cosine curve propagated through the z axis,
is defined by geometric parameters: aspect ratio (e =r;/ry) and
number of folds (f).

Computer-aided design (CAD) models were generated using an
in-house software written in python code. As illustrated by Fig. 2,
the honeycomb with an aspect ratio of e = 1.0 retrieves a basic cir-
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cular cross-section and straight walls in the z-direction. As e
reduces, the tube cross section becomes more elliptical, and the
pre-buckled feature become more pronounced. As such, e controls
both the ratio of side lengths in the cross section and the angle in
the z-direction.

3. Selective laser sintering

Three honeycombs of 16 cells (4 x 4 array) were designed with
overall dimensions 50 mm x 50 mm x 25 mm, a constant wall
thickness of 0.6 mm and aspect ratios of 1.0, 0.8, and 0.6. Parts
were built using selective laser sintering adopting a 0.1 mm layer
thickness from Luvosint X92A-1 (Lehmann & Voss & Co; Hamburg,
Germany), a thermoplastic polyurethane powder. Post-processing
using pressured air remove un-sintered powder. Manufacturing
was sub-contracted to a specialist third party.

3.1. Methods

3.1.1. Experimental testing

3.1.1.1. Quasi-static compression. Quasi-static uniaxial compression
testing was performed with a universal mechanical tester (Zwick
Z50; Ulm, Germany) as illustrated in Fig. 3. The specimen was
placed between two horizontal, rigid plates fitted with a 50kN load
cell; the upper platen was translated vertically at a rate of 100 mm/
min, equivalent to a strain rate of 0.06/s, until a strain of 0.75 mm/
mm. Force was measured using the load cell and displacement was
recorded using the in-built measurement system. Engineering
strain was calculated by dividing the displacement of the upper
plate by the honeycomb height. Engineering stress was calculated
by dividing the recorded force by the projected area of the honey-
comb. A video capture system (iMetrum CAMO028; Bristol, UK) was
used to record the deformation mechanisms. All specimens were
compressed out-of-plane, aligned with the build orientation. Three
specimens of each structural design were tested for statistical anal-
ysis. All testing was performed in ambient laboratory conditions.

3.1.2. Dynamic compression

Dynamic uniaxial compression tests were performed using a
twin-wire shock absorption test facility (model: 1002 MAU1006/
CF/ALU; AD Engineering, Bergamo, Italy) as illustrated by Fig. 4.
Each honeycomb was taped to the upper plate of the drop carriage
and positioned centrally within a pre-marked area. The drop car-
riage, which weighed 6.1 kg in total, was then wire-guided, under
free-fall, onto a steel anvil that had a 50 kN load cell positioned
within it. Displacement-time information was calculated using
the double integration of the acceleration-time data of the upper
plate, informed by the initial velocity condition recorded by the
light gate. During the impact, a high-speed video camera (Edge-
rtronic SC1, Sanstreak Corp, USA) was used to capture the deforma-
tion mechanisms as well as validate a consistent strain rate of the
upper plate. All data was recorded at 50 Hz and filtered in accor-
dance with ISO 6487 class 1000. Engineering strain was calculated
by dividing the displacement of the upper plate by the honeycomb
height. Engineering stress was calculated by dividing the recorded
force by the projected area of the honeycomb. Each sample was
subjected to an initial impact velocity of 2.5 m/s, selected to
achieve a 100/s strain rate, the upper limit of validity for the mate-
rial model used in the numerical analysis. The kinetic energy of the
impactor was chosen such that densification of the structure was
achieved without causing a notable deviation in strain-rate
throughout the compression. All specimens were compressed
out-of-plane to the build orientation. Three specimens of each
structural design were tested for statistical analysis. All testing
was performed in ambient laboratory conditions.
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Fig. 1. Annotated circular honeycomb (2x2) with geometric parameters of the unit cell.
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Fig 2. Variation in pre-buckled honeycomb design subject to changing aspect ratio.

