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HIGHLIGHTS

A new class of hierarchical honeycombs
was designed and fabricated using 3D
printing technique.

The hierarchical honeycomb exhibits a
progressive failure mode under uniaxial
compression.

Compared with regular honeycombs,
improved stiffness and energy absorp-
tion have been achieved simultaneous-
ly.

High energy dissipation at large im-
posed strains (up to 60%) have also
been observed under cyclic loading.
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ABSTRACT

We describe the in-plane compressive performance of a new type of hierarchical cellular structure created by re-
placing cell walls in regular honeycombs with triangular lattice configurations. The fabrication of this relatively
complex material architecture with size features spanning from micrometer to centimeter is facilitated by the
availability of commercial 3D printers. We apply to these hierarchical honeycombs a thermal treatment that fa-
cilitates the shape preservation and structural integrity of the structures under large compressive loading. The
proposed hierarchical honeycombs exhibit a progressive failure mode, along with improved stiffness and energy
absorption under uniaxial compression. High energy dissipation and shape integrity at large imposed strains (up
to 60%) have also been observed in these hierarchical honeycombs under cyclic loading. Experimental and nu-
merical studies suggest that these anomalous mechanical behaviors are attributed to the introduction of a struc-
tural hierarchy, intrinsically controlled by the cell wall slenderness of the triangular lattice and by the shape
memory effect induced by the thermal and mechanical compressive treatment.

© 2017 Published by Elsevier Ltd.
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1. Introduction

Recent advances in the defense, aerospace, automotive, semicon-
ductor, and energy industries have triggered a tremendous demand
for high-performance materials with lightweight and enhanced me-
chanical properties. A typical example of this quest is the research and
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development activity in the aerospace field, for which structural compo-
nents with a combination of lightweight, high stiffness, energy absorp-
tion, and fracture toughness for extreme loading conditions are
continuously sought after [1,2]. On a smaller scale, electrodes for
lithium-ion batteries in energy applications require porous structures
that exhibit considerable damage tolerance to improve the battery safe-
ty and operational life [3,4]. Compared with bulk materials, cellular
structures and lattice solids can be designed to possess all these desired
properties. In this regard, natural materials such as bone [5-7] and
wood [8-11] have offered inspiration to design lightweight materials
with remarkable mechanical properties. One of the reasons behind the
presence of unusual deformation mechanisms in these biological struc-
tural materials is because of their hierarchical cellular configuration at
multiscale [12-16]. Several efforts have been devoted to synthesize
open or closed foams with similar cellular structures [17-19]. Yet, spe-
cific properties such as stiffness, strength, and energy absorption are
still limited by the random and stochastic microstructure of these po-
rous materials, which result in structural defects, inhomogeneity, and
local stress concentration. In addition, the stiffness of cellular structures
is typically characterized by the bending deformation of their ribs,
which indicates that the effective mechanical properties decrease dra-
matically with the decrease of relative density (cube of the relative den-
sity) [20].

Structural topologies have a significant impact on the mechanical
behavior of cellular structures, and in that sense, efforts have been de-
voted to designing deterministic materials for new mechanical func-
tionalities. For example, ultralight metallic micro-lattice materials that
exhibit excellent energy dissipation and recoverability have been de-
signed and fabricated [21]. Their unusual mechanical properties and re-
coverability are attributed to their rationally designed hierarchical
structure, which ranges from the nano to the millimeter scale. Ultra-
low density lattice metamaterials with similar structural features have
also been introduced [22-28]. Localized fracture around the nodes of
these micro-lattice materials, however, arises during the fabrication
and the uniaxial compression. To circumvent this problem a new type
of low-density cellular structure (shelluar) has been developed
[29-31]. In contrast to the sharp shape changes around the nodes of a
classical cellular topology, the shelluar configuration has a three-
dimensionally continuous smooth surface that could carry the load
and distribute the stress uniformly. Although this new configuration al-
lows reaching an ultralow density range, stiffness, and strength are still
low compared to other micro-lattice materials. It is worth pointing out
that, besides the rationally designed architectures, these unusual prop-
erties are enabled by using state-of-the-art fabrication techniques such
as two-photon lithography [22] and projection micro-stereolithography
[23]. More recently, a new type of mechanical metamaterial with a com-
bination of cubic and octet foams has shown the possibility to reach the
theoretical upper bounds for isotropic elasticity and strain energy stor-
age [32]. This remarkable feature is attributed to the specific topology
that allows for a better load transfer between neighboring members.
Moreover, this relatively simple design can be fabricated by using wide-
ly available 3D printers with a broad range of material selections.

