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INNOVATIVE DESIGN AND EQUIVALENT MECHANICAL PROPERTIES
OF A NEW COMBINED HONEYCOMB STRUCTURE*

X. Li, R. He, X. Xu, R. Li, and Y. Wang

A new type of combined honeycomb structure produced by optimally organizing the hexagons and
square unit cells is proposed. The related equivalent elastic parameters are studied based on the strain
energy equivalent theory. A numerical simulation method is used to verify the correctness of the
equivalent mechanical model. A good agreement between the simulation values and theoretical solutions
is observed. The study of mechanical properties of the combined honeycomb structure shows the great
advantages in mechanical properties as compared with the traditional hexagonal honeycomb structure.
With the same equivalent density, the in-plane equivalent elastic modulus of the new combined
honeycomb is improved to 22%, the shear modulus enhanced to 95%. The external equivalent elastic
modulus and shear modulus are improved to 33% and 29%, respectively. The carried out study provides
a theoretical basis for the combined honeycomb structure’s further research and also gives a new way to
improve the current honeycomb sandwich.

Keywords: combined honeycomb structure, equivalent elastic parameters, strain energy equivalent theory,
numerical simulation

1. Introduction. As compared with traditional metal materials, sandwich structures show great advantages in weight,
strength and stiffness, which make them have great value in engineering applications [1]. With continuous promotion and
application in engineering field, people raise higher requirements of sandwich structure in their comprehensive mechanical
performance, the traditional sandwich structures including honeycomb sandwich structures have gradually failed to meet the
engineering demands, so there is an urgent need to develop the new ones. Currently, the Kagome and X-core structures have
caused many researchers’ interests and researches, these new honeycomb structures show their respective advantages to some
extent [2], but they can’t be widely promoted and applied soon because of their complicated core structures. For now, the
honeycomb sandwich has been one of the most mature sandwich structures in structural design and processing technology, and
the related researches are still going on [3—8]. Based on the background above as well as the perspective of processing
technology and economy, there is still great engineering value to make improvements and innovation for the current mature
honeycomb sandwich. According to the characteristic of square and hexagonal unit cell, this paper creatively combines these
two type cells into a new combined unit cell and designs a new combined honeycomb structure. This combination makes the new
honeycomb structure have great advantages in mechanical properties, and also provides more space for the engineering
designers to make further optimization and design.
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2. Innovative Design of the New Combined Honeycomb Structure. Honeycomb core is the most important part in
the honeycomb sandwich structure, a reasonable honeycomb core structure could greatly reduce the weight and enhance the
sandwich structure’s mechanical properties. With rapid development of processing technology, honeycomb structures are
designed into a variety of forms to meet on the engineering demands. Based on the previous researches, the authors in this paper
puts forward a new type of combined honeycomb structure from the perspective of bionics. The unit cell of the combined
honeycomb structure is got by the optimizing arrangement of hexagonal and square unit cells, which is shown as Fig. 1, and the
new combined honeycomb structure is designed as Fig. 2.

3. Mechanical Properties and Numerical Simulation of the New Combined Honeycomb Structure. In order to
better study on the mechanical properties of the new honeycomb structure, it is necessary to establish an equivalent model which
can reflect both the microscopic and macroscopic properties of the sandwich structure. So this paper introduces the concept of
the equivalent mechanical model of sandwich structure. In this model, a homogeneous orthogonal layer was established and this
layer has equivalent mechanical properties to the original honeycomb structure, the equivalent process is shown as Fig. 3.

At present, the researches on the mechanical equivalent model of sandwich structure are mainly focused on the
honeycomb structure. Scholars represented by Gibson have done some work around the mechanical properties and established a
variety of analysis models of honeycomb sandwich structures [9-21]. To determine the elastic constants of the mechanical
equivalent model of the sandwich structure, Gibson proposed the classical cell theory. Now, most of the researches on the
equivalent elastic constant of honeycomb structure are based on the classical cell theory. Based on the existing researches, this
paper analyzes the mechanical equivalent model of the combined honeycomb structure through the energy equivalent theory,
and the geometry size of unit cell is shown as Fig. 4.

In order to analyze the equivalent mechanical properties of the new combined honeycomb structure, we need to
simplify the original unit cell, and the representative structural unit is finally got as Fig. 5.
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3.1. Theoretical Solutions of the Combined Honeycomb Structure in Mechanical Properties.

3.1.1. The Equivalent Elastic Modulus in X Axis Direction. The related equivalent elastic parameters of the new
combined honeycomb structure are deduced according to basic materials mechanics principles. Assuming that node 4 is in fixed
condition, when the structure subjected to load in the X axis direction, the deformation mode can be shown as Fig. 6

Y M, =0 M

~M —M + P lsin 6 =0, 2)
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=55 sin 6, 3

P .=c_A4, =0, (h+Isin0)b, 4)

where M is the bending moment of the cell node, P, is the total force in the X axis direction, 4 is the equivalent area of the
representative structural unit in the X axis direction, o, is the equivalent stress in the X axis direction, b is the thickness of the
honeycomb core.

