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specific energy absorption. Varying the cell size and wall thickness of TPU honeycombs facilitates changes in stiff-
ness magnitude, though affords only modest capacity to alter the shape of the stress-strain curve. 3D printing fa-
cilitates advanced design exploration, beyond that of straight walls. Origami fold patterns have demonstrated the
ability to influence the buckling behavior of tubular structures. Here we demonstrate the incorporation of ori-

g(gy;?;f;g gami folds into square honeycombs. The fold parameters facilitate significant tailoring of the stress-strain
Origami curve, allowing a range of profiles from quasi-rectangular to quasi-linear to be achieved; such structures can
Honeycomb find applications in situation-specific energy absorption scenarios.

Out-of-plane © 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
Post-buckling creativecommons.org/licenses/by/4.0/).
1. Introduction honeycombs loaded in the out-of-plane (or axial) direction has inspired

particular research interest, and found countless applications in aero-
Cellular structures (foams, lattices, honeycombs) can be designed to space, transportation, building construction and sporting equipment

undergo large compressive strains at near-constant stress, making them [2].
ideal energy absorbers [1]. The remarkable stiffness-to-weight ratio of Depending on the base material and loading conditions, honeycomb
structures can undergo large out-of-plane compressive deformation via
"+ Corresponding author. elastic buckling, plastic collapse or brittle failure [1]. Single-use energy
E-mail address: townsends3@cf.ac.uk (S. Townsend). absorbers, comprised for example of metal [3] or paper [4], have long
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attracted research attention. There is now renewed interest in the de-
sign of repeatable impact materials, particularly in applications of
human safety such as fall cushioning [5] and concussion prevention
[6]. As a route to repeatability, researchers have investigated using the
shape recovery effect in honeycombs comprised of polycaprolactone
[7] and polypropylene-like [8] materials. Despite largely recovering
their original shape, these structures were observed to retain significant
plastic damage, with a large discrepancy in stiffness between the first
and subsequent compression cycles. Thermoplastic polyurethane
(TPU) presents an alternative route, can be manufactured in a wide
array of stiffness and is known for its excellent impact properties,
capable of undergoing large elastically-recoverable strains, making
it well-suited to repeated impact scenarios [9]. While basic honey-
comb structures comprising straight walls at constant thickness
may be cast or injection molded, TPU can also be manufactured
via selective laser sintering (SLS) and fused filament fabrication
(FFF) 3D printing, facilitating the exploration of additional honey-
comb design variables.

Hexagonal TPU honeycombs with straight walls at constant
thickness have been 3D printed and studied under in-plane compres-
sion [10]. The specific energy absorption was tuned via the relative den-
sity parameter (proportional to the ratio of wall thickness to length).
These structures demonstrated energy absorbing efficiencies compara-
ble to that of polyurethane foams, and were shown to recover after
being subjected to multiple compressive cycles to densification. The
flexibility of 3D printing allowed the extension of this work to include
in-plane relative density grading, which effected significant modifica-
tion of the energy absorption profile [11]. The out-of-plane compression
behavior of 3D printed TPU honeycombs was demonstrated in [12]. The
response was typical of honeycombs comprised of other materials,
namely displaying an initial high peak stress, followed by a relatively-
flat plateau prior to densification [13]. Such a response typically results
in low energy absorption efficiency, as the initial peak absorbs little
energy, though incurs very high stress levels. To the authors' knowl-
edge, there are no studies to date specifically-focused on the design of
3D printed TPU honeycombs for tailored out-of-plane behavior; such
is the focus of the present work.