In this work we design and fabricate a new type of hierarchically
structured honeycomb with overall part size at centimeter scale, using
a commercially available 3D printer. Our purposes here are two-folds.
On one hand, we aim to explore the unusual properties of hierarchical
honeycombs at large deformations. We also aim to demonstrate the po-
tential of using the commercial 3D printer to facilitate the mass produc-
tion of materials with complex architectures by applying a post-
processing technique to preserve the shape and structural integrity of
the printed structures. Honeycomb topologies have been the main
topic of an extensive body of research due to their lightweight, novel
thermomechanical properties, and energy absorption capability
[33-38]. Their mainly bending-dominated mechanical behavior along
the in-plane directions poses, however, a great limitation to potential
applications. Structural hierarchy has been recently used as a new

design strategy to explore improved mechanical and other unusual
physical properties in honeycombs. Structural hierarchy is ubiquitous
in both architecture designs and nature; typical examples range from
the Eiffel Tower to hierarchically architected biological materials with
multiple length scales [39-41]. Inspired by these designs researchers
have introduced structural hierarchy into conventional honeycombs
materials [42-47]. By replacing the cell walls of regular honeycombs
with Kagome and triangular lattices it is theoretically possible to in-
crease the stiffness of hierarchical honeycombs by about two orders of
magnitude, compared to regular honeycombs [48,49]. In addition, re-
cent studies have also shown that it is possible to control wave propaga-
tion by harnessing the multiscale characteristic of hierarchical
honeycombs [49-51]. Quite remarkably, the introduction of a structural
hierarchy into regular honeycombs results in significant energy absorp-
tion under crushing loading conditions [52-54]. Though analytical and
numerical approaches have been developed to understand the mechan-
ical response of these hierarchical honeycombs, the mechanical behav-
iors and associated mechanisms under large deformation are still
elusive.

We report in this paper how designed hierarchical honeycombs with
particular post-processing techniques may exhibit improved stiffness
and energy absorption under uniaxial compression, as well as energy
dissipation and shape preservation under cyclic loading. A combination
of qualitative and quantitative analysis is performed to reveal the un-
derlying mechanisms responsible for the mechanical behaviors of the
hierarchical honeycombs under large deformations. The fabrication of
the hierarchically structured cellular solids with features ranging from
micrometer to centimeter is made possible by recent advances in addi-
tive manufacturing, which allows for fabricating complex topologies
with fine features quickly, inexpensively and at a relatively large scale.

2. Materials and methods
2.1. Characterization of the hierarchical honeycombs

The hierarchical honeycomb topology described in this work is
made by replacing the cell walls of regular honeycombs with triangular
lattices (Fig. 1(a)-(d)). Two geometric parameters are defined to char-
acterize the hierarchical honeycombs: the hierarchical length ratio
y=1/1 and the number of triangular lattices away from the central
axis, N. We indicate by [ and [, the lengths of cell walls of the regular hon-
eycomb and the triangular lattice, respectively. The length and thickness
of the triangular lattices are determined by a mass equivalence between
the regular honeycombs and the hierarchical honeycombs. As a result,
the thickness and length of the triangular lattice can be calculated as:

e 1 (| 43t 1 )
nm(l « WL m(z)]) v

where t and t; are the cell wall thickness of the regular honeycomb and
the triangular lattice, respectively. The parameter R stands for the num-
ber of triangular lattices, and it is determined by vy and N.

In view of the resolution of the 3D printer and the size of the com-
pression platen, here we choose y=1/5, N = 2, and | = 3 cm and
each sample consists of 2 x 3 representative volume elements. As a re-
sult, the dimensions of the prototypes are 180 mm x 157 mm
(Fig. 1(e)-(f)). The relative density of the regular and hierarchical hon-
eycombs can be controlled by tailoring the thickness of the cell wall.

