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Abstract A novel 0-Poisson’s ratio cosine honeycomb support structure of flexible skin is pro-

posed. Mechanical model of the structure is analyzed with the energy method, finite element method

(FEM) and experiments have been performed to validate the theoretical model. The in-plane char-

acteristics of the cosine honeycomb are compared with accordion honeycomb through analytical

models and experiments. Finally, the application of the cosine honeycomb on a variable camber

wing is studied. Studies show that mechanical model agrees well with results of FEM and experi-

ments. The transverse non-dimensional elastic modulus of the cosine honeycomb increases

(decreases) when the wavelength or the wall width increases (decreases), or when the amplitude

decreases (increases). Compared with accordion honeycomb, the transverse non-dimensional elastic

modulus of the cosine honeycomb is smaller, which means the driving force is smaller and the power

consumption is less during deformation. In addition, the cosine honeycomb can satisfy the deform-

ing requirements of the variable camber wing.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.

Open access under CC BY-NC-ND license.
1. Introduction

Morphing aircraft is drawing considerable attention all over
the world for its capability of self-adaption during various
flight conditions.1,2 The researches on morphing aircraft
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mainly concentrate on morphing wing for it allows a single air-

craft to perform multiple missions effectively and efficiently.3–7

As described by Thill et al.,8 a morphing skin can be envisaged
as an aerodynamic fairing to cover an underlying morphing

structure and transfer aerodynamic loads of the morphing
wing, so flexible skin becomes one of the key technologies of
morphing aircraft.9 Thill et al.8 pointed out three main areas
of research in the review of morphing skin technology: compli-

ant structures, shape memory polymers (SMP), and elasto-
meric skins. Hetrick et al.10 proposed compliant structures
based on a tailored internal structure and a traditional skin

material to allow small amount of trailing edge camber change.
These resin-matrix-composite skins are unsuitable because
they are not lightweight and unable to achieve large strains
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Fig. 1 Structure of cosine honeycomb.

Fig. 2 Single cosine beam.

936 W. Liu et al.
when needed. Perkins et al.11 and Bye and McClure12 studied
the flexible skin based on the material of SMP. SMP skin can
get large deformation when heated and cooling and can return

to its initial state by re-heating and re-cooling. However, the
skin is also not light and manufacturing of the skin is compli-
cated; and besides, it is difficult to implement heating of the

SMP to reach transition temperature in the wind tunnel test
and it is a high-risk option. Flanagan et al.13 have been suc-
cessfully implemented the elastomeric skin on the MFX-1

UAV. The elastomer skin is reinforced by ribbons stretched
taught immediately underneath the skin, which proved suitable
for wind tunnel testing. However, suitable improvements over
the skin, such as a better developed substructure, can be more

efficient for morphing. Yokozeki et al.14 proposed a corru-
gated flexible skin structure. Refs.15–17 further studied the
equivalent models of several corrugated panels. The structure

forms of out-of-plane corrugations and was manufactured
from carbon fiber plain woven fabrics. Low transverse non-
dimensional elastic modulus (the ratio of transverse equivalent

stiffness modulus to the elastic modulus of raw material, Ex/E)
can be obtained by choosing appropriate parameters of the
structure. However, the thickness in the normal direction of

the structure has to be large enough so as to get a low trans-
verse non-dimensional elastic modulus and thus the structure
is not light enough for application. Moreover, the fabrication
of the structure is complicated. Olympio and Gandhi18,19 stud-

ied 0-Poisson’s ratio honeycombed structures, the hybrid and
accordion honeycomb. The two honeycombs, whose trans-
verse non-dimensional elastic moduli have nothing to do with

the thicknesses in the normal direction, are lighter than struc-
tures mentioned above. There into accordion honeycomb is
lighter than hybrid honeycomb. In addition, these two flexible

honeycombs can be easily manufactured by water jet cutting.
Gandhi and Anusonti-Inthra20 brought into focus some design
considerations for flexible skins. It is significant that the skins

must have low in-plane stiffness to minimize actuation energy.
Traditional flexible honeycombs such as hybrid and accordion
honeycomb mentioned above can be further improved to raise
the efficiency of the deformation. So structure with lower

transverse non-dimensional elastic modulus should be devel-
oped to constitute a more efficiency flexible skin.