3.1.3. Numerical testing

3.1.3.1. Quasi-static compression. The quasi-static compression
model was constructed using finite element analysis software
(Abaqus Explicit 2019; Dassault Systems, France). It is important
to note that although in this investigation the quasi-static response
is analysed, the explicit dynamic solver in Abaqus was utilised to
access the general contact algorithm. As illustrated by Fig. 5, the
honeycomb structure was positioned between two analytically
rigid plates. The lower plate was assigned an encastre boundary
condition, whilst the upper plate was assigned a ramp deformation
boundary condition achieving a strain of 0.75 mm/mm in the z-
direction. An eight-node brick element, with hexahedron shape
type, reduced integration and hourglass control was utilised
(C3D8R). The mesh density was selected so that there were two
elements across the wall thickness to mitigate against shear lock-
ing. Mesh independence studies identified an average element size

of 0.3 mm was sufficient, with a finer mesh yielding better results,
however, disproportionality greater computational runtime. A glo-
bal friction value of 1.0 was adopted [29]. An Ogden N5 material
model was used to represent the hyperelastic behaviour, whilst
Prony series was used to represent the linear viscoelastic model
(material model coefficients can be found Table A2 and A3 of the
appendix). Our previous work characterised Luvosint’s material
behaviour under uniaxial, planar and equiaxial tension, as well as
single step stress relaxation characterisation. The numerical mate-
rial model was validated under quasi-static and dynamic, isolated
and mixed deformation testing [30]. Reaction force and displace-
ment was extracted from a reference point at the centre of the
upper plate. Strain was calculated by dividing the displacement
of the upper plate by the honeycomb height. Stress was calculated
by dividing the recorded force by the projected area of the
honeycomb.
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Fig. 3. Experimental test setup for quasi-static uniaxial compression including light
source (A), video capture system (B), load cell (C), compressive plates (D), and
honeycomb sample (E).

Fig. 4. Experimental test setup for dynamic uniaxial compression including
carriage (A), light gate (B), impact plate (C), honeycomb sample (D), anvil (E), load
cell (F).

3.1.3.2. Dynamic compression. The dynamic compression model
was constructed analogous to the quasi-static model. The lower
plate was assigned an encastre boundary condition, whilst the
upper plate was assigned a 6.1 kg point mass and prescribed a
pre-impact velocity of 2.5 m/s.
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X
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3.1.3.3. Periodic boundary condition model. In addition to the previ-
ously discussed finite element models, hereafter referred to as the
full-scale models, two computationally efficient models were
developed, termed periodic boundary condition (BC) models. As
illustrated by Fig. 6, these were achieved by taking advantage of
the symmetry in the X and Y plane and utilising zero displacement
boundary conditions around the perimeter of the unit cell.

In the quasi-static model, a 2 x 2 honeycomb configuration was
modelled with zero displacement in the X and Y axes prescribed
along the perimeter nodes. The displacement conditions of the
upper and lower plates were identical to the previous model. The
dynamic model adopted a similar boundary condition approach.
The lower plate boundary conditions remained the same, whilst
the upper plate point mass was scaled by factor of 0.25, which is
proportional to the kinetic energy, to account for load distribution
over a quarter of the projected area.

3.1.3.4. Performance parameters. To assess the energy absorption
capacity of each honeycomb variant, the following performance
parameters were used: yield stress, energy absorption and absorp-
tion efficiency. Yield stress was defined as the peak load during ini-
tial yield (nominally between O and 0.2 mm/mm). Energy

Fig. 6. Location of nodal zero displacement boundary conditions for the honeycomb
periodic BC model (upper and lower plates removed for clarity).

Upper plate

Reference point /

<— Honeycomb

N

Lower plate

Fig. 5. Finite element model of the honeycomb for quasi-static and dynamic conditions.
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absorption was defined as the cumulative work done by the struc-
ture until densification, as per equation (1).

s
E= / ode
JO

where G is the engineering stress, € is engineering strain and &g is
the densification strain.

Lastly, energy absorption efficiency (equation (2)), was defined
as the ratio of cumulative absorbed energy up to densification
strain, divided by the peak stress.

(1)

€d
_Jo ode 2)

O-peak

4. Results
4.1. Review of fabricated parts

As illustrated in Fig. 7, honeycomb variants were manufactured
through selective laser sintering. Prior to testing, individual mass
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and dimensions of all specimens (N = 18) were recorded using digital
scales and a Vernier Calliper (Absolute AOS Digimatic, Mitutoyo,
Japan).

Table Al, located in the appendix, reports individual mass,
length, width, depth, and average wall thickness for each sample.
Length, width, and depth varied about the design value by only
1.52%, 1.24% and 0.38% respectively, when compared to the CAD
models, for all structural variations. For samples with an aspect
ratio of e = 1.0, wall thickness exceeded the design value by
38.6%, 27.9% for aspect ratio e = 0.8, and 26.5% variation for e = 0.6.