2.2. Sample fabrication

All samples used in the study have been printed by using an Objet
Connex260 multi-material 3D printer (Stratasys). VeroWhite (a glassy
polymer) is the constitutive material used for the 3D printing, the me-
chanical properties of which are shown in Fig. S1. It should be pointed
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Fig. 1. Design and 3D printing of the hierarchical honeycomb. (a) Regular honeycomb. (b) The cell wall of the regular honeycomb. (c¢) Substructure composed of a triangular lattice.
(d) Hierarchical honeycomb. (e) 3D printed regular honeycomb. (f)-(g) 3D printed hierarchical honeycomb. Scale bar: 2 cm.

out that the minimum feature size of cell walls in the 3D printed hierar-
chical honeycombs is about 400 pm, while the maximum allowable
sample size is 26 cm. These requirements allow us to fabricate samples
with only 2 x 3 representative volume elements in this work. The hier-
archical honeycombs consisting of 2 x 3 representative volume ele-
ments were fabricated having an overall dimension of 180 mm
x 157 mm x 30 mm (width x height x thickness) for samples with rel-
ative densities of 0.16, 0.32 and 0.55 and 252 mm x 219.8 mm x 30 mm
(width x height x thickness) for samples with a relative density of 0.11.
Within the limitation of 3D printing technology, the layer orientation
was found to influence the mechanical properties of the material; there-
fore, all the samples were printed along the same orientation. For our
uniaxial compression and cyclic testing we have fabricated 11 samples,
which include one regular honeycomb with a relative density of 0.16,
two hierarchical honeycombs with a relative density of 0.11, four hier-
archical honeycombs with a relative density of 0.16, two hierarchical
honeycombs with a relative density of 0.32, and two hierarchical honey-
combs with a relative density of 0.55. The as-fabricated samples were
kept at room temperature for seven days to allow for the saturation of
the curing process.

2.3. Mechanical testing

To examine the mechanical response of the 3D printed hierarchical
honeycombs, uniaxial compressive testing was performed using a uni-
versal mechanical testing machine (SHIMADZU AGS-X) with a 300 kN
load cell. The experimental setup of the compression testing is shown
in Fig. S3. All experiments including the cylinder and hierarchical hon-
eycombs were conducted in a quasi-static regime with a constant strain
rate of 0.001 s~ !. Compression was applied to reach the strain of the
catastrophic failure of each sample. The load-displacement curves mea-
sured from the uniaxial compressive test were then transferred into
nominal stress-strain behaviors based on the measured dimensions of
the samples. The Young's modulus and the yield stress have been then
obtained from the measured stress-strain curve directly (Fig. S1). Im-
ages of the samples at various loading conditions were taken at a rate

of 1 FPS (VicSnap, Correlated Solution). It should be pointed out that
due to the large-scale feature of the proposed hierarchical honeycombs,
we have only conducted repeated tests for the hierarchical honeycombs
with a relative density of 0.16 (Fig. S4). We have achieved some very
good repeatability within the elastic range, while some differences are
observed in the nonlinear domain. These differences may be attributed
to the limitation of the 3D printing technique used. In all of our experi-
ments, however, we have recorded the whole deformation process and
did not notice any abnormal behaviors, such as out-of-plane
deformation.

To study the recoverability and energy dissipation behaviors of 3D
printed hierarchical honeycombs, we performed cyclic loading-
unloading tests using a universal mechanical testing machine
(SHIMADZU AGS-X) with a 300 kN load cell (Fig. S3). The engineering
strain rate of 0.001 s~ ! was applied for both compressive loading and
unloading processes. All tests were taken at a room temperature of 23
°C. In the loading-unloading uniaxial compression tests, each sample
was compressed to a target strain endpoint for each loading-
unloading cycle. The engineering strain targets were 20%, 40%, and
60% for hierarchical honeycombs with a relative density of 0.16. By con-
trast, hierarchical honeycombs with a relative density of 0.11, 0.32, and
0.55 were compressed to a strain of 20%. Each sample experienced five
loading-unloading cyclic tests.

During the unloading procedure, we notice that the samples can re-
cover to 50% of the applied strain immediately and the recovery of the
remaining strain took 72 h. To accelerate our experiment procedure,
we harness the shape memory effect of the VeroWhite to recover the
compressed samples in a more efficient manner. This method was
used for the cyclic testing of all of the hierarchical honeycombs. Each
cycle includes three stages: (1) loading-unloading compression testing,
(2) heating, and (3) cooling.

Heating recovery experiments with 3D printed hierarchical honey-
combs after loading-unloading uniaxial compression tests were carried
out in an MTS Advantage™ Environmental Chamber (Thermcraft LBO-
24-10-10-11-5001) with temperature control (Fig. S5). Samples were
immersed at room temperature into the chamber at 75 °C. They
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transformed into their original permanent configuration within 10 min.
After that, samples were taken out of the chamber and placed in room
temperature for 10 min to cool to the room temperature.