Taking the advantages of the corrugated structure and the

honeycombs mentioned above, a new kind of in-plane corru-
gated cellular structure, cosine honeycomb is proposed to sat-
isfy the requirements of the flexible skin. Similar to accordion

honeycomb, the in-plane corrugated honeycomb is lighter and
has better manufacturability than other traditional flexible
structures. Most significant of all, it has a lower transverse
non-dimensional elastic modulus than the existing flexible hon-

eycombs and is more conducive to morphing. First, mechani-
cal properties are studied and verified by finite element
method (FEM) and experiments. Then comparison analyses

and verification experiments on cosine and accordion honey-
combs have been done to see the differences of the transverse
non-dimensional elastic moduli and the energies required by

morphing between the two structures. Finally the application
of the cosine honeycomb on the flexible skin is discussed.

2. Mechanical properties

The cosine honeycomb mentioned above consists of two sup-
ports (one is on the left side of the whole structure and the
other is on the right), cosine beams and longitudinal beams,
as shown in Fig. 1 (in which F is the tension load, and U the
displacement load). The structure is designed for flexible skin

and should change its shape when needed. Here the in-plane
characteristics of the structure are studied through mechanics
method, FEM and experiments.

2.1. Transverse properties

This type of cosine honeycomb is basically to deform in one

dimension, so tension-compression characteristics of the hon-
eycomb structure are the main objectives to study. Hence the
left support of the structure is clamped; the other support is

loaded with pulling or pushing pressure or displacement load,
as shown in Fig. 1. Then the transverse non-dimensional elas-
tic modulus of the structure could be measured by the corre-
sponding deformation or counter-force.

The deformation of the longitudinal beams is far smaller
than the cosine beams and the longitudinal beams have little
influence on the transverse non-dimensional elastic modulus

of the structure in the load case when the structure is loaded
in the transverse direction. The basic cosine cell is picked out
to study. Suppose the amplitude of the cosine beam is h,

half-wavelength is l, width is t, and normal thickness is b, as
shown in Fig. 2.



(a) Half-wavelength

(b) 0-x segment of half-wavelength

Fig. 3 Force analysis.
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The construction of the cosine honeycomb and the load
case are symmetrical, so half-wavelength structure is taken to

do the force analysis, as shown in Fig. 3(a). The tension and
moment on the left side are assumed to be Fx and M1. The ten-
sion on the right side is also Fx due to equilibrium condition.

The moment on the right side is assumed to be M2.
The equation of the half-wavelength structure is

y ¼ h 1� cos
p
l
x

� �
x ¼ ½0; l� ð1Þ

Take 0–x segment of the half-wavelength structure for

study, as shown in Fig. 3(b). As mentioned above, the force
and moment on the left side are still Fx and M1; the force on
the right side is Fx; the moment on the right side is different

here, and is assumed to beM(x). Due to equilibrium condition,
it can be obtained that

MðxÞ ¼ Fxh 1� cos
p
l
x

� �
�M1 ð2Þ

Angle of rotation of the right end face is

hðxÞ ¼
Z x

0

MðxÞ
EI

dxþ C ð3Þ

where E is the elastic modulus of raw material, I the moment

of inertia, and C a constant.
Boundary conditions of angle of rotation are

hð0Þ ¼ 0

hðlÞ ¼ 0

�
ð4Þ
From Eqs. (1)–(4) it can be figured out that

MðxÞ ¼ �Fxh cos
p
l
x ð5Þ

Taking the shaft force into consideration, the shaft force at
x is the component of the tension Fx

PðxÞ ¼ Fx cos uðxÞ ð6Þ

where cosuðxÞ ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðdy=dxÞ2

q
:.