The total equivalent strain energy in the representative structural unit can be expressed by the formula

2 2

T =1 %y L34 sin 0)(B+cos 0) 2 b2, )
2E, 2 E,

V =b(h+Isin 0)(h+1Icos0), (6)

where £ is the equivalent elastic modulus of the combined honeycomb structure in the X axis direction, =4/ 1.
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The total strain energy in the representative structural unit is the sum of the strain energy of the cell wall AB and BC.
According to Fig. 6, there exist tensile strain and bending strain in cell wall AB. The bending strain energy in the cell wall 4B is

/ : 2 2.2

P xsin0—-M P7sin“ 0

(7 ) dx =% 3. (7
2E 1 24E I

WAB 1

(= ]

The tensile strain energy in the cell wall 4B is

N2 } sz cos2 0

s“"AB s“"AB

The cell wall BC is only subjected to forces in the X axis direction, so that there only exists tensile strain energy in the
cell wall BC, which can be expressed as

2 p2
Woe =y =% ©
2E A" 2E 4

where / :1—12 bt3, A =bt, B =h/1 Then the total strain energy is

szl(sin2 0% +cos? 012 +Bt2)
U=W, g1+ W gy + Wy = 3 . (10)
2E bt

According to the energy equivalent theory

U =U, (11)
2 2 ) 2 2 2 2
P-l 0/- + 0t + Pt
1 (B sin 0)(p -+ cos 0) Zex py2 = Dx 16 cos pr7) (12)
2 E. 2E bt?

According to the equations above, the equivalent elastic modulus of the combined honeycomb structure in the X axis
direction can be deduced as
3 B+cosH " 1
* 3 B+sin® sin? 0+cosOx 12 /12 +Bxt2 /1>

(13)

o T
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3.1.2. The Equivalent Elastic Modulus in the Y Axis Direction. When the structure is only subjected to the load in the Y
axis direction, the deformation mode is shown in Fig. 7. The total equivalent strain energy in the representative structural unit is

_ 1(52 1 G%
U=-—2y="(B+sin 0)(B+cos 0)—= bI>. (14)
2E, 2 E,,

The bending strain energy in the cell wall 4B can be expressed as

! (Pyycos 6—M)2 Py2 cos? 0

Wi = dy = P. 15
481 { 2E 1 YT g (1

The tensile strain energy in the cell wall AB is

2 2
N2 Py sin“ 0

W = | = I 16

4B2ToE 4 2E A4 (1

The cell wall BD is only subjected to force in the Y axis direction, so that the tensile strain energy in the cell wall BD is

2 P?
War N ey, (17)
2E A 2EA

Therefore, the total strain energy is

Pyzl(cosz 0% +sin? 0% +pt?)

U=W gy W + Wy = (18)
AB1 AB?2 BD ZES bt 3
According to the energy equivalent theory, we have
U =U, (19)
1 c? ) P2I(cos? 0/ +sin? 012 +pr?)
— (B+sin 0)(B+cos 0)—L p1? =2 . (20)
2 E, 2E bt?

According to the equations above, the equivalent elastic modulus of the combined honeycomb structure in the Y axis
direction can be expressed as

_p 1) Psin® 1
@ B B4cos® cos? 0+ (sin? 0+P)2 /12

e2)

According to the theory put forward by Gibson [11], the in-plane equivalent shear modulus of the combined honeycomb
structure can be expressed as

3 .
_E L (B+S11’1 9) (22)

TS B3 (2112 cos O

=F im (23)

DTS B3 (212 sin O

3.1.3. The External Equivalent Elastic Modulus. The representative structural unit subjected to load in the Z axis
direction is schematized in Fig. 8.
If the pressure on the cell wall of this unit is p, then the total force on the cell wall is
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F, =4pt(l+h). (24)

The tensile strain of the cell wall is

p (25)

- P
c b
ES
where E _ is the elastic modulus of the basic material.
The equivalent pressure of the equivalent unit in the Z axis direction is
F, 4pt(l+h)

_le_ _ 26
Pez =76 T (h+21sin 0)(h+ 2Icos ) (26)

The equivalent strain of the equivalent unit in the Z axis direction is

£ = 27)

where E__ is the equivalent elastic modulus of the combined honeycomb structure. Since the equivalent strain is equal to the
actual strain, the following equation is easy to get:

€ =€ __. (28)

c cz

From the equations above, the external equivalent elastic modulus of the combined honeycomb structure can be
deduced as

£ - 41+ h)E '

“  (h+2lsin 0)(h+2lcos 0)

(29)

3.1.4. The External Equivalent Shear Modulus. When the combined honeycomb structure is subjected to the external
shear force, the shear flow in the structure can be shown as Fig. 9.

Taking the representative structural unit as the research subject, when the structure is subjected to the external shear
force O e the shear flow in the structural unit is shown as Fig. 10.