229

The constituent phases are taken to be either a representative glassy
polymer. The stress-strain behavior of the glassy polymer is captured
using an elastic-plastic model which is exported from the true stress-

strain relation of VeroWhite. Simulated stress-strain relations of regular

2.4. Finite element analysis

The numerical simulations related to the mechanical response of the
hierarchical honeycombs under uniaxial compression are conducted
using commercial FE package ABAQUS/Standard (Simulia, Providence,
RI). The properties of VeroWhite are characterized by Young's modulus
Es; = 1.56 GPa, Poisson's ratio ¥ = 0.33, a yield stress 0, = 46.3 MPa, and
density p; = 1174 kg/m>. The true stress-true strain relation is imple-
mented as the constitutive equation for the mechanical behavior simu-
lations. To save computational time, a smallest repeating representative
volume element (RVE) together with periodic boundary conditions is
employed in this work (Fig. S6) [55,56], as each representative volume
element has 200,000 triangular elements (each beam has 6 elements
along thickness direction). All models are generated by plane strain el-
ements CPE4R and meshed after a convergence test. In view of the
large deformation of the hierarchical honeycombs, both geometric and
material nonlinearities are considered in the finite element simulations.

3. Results and discussion

and hierarchical honeycombs are plotted in Fig. S7.

3.1. Mechanical behaviors under uniaxial compression

(a) (b) ()
5 T T T T T T E, 350 1
—— Regular honeycomb ER
41~ —— Hierarchical honeycomb, E 280 0.8
- 210 0.6

o
~

=
(=]
I
)

Normalized stress, o/p (KN-m/kg)
Energy asborption (MJ-m=)

1
Specific stiffness, E/p (
=
S

0 01 02 03 04 05 06 0.7
Nominal strain (-)

regular hierarchical

) £,=0 €,=-0.055 £,=-0.18
&2 T [5
sedRele o.o

© € = €, =-0.055 =-0.18

Hierarchical honeycomb Regular honeycomb

®

regular hierarchical

£,=-0.63

A A . uw‘w“wuv!w -‘\\v‘v" ’..v.\..\
5 .Av VAVAY, vavamt IS VAN NS A
§ YAVAVAVAVAY, YAV‘VAVAVAV uvA QV A '%VA:'&
5 AVAVAVAVAY, muvr us AV Q,é s
 TAVAVAYAYY OCRK X VAVA
S AVAVAVAVAVANI \VAVATA 'A, ' "A" A ).VA 53“"
- IAATAT A B A OO,

Uniaxial quasi-static compression tests have been performed on
both regular and hierarchical honeycombs. For direct comparison, we
have considered the case in which the two classes of honeycombs
have the same relative density (p/ps=0.16) (refer to Videos 1 and 2
in the supporting information for details). Fig. 2(a) shows the measured
nominal stress-strain relations. Quantitative comparisons of the effec-
tive stiffness and energy absorption between regular and hierarchical
honeycombs are plotted in Fig. 2(b) and (c), respectively. The stiffness
and energy absorption of the hierarchical honeycombs are 6.6 times
and 7.5 times those of the regular honeycombs. The improved mechan-
ical performance can be explained by the unusual behavior of the

Fig. 2. Mechanical response of the regular and hierarchical honeycombs under uniaxial compression. (a) Normalized stress-strain relations for regular and hierarchical honeycombs.
(b)-(c) Comparison between specific stiffness and energy absorption of regular and hierarchical honeycombs. (d)-(e) Deformation pattern of regular and hierarchical honeycombs.

