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Abstract. A new type of combined honeycomb structure is proposed by optimally or-

ganizing the hexagons and square unit cells. 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 im-
proved to 22%, the shear modulus enhanced to 95%. The external equivalent elastic modu-
lus 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. 
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1. Introduction. 
As compared with traditional metal materials, sandwich structures show great ad-

vantages 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 perfor-
mance, 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’ in-
terests 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 com-
plicated 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 re-
searches 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 im-
provements 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 op-
timization and design. 

2. Innovative design of the new combined honeycomb structure. 
Honeycomb core is the most important part in the honeycomb sandwich structure, a rea-

sonable honeycomb core structure could greatly reduce the weight and enhance the sand-
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wich structure’s mechanical properties. With rapid development of processing technology, 
honeycomb structures are designed into a variety of forms to meet on the engineering de-
mands. 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 com-
bined 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 honey-
comb 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 or-
thogonal layer was established and this layer has equivalent mechanical properties to the 
original honeycomb structure, the equivalent process is shown as Fig. 3.  

 

 
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 mechani-
cal 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 are shown as Fig. 4. 

 
Fig. 1 

 
Fig. 2 
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Fig. 4 

 
In order to analyze the equivalent mechanical properties of the new combined honey-

comb structure, we need to simplify the original unit cell, and the representative structural 
unit is finally got as Fig. 5. 

 

 
Fig. 5 

3.1. Theoretical solutions of the combined honeycomb structure in mechanical pro-
perties.  

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 mate-
rials mechanics principles. Assuming that node A  is in fixed condition, when the structure 
subjected to load in X  axis direction, the deformation mode can be shown as Fig. 6. 

 
 

Fig. 6 
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0AM  ;                                                                (1) 

l sin 0xM M P     ;                                                       (2)  

1
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2 xM P l  ;                                                         (3) 

 sinx cx x cxP A h l b     ,                                           (4) 

where M is the bending moment of the cell node. xP  is the total force in X axis direction, 

xA  is the equivalent area of the representative structural unit in X axis direction, cx  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 
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   sin cosV b h l h l    ,                                            (6) 

where cxE is the equivalent elastic modulus of the combined honeycomb structure in X axis 

direction, h / l  . 

The total strain energy in the representative structural unit is the sum of the strain ener-
gy of the cell wall AB and BC. According to Fig. 6, there exist the tensile strain and bending 
strain in cell wall AB. The bending strain energy in cell wall AB is: 
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The tensile strain energy in cell wall AB is: 

2 22

2
cos

2 2
x

AB
s AB s AB

PN
W l l

E A E A


  .                                         (8) 

The cell wall BC is only subjected to forces in X axis direction, so there only exists the 
tensile strain energy in cell wall BC, which can be expressed as: 
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where 31
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I bt , A bt , /h l  . Then the total strain energy is: 
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According to the energy equivalent theory 
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According to the equations above, the equivalent elastic modulus of the combined hon-
eycomb structure in X axis direction can be deduced as: 

3
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cos 1
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l t l t l

 
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3.1.2. The equivalent elastic modulus in Y axis direction. When the structure is only 
subjected to the load in Y  axis direction, the deformation mode is shown as Fig. 7. The 

 
Fig. 7 

total equivalent strain energy in the representative structural unit is: 
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The bending strain energy in cell wall AB  can be expressed as: 
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The tensile strain energy in cell wall AB  is: 
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The cell wall BD is only subjected to force in Y  axis direction, so the tensile strain energy 
in cell wall BD is: 
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Therefore, the total strain energy is: 
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According to the energy equivalent theory, we have 
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U U ;                                                          (19)  
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According to the equations above, the equivalent elastic modulus of the combined honey-
comb structure in Y  axis direction can be expressed as: 
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According to the theory put forward by Gibson [11], the in-plane equivalent shear modulus 
of the combined honeycomb structure can be expressed: 
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3.1.3. The external equivalent elastic modulus. Schematic of the representative structur-
al unit subjected to load in Z axis direction be shown as Fig 8. 

 
Fig. 8 

 
Assuming that the pressure on the cell wall of this unit is p , then the total force on the 

cell wall is: 
4 ( )cF pt l h  .                                                         (24) 

The tensile strain of the cell wall is: 

c
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E
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where sE  is the elastic modulus of the basic material. 

The equivalent pressure of equivalent unit in Z  axis direction is: 
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The equivalent strain of equivalent unit in Z  axis direction is: 
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E
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where czE  is the equivalent elastic modulus of the combined honeycomb structure Since the 

equivalent strain is equal to the actual strain, so the following equation is easy to get. 

c cz  .                                                              (28) 

From the equations above, the external equivalent elastic modulus of the combined honey-
comb structure can be deduced as: 

s4( )

( 2 sin )( 2 cos )cz
l h tE

E
h l h l 




 
.                                         (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 object, when the structure is sub-
jected to the external shear force yzQ , the shear flow in the structural unit is shown as Fig. 10.  