Visual inspection identified artifacts of the sintering process in
certain samples. As highlighted in Fig. 8, samples with an aspect
ratio of e = 1.0, had a series of ribs distributed throughout the build
axis. At these locations, localised curling [31] has occurred due to a
raised area of powder on the build layer. During the following build
layer, the raised area limits the deposition of new powder directly
on top of the sintered layer, instead being pushed outward causing
the rib feature. This feature is not observed in samples with an
aspect ratio of e = 0.8 or e = 0.6, because the fold provides a moving
cross-sectional area through the z-axis, meaning the material is not
sintered normal to the subsequent layer, mitigating the phenomena.

Fig. 7. Fabricated honeycomb samples subject to changing aspect ratio, e = 1.0 (left), e = 0.8 (centre), and e = 0.6 (right).

Fig. 8. Identification of sintered rib artifact proliferated through the z-axis height of honeycombs with an aspect ratio of e = 1.0 (straight walled honeycombs).

5
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4.2. Experimental

4.2.1. Quasi-static compression

Quasi-static uniaxial compression was undertaken for each
honeycomb variant, with stress—strain curves reported in Fig. 9a-
c. For completeness, all data sets (n = 9) for each variant (n = 3)
are reported here (See Fig. 10).

For an aspect ratio of e = 1.0, the average yield stress was
0.33 MPa whilst at e = 0.8 and e = 0.6, the average value was
0.24 and 0.18 MPa, respectively (Table 1). For decreasing aspect
ratio, the energy absorbed decreases yielding 8.72, 6.20 and
5.17 ] respectively. Conversely, the energy absorption efficiency
increases to 0.41, 0.43 and 0.46.

4.3. Dynamic compression

Dynamic, free-fall, uniaxial compression was performed for
each honeycomb variant, with stress-strain curves reported in
Fig. 11a-c. For completeness, all datasets (n = 9) for each variant
(n = 3) are reported here. (SEE Fig. 12).

As reported by Table 2, for an aspect ratio e = 1.0, the average
yield stress was 0.58 MPa, whilst at e = 0.8 and e = 0.6 the observed
yield stress was 0.38 and 0.29 MPa, respectively. In all cases, den-
sification was achieved for the impact, thus enabling calculation of
energy absorption efficiency and energy absorbed. In a similar

0.8

g
=

Stress (MPa)
[ =]
g
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0 0.2 0.4 0.6 0.8
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trend to yield stress, values for energy absorbed decreased to
14.69, 10.04 and 8.31 ] for decreasing aspect ratio. For energy
absorption efficiency the results were 0.41, 0.40, 0.39 for decreas-
ing aspect ratio.

4.4. Rate dependant behaviour

Comparison of the static and dynamic results enables identifica-
tion of the rate-dependant behaviour. Fig. 13 reports the change in
energy absorption with respect to aspect ratio for both the quasi-
static and dynamic conditions. The honeycomb structures are sen-
sitive to loading regime. Structures with an aspect ratio of e = 1.0
yield an increase in energy absorption by 69 % between the static
and dynamic regime. As the aspect ratio decreases to e = 0.8 and
e = 0.6, the associated rate effects increase energy absorption by
62 and 61 % respectively. The relative increase observed between
the static and dynamic exceeds that attained for expanded poly-
styrene (EPS) [32].

The relative increase in yielding stress and energy absorbed is
due to the rate dependence of the base material. Previous studies
have demonstrated similar phenomena under uniaxial tensile test-
ing whereby a similar relative increase in modulus was observed
[30]. The similarity in increase suggests that the rate-dependence
observed in this study is due to the base material rate dependence
and not structural dependence, such as inertial stabilisation and

0.8
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[ =]
=

0.2
0
0 0.2 0.4 0.6 0.8
Strain (mm/mm)
(b)e=0.8
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=
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cV
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0 0.2

0.4 0.6 0.8

Strain (mm/mm)
(c)e=0.6

Fig. 9. Engineering stress—strain curves for honeycomb variants subject to changing aspect ratio under quasi-static uniaxial compression.
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Fig. 10. Photographic stills of the honeycomb samples under quasi-static compression.

Table 1

Average performance parameters yield stress, absorption efficiency and energy absorbed for changing aspect ratio of each honeycomb variant under quasi-static uniaxial

compression. Standard deviation in parentheses, CV = coefficient of variation.