(f) Local deformation behaviors of hierarchical honeycomb corresponding to those at each strain level in (e).
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hierarchical honeycombs. The regular honeycomb shows a sudden
stress drop immediately after the first peak stress (~g,= —0.12). This
is due to brittle failure of the laminated plastic 3D printed elements,
which are subjected to bending under uniaxial compression
(Fig. 2(d)). Subsequently, multiple stress drops arise, mainly attributed
to the progressive failure of the cell walls. By contrast, the stress de-
creases gradually in the hierarchical honeycombs. This gradual and
smoother plateau-like behavior is associated with the local buckling of
the triangular cell walls (Fig. 2(e)-(f)). The global response tends then
to become stiffer because the buckled cell walls increasingly contact
with each other and provide additional support to carry the compres-
sive load. One can notice after 15% of compressive strain a recurrent
rise and decrease of the stress, which may be attributed to the progres-
sive buckling, fracture, and contact of the triangular cell walls. It is no-
ticeable that densification phenomenon emerges at a larger strain
(~&,= —0.6). Compared with the catastrophic failure of the regular
honeycomb, the hierarchical honeycombs tend to produce a global de-
formation through local buckling and fracture of cell walls, leading to
a progressive failure behavior and further facilitating the energy absorp-
tion. From a general perspective, the introduction of a cellular structure
at alower hierarchical level provides the equivalent effect of embedding
an open cell foam, which produces an elastic-plateau-densification
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behavior similar to classical foam materials. Moreover, the unusual me-
chanical responses in these hierarchical honeycombs are attributed to
the introduction of the stretched-dominated triangular lattice structure.

It is evident that the enhanced stiffness, energy absorption, and pro-
gressive failure mode in the hierarchical honeycombs are all associated
with the introduction of the internal triangular lattice structure. The
slenderness ratio of the triangular lattice controls these unusual me-
chanical behaviors, such as buckling. To better understand this, we
have fabricated and subjected to flatwise compression hierarchical hon-
eycombs with relative densities of p/ps=0.16(l/t;=13.3), p/
ps=0.32(l/t;=6.5), and p/ps=0.55(l;/t;=3.2). Hierarchical honey-
comb with slightly thicker cell walls (p/ps=0.32) exhibit a stress drop
similar to one observed for thinner cell wall topologies, which is associ-
ated to the local buckling of the cell walls (Fig. 3(a)). At a relatively large
strain range, the progressive multiple stress drops become prominent.
With the further decrease of the slenderness ratio of the triangular cell
walls (p/ps=0.55), multiple sudden drops of stress peaks are present
and the local buckling is not observed (Fig. 3(c)). Instead, one can ob-
serve a global catastrophic failure similar to the one shown by the reg-
ular honeycomb.

These analyses suggest that the slenderness ratio of the triangular
lattice is critical to control the deformation behavior of the hierarchical

—— p/p=0.16
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Fig. 3. The tunability of the mechanical response of hierarchical honeycombs. (a)-(b) Measured and simulated normalized stress-strain relations of hierarchical honeycombs with different
relative densities, respectively. (c) Measured deformation pattern of hierarchical honeycombs with different relative densities. (d) Simulated deformation pattern of hierarchical
honeycombs with different relative densities at a strain of &,= — 0.04.Von Mises stress unit is MPa.
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honeycombs. To understand this point from a quantitative perspective
we have performed finite element analyses to evaluate the uniaxial
compression behavior of the hierarchical honeycombs with different
relative densities. The predicted normalized stress-strain relations are
displayed in Fig. 3(b). Compared with the measured normalized
stress-strain relations, one can observe a good agreement for compres-
sive strains lower than 3%. At relative larger strain ranges our numerical
model does not however capture completely the detailed deformation
behaviors, because failure modes and contact friction are not included
in our simulations. Yet, the numerical simulations still can provide
some insightful information. As shown in Fig. 3(d), the local buckling
of the triangular lattice can be predicted, which agrees well with the ex-
perimental observation. By contrast, the plastic deformation-induced
failure is the dominant mechanism responsible for the sudden drop in
the stress-strain relation of the hierarchical honeycomb with a relative
density of p/ps=0.55. These experimental and numerical results sug-
gest that the transition between progressive and catastrophic failure
modes in the hierarchical honeycombs can be indeed tuned by tailoring
the cell wall slenderness ratio.

3.2. Mechanical behavior under cyclic loading

We have shown so far results related to uniaxial compression tests,
and have highlighted the mechanism behind their unusual mechanical

()

behavior. We now proceed to examine the mechanical response of the
hierarchical honeycombs under cyclic loading conditions.
Fig. 4(a) displays the loading (&,=0~—0.6) and unloading
(¢y= —0.6~0) behavior of the hierarchical honeycombs with a relative
density of p/ps = 0.16. Upon unloading, the densified hierarchical hon-
eycomb recovers to a strain of &,= —0.3 (refer to Video 3 in the
supporting information for details). This is due to the release of the
stored elastic energy in the buckled cell walls of the triangular lattice.
The remaining (and incomplete) compression recovers very slowly,
and it took about 72 h to fully restore the honeycomb to its initial
form. The slow and incomplete recovery is due to irreversible effects,
such as cell wall fracture and plastic deformation.