The above notwithstanding, a number of design approaches have
proven effective in modifying energy absorption in structures other
than TPU honeycombs, for example the use of variable-thickness cell
edges [14], tube reinforcement in thin walls [15] and hierarchical design
[16]. A design strategy garnering particular research attention is the in-
troduction of origami folds in axially-compressed structures. The pres-
ence of fold patterns can guide the crushing mode, remove the initial
peak stress and reduce fluctuations in the plateau region. This has
been demonstrated for metallic tubes incorporating several types of
fold patterns, including diamond [17] and Miura-Ori [18] shapes. In
Ref. [19], a fold pattern was implemented which, for square tubes, ap-
proximates the natural “symmetric” crushing mode of a straight-
walled tube [20], thus providing a theoretical grounding for the design
modification in guiding the crush mode. The same crushing mode is
present in square honeycombs [21], suggesting the same fold pattern
could be utilized in tailoring square honeycomb out-of-plane behavior.
In this way, it becomes feasible to retain the stiffness-to-weight ratio of
axially-compressed honeycombs, though remove the undesirable, inef-
ficient peak stress prevalent in straight-walled designs.

In this article we demonstrate the effect of including origami fold
patterns on the energy absorption behavior of 3D printed square TPU
honeycombs. By tuning the geometric parameters, we achieve energy
absorption profiles ranging from quasi-rectangular to quasi-linear.
Section 2 describes the structural geometry and tuning parameters.
Section 3 details the 3D printing fabrication procedures. Section 4 pre-
sents the experimental compression results. Conclusions and outlook
are provided in Section 5.

2. Geometry

The square origami honeycomb comprises an array of square tubes,
each of which incorporates the fold pattern. The geometry of a single
square tube depicted in Fig. 1a and c is described by five parameters:
wall thickness t, cell width w and aspect ratio e € (0,1] comprise the
in-plane parameters, while height h and number of folds n comprise
the out-of-plane parameters. Note that an aspect ratio e = 1 retrieves
a tube with a square cross-section, and thus straight walls in the z-direc-
tion; as e reduces, the cross-section of the tube becomes more rectangu-
lar, and consequently the fold angles become more severe. As such, e
simultaneously-controls the ratio of side lengths in the cross section,
and the fold angles in the z-direction. By inspection, the extreme x and
y edges are straight; the single tube can thus be successively mirrored
in the x and y directions to form a fully connected honeycomb tiling.
A 4 x 4 example is depicted in Fig. 1b and d with t = 1 mm, w = 12.5
mm, e = 0.6,h = 30 mm and n = 4.

By inspection of the geometry in Fig. 1a, a given cross-section
comprises a rectangle with side lengths Iy = V2%, L, = V2(w—1y),
wall thickness t and corners removed. The area of said rectangle is

thus equal to A = 2t(l; + lz)—4<%) = 21/2tw—2t%, where the second
term accounts for the squared-off corners. Since the cross section area

y[_tf
X
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Fig. 1. Geometry of the square origami honeycomb. The patterned square tube (a), (¢) is
successively mirrored in the x and y directions to form a fully-connected honeycomb
tiling (b), (d).
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is independent of height, the volume of a tube is simply Ah. The relative
density of a given tube is thus equal to:

2
o= o= 25 )

The volume of material in (and thus weight of) an origami honey-
comb thus depends only on w, h and t, and not on e or n.

In order to visualize the out-of-plane compression behavior of
square TPU origami honeycombs, several exemplary designs were sub-
jected to finite element analysis (FEA) using ABAQUS 2019 (Dassault
Systems, France). The TPU selected as the base material was Ninjaflex
(Ninjatek, USA), for which an ABAQUS material card has been devel-
oped previously [12]. Briefly, a Mooney-Rivlin hyperelastic material
model is used, calibrated using uniaxial, equi-biaxial and planar test
data on 3Dprinted coupons. The hyperelastic constants used were
Cio = 2.930 MPa, Cy; = 0.363 MPa, D; = 0.0. The friction coefficient
was estimated as 1.0. Full details of the material characterization can
be found in Ref[12]. Although we herein focus on the quasi-static struc-
tural response, the explicit dynamic solver in ABAQUS was utilized in
order to access the general contact algorithm. The deformation speed
was set to 1.0 m/s, with no viscoelastic effects considered. Mesh gener-
ation was undertaken using an in-house meshing program, and for each
geometry, mesh size was selected to be half that of the wall thickness.
Numerical experiments confirmed that reducing the deformation
speed and mesh size produced negligible changes in the structural
behavior discussed below.

