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Abstract

The effect of the core cell shape on shock absorption characteristics of biomimetically inspired honeycomb structures has

been numerically investigated. The finite element models of honeycomb test specimen composed of five core cells of iden-

tical mass have been constructed, and numerical simulations have been run on PAMCRASH. The dimensions of the sides of

core cells as well as the angle between the sides have been shown to influence the shock absorption characteristics of the

honeycomb structure. The specimen with regular hexagonal core cell shape is found to show the best shock absorbing

capacity, and specimen with rectangle-like core cell are found to provide good shock absorbing characteristics. 
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1. Introduction

Biomimetic refers to an engineering design methodol-

ogy that draws inspiration from, and mimics structures,

materials or processes existing in nature or life forms.

From Leonardo da Vinci’s airplane design that mimics

flight of birds to automobile exterior design by Mercedes

Benz that mimics polka dot boxfish, numerous efforts to

adopt life forms and processes to man-made products and

processes have been reported [1]. The salient characteris-

tics of biological systems are multi-purpose, multi-func-

tional optimality as well as hierarchical organization and

multi-scale structuring. Biomimetics has allowed varied

engineering designs and processes including robots, envi-

ronmentally sustainable and energy-saving materials and

devices, as well as innovative production processes. 

In the present study, honeycomb of bees serves as source

of inspiration. Presently, engineering structures that mimic

honeycomb have been used as shock absorbers, sound bar-

riers, and various structural support materials. Honey-

comb structures evince superior energy absorption

characteristics and have found increasing application as

building blocks of impact-resistant structures [2].

Many research works on the mechanical properties of

honeycomb have been reported. Gibson et al. proposed an

analytical formula for computing in-plane equivalent elas-

tic modulus of honeycomb [3], while Masters and Evans

extended the results of Gibson et al. by incorporating

shear and bending effects [4]. Balawi and Abot experi-

mentally determined the effect of relative density on in-

plane equivalent elastic modulus of honeycomb [5]. Chen

and Ozaki extended the result of Masters and Evans by

incorporating the effect of the height of the honeycomb

and demonstrated improved accuracy compared with for-

mulations that do not account for the height of the

honeycomb [6].

For analytically predicting the compressive strength of

honeycomb, Bending & Shear Deformation Method [7]

and Wierzbicki Method [8] are widely applied. Both meth-

ods rely on ideal deformation mode derived from close

observation of the actual deformation shape of honey-

comb undergoing compression. 

By taking a motive from the shape of bee honeycomb,

the present study seeks to numerically determine domi-

nant shape factors that affect the shock absorption charac-

teristics. It is hoped that the elucidation of the relationship

between the shape factors and shock absorption character-

istics will lead to the design of high shock absorbing hon-

eycomb structure.
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To extract dominant shape factors for shock absorption,

a model of core cell with the lengths L1, L2, L3, L4 and the

thickness t is shown in Fig. 1. In the present study, the thick-

ness t is held constant and only lengths are varied. Each test

specimen to be analyzed is composed of 5 core cells. The

external impact to the specimen is given in the form of con-

tact conditions acting locally on the specimen [2].

The numerical modeling and simulation are performed

using commercial crash analysis software PAM CRASH [9].

The contact is given by a moving slab at constant velocity

exerting compressive load on the specimen. For each spec-

imen, the amount of shock absorption due to plastic defor-

mation is computed as the compression progresses, and the

total energy absorbed by honeycomb specimen is noted.

2. Honeycomb Shape

2.1 Core cell geometry 

The shape factors that determine the geometry of the

honeycomb core cell are selected. The lengths of the core

cell are given by four independent length variables L1, L2,

L3 (L3 is constrained to be less than the sum of L1 and L2,

though), L4, and one thickness variable t, as shown in Fig. 1.

The seven test specimen with the corresponding length

and thickness variable values for the core cell are listed in

Table 1. Since honeycomb is fabricated by adhesion of

thin sheets, different sides of the core cell may have differ-

ent thicknesses, and the presence of glue at the bonding

surfaces of sheets further increases the strength of the

those surfaces. For the present purpose, the concept of

equivalent thickness is adopted with the value set at 0.051

mm [2]. To preserve the mass so that all seven test speci-

men core cell will have the identical mass of 1.9431 kg,

the length variables have been appropriately adjusted, and

it should be noted that angles θ and Φ for each specimen

core cell are dependent on the choice of length variables.