To accelerate the cyclic tests, each compressed sample after the first
cycle was put in a chamber at 75 °C and heated for 10 min. This temper-
ature is higher than the nominal 48 °C of the T, of the polymer, and after
this treatment, the samples can recover their initial form due to shape
memory effect. We then performed cyclic tests and shape memory
assisted recovery on samples under maximum compressible strains of
&,= —0.2 and , respectively. The measured loading-unloading stress-
strain relations are plotted in Fig. 4(b)-(d). The effective stiffness, max-
imum stress, and loss factors are calculated from these measured stress-
strain relations, as shown in Fig. 4(e)-(g). The effective stiffness of each
hierarchical honeycombs under compressive cyclic strains decreases
rapidly after each cycle because the above-cited non-recoverable effects
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Fig. 4. Mechanical response of hierarchical honeycombs under cyclic loading. (a) Loading-unloading of the hierarchical honeycomb. (b)-(d) Stress-strain relations of loading-unloading
cycles with compression strains up to &,= —0.2, —0.4, and — 0.6, respectively. (e)-(g) Effective stiffness, maximum stress, and energy loss ratio of hierarchical honeycombs under

different cycles. Here the relative density of each hierarchical honeycomb is p/ps=0.16.
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hierarchical honeycomb is compressed up to a strain of &, = —0.2.

are a detriment to the initial loading carry capacity. In contrast to the
significant decrease of effective stiffness, the maximum stress of the hi-
erarchical honeycombs with a compressive strain of &,= —0.2 and
&= —0.4 has a 35% decrease after the first cycle (Fig. 4(f)), but tends
then to stabilize. Quite remarkably, the maximum stresses in the hierar-
chical honeycombs with a compressive strain of &, = — 0.6 tend to in-
crease by 35% after the first cycle. The decreased and subsequent
constant maximum stresses at smaller compressive strains are due to
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the failure and plastic deformation in the cell walls. On the other
hand, the increased maximum stresses at larger compressive strains
are attributed to the contact, slip-stick, and densification of the triangu-
lar lattice. These different deformation mechanisms are also responsible
for the energy dissipation behavior of the hierarchical honeycombs. As
can be seen in Fig. 4(g), after the first cycle all hierarchical honeycomb
exhibit a high average loss factor of 0.34. Aside from the contact friction
and plastic deformation, the intrinsic material damping also contributes
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Fig. 6. Relative stiffness and yield strength as a function of relative density. (a) Relative stiffness and (b) relative yield strength. See main text for the discussion of theoretical solutions of

regular honeycombs.
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to the energy dissipation of the hierarchical honeycombs (Fig. S2). Yet,
structural damping induced by the unique failure mode of the hierarchi-
cal honeycombs is still dominant.

We have shown that the proposed hierarchical honeycombs may ex-
hibit some excellent structural and shape integrity under large com-
pression strains, which is aided by the release of the stored elastic
energy in the buckled cell walls. The structural integrity is also correlat-
ed to the slenderness ratio of the triangular lattice. To confirm this fea-
ture, we have run cyclic loading tests up to a strain of &,= — 0.2 for
hierarchical honeycombs with relative densities of p/ps=0.16, 0.32,
and 0.55. The measured loading-unloading normalized stress-strain re-
lations are plotted in Fig. 5(a) and extracted mechanical responses are
summarized in Fig. 5(b). As expected, the specific effective stiffness
and maximum stress increase with the relative density, while a very
slight increase of the loss factor (tans) is observed. It is also evident
that shape memory treatment adopted allows recovering the shape of
the hierarchical honeycombs, albeit to a different degree depending
on the slenderness ratio. For a smaller slenderness ratio (p/ps=0.16),
the compressed hierarchical honeycomb tends to conserve its overall
shape with no visible damage or crack within its structure. No shape in-
tegrity can be however observed in the hierarchical honeycombs with a
large slenderness ratio (p/ps = 0.55) (Fig. 5(c)). These observations fur-
ther confirm that the excellent structural integrity and shape preserving
characteristics are intrinsically governed by the amount of stored elastic
energy in the buckled cell walls.