The FEA results are shown in Fig. 2. The straight-walled square hon-
eycomb with e = 1.0 produces a stress-strain curve with a high initial
peak stress, followed by a significant drop prior to the plateau region
and densification. This behavior corresponds to the structure initially
following a symmetric crushing mode [21] shown in Fig. 2c and d,
though at higher strains undergoing a secondary collapse as shown in
Fig. 2e. By inspection of Fig. 2d, the symmetric crushing mode naturally
has 4 fold lines. We thus maintained n = 4 in the two subsequent
designs, though reduced the aspect ratio to e = 0.8 and e = 0.6
respectively. The stress-strain response of the e = 0.8 design displays
a reduced initial stiffness, lower peak stress and a less-significant drop
between the peak and plateau stress values. Accordingly, only remnants
of the secondary collapse mode remain in Fig. 2h and i. The e = 0.6 de-
sign has further-reduced the initial stiffness, and all but removed the
difference between peak and plateau stress. As shown in Fig. 2k-m
the e = 0.6 structure remains guided on the symmetric crush mode
even at very high compressive strains.

3. Fabrication by 3D printing

The origami honeycombs were manufactured via FFF 3D printer
(2017 Flashforge Creator Pro), retrofitted with high-specification extru-
sion control (Diabase Engineering, USA). As noted above, the filament
was Ninjaflex (Ninjatek, USA), a commercially-available TPU, with
nominal density 1190 kg/m>. STL files were generated using the in-
house meshing program noted above. Simplify3D (Simplify3D, USA)
was used to define print settings and slice the STL files for printing.
The printer settings were previously-optimized for part quality assessed
via micro-CT. Briefly, the nozzle diameter was 0.4 mm, print speed
2000 mm/min, bed temperature 40°C, extruder temperature 210°C,
layer height 0.1 mm. Full details regarding the selection of the printer
parameters can be found in Ref. [12]. Each manufactured design had
nominal wall thickness t = 1.0 mm, cell width w = 12.5 mm, and height
h = 30.0 mm, while aspect ratio e and number of folds n was varied.
Fig. 3 depicts three examples of the 3D printed structures. In all, nine de-
signs were manufactured. As per Eq. 1, each design had a nominal rela-
tive density of 0.21, which amounts to a mass of 19.1 g. For reference,
these values were chosen as they are considered especially-relevant to
American football helmet applications. Namely, h = 30.0 mm is

representative of the thickness of most helmet padding layers, and the
chosen combination of t and w results in designs with stress plateaus
on the order of 0.25 MPa, similar to the elastomeric foams used in com-
mercial football helmets.

4. Experimental results

Experimental compression tests were performed using an electro-
mechanical uniaxial testing machine (Zwick Z50, Germany) at a rate
of 100 mm/min. The TPU origami honeycomb is expected to find appli-
cation in personal protective equipment, such as football helmets and
safety flooring. Thus, the low-friction steel contacts of the uniaxial test-
ing machine are not considered representative of real-world boundary
conditions, where friction effects would be more significant. Namely,
the TPU is likely to contact skin, plastic, or other elastomeric surfaces.
Sheets of 1 mm thick Ninjaflex were thus taped to the upper and
lower compression surfaces to simulate a nominal frictional contact
condition. As noted above, each specimen had the same cell width,
wall thickness and height, while the aspect ratio e and number of
folds n were varied. As such, we investigated the relationship between
origami parameters e,n and the energy absorption behavior of the hon-
eycomb. Three specimens of each design were tested, though no signif-
icant variation in behavior was observed. This is considered a result of
the extensive print calibration done in a previous study [12]. The results
which follow are for one specimen of each design. Strain was calculated
by dividing the deflection of the uniaxial testing machine by the honey-
comb height h. Stress was calculated by dividing the recorded force by
the projected area of the samples, i.e. (4w)? = 2500 mm?. Fig. 4a depicts
the stress-strain response of the origami honeycomb for varying aspect
ratio e with constant number of folds n = 6. As predicted by the FEA re-
sults above, the straight-walled honeycomb (with e = 1.0) displays a
high peak stress, followed by a secondary collapse and plateau prior to
densification. As e decreases, the difference between peak and plateau
stress diminishes. For e < 0.9, a quasi-rectangular response is observed,
which as per the previous FEA results corresponds to the structure being
guided sufficiently and remaining in the symmetric crush mode for all
strains. Also evident is a significant reduction in overall stiffness as e is
reduced: the plateau stress approximately halves by reducing e from
0.9 to 0.6. The densification strain, however, largely remains unchanged,
with all designs densifying between approximately 0.55 and 0.60 m/m
strain.