The shear force has little impact on the transverse non-
dimensional elastic modulus and so it is neglected. Based on

virtual force principle, it can be described that

dx ¼
Z

MFMF1

EI
dsþ

Z
PFPF1

Ef
ds ð7Þ

where dx is the horizontal displacement of the right end of the

half-wavelength structure, f the cross sectional area, MF and
MF1 are the internal bending moments under the actual
load and unit load conditions, PF and PF1 the internal tensile

forces under the actual load and unit load conditions,

ds ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðdy=dxÞ2

q
dx.

From the basic definitions of mechanics, that is

rx ¼
Fx

ð2hþ tÞb ð8Þ

ex ¼
dx

l
ð9Þ

the transverse non-dimensional elastic modulus is

Ex

E
¼ p3t3

2ð2hþ tÞ 4l2 þ 4p2h2 þ p2t2
� �

Aþ 4p2h2 � 4l2
� �

B
� 	�1 ð10Þ

where A ¼ EK p
ffiffiffiffiffiffiffiffi
�h2

p
=l

� �
; B ¼ EE p

ffiffiffiffiffiffiffiffi
�h2

p
=l

� �
, EK(Æ) is the

first kind of completely elliptic integral function, and EE(Æ)
the second one.

In addition, it can be easily predicted by theoretical analysis
that the deformation along y direction of the longitudinal
beams is almost zero when the whole structure is loaded in x

direction, so the transverse Poisson’s ratio vxy � 0.

2.2. Longitudinal properties

The longitudinal beams bear the load while the cosine beams
do not, when it is applied to the structure in longitudinal direc-

tion. Suppose the width of the longitudinal beams is tw, and
the force applied to them in longitudinal direction is Fy, as
shown in Fig. 4. The equivalent stress is

ry ¼
Fy

2ðtw þ lÞb ð11Þ

The equivalent strain is

ey ¼
Fy

2Ebtw
ð12Þ

The longitudinal non-dimensional elastic modulus is

Ey

E
¼ ry

eyE
¼ tw

tw þ l
ð13Þ

Analogous to transverse load case, the deformation along
transverse direction of the cosine beams is almost zero when
the whole structure is loaded in y direction, so the longitudinal

Poisson’s ratio vyx � 0.



Fig. 4 Load in longitudinal direction.

Fig. 6 Sample of cosine honeycomb.
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2.3. FEM verification

The longitudinal properties are concise and explicit, so the
transverse non-dimensional elastic modulus is to be verified

primarily. Half-wavelength structure is to be studied as above.
Half-wavelength l, amplitude h, width t were set as parameters
and parametric model was set up by ANSYS parametric de-

sign language (APDL), as shown in Fig. 5.
The left side is clamped while the right side is applied with a

displacement load Ux, then the counter-force can be obtained

and the transverse non-dimensional elastic modulus can be cal-
culated. The model is meshed with solid45 elements. The elas-
tic modulus is set to be 1.7 GPa, considering the material
adopted in the experiments. The Poisson’s ratio is set to be

0.3. Changing the values of l, h and t, the transverse non-
dimensional elastic moduli can be calculated.

2.4. Experimental verification

Cosine honeycombs with different parameters are manufac-
tured from polyoxymethylene (POM) by milling machine.

POM, which has favorable physical, mechanical and chemical
characteristics, is a kind of resin. Its elastic modulus is 1.7 GPa
and Poisson’s ratio is 0.3. The width of the two supports on
either hand is designed to be large to reduce the local effect

when the structure is loaded on the boundaries. One of the
samples is shown in Fig. 6.
Fig. 5 FEM model.
The samples are tested on the computer controlled elec-
tronic universal test machine. The experimental apparatus is
shown in Fig. 7. Both sides of the sample are fixed to the

clamps by adapting pieces. The displacement between the
two supports and the corresponding tension are collected by
the computer when the tension is applied to the structure.