3.3. Scaling laws of the hierarchical honeycombs

The simulated and experimental stiffness and strength of the hierar-
chical honeycombs with relative densities from 0.02 to 0.32 are plotted
in Fig. 6(a) and (b). For the sake of comparison, the stiffness and
strength as a function of the relative density for the regular honeycombs
case are also displayed. One has to notice that the theoretical predictions
for regular honeycombs are derived from the use of the Euler beam the-
ory for truss structures, for which the shear deformation is neglected.
Euler-Bernoulli beam theory is only valid for honeycombs with thin
cell walls (relative density smaller than 0.25) [20]. In the case of thick
cell walls, the analytical solutions for stiffness based on Timoshenko
beam theory should be adopted [57,58]. One can notice that the simu-
lated stiffness and strength of the regular honeycombs with relative
densities smaller than 0.25 agree well with the linear-elastic and the
brittle failure solutions [20]. In the case of regular honeycombs with a
relative density of 0.55, the finite element analysis provides however
an effective stiffness of 0.13, which agrees very well with the Timoshen-
ko beam theory-based solution (0.12). These results indicate that our
numerical modeling can predict the main mechanical response metrics
of regular honeycombs.

Compared with regular honeycombs, the hierarchical honeycombs
show a remarkably improved stiffness, and a comparable strength to
the one of regular honeycombs. At a relatively low density of 0.02, the
hierarchical honeycombs exhibit a ~160 times higher stiffness than
the regular honeycombs. We have fit the relative stiffness and strength
as a function of relative density using a scaling law, E/E;=B(p/ps)™ and
o/os=C(p/ps)", where E and o are the effective stiffness and strength of
the hierarchical honeycombs, respectively. The parameters B and C are
geometry-dependent proportionality constants, m and n are the scaling
exponents. Here we have B = 0.37,C = 0.83, m = 1.1,and n = 2. One
can notice a nearly linear relation between the non-dimensional stiff-
ness and the relative density for hierarchical honeycombs. Compared
with stochastic materials having a poorly scaling relation between stiff-
ness and relative density, generally following E/Es~(p/ps)> [20], the pro-
posed hierarchical honeycombs demonstrate great potential to be
designed as ultralight mechanical metamaterials. This finding also sug-
gests that the introduction of an inner triangular lattice enables us to
change the bending-dominated behavior into a stretching-dominated
one. The relative density dependency of the compressive strength for

the hierarchical and the regular honeycombs is almost the same, with
the hierarchical honeycombs exhibiting a slightly higher relative
strength.

4. Conclusions

We have presented a new type of hierarchical honeycomb structure
that exhibits a nearly linear relation between stiffness and relative den-
sity. At large uniaxial compression and cyclic loading conditions, these
hierarchical honeycombs show improved energy absorption and recov-
erability. These anomalous mechanical behaviors are enabled by intro-
ducing a structural hierarchy into regular honeycombs, thereby
resulting in the coexistence of local buckling, cell wall fracture, and plas-
tic deformation. The recoverability is also aided by a specific heating
process that activates the shape memory effect of the core polymer
used in the 3D printing of these cellular structures. Slender cell walls
can be critical in structural engineering applications for the potential
onset of mechanical instability and catastrophic failure. Here we have
however demonstrated that slender cell walls can be efficiently used
to tailor the energy absorption and further provide recoverability. We
have given evidence, both from an experimental and numerical stand-
point that the slenderness ratio of the hierarchical triangular lattice is
critical to tune the mechanical responses. The thermal heating applied
to the compressed honeycomb above the T, of the constituent polymer
allows preserving the shape of the hierarchical structures under large
deformations, at avoiding visible cracks or damages inside the
honeycombs.

The hierarchical honeycombs structures are fabricated using com-
mercially available 3D printers and a brittle plastic polymer. It should
be pointed out that other advanced manufacturing techniques, such as
two-photon lithography can also be employed to create hierarchical cel-
lular solids at a smaller length scale and with a broad choice of materials.
As such, the mechanical response of the as-fabricated multiscale hierar-
chical honeycombs under different conditions, such as low velocity im-
pact and shock wave loadings, can be investigated accordingly. The
findings in this work not only provide a better understanding of the crit-
ical interplay between material architectures and mechanical proper-
ties, but also offer new opportunities to create new mechanical
metamaterials with anomalous behaviors for a wide range of potential
applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2017.10.028.
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