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Abstract The honeycomb structure can be applied
to the design of new lightweight composites materials
due to its excellent properties such as high strength,
strong energy absorption ability, low thermal conduc-
tivity, etc. In recent years, researchers have noticed
that cell joint performance optimization can improve
the performance of honeycomb structures. In this
study, an optimized honeycomb structure with cell
joint thickened was obtained by a theoretical analysis
in which two principal geometrical parameters were
adjusted, and then fabricated with additive manufac-
turing technology for compression testing. The results
were obtained through experimentation and qualita-
tive simulation, and then compared with those of a
traditional honeycomb structure with uniform wall
thickness. Finally, the mechanism of the optimized
thickened-joint honeycomb structure was investi-
gated, which could be a design guideline for the
application of honeycomb structures in various engi-
neering fields.
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1 Introduction

As one of the most commonly used cores for sandwich-
structured materials, the honeycomb structure and
derived cell-shaped structure have been widely used
for developing lightweight yet high-strength structures in
many industries, such as architecture, transportation,
mechanical engineering, chemical engineering, nanofab-
rication and, more recently, biomedicine (Zhang and Li
2018; Uchiyama and Nakashima 2013; Huang et al.
1997; Zeng et al. 2018; Jin et al. 2018). Honeycomb
structures exhibit distinctive and excellent properties,
such as light weight, high strength and strong energy
absorption ability, and thus have received much attention
(Huang et al. 1999; Wen et al. 2017; Abd Kadir et al.
2017). For example, Gibson and Ashby explored the
relationship between relative density, cell wall thickness
and geometrical shape of unit cells, and proved that the
mechanical properties of honeycomb structures were
dominated by these aforementioned parameters (Gibson
and Ashby 2014). Hu et al. (2013) studied the effect of
cell wall angle on the compressive properties of
honeycomb structures, through experimentation and
numerical simulations. Jin et al. (2016) investigated the
effects of size on the in-plane mechanical properties of
aluminum hexagonal honeycombs. Hedayati et al.
(2016) studied the mechanical properties of honeycomb
structures with different wall thickness. Galehdari et al.
(2015) reported their results of research on a graded
honeycomb structure under low-velocity impact and
quasi-static in-plane loading conditions. All these studies
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mentioned above and even most studies under progress
concentrate on traditional hexagonal honeycomb struc-
tures with uniform cell wall thickness. In recent years,
researchers have come to realize the important of cell
joints of the honeycomb structure because it is the joints
that bear the largest bending moment under loading
condition. For this reason, various optimized designs of
the cell joint were developed to improve the mechanical
properties of honeycomb structures. For example, Chen
et al. (2014) constructed a hollow-cylindrical joint in
honeycomb structures, and Ajdari et al. (2012) investi-
gated the hierarchical-structure design of cell joints in
honeycomb structure.

Thickened-joint honeycomb structure is discussed
in this manuscript. Theoretical analysis, numerical
simulation and experiment results show that cell joint
thickening can effectively improve the compressive
performance of honeycomb structures. This might be
guidelines for applications of honeycomb structure in
engineering fields.

2 Theoretical relation in equivalent elastic
modulus

Since there are higher stress at the end part of the
honeycomb cell wall and lower stress at the middle
part (Gibson and Ashby 2014), theoretically, the
thickened-joint hexagonal unit cell may have better
mechanical properties than those of the uniform-
thickness cell wall. For thickened-joint cell walls, each
wall can be regarded as an individual non-prismatic
beam. As shown in Fig. 1a, the wall length and the
angle between the x axis and the diagonal bar are
denoted as [ and 0 = 30°, respectively. In the thick-
ened-joint cell wall, the ratio of the middle part length
to the end part length can be denoted as &(¢ > 0) and
therefore the sum of the lengths of the middle and end
parts can be given by (1 +2/&)ly = I, where [y, and
I/ £ represent the lengths of the middle and end parts
of the cell wall, respectively. Similarly, the ratio of the
middle part thickness to the end part thickness can be
denoted as (0 <n <1), hence the thicknesses of the
middle and end parts can be expressed as ty and t5 /7,
respectively. Next, the second moment of inertia of the
middle and end sections on the z axis in the wall, can
be given as [ = bti,/12 and I; = 1/1131, respectively,
assuming that the cell wall has a rectangular cross-
section with depth b.
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As shown in Fig. 1b, assuming that the compressive
stress in the thickened-joint honeycomb structure
system in the y axial direction is uniaxial, the force
condition at the two endpoints A and B of the
simplified inclined wall can be represented as