Then the non-dimensional elastic modulus can be figured out.

2.5. Results analysis of analytical model, FEM and experiments

Figs. 8–10 show the transverse non-dimensional elastic modu-
lus of cosine honeycomb versus half-wavelength, amplitude
and width respectively.

As shown in the Figs. 8–10, the results of analytical model,
FEM and experiments generally consist with each other.
Nonetheless, the experiments results are somehow different
from the analytical model. The differences between the analyt-

ical model and experiments results are mainly caused by man-
ufacture. For the milling cutter is not thin enough, the fillets at
the corners of the structure increase the stiffness of the sam-

ples. From the figures it is clear that the transverse non-dimen-
sional elastic modulus of the cosine honeycomb increases
(decreases) when the half-wavelength or the width increases

(decreases). On the contrary, when the amplitude increases (de-
creases), the modulus decreases (increases). Fig. 8 shows that
Fig. 7 Test of non-dimensional elastic modulus of cosine

honeycomb.



Fig. 9 Ex/E vs h (l = 20 mm, t= 1 mm).

Fig. 10 Ex/E vs t (l = 20 mm, h= 10 mm).

Fig. 11 Ex/E vs l (h= 10 mm, t= 1 mm).

Fig. 8 Ex/E vs l (h= 10 mm, t= 1 mm).

Fig. 12 Ex/E vs h (l = 20 mm, t= 1 mm).
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the transverse non-dimensional elastic modulus grows quickly
when the half-wavelength is small. With the growth of half-

wavelength, the rate of growth of modulus slows down. It
can be seen from the curves in Figs. 9 and 10 that the variation
of modulus is close to exponential manner with the amplitude
and width.
3. Comparison between cosine and accordion honeycombs

As mentioned above, many researchers have proposed kinds of
structures for flexible skin. It is necessary to figure out the

comparative advantage of cosine honeycomb with the existing
structures. Accordion honeycomb is comparatively splendid
structure and is selected to make a comparison.

3.1. Comparison between analytical models

Bubert21 has studied the transverse properties of accordion

honeycomb. The transverse non-dimensional elastic modulus
of accordion honeycomb is given as

Eax

E
¼ lt3

8h3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2 þ 4h2

p ð14Þ

Figs. 11–13 are the moduli of the cosine honeycomb and
accordion honeycomb versus certain parameters. The

transverse non-dimensional elastic modulus of accordion
honeycomb varies with parameters more obviously than
cosine honeycomb. It should be noticed that the transverse

non-dimensional elastic modulus of cosine honeycomb is
always lower than accordion honeycomb with the same
parameters.



Fig. 13 Ex/E vs t (l = 20 mm, h= 10 mm).

Fig. 15 Results of comparison test.
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3.2. Experimental comparison

Samples of the two structures are manufactured with the same

parameters as shown in Table 1.
The material for the samples and test machine are the same

as mentioned in Section 2.4. Fig. 14 shows the comparison

experiment of two different structures. Gandhi and Anus-
onti-Inthra20 indicate that strain capability of about 2% would
be more than adequate for airfoil camber applications. Here a
global strain of 3%, that is 4.8 mm (total transverse length of

cosine beams is 160 mm), is to be achieved by stretching.
As shown in Fig. 15, the accordion honeycomb requires a

tension of 4.62 N and the strain energy is 11.088 · 10�3 J while

the cosine honeycomb needs a tension of 2.56 N and the strain
(a) Cosine honeycomb  (b) Accordion honeycomb

Fig. 14 Comparison test.

Table 1 Parameters of two samples.

Parameter l (mm) h (mm) t (mm) tw (mm)

Value 20 10 1 1
energy is 6.144 · 10�3 J when achieves the global strain of 3%.
It is clear that the driving force required by transverse deforma-
tion of the latter has a reduction of about 44.6% compared

with the former, and so is the driving power. When it is applied
to the flexible skin, it can reduce the burden of deformation
actuators.