Aspect Ratio e=1.0 e=038 e=06

Gyield (MPa) Mean 0.33 (0.04) 0.24 (0.02) 0.18 (0.01)
CV (%) 12.08 10.34 5.86

E() Mean 8.72 (1.53) 6.20 (0.53) 5.17 (0.06)
CV (%) 17.56 8.49 1.12

n Mean 0.41 (0.03) 0.43 (0.01) 0.46 (0.01)
CV (%) 6.39 1.07 1.46

plastic wave propagation, which can only be attained at higher
strain rates [33].

4.5. Multi-loading behaviour

Following initial tests, each sample was subjected to secondary
(1 h after the initial test) and tertiary (24 h after the secondary test)
testing under identical conditions, to identify the multiple loading
behaviour of the additively manufactured honeycomb structure.
Fig. 14a and 14b reports change in energy absorption with respect
to aspect ratio for quasi-static and dynamic conditions for each
repeat.

For quasi-static conditions, the average energy absorbed was
greatest for the virgin compression. A subsequent compression
performed an hour later reported a decrease in total energy
absorbed of 41, 40 and 35 % for decreasing aspect ratio. The final,
tertiary compression occurred 24 h after the secondary test. The
calculated energy absorbed during these tests reported a reduc-

tion, when compared to the initial response, of 43, 38 and 30 %.
In a similar trend to quasi-static conditions, the calculated energy
absorbed under dynamic testing was greatest for the virgin impact.
Secondary loading yielded a reduction in total energy absorbed of
31, 21 and 28% for decreasing aspect ratios. The calculated energy
absorbed during the tertiary tests reported a reduction, when com-
pared to the initial response, of 27, 28 and 28 %.

Under initial compression, the base material undergoes both
elastic and plastic deformation, characterised by base material
stress softening and confirmed by the stress reduction in the sec-
ondary compressive cycle. During the secondary loading cycle,
the base material undergoes exclusively elastic deformation repre-
senting a relaxed state. The relaxed state is present in the subse-
quent compression cycle where the values of yield stress and
energy absorbed are consistent with one another. The magnitude
of relative decrease in energy absorption, over successive compres-
sive cycles, is markedly greater for quasi-static than dynamic test-
ing. This is attributed to the viscoelastic stress relaxation of the
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Fig. 11. Engineering stress-strain curves for honeycomb variants subject to changing aspect ratio under dynamic uniaxial compression.

bulk material attaining a greater degree of relaxation. Repeat suc-
cessive loading was not carried out after 24 h due to a stabilised
response. The behaviour reported in this investigation suggests is
feasible to achieve a recoverable energy absorbing structure. When
sustaining successive, or a history of, impacts this class of materials
holds notable advantage over traditional impact mitigating struc-
tures. For example, EPS incurs a large degree of plastic deformation
over a compression cycle, represented by cracks and permanent set
[34,35] that degrades performance when subject to repeat impacts
[28].

4.6. Numerical

4.6.1. Quasi-static model

Full-scale and periodic BC model quasi-static simulations were
carried out and compared to the collected experimental data, to
determine their predictive capacity. The results of both simulations
are combined and compared to the experimental data as seen in
Fig. 15a-c.

The reduction in CPU run-time, when comparing the full-scale
to the periodic BC model, was between 70.39 and 70.63%. Calcu-
lated error values for yield stress and energy absorption, when
compared to the experimental data, are reported in Table 3. The
full model reports good agreement when compared to the experi-
mental data. Generally, the non-linear profile is best represented

for the model with an aspect ratio of e = 1.0, where decreasing
aspect ratio yields fair approximation to the stress-strain profile.

Yield stress was over- reported by 46.01%, yet the prediction of
the total energy absorbed was within 7.50%. For decreasing aspect
ratio, the full model error reported for peak stress was between
10.55 and 13.30% and energy absorbed was 0.77-12.28%. The peri-
odic BC model reports fair agreement when compared to the
experimental data. For an aspect ratio of e = 1.0, the yield stress
was over-reported by 94.17 % and energy absorbed by 31.24 %.
For decreasing aspect ratio, the periodic BC model error reported
for peak stress is between 19.58 and 27.83% and energy absorbed
by 2.14-15.70%.

4.6.2. Dynamic model

Full-scale and periodic BC model dynamic simulations were
performed and compared to the collected experimental data to
determine their predictive capacity. The results of both simulations
are combined and compared to the experimental data as seen in
Fig. 16a-c.