W = gblcos 0 (1)

Wicos 0
2
2 @)

where ¢ indicates the uniform compressive stress
applied in the y axial direction, while W and M repre-
sent y axis direction force and bending at Point A or
Point B, respectively.

Based on the Euler-Bernoulli’s beam theory, the
strain energy in the inclined bar can be expressed as
(Gibson and Ashby 2014)

M=

Mo
X
= dx
v El
0
"M = Weos - )
:/( — Wecos 8 - x) dr
Esld
0
In/E+In 0 2 (3)
M-W .
n ( cos 0 - x) dx
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/¢
1
M—W x)?
n / ( cos - x) dx
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In/&+In

where E; indicates the elastic modulus of the solid
material.

Substituting Eqgs. (1) and (2) into the energy Eq. (3)
and then using the Castigliano’s theorem, we obtain
the vertical displacement at Point A in the diagonal
wall:

_OU  WPcos0& + 8 + 12¢n° + 683
W El 122+ &)
By fixing Point B and ignoring the deformation of

walls in the axial and tangential directions, the strain in
the unit cell in the axial direction can be expressed as

B (4)
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Fig. 1 Diagram of
thickened-joint honeycomb (a) 1 l
structure: a unit cell is

subjected to axial stress ¢ in
the y direction; b the
simplified force of the
diagonal wall

dcos 0

* T+ isin0
obP cos® 0 & + 8 + 1280 + 641

:ESI(I +sin0) 122+ ¢)°

(5)

from which the equivalent elastic modulus of the unit
cell parallel to the y direction can be simply written as

(6)

Then substituting Egs. (5) into the equivalent
elastic modulus Eq. (6) yields
En _ (t_H>3 (1+sin0)(2 + &)
E 1) cos30(& + 83 + 12&n3 + 6E%3)

g
Ey=-
&

(7)

From the Eq. (7) above, an interesting rule can be
found that the value of the equivalent elastic modulus
of the unit cell depends on the length /, 7 and the ratios
¢ as well as 5 in the periodic unit cell.

In the present study, one specific triangular region
around the common joint of adjacent cells is selected,
as shown in Fig. 2. The area of it can be expressed as
Ay = V31 % 31/2 x 1/2 = 3\/31> /4. 1dentically, the
area of bars in the thickened-joint honeycomb struc-
ture system can be expressed as A, = 3(lyty/En+
Inty/2). Hence, the relative density of the thickened-
joint honeycomb structure pj/pg can be written as

luty Inty
P _ Ay _ w (8)
ps  An 3V32/4

Vo

”/

A l
M
M
0 B
l

Fig. 2 The schematic diagram of the relative density
calculation

where pp indicates the equivalent density of the
thickened-joint honeycomb structure, and p, indicates
the density of the solid material.

Based on the theory of a uniform thickness
hexagonal cell wall by Gibson and Ashby (2014),
when p/p, <0.3, the relative density of the uniform
thickness honeycomb structure p/p, can be expressed
as

- ©)
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where p indicates the effective density of the regular
honeycomb structure.

In this study, it is assumed that the relative density
of the thickened-joint hexagon is the same as that of
the regular hexagon, which means the same amount of
material is used, thus

Pa _ P (10)
Ps  Ps

From the above, the expression of t, the thickness
value of the middle region in the thickened joint
honeycomb wall, can be written as

tH:t(ZnJr«fn) (11)

Moreover, based on the investigation by Gibson
and Ashby, the relationship between the equivalent
elastic modulus E of the regular cell structure and the
elastic modulus E, of the solid material can be
expressed as

E 4 /3
Z - (: 12
£ 1)
Combining Egs. (7), (11) and (12), we can obtain
the specific ratio of the thickened-joint hexagon elastic
modulus and the regular hexagon elastic modulus:

En _ 2+ (13)
E @+n)(& +8n + 1287 +687)

From Eq. (13), it is found that the value of elastic
modulus ratio Ep /E merely correlates to the param-
eters ¢ and #. Figure 3 shows the relationship of the
elastic modulus ratio Ey /E to the variables of ¢ and .