In order to facilitate comparison with previous studies [10,22], we
also plotted in Fig. 4b the efficiency parameter, defined as [23]:

1

O_max P

Efficiency(¢) — /O “o(e) - de 2)

where 0.y is defined as the maximum stress up to the given strain &.
Accordingly, the efficiency parameter measures the ratio between the
energy absorbed by a structure when compressed to a given strain
and that absorbed by an ideal foam which transmits the constant stress
Omax at all strains and when fully-compressed. Note that while effi-
ciency is defined relative to strain, it is typically plotted in the literature
against the corresponding stress recorded at a given strain, as in Fig. 4b.
The 3D printed Ninjaflex honeycombs studied in Ref. [10], which were
compressed in the transverse direction, recorded maximum efficiencies
of 0.37, while the rigid foams studied in Ref. [22] recorded values as high
as 0.50.

As per Fig. 4a and b, the stress which gives maximum absorption ef-
ficiency, denoted by dots on the corresponding curves, reduces with e.
The maximum efficiency parameter value, however, shows only minor
variation, with values ranging between 0.42 and 0.46 for all structures
excluding the straight-walled honeycomb. This is due to all designs
other than the straight-walled design having a quasi-rectangular
shape and similar densification strain, with plateau stress value
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Fig. 2. Finite element analysis of three Ninjaflex TPU origami honeycombs under quasi-static compression. For each, w = 12.5 mm, t = 1.0 mm, h = 30.0 mm. (b)-(e), (f)-(i) and (j)-

(m) depict the deformation for the e = 1.0, e = 0.8 and e = 0.6 designs respectively.
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Fig. 3. FFF printed origami honeycombs. Specimens shown have t = 1.0 mm, w = 12.5
mm, h = 30.0 mm and e = 1.0 (left), e = 0.7, n = 6 (center), e = 0.7, n = 12 (right).

reducing with e. The straight-walled honeycomb records a reduced
maximum efficiency of 0.38.

Fig. 5a depicts results for varying number of folds n with constant as-
pect ratio e = 0.7. Remnants of a secondary collapse are evident for the
e = 0.7, n = 4 design, however as n increases, the response transitions
from quasi-rectangular to quasi-linear. As per Fig. 5b, the stress at which
maximum absorption efficiency occurs increases only marginally with
increasing n, however the efficiency values reduce substantially, from
a maximum value of 049 atn = 4to 0.25atn = 12.