The reduction in CPU run-time, when comparing the full-scale
to the periodic BC model, was between 75.77 and 76.15%. Calcu-
lated error values for yield stress and energy absorption, when
compared to the experimental data, are reported in Table 4. The
full-scale finite element models report good agreement when com-
pared to the experimental data. Generally, the non-linear profile is
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Fig. 12. Photographic stills of the honeycomb samples under dynamic compression.

Table 2

Average performance parameters yield stress, absorption efficiency and energy absorbed for changing aspect ratio of each honeycomb variant under dynamic uniaxial

compression. Standard deviation in parentheses, CV = coefficient of variation.

Aspect Ratio e=1.0 e=0.8 e=0.6

Gyield (MPa) Mean 0.58 (0.05) 0.38 (0.02) 0.29 (0.04)
CV (%) 8.66 5.42 12.37

E() Mean 14.69 (0.90) 10.04 (1.39) 8.31 (0.92)
CV (%) 6.15 13.81 11.03

n Mean 0.41 (0.01) 0.40 (0.01) 0.39 (0.02)
CV (%) 2.95 2.06 4.40

well represented for all models. In a similar trend to the quasi-
static full model, the yield stress was over reported by 48.70%,
whilst the prediction of energy absorbed was within 23.56%. For
decreasing aspect ratio, the error reported for peak stress was
between 0.36 and 1.91% and energy absorbed was 2.86-6.29%.

The periodic BC model also achieved good agreement with the
experimental data, except for the structure with an aspect ratio
of e = 1.0, where yield stress was over-reported by 93.36% and
energy absorption by 62.01%. For decreasing aspect ratio, the peri-
odic BC model error reported for yield stress was between 17.40-
26.5% and 11.94-25.50% for energy absorption.

4.6.3. Parameter sweep

To understand the relationship between the aspect ratio and
wall thickness under dynamic conditions, the periodic BC model
under constant strain rate conditions was leveraged to undertake
a full factorial parameter sweep. This approach combined the
quasi-static modelling, dynamic material properties and a constant

strain rate equivalent to the previous impact loading. This
approach was adopted such that each simulation achieved densifi-
cation, enabling calculation of energy absorption and absorption
efficiency. The validity of adopting this approach compared to
impact loading was assessed and did not yield a notable difference.
Yield stress, energy absorption and efficiency were calculated for
each simulated response. The results were assembled into contour
plots as illustrated in Fig. 17a-c. The overlaid black crosses indicate
each simulation point. Energy absorption and efficiency were cal-
culated up to densification strain.

Fig. 17a-b exhibit similar trends, where yield stress and energy
absorbed increase towards the right-hand corner of the plot.
Values reported range from 0.37-11.82 MPa and 10.20-222.0 ]
respectively, representing an increase in several orders of magni-
tude. The area of maxima corresponds to a traditional honeycomb,
e.g., wall thickness, t = 2.2 mm, and aspect ratio, e = 1.0. Fig. 17c
reports a range of energy absorption efficiency between 0.30 and
0.45. Unlike Fig. 17a and 17b, a broad region of maximum values
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is observed and positioned in the lower left-hand region. This
region of maximum values corresponds to a honeycomb of varying
structure and is defined by values of wall thickness, t = 0.6-1.2 m
m, and aspect ratio, e = 0.6-0.9.

5. Discussion

This study aimed to investigate the mechanical behaviour and
energy absorption ability of various geometric configurations of a
circular, pre-buckled honeycomb. This paper’s rationale is
informed by [26]. It extends the analysis to include dynamic com-
pressive behaviour, whilst leveraging periodic BC models to inter-
rogate the design space and provide a foundation for optimising
these structures for future design applications, based on specific
loading regimes and acceptable performance parameter
thresholds.

10

When axially compressed, the honeycomb samples demon-
strated various mechanical behaviours. For an aspect ratio
e = 1.0, typical honeycomb behaviour is observed where there is
an initial linear response. Continued strain introduces stress non-
linearity. Buckling occurs once the walls of the honeycomb cells
are axially deformed beyond a critical yield point. The period of
buckling is associated with stress softening. In contrast to metallic,
polymeric, or paper honeycombs, honeycombs derived from elas-
tomeric materials present softening for a greater period of com-
pression [36]. The onset of buckling reduces the stiffness of the
structure; however, the failure mechanism is characterised by
bending of the cell walls rather than folding at plastic boundaries.
Consequently, the non-linear region of buckling is more pro-
nounced, and the plateau region is diminished. In contrast, the
introduction of an aspect ratio less than 1.0 yields atypical honey-
comb behaviour, achieving a reduction in yield stress and prolon-
gation of the non-linear buckling region. Moreover, characteristic
stress softening, which is a limiting factor of traditional honey-
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Table 3