1.380

1.200

1.000

0.8000

0.6000

0.4000

Fig. 3 The elastic modulus ratio E/E in terms of the variables
of £ and 5
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From Eq. (13), when ¢ = 1.125 and 5 = 0.545, the
ratio reaches the maximum value Ep/E = 1.378.
Besides, under the conditions ¢ =1.125 and
0.326 <y <1, the elastic modulus ratio Ey/E > 1,
as shown in Fig. 4a. From Fig. 4b, it is found that
when 1 = 0.545 and & > 0, the elastic modulus ratio

Based on the analysis above, the equivalent elastic
modulus of optimized thickened-joint hexagon can be
enhanced by adjusting the geometrical parameters ¢
and #, and the maximum value can reach 1.378.

3 Experiment
3.1 Sample processing and testing

The thickened-joint honeycomb structure samples tested
in the present study are fabricated by Lian Tai RS Pro600
SLA 3D printer (printing accuracy: 0.02-0.1 mm) and
the print material is Somos EvoL.Ve 128 (Farahani et al.
2014; Stansbury and Idacavage 2016). Figure 5 displays
the diagram of a printed sample consisting of 9 x 6
thickened-joint hexagons set at the relative density
condition py/p, = 10.58% <30%. The width of the
system is  L; =145.49 mm, the height
L, = 196.00 mm, the thickness L; = 40.00 mm and
the length of cell wall / = 14.00 mm. In order to
alleviate the concentration of stress caused by the
sudden change in thickness, the variation in thickness
of the cell bar is designed in a trapezoid manner. Six
groups of samples (one group with uniform thickness
walls and other groups with different thicknesses
walls) are fabricated and their parameters are shown in
Fig. 6 and Table 1.

In this study, a MTS Landmark testing machine,
with maximum load of 50 kN and loading rate of
6 mm/min, was used to measure the mechanical
properties of thickened-joint honeycomb test samples
in the quasi-static uniaxial compression experiment
(Li et al. 2015, 2017; Forquin et al. 2000). In order to
reduce the influence of friction, which can signifi-
cantly affect the stress on the contact surfaces between
the sample and platen, lubricating oil was smeared on
the contact surfaces. During the loading procedure, as
shown in Fig. 7, a three-dimensional high-resolution
strain optical measurement system (DOM 3D LTD)
sampling frequency of 1 fps was utilized to capture the
deformed configurations of the specific interest.
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Fig. 5 Schematic diagram of printed thickened-joint hexagon
system

3.2 Experiment results and discussion

As shown in Fig. 4, the mark * represents the
distribution of the elastic modulus ratio of the
thickened-joint honeycomb structures. It’s observed
that, the elastic modulus ratios of Sample 3, Sample 4
and Sample 6 were basically consistent with the
theoretical values. Nevertheless, there were significant
differences between the experimental and theoretical
values of the elastic modulus ratios of Sample 2
(&£ =1.125, n =0.360) and Sample 5 (¢ = 3.556,
n = 0.545), due to the significant difference in

'SampIcS
.................. B T T ———

—— 1= 0.545 Theory)|
0.2+ * Experiment

e Simulation
0.0 v T v T v T v T
0 2 4 6 8 10

Fig. 6 The hexagonal unit cells. a the uniform thickness; b
¢=1.125,7=0.360;¢c ¢ = 1.125,1 =0.545;d ¢ = 1.125,n =
0.850; e ¢ = 3.556, n = 0.545; f £ = 0.222, n = 0.545

thickness ratio and thickness mutation between the
middle and end parts in the honeycomb walls.