Based on the above observations, the effect of e and n can be
interpreted as follows: given a general energy absorption curve com-
prised of three regions - initial linear slope, plateau and densification,
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Fig. 4. Experimental compression test results for origami honeycomb with various aspect ratios e. The dots on each curve denote the point of maximum absorption efficiency.

reducing the aspect ratio e will reduce the initial linear slope and peak
stress, and lead to a flatter plateau with lower stress value, while
increasing the number of folds n will reduce the length of the plateau
(reduce the densification strain), leading to more linear responses.
The stress-softening and hysteresis behavior was investigated via
cyclic compression loading up to 0.7 strain at 100 mm/min, with 1 min-
ute relaxation between cycles. The results of one such test are shown in
Fig. 6 for the e = 0.7, n = 6 honeycomb. The right and left arrows indi-
cate the loading and unloading phases, while the numbers in parenthe-
ses track the specific energy absorbed up to the point of maximum
absorption efficiency for each cycle. A 17% reduction in absorbed energy
is evident between the first and second compression cycles, however

07} |=———ec=0.7,n=4
e € = (.7, 1. = 6
e=0.7,n=28
08 —c = ().7, n = 10
e=0.7,n=12
0.5
<
a
204}
%
»n 0.3

0 0.1 02 03 04 05 06 07
Strain (m/m)

(a) Stress-strain curves

subsequent cycles vary by less than 4%. The TPU material thus
undergoes a softening behavior during cyclic loading, with the majority
of softening occurring on the first cycle, stabilizing after four cycles.
Analogous behavior has been observed in neat TPU [24] and 3D printed
TPU honeycombs under in-plane compression [10]. The Ninjaflex
honeycombs tested in [10] with relative density 0.22 absorbed 0.028
J/cm? with an efficiency of 0.35 on the 5th compression cycle. The
origami honeycomb (which recall has relative density 0.21) absorbed
0.089 J/cm?® with an efficiency of 0.42, improvements of 218% and 20%
respectively. The marked improvement in energy absorption highlights
the benefits of utilizing the stiffness-to-weight ratio of honeycombs
compressed in the out-of-plane direction. When combined with

0.7
—_—c =07, n=4
e ¢ = (.7, 1 = 6
U0 e=07,n=8
—c = (.7, n = 10
0.5 e=0.7,n=12
>
g 0.4
=
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02}
0.1F
0

0 01 02 03 04 05 06 07
Stress (MPa)

(b) Absorption efficiency curves

Fig. 5. Experimental compression test results for origami honeycomb with various number of folds n. The dots on each curve denote the point of maximum absorption efficiency.
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Fig. 6. Cyclic compression loading for the e = 0.7, n = 6 honeycomb. Right and left arrows
denote loading and unloading respectively. Dots on the curves and the numbers in
parentheses denote point of maximum absorption efficiency, and specific energy
absorbed up to that strain, respectively.

origami folding, high absorption efficiency can be maintained. As dem-
onstrated in [10], the energy absorption can be further increased by uti-
lizing a stiffer TPU material, without sacrificing efficiency. Though not
plotted for the sake of clarity, we also tested this specimen after 15 min-
ute, 1 hour and 24 hour relaxation, and each cycle measured a specific
energy absorption of 0.094 J/cm>. This suggests that the large drop ob-
served between the first and second loading cycles has a recovery
time longer than 24 h, or could suggest some plastic damage is
occurring during the first compression cycle. Evidence of the latter
was present in the form of mild discoloration near the origami folds.
The stress-softening that occurs on subsequent compression cycles ap-
pears to be recoverable.

5. Conclusions

This work documents the incorporation of origami folds into square
honeycombs, which were realized using the 3D printed thermoplastic
polyurethane, Ninjaflex. The effect of the fold parameters on the honey-
comb out-of-plane energy absorption behavior was investigated using
both finite element analysis and experimental methods. Increasing the
severity of the fold angle was demonstrated to reduce the overall stiff-
ness of the structure, and produce quasi-rectangular absorption profiles.
Increasing the number of folds was shown to shorten the width of the
stress plateau, and produce quasi-linear absorption profiles. Absorption
efficiency parameters as high as 0.49 were measured experimentally,
which rival rigid polyurethane foams. Cyclic compression testing dem-
onstrated a moderate stress-softening effect on the first cycle, which
lessened for subsequent compressions. Given the versatility of absorp-
tion behaviors observed, the structures presented herein hold excellent
potential for applications requiring tailored energy absorption profiles.
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