The seven core cell geometries can be categorized into

either Case 1 or Case 2. All four core cells in Case 1

have been constructed by fixing L1 and L2 and varying

L3 so as to produce different values of angle θ. All three

core cells that belong to Case 2 have been generated by

fixing L3 and varying L1 and L2, while L4 is varied so as

to preserve the mass of 1.9431 kg. Since the length vari-

ables L1, L3 and L4 determines the values of angles θ and

Φ, the varying the length variable is synonymous with

varying θ and Φ. The test specimen with the core cells

belonging to Case 1 provide convenient test cases for

investigating the effect of changing angles, while those

specimen belonging to Case 2 proved to be more conve-

nient for investigating the effect of lengths that consti-

tute the core cell. 

2.2 Test specimen construction

Test specimen have been constructed in accordance with

the core cell geometry specifications given in Table 1. The

seven test specimen cases M1 through M7 - where each

test specimen is composed of five core cells - are shown in

Fig. 2. Of the seven test specimen cases, M3 represents the

regular hexagonal structure that serves as the standard

shape and is perhaps most widely used in practice. 

The material used for honeycomb specimen is cold

rolled steel sheet (SPCC) with material properties listed in

Table 2. To produce SPPC, which is widely used in auto-

mobiles, heat rolled steel sheet is acid cleaned using HC1

to remove rust and is then subject to further rolling and

annealing at room temperature. Since honeycomb struc-

tures absorb energy via plastic deformation, using appro-

priate material properties as inputs can be critically

important for obtaining accurate results in the finite ele-

ment numerical simulations [2]. The constitutive relation-

Fig. 1 Shape of honeycomb cell

Table 1. Dimensions of Honeycomb Specimen

Case 1

L1 L2 L3 θ Φ L4 t Mass

M1 6.35 6.35 8.00 78.09 140.96 6.35 0.051 1.9431

M2 6.35 6.35 9.50 96.84 131.58 6.35 0.051 1.9431

M3 6.35 6.35 11.00 120.00 120.00 6.35 0.051 1.9431

M4 6.35 6.35 12.50 159.64 100.18 6.35 0.051 1.9431

Case 2

L1 L2 L3 θ Φ L4 t Mass

M5 5.7 5.7 11.00 149.55 105.22 7.65 0.051 1.9431

M6 7.35 7.35 11.00 96.89 131.56 4.35 0.051 1.9431

M7 8.35 8.35 11.00 82.40 138.80 2.35 0.051 1.9431
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ship of honeycomb structure during plastic deformation

can be described by “Krup-Kowsky Hardening Law”

given in equation 1 [10]:

(1)

where ε is the effective plastic strain, εo is the offset yield

strain, n is the strain hardening exponent, and K is the

hardening coefficient.

Each specimen is constructed using shell elements, with

the mesh size of 0.5 mm at the middle section. For those
σ K ε ε0+( )

n

=

Fig. 2 Test specimen cases
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elements near edges and corners, the mesh size becomes

progressively finer with the smallest mesh size given at

0.1 mm [9]. Fig. 3 shows a typical finite element model of

the test specimen.

The initial height of the finite element model is 50 mm,

and a typical finite element model with a moving slab that

acts as moving boundary on the honeycomb structure is

shown in Fig. 4. As shown in the figure, the slab moves

down at a constant velocity, with the initial compressive

work, i. e., with the initial input energy given at 16 Nm.

The finite element model developed here allows overlap-

ping of elements during compression by inputting self-con-

tact condition. 

3. Numerical Results

3.1 Deformation of honeycomb model

As an indicator of shock absorbing capacity of each hon-

eycomb specimen, the internal structural energy for each

specimen is plotted as compression progresses, shown in

Fig. 5. The internal structural energy represents a portion

of the input energy due to moving slab that is absorbed or

stored by the honeycomb structure. Large internal struc-

tural energy implies there are correspondingly smaller por-

tion of the input energy left over to damage whatever

object the honeycomb is trying to protect.