With a simple treatment applied to the recorded
load—displacement curves, the experimental stress—
strain curves (6 = P/L;L3, where P is the vertical
load; ¢ = J/L,, where 0 is the vertical displacement)
of the regular hexagon and the thickened-joint
honeycomb structures were obtained, as shown in
Fig. 8a. From the above, the equivalent elastic mod-
ulus of each specimen can be calculated. The equiv-
alent elastic modulus of the uniform-thickness
honeycomb structure (Sample 1) was 2.19 MPa and
its peak stress was 0.20 MPa. As expected, compared
to the uniform-thickness honeycomb structure, the
thickened-joint honeycomb structures had better
mechanical properties, such as higher peak stress
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Table 1 Cellular elements

with different size Sample no. ¢ " trr (mm) tr /1 (mm) Iy In/¢
parameters 1 - 1.000 1283 - - -
2 1.125 0.360 0.600 1.667 5.040 4.480
3 1.125 0.545 0.836 1.534 5.040 4.480
4 1.125 0.850 1.153 1.356 5.040 4.480
5 3.556 0.545 0.986 1.810 8.960 2,520
6 0222 0.545 0.732 1344 1.399 6.301

Fig. 7 a Experimental
diagram and b principal
experimental setup for
compression test of
thickened-joint honeycomb
structure

Backdrop

MTS Tester«

and greater elastic modulus. Particularly, Sample 3
(& =1.125, n = 0.545) had the maximal equivalent
elastic modulus among all the testing samples, about
30% higher than that of the uniform-thickness honey-
comb structure. Meanwhile, the equivalent elastic
modulus and the peak stress of the testing sample 4
(& =1.125, n =0.850) are 22% and 9.35% higher
than those of the uniform-thickness honeycomb
structure, respectively. Thus, it can be concluded that
thickening joint can effectively improve the equiva-
lent elastic modulus and the peak stress of the
honeycomb structure, and that honeycomb structures
with thickened joint have the same stability under the
same relative density condition.

The stress—strain curves in Fig. 8a and deformation
process of the uniform thickness honeycomb structure
(Samplel ) in Fig. 8b are exactly similar to the results
provided by Papka and Kyriakides (1994) (aluminum
honeycomb structure) and Bates (thermoplastic poly-
urethane honeycomb structure) Bates et al. (2016ab, ).

@ Springer

DOM 3D LTD

From the recorded deformation processes of the
testing samples, a very interesting phenomenon can
be observed that each area of the joint with the three
connected bars is like a “Y’ shaped unit cell and the
local deformation of the Y’ domain rotates around the
joint, while the wall of the hexagonal cell lost its
bearing capacity until the structure of cell became
more compact (Chen et al. 2018). Due to the buckling
failure that occurred in the joint, corresponding with
the local collapse, the deformation spreads to the two
neighboring rows of cells while other rows remain
unaffected. With the load increasing, further defor-
mation is required in the deformed rows to make the
walls of the collapsed cells contact each other, which
allows the deformation to extend on both sides. In
addition, all compression modes of the testing samples
had three typical stages: (1) linear-elastic stage, in
which all unit cells have a homogeneous and sym-
metric deformation; (2) stress-platform area, in which
after reaching the maximum stress, local deformation
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Fig. 8 a Quasi static compression experimental stress—strain thickened-joint honeycomb structure Sample 3 (&= 1.125,
curves; b;—bg deformation process of uniform-thickness hon- n = 0.545); d,—d¢ deformation process of thickened-joint
eycomb structure Sample 1; ¢;—¢4 deformation process of honeycomb structure Sample 4 (¢ = 1.125, n = 0.850)

of the samples occurs, and with the load increasing, into contact, which causes the stress value to rise
some rows of the hexagonal cells system begin to rapidly and correspond to the systematic densification
collapse asymmetrically; and (3) close-grained stage, (Wang and Yao 2013; Li et al. 2018; Kobayashi et al.
in which since further deformation is required with the 2011).

strain increasing, the walls of the collapsed cells come
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Remarkably, in Fig. 8a a platform occurs in the
stress—strain curve of the thickened-joint sample 3
(& =1.125, n = 0.545), although the peak stress and
the platform are both lower than those of the uniform-
thickness honeycomb structure. However, for the
thickened-joint Sample 4 (¢ = 1.125, = 0.850), the
platform of the stress—strain curve is approximately
the same high as that of Sample 1, while the peak stress
is higher than that of Sample 1. The reason is that the
undersized ratio of the middle part thickness to the end
part thickness (exaggerated thickness difference)
causes the end part to experience strong constraint
and small deformation. Meanwhile, the thin middle
part in the cell wall can easily lose stability and
generate a large amount of deformation, as shown in
Fig. 9.