Computed performance parameter (yield stress and energy absorbed) error when
compared to experimental data for quasi-static uniaxial compression full and periodic
BC model.

e Model Oyield, er (%) Eer(%)
1.0 Full 46.01 7.38
Periodic BC 94.17 31.24
0.80 Full 10.55 12.28
Periodic BC 19.58 2.14
0.60 Full 13.30 0.77
Periodic BC 27.83 15.70

combs, is less prominent. As the aspect ratio is decreased, the
buckling mode becomes more controlled as axial crushing is
guided by the introduction of the fold. The overall response tends
towards a square shape, mimicking the response seen in conven-
tional polymeric foams and achieving an improvement in energy
absorption efficiency [1].

Variability in the quasi-static response was identified through
the examination of standard deviation and coefficient of variation.
The variance observed is attributed to the prominence of slipping
at the upper and lower faces, which changes the characteristic
response of the structure. This is most notable with structures that

11

have an aspect ratio of e = 1.0. The prevalence of slipping is due to a
lateral force that develops as each cell buckles, overcoming the
friction at the upper and lower face. As the aspect ratio decreases,
the introduction of the fold facilitates a reduction in the lateral
force and therefore preserves the true response of the honeycomb.
Values of standard deviation and coefficient of variation in
dynamic testing suggest the prevalence of a lateral force overcom-
ing friction at the impact interface is less significant. Previous
authors have utilised design modifications such as a solid boss at
the upper and lower face, constrained by adhesive tape at the pla-
ten [37]. This restraint isolates the buckling response of the honey-
comb; however, it was not achievable in this present investigation
as it would trap a volume of un-sintered powder.

Full scale and periodic BC finite element models were devel-
oped to represent the experimental setup. Greater comparability
was obtained for energy absorbed than was for yield stress. Failure
to accurately predict the yield stress is associated with the preva-
lence of fault lines throughout the mid-section of the honeycomb
structure due to curling (refer to Fig. 8). The prevalence of this fea-
ture is endemic in sintering thin wall structures [38] and presents a
challenge to model computationally. Including this feature within
the model would have been infeasible due to the reduction in mesh
size required to attain such a feature, necessitating significantly
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Table 4

Computed performance parameter (yield stress and energy absorbed) error when
compared to experimental data for dynamic uniaxial compression full and periodic BC
model.

e Model Oyield, er (%) Eer(%)
1.0* Full 48.70 23.56
Periodic BC 94.36 62.01
0.80 Full 0.36 2.86
Periodic BC 26.5 25.5
0.60 Full 1.91 6.29
Periodic BC 17.40 11.94

* For the case of e = 1.0, analysis was limited to € = 0.4 mm/mm because the periodic
BC model simulation did not yield densification.

greater computational cost. Future studies should investigate and
model imperfections that arise due to additive manufacture of
thin-walled structure. Furthermore, the validated periodic BC finite
element models represent an efficient route to investigate the
interplay between the previously investigated geometric parame-
ters and other (e.g. cell size and number of folds).

6. Conclusions

In this paper, various configurations of pre-buckled circular
honeycomb were designed and fabricated using an elastomeric

0.4

12

0.6 0.8

powder and the laser sintering method. The mechanical behaviour
of the additively manufactured pre-buckled honeycombs was
investigated under quasi-static and dynamic compression both
experimentally and numerical. The main conclusions are:

1. Tailorable mechanical behaviour was observed subject to
changing the pre-buckle design feature aspect ratio whilst
maintaining wall thickness.

2. Notable rate-dependant behaviour was observed when compar-
ing quasi-static and dynamic conditions. The relative increase
in energy absorption exceeds that of traditional polymeric
foam.

3. Stabilised multi-loading behaviour was observed after succes-
sive loading cycles. The material and structural configuration
offers good potential for repeat impact mitigating applications.

4. The full-scale finite element model accurately predicts the
mechanical response of elastomeric honeycomb under quasi-
static and dynamic compression.

5. The periodic BC finite element model accurately predicts the
mechanical response of elastomeric honeycomb under quasi-
static and dynamic compression.

6. Parameter sweeps of the periodic boundary condition FE model
identified a broad range of dynamic mechanical behaviour, pro-
viding a foundation for optimising this structure subject to
application specific loading regimes and acceptable perfor-
mance thresholds.
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