The shear force of the representative structural unit is

0, =2h+4l)y 1, (30)

where 1.7 is the shear flow in the representative structural unit.
The strain energy per volume of the cell wall is
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where G, is the shear modulus of the basic material.
Total strain energy of the representative structural unit can be expressed by the formula

2h
Up =u,v, =L. (32)
(4h+81)G t
Treating the representative structural unit as a homogeneous body and supposing that the unit is subjected to equivalent
shear stress t o W obtain the external shear force O ye

Qyz =T, (h+2Ilsin 0)(h+2[cos O). (33)

If the external equivalent shear modulus of this equivalent unit is G then the equivalent strain energy of the

cyz?
representative structural unit is

2 - sz b
Up =up xvy =—2—x(h+2lcos 0)x (h+2lsin 0)x b= : 2 . (34)
2 oy 2(h+2lsin 0)x (h+2lcos G)chz
According to the energy equivalent theory,
Up =Ug, (33)
Qyz =2t th+4r dsin O =2t 1(h+2lsin 0). (36)
The external equivalent shear modulus honeycomb structure G ey Can be given by the following expression:
_ 2G, (h+2Isin 0)t . 37)
Y2 2+ h)(h+2lcos )
In the same way, the external equivalent shear modulus honeycomb structure G, can be deduced as
2G . (h+2lcos O)
— c ( ) (3 8)

2 2+ h)(h+2lsin 0)

3.1.5. Equivalent Density. The mass of the representative structural unit is
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my =4bt(h+1)p .
The equivalent volume of the representative structural unit is
V,=b(h+2lsin 0)(h+2lcos 0).

The equivalent density of the combined honeycomb is

my dp 1(B+1)
Pe "V I(B+2sin 0)(B+2cos 0)

e

In summary, the mechanical properties of the combined honeycomb structure can be expressed as

3
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(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)



TABLE

Results E_.,MPa G exp? MPa E_,MPa xz» MPa
Simulation values 524 12.1 6552 1193
Theoretical solution 56.6 11.3 6348 1158
Fig. 12
4([+h)E
E,= T s (48)
(h+2lsin 0)(h+2[cosB)
4 + 1)t
p,(B+1) (49)

Pe =B+ 2sin 0)(B+ 2005 0)

3.2. Numerical Simulation Examples. The finite-element method was used to verify the theoretical solution. FE
software ABAQUS was employed to carry out the simulations, and the finite-element model is shown as Fig. 11. In this case, t =
0.2 mm, /=2.7 mm, B:ﬁ, 0 = 45°, the basic material of the combined honeycomb structure is metal aluminum, whose
mechanical properties are as follows: density p, = 2700 kg/m3; Young’s modulus £ =71 GPa; Poisson’s ratio v = 0.33.
Applying in-plane and external load to the honeycomb structure to obtain the related elastic parameters, eventually the
simulations values and theoretical solutions are shown in the table.

Obviously, the results got from the numerical simulations are in good agreement with theoretical solutions, which
verifies the equivalent mechanical model of new combined honeycomb structure.

4. Comparison with Hexagonal Honeycomb Structure in Mechanical Properties. The hexagonal honeycomb
structure is shown as Fig. 12, according to [11]; the equivalent mechanical parameters of the hexagonal honeycomb structure can
be expressed as the following equations:

3

t
h _ph _ /
E} =E, =231E 731 (50)
h
G" =G" =058E ‘i 51
oy T Tox T slT’ ( )
h
t
h _~h _ h
G =Gy = 058G -, (52)
h
Eh —1158 h 53
cz ~ ST’ (33)

h
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Equivalent elastic modulus in plane, GPa
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Equivalent elastic modulus in plane, GPa

\

(54)

where 7, is the thickness of the cell wall, /, is the length the cell wall. When 3 =1, 6 =45°, the equivalent mechanical parameters

of the combined honeycomb structure can be expressed as

Ifp, =p/ andt =1, then /and /, are related by
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1, =112 (60)

Then the equivalent mechanical parameters of the hexagonal honeycomb structure can be expressed as the following

equations:

A £
E,. :Ecy =164E 1—3 (61)

: : r
chy =chx =041E 1—3, (62)

’ ’ t
chz = chz = 0'52Gs 7’ (63)

, t

Ecz = 1.03ES ? (64)

If ¢ and / vary within a certain range, then the comparing surfaces reflecting the mechanical properties can be shown as
Fig. 13.

The surfaces in Fig. 13 compare the mechanical properties of combined honeycomb and hexagonal honeycomb
structure. It can be easily found that the new honeycomb structure have great advantages over the traditional hexagonal
honeycomb when they are in the same equivalent density. From calculation, the in-plane equivalent elastic modulus of the
combined honeycomb structure improved 22%, the shear modulus improved 95%, the external equivalent elastic modulus and
shear modulus, respectively, improved 33% and 29%.

5. Conclusions. A new type of combined honeycomb structure has been created by optimizing the arrangement of
square and hexagonal unit cells, the related equivalent mechanical parameters of which were deduced based on the energy
equivalent theory and verified by finite-element simulations. From this paper, we can find that this new honeycomb structure has
great advantages in mechanical properties over the traditional hexagonal honeycomb and also provides more functional design
space for engineering designers to make further optimization. From the perspective of economics and processing technology,
there is still great value to optimize and redesign the existing mature cellular honeycombs. The new combined honeycomb
structure and design method in this paper are expected to provide some references for the further design and optimization of the
honeycomb sandwich structures.
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