4 Numerical simulation and results
4.1 Computational model
In the present work, ABAQUS, the finite element

software, was used to investigate quasi-static uniaxial
compression behavior in established honeycomb

(@)

Fig. 9 Collapse configuration of honeycomb cells; a uniform
thickness honeycomb Sample 1, b thickened-joint honeycomb
sample 3 (¢ = 1.125, n = 0.545), ¢ thickened-joint honeycomb
sample 4 (¢ = 1.125, n = 0.850)
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Fig. 10 Constitutive model of material in honeycomb structure
simulation

structures in the y direction (Alderson et al. 2010;
Ali et al. 2008; Ippili et al. 2003). Figure 5 demon-
strates that the geometrical parameters of a computa-
tional model which is the same as the experimental
sample. Moreover, the bilinear elastoplastic constitu-
tive model (Car et al. 2000; Cao and Li 2017; Zhang
and Ruan 2012), as shown in Fig. 10, was used to
model the solid material (Somos EvoL Ve 128). It can
be seen in Fig. 10 that the stress—strain relationship
accords with the linear elasticity when the stress is
lower than the yield limit. When the stress is higher
than the yield limit, a linear strain-hardening stage is
then assumed. In Table 2, the geometrical parameters
and physical parameters such as the elasticity modu-
lus, yield stress, subsequent yield modulus and

Table 2 Basic parameters of the numerical model

Geometrical size Value
Relative density (%) 10.58
Cell number 9%x6
Width of model L; (mm) 145.49
Height of model L, (mm) 196.00
Thickness of model L3 (mm) 40.00
Length of cell wall /(mm) 14.00
Constitutive model

Elastic modulus E; (MPa) 1550
Yield stress g, (MPa) 40
Yield elastic modulus E /o (MPa) 200
Tensile strength g, (MPa) 60
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strength of extension in the honeycomb structure is
tabulated for the finite element simulation. The
parameters for simulation were selected from the
experimental results and the data provided by the 3D
printing company.

With these geometrical parameters and material
properties above, the three-dimensional finite element
simulation was performed in ABAQUS. To realize the
compression of the honeycomb structure, two rigid
platforms were introduced to represent the above and
bottom planes, as shown in Fig. 11. In the simulation,
the bottom rigid plane was fixed and the upper rigid
plane moved down to simulate the compression
process.

4.2 Results and discussion

The values of elastic modulus ratios Ep /E of thick-
ened-joint honeycomb obtained by numerical simula-
tion, marked as @ in Fig. 4, were very close to the
theoretical values and the experimental results. To
demonstrate the uniaxial compression procedure of
the honeycomb structure, the uniform thickness Sam-
ple 1 and the thickened-joint Sample 4 (¢ = 1.125,
n = 0.850) are taken as examples. The corresponding
stress—strain curves as well as the deformation history
are shown in Fig. 12, from which it can be seen that the
appropriate thickened-joint design not only enhances
the equivalent elastic modulus of the honeycomb
structure, but also effectively increases its peak stress.
Likewise, there are three stages in the computational
compression procedure of the uniform thickness and

Above platform 7
(Rigid body ) _&

Fig. 11 Finite element model for thickened-joint honeycomb
structure with rigid upper and lower boundaries

163
240 (a) €}
Thickened joint
= 2004 (Sample 4) = /’ 2mmee s A
i 4 Uniform thickness = B
= 160+ /7 (Sample 1) e ®
17 / )
9] &
&
7] 120 4 %,
£ 80
—
=]
“ 40
1T & sems Experiment
—— Simulation
0

| B e e e e ey s s e e
0.00 0.02 0.04 006 008 0.10 0.12 0.14 0.16 0.18 0.20

Norminal strain

Fig. 12 a Stress—strain curves; b;—b; deformed configurations
of uniform thickness honeycombs in compression simulation;
and c¢;—c3 deformed configurations of thickened-joint honey-
combs in compression simulation

Selected wall

Fig. 13 The position of the selected walls in the honeycomb
structure
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thickened-joint honeycomb structures: (1) homoge-
neous deformation, (2) local failure, (3) dense phase in
walls.