4. Application of cosine honeycomb

Spillman22 pointed out that the use of variable gapless wing

camber can reduce drag, mass and costs for a transport air-
craft. Bartley-Cho et al.23 developed a kind of adaptive trailing
edge for smart wing. Yin24 studied the stiffness requirement of
flexible skin for variable trailing-edge camber wing. A kind of

variable camber wing is developed based on the previous re-
searches. The chordwise length of deformation section of the
skin is 63.819 mm. A deformation of 2.43 mm could be suffi-

cient due to calculation when the trailing edge has a downward
deflection of 10�. So the transverse strain of the skin structure
is 3.8%. Considering the assembly of the elastic structure, the

whole transverse length is finally set to be 80 mm. The defor-
mation part is 63 mm, so the width of each support is
8.5 mm, as shown in Fig. 16.

Considering the physical dimension of the structure, the

wavelength, amplitude of the cosine beams and the width of
longitudinal beams are determined first to make the transverse
elastic modulus of structure as small as possible. Then, the
Fig. 16 Skin structure used for variable camber wing.



Table 2 Parameters of the structure.

Parameter l (mm) h (mm) t (mm) tw (mm)

Value 7.5 8 1.2 1
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width of the cosine beams is chosen and verified by FEM to
make sure that the structure can achieve the global strain of

3.8%. The main parameters are set as Table 2. POM is used
to manufacture this structure. The results of the FEM and
experiment indicate that the transverse stiffness of the cosine

honeycomb is only 0.187 MPa, and is just 1.1 · 10�4 of the
raw material’s stiffness. A distributed force of 27.6 N/m is re-
quired to apply to the right edge of the structure to obtain the

strain of 3.8%.
FEM result shows that the cosine honeycomb with the

parameters shown in Table 2 obtains a maximum local strain
of 0.28% while undergoing 3.8% compression globally, a

13.5:1 ratio. For material elastic limit strains of the order of
1%–2% (typical of common polymer engineering materials
such as POM as mentioned by Tweedie and van Vliet25), the

allowed maximum global strains of the structure would be
Note: 1—Driving governor; 2—Ultrasonic motor;

3—Cosine type inner support of skin; 4—Trailing edge. 

Fig. 17 Inner structures of variable camber wing.

(a) Downward deflection (b) Undeformed (c) Upward deflection 

Fig. 18 Undeformed and deformed variable camber wing.
13.5%–27%. The required strain of 3.8% is below the allowed
maximum global strain and therefore allows analysis based
upon the assumption that the material is linearly elastic. So

the structure will fully recover and return to its original shape
when unloaded.

The inner structures including cosine honeycomb of the

variable camber wing are shown in Fig. 17. The structures
are assembled at the 60%–80% section of the chord length
and covered with sheets of silicone elastomer, forming the

upper and lower surfaces of the morphing part of wing. The
skin is glued to the honeycomb with a pre-tension to avoid
wrinkling when the structure is under compression. Experi-
ments show that the cosine honeycomb can be neatly driven

by the actuators and meet the deformation requirements.
The model of variable camber wing has the ability to change
the camber upwards and downwards, as shown in Fig. 18.

5. Conclusions

A kind of in-plane corrugated cosine honeycomb structure for

flexible skin is proposed. In-plane mechanical properties of co-
sine honeycomb are studied. Transverse non-dimensional elas-
tic modulus is obtained by virtual force principle, a kind of

energy method and is verified through FEM and experiments.
Comparison analyses show that cosine honeycomb is softer in
transverse direction than the existing structures for flexible

skin. Besides, it is lightweight and has good manufacturability,
so it is more suitable for morphing. The application of cosine
honeycomb on variable camber wing is studied. It works well
for the wing. Actually, this kind of structure is designed for

one-dimensional morphing wing. So besides variable camber
wing, it is also suitable for the telescope wing.
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