Fig. 5 shows that M3 whose core cells are regular hexa-

gons absorbs the most energy. Of all specimens, M1 is

found to absorb the least energy, while M5 fractured dur-

ing compression. For closer observation of differences

amongst specimens, the internal structural energy is plot-

ted during 5 ms ~ 7.5 ms interval. 

As shown in the figure, M2 shows greater energy

absorption than M1, while M3 shows still greater energy

absorption than M2. The energy absorbed diminishes for

M4, however. The energy absorbed by the honeycomb

increases with θ but only up to a point. The energy

Table 2. SPCC material properties

Material property

Young’s Modulus [MPa] 206,000

Yield stress [MPa] 170

Poisson’s ratio 0.3

Density [ton/mm3] 7.85E-9

Hardening Coefficient 0.6

Fig. 3 Finite element modeling

Fig. 4 Honeycomb model

Fig. 5 Internal structural energy of honeycomb

Fig. 6 Internal structural energy of honeycomb
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absorbed increases up to θ = 120o and then diminishes as

θ exceeds 120o. 

M1 and M7 have core cells with similar values of è at

78.09o and 82.40o, respectively, but show approximately

10% difference in shock absorbing capacity. The discrep-

ancy is thought to be due to the influence of L4. As L4

diminishes, the shape of the core cell becomes progres-

sively more rectangle-like, which apparently enhances the

shock absorbing capacity. Compared with the other six

specimen cases shown in Fig. 6, the rate at which the

internal structural energy is accumulated is found to be dif-

ferent for M7, and although more investigation is needed,

this difference could be due to rectangle-like shape of L4. 

Table 3 lists the area enclosed by the core cell for all

honeycomb specimen cases. M3 with the best shock

absorbing capacity has the area of 139.67 mm2.. On the

other hand, M4 and M7 show similar shock absorbing

capacity but the enclosed area is smallest for M4 and larg-

est for M7. Therefore, it can be concluded that the

enclosed area is found not to be a critical factor in deter-

mining the shock absorption capacity. 

3.2 Contact force

Fig. 7 shows the deformation of M3 at various stages of

compression. The plastic deformation initially occurs at

the top and then spreads to the bottom and finally to the

middle section of honeycomb. The contact force gener-

ated at the boundary between the slab and the honeycomb

is shown in Fig. 8. While there are some fluctuations, the

contact force tends to increase as compression proceeds. 

The contact force histories generated for honeycomb

specimen cases are shown in Fig. 8. M1 and M7 have sim-

ilar θ but their contact force histories are quite different.

Likewise, M4 and M5 have similar θ but their contact

force histories are different as well. It appears that the con-

tact forces tend to be small for test specimen that are close

to being rectangular in shape. The contact force for M3

with the highest level of energy absorption is small as

well. It appears that there is no discernable correlation

between the energy absorption and the contact force gener-

ated at the boundary. Further investigation may shed more

light on the correlation, though.

4. Conclusion

In the present study, relationship between shape of the

honeycomb core cell and shock absorbing capacity has

been investigated. Finite element models of seven test

specimen cases each composed of five core cells of identi-

cal mass have been devised. By performing numerical

Table 3. Area Enclosed by Core Cell

Model Surface (mm2) Total length (mm)

M1 129.70 38.1

M2 140.39 38.1

M3 139.67 38.1

M4 107.43 38.1

M5 117.07 38.1

M6 155.11 38.1

M7 164.06 38.1

Fig. 7 Deformation of M3

Fig. 8 Contact force history
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simulation using commercial car crash software PAM-

CRASH, internal structural energy and contact force for

each test specimen have been obtained. 

The specimen with regular hexagonal core cell shape is

found to show the best shock absorbing capacity, and

specimen with rectangle-like core cell are found to pro-

vide good shock absorbing characteristics as well. The

angles between the sides of the hexagon are also shown to

influence the shock absorbing capacity. 
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