 

The shear force of the representative structural unit is: 

(2 4 )c cQ h l t  ,                                                  (30) 

where ct  is the shear flow in the representative structural unit. 

The strain energy in per volume of the cell wall is: 
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where cG is the shear modulus of the basic material. 

Total strain energy of the representative structural unit can be expressed by the formula:
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Treating the representative structural unit as a homogeneous body and supposing that 
the unit is subjected to equivalent shear stress yz , then the external shear force yzQ  is: 

( 2 sin )( 2 cos )yz yzQ h l h l     .                                  (33) 

Assuming that the external equivalent shear modulus of this equivalent unit is cyzG , 

then the equivalent strain energy of the representative structural unit is: 
 

 
Fig. 9 

 
 

Fig. 10 
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According to the energy equivalent theory, 
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The external equivalent shear modulus honeycomb structure cyzG can be given by the 

following expression: 
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In the same way, the external equivalent shear modulus honeycomb structure cxzG can 

be deduced as: 
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3.1.5. Equivalent density. The mass of the representative structural unit is: 
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The equivalent volume of the representative structural unit is: 
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The equivalent density of the combined honeycomb is: 
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In summary, the mechanical properties of the combined honeycomb structure can be 
expressed as: 
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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, 0,2mmt  ; 2,7mml  ; 2  ; 

45   , the basic material of the combined honeycomb structure is metal aluminum, whose 

mechanical properties are as follows: Density 3
s 2700kg/m  ; Young’s modulus 

71GPasE  ; Poisson’s ratio 0,33s  . Applying in-plane and external load on the honey-

comb structure to obtain the related elastic parameters, eventually the simulations values and 
theoretical solutions are shown in table. 

      

      
Fig. 11 

 

Table  

 

Obviously，the results got from the numerical simulations are in good agreement with 

theoretical solutions，which verifies the correctness of the equivalent mechanical model of 
new combined honeycomb structure. 

Results / MPacxE  / MPacxyG  / MPaczE  / MPacxzG  

Simulation 
values 

52,4 12,1 6552 1193 

Theoretical 
solution 

56,6 11,3 6348 1158 
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4. Comparison with hexagonal honeycomb 
structure in mechanical properties. 

The hexagonal honeycomb structure is shown as 
Fig. 12, according to researches [11], the equivalent 
mechanical parameters of the hexagonal honeycomb 
structure can be expressed as the following equa-
tions: 
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where ht  is the thickness of the cell wall, hl  is the length the cell wall. When 
1  , 45   , the equivalent mechanical parameters of the combined honeycomb structure 

can be expressed as: 
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Assuming that '
c c   and ht t , then the relationship between l  and hl  is: 

1,12hl l .                                                         (60) 

Then the equivalent mechanical parameters of the hexagonal honeycomb structure can 
be expressed as the following equations: 
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Assuming that t  and l  varies within a certain range, then the comparing surfaces re-

flecting the mechanical properties can be shown as Fig. 13． 

 
Fig. 12 
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a                                                                  b 
 

   
c                                                                    d 

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 than the traditional hexagonal honeycomb when they are in the same 
equivalent density. From calculation, the in-plane equivalent elastic modulus of the com-
bined honeycomb structure improved 22%, the shear modulus improved 95%, the external 
equivalent elastic modulus and shear modulus respectively improved 33% and 29%. 

5. Conclusions. 
Creating a new type of combined honeycomb structure 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 simula-
tions. From this paper, we can find that this new honeycomb structure has great advantages 
in mechanical properties than the traditional hexagonal honeycomb and it also provides 
more functional design space for the 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 honey-
comb 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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РЕЗЮМЕ.  Запропоновано новий тип комбінованої стільникової структури за допомогою оп-
тимальної організації шестикутників і квадратних комірок. Відповідні еквівалентні пружні парамет-
ри досліджуються на основі теорії еквівалентної енергії деформації. Для перевірки правильності 
еквівалентної механічної моделі використовується метод чисельного моделювання. Спостерігається 
хороша узгодженість між значеннями моделювання та теоретичними розв’язками. Дослідження ме-
ханічних властивостей комбінованої стільникової структури показує значні переваги в механічних 
властивостях порівняно з традиційною гексагональною стільниковою структурою. При тій самій 
еквівалентній щільності еквівалентний модуль пружності в площині нових комбінованих стільників 
покращується до 22%, модуль зсуву підвищується на 95%. Зовнішній еквівалентний модуль пружно-
сті та модуль зсуву покращено до 33% та 29%, відповідно. Проведене дослідження забезпечує теоре-
тичну основу для подальших досліджень комбінованої стільникової структури, а також дає новий 
спосіб вдосконалення сучасного стільникового сендвіча. 

 
КЛЮЧОВІ СЛОВА: комбінована стільникова структура, еквівалентні пружні параметри, те-
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