80 Uniform thickness
T—o—inclined edge —A—Vertical edge
70 9 Thickened joint
1&1.125 7=0.545 (Sample 3)
‘s 60 4—o— Inclined edge —— Vertical edge
& 1 &1.125 1720.850 (Sample 4)
E 50 | —m— Inclined edge —A— Vertical edge n
» ]
17/]
g 40 /
7 4
S 304
g
5 20
Zz . .
- -
10 3
0 1 T T 1 1
0.01 0.02 0.03 0.04 0.05 0.06 0.07

Norminal strain

Fig. 14 The variation trend of stress difference in the cell wall
under incremental nominal strain

Additionally, in order to investigate the reason why
the thickened-joint design can improve the equivalent
elastic modulus and platform stress of the honeycomb
structure system, one specific diagonal edge and one
vertical edge connected in the middle cell joint were
selected for further study (see red lines in Fig. 13).
With the increase of nominal strain, the maximum and
minimum stress values in the diagonal edge and the
vertical edge are calculated and plotted in Fig. 14
(Hadjistamov 1995; Yang and Ravi-Chandar 1999). It
can be seen that the stress difference of the diagonal
wall and the vertical wall becomes bigger with the
increase of nominal strain for the three computational
models and the stress value of the diagonal wall is
always greater than that of the vertical wall. Moreover,
it should be noted that the stress difference of the
diagonal edge in the thickened-joint honeycomb is
always smaller than that in the uniform-thickness
honeycomb structure. Thus, it can be concluded that

Stress (MPa)

Stress (MPa)

ot+——T——T—+T T T T T 7 T T —T T T T T T T 1
00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
Edge length Edge length

28
1(© £=0.02
7 [ £=0.04
----- £=0.06

Stress (MPa)

—T
0.4

T
0.5

—T
06 07 08

Edge length

Fig. 15 The stress distribution in the vertical edge under different nominal strain: a uniform thickness honeycomb (Sample 1); b
thickened-joint honeycomb Sample 3 (¢ = 1.125, n = 0.545); ¢ thickened-joint honeycomb Sample 4 (¢ = 1.125, n = 0.850)
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the thickened-joint design can improve the mechanical
properties and stability of honeycomb structures, as
compared with the uniform-thickness honeycomb
structure.

Furthermore, the stress distributions in the vertical
wall of the uniform-thickness and thickened-joint
honeycombs are depicted in Fig. 15, in which the
length of vertical wall is non-dimensional and falls in
the range of [0,1] (Kim et al. 2017). It is founds that the
stress rises with the increase of nominal strain in
honeycomb structures. Interestingly, the value of
stress in the thickened-joint structure Sample 4
(& =1.125, n = 0.850) is lower than that in Sample
3 (¢ =1.125, n = 0.545) and the uniform-thickness
structure Sample 1. This is the main reason why
Sample 4 has better stability than Sample 3.

5 Conclusions

In this paper, a thickened-joint honeycomb structure is
introduced. By combining theory, calculation and
experiment, the deformation process and strengthen-
ing mechanism are studied. The results showed that
the thickened-joint design can optimize the stress
distribution of cell wall as the structure is subjected to
external forces, and effectively improve the compres-
sive strength and stability of honeycomb structures.
And based on the improved performance, more far-
reaching influence and structural application of hon-
eycomb structure can be expected in various
industries.

Funding Funding was provided by National Natural Science
Foundation of China (CN) (No. 11672297) and Strategic
Priority Research Program of the Chinese Academy of
Sciences (No. XDB22020200).
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