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ABSTRACT

A method for designing flexible composite honeycomb structure is proposed in this paper for low
bending flexibility, damage and fracture generated by forced shaping and poor structural accuracy
caused by springback in the manufacturing process of complex curved sandwich shell. This method
reduces the in-plane elastic modulus and improves the bending flexibility of composite honeycomb by
replacing straight cell wall with curved cell wall. It makes the optimum bending flexibility of
composite honeycomb reach the same degree as aluminum honeycomb, which can meet the
engineering requirements. In addition, the in-plane mechanical properties can be effectively controlled
by designing the critical geometric parameters of the honeycomb, so as to control the characteristic
bending surfaces and satisfy the requirements of engineering surface, including two-dimensional
surface, elliptic parabolic surface and rotating parabolic surface. Finally, it is applied to design and
fabricate all-composite antenna reflector. The simulation results show that the residual stress during
the manufacturing process, avoid the shape springback, and improve the profile accuracy of the
antenna reflector over a wide range of temperatures can be effectively reduced by using curved-wall
composite honeycomb.

1 INTRODUCTION

Honeycomb as one of the well-organized topological cellular material has many applications in
spacecraft, airplane, high-speed train, architecture and so on. Many engineering constructions with
curved surfaces, such as satellite antenna reflector, wing leading edge or geodesic radome, also require
honeycomb as the core of their sandwich structure, but there is a lack of honeycomb configurations
suitable for special curved structure[1,2]. Most honeycombs are forced to bend into a particular surface,
which lead to collapse band caused by conflicting bending surface and wrinkled honeycomb walls[3-6].
It reduces the load-bearing capacity of honeycomb and increases the difficulty of manufacturing high-
precision curved structures due to spring-back error, especially for CFRP honeycombs, which is
essential to antenna reflector. So it is of great importance to design a kind of honeycomb with
tailorable mechanical property and controllable bending surface, which have attracted attentions of
many researchers[7].

The production cost will be greatly reduced by bending honeycomb into the desired engineering
surface directly. For traditional hexagonal honeycomb, however, it is found that serious damage is
caused by local buckling of the honeycomb wall in the forming process of curved sandwich structure.
Zhao et al.[8] found the inconsistent bending deformation of honeycomb with the objective molding
surface would cause additional buckled cell walls and collapse bands, which will further reduce the
load-carrying ability of the whole structure. Thus, well-designed honeycomb configurations attenuate
in-plane elastic modulus in a designed way. Not only bending flexibility can be increased, but also the
bending surface can be controlled by tailoring mechanical characteristics of honeycomb. The design
philosophy of wearable electronics can be referred to improve bending flexibility. The curved or
torsional structural unit could be employed to construct flexible soft materials[9-11]. The existing
researches on curved-wall honeycomb focus on the stability of walls against elastic buckling and
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ignore the significance of bending flexibility. Besides, there is almost no theoretical model and
characterization methods for designing, analyzing and evaluating bending surface of honeycomb, of
which is useful for engineering production.

In order to overcome the limitations in practical applications of CFRP honeycomb, this paper
introduces a novel flexible CFRP honeycomb with tailorable mechanical characteristics and
controllable bending surface.

2 FLEXIBLE DESIGN

The flexibility of CFRP honeycomb is limited by in-plane elastic modulus. Flexible design based on
curved wall is proposed to induce the deformation of cell walls, reduce the in-plane elastic modulus
and improve structural ductility, thereby ultimately achieving the flexible CFRP honeycomb. Euler–
Bernoulli beam theory is employed to deduce the in-plane mechanical properties of two-dimensional
honeycomb configuration. Curved wall is the structural unit of honeycomb. In the analytical derivation,
the curved wall is regarded as curved beam. As shown in Fig. 1(a), curved-wall honeycomb can be
divided into two kinds of curved beams, and the applied loads can also be divided into horizontal and
vertical unit forces. The bending moment functions of curved beams are derived and shown as:
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According to force method of structural mechanics, the displacement of curved beams is obtained
by integral operation. The vertical displacement of tail end of curved beam can be deduced by
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The schematic illustration curved-wall honeycomb is shown in Fig. 1(b). The stiffness ratio of
curved to straight wall  is expressed as
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Fig.1 Flexible design: (a) curved wall units (b) Schematic illustration of curved-wall honeycomb (c)
Theoretical curve of stiffness ratio varying with curvature of curved wall (d) bending deformation of

flexible composite honeycomb
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Fig. 1(c) shows the theoretical curve of stiffness ratio changing with curved-wall curvature. It can
be found that flexible design can effectively reduce in-plane stiffness. When the curvature of the
curved wall reaches the maximum, where the curved wall section is ½ arc, the in-plane stiffness of
composite honeycomb is 0.05±0.02MPa, which is similar to that of aluminum honeycomb. Thus, the
flexural flexibility of composite honeycomb can be equivalent to that of commercial aluminum
honeycomb, as shown in Fig. 1(d).

3 DEFORMATION CHARACTERISTICS OF HONEYCOMB BENDING SURFACE

The bending surface and deformation characteristic of curved-wall honeycomb is investigated in
this Section. The deformation equation of honeycomb under out-of-plane bending load in any
direction is derived to study the bending surface. A new kind of testing device based on DIC method is
invented and established to measure the bending surface of CFRP honeycomb specimens under out-of-
plane bending load in W and L principle direction. Finally, bending displacement contours measured
by experiments are contrast with contour lines calculated by analytical model to determine the
deformation characteristic of honeycomb.

3.1 Analytical model for bending deformation

The honeycomb, which is regarded as an orthotropic thin plate in analytical model, follow
Kirchhoff-Love hypothesis. (i) The normal strain perpendicular to the middle plane is negligible 0z  ;
(ii) , ,zx zy z   is negligible; is non-negligible due to force balance; (iii) Points in the middle plane of the
thin plate has no displacement parallel to the middle plane, so that

0 0 0( ) 0, ( ) 0, ( ) 0x z y z xy z       .
The mathematical expression can be given by:
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The matrix is assumed as        1 1 TD T S T   , Hence, the force and bending moment of unit
element are deduced and given by
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The Z-direction displacement function  ,w x y is assumed as polynomial function, and shown as
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According to geometric symmetry and constraint conditions, the Z-direction displacement function
 ,w x y is simplified as
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After that, the coefficients can be acquired by
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When the bending direction is parallel to the principle direction of orthotropic thin plate, the
bending surface is regarded as characteristic surfaces. It means that the angle  between the 1
principle direction of honeycomb and the X-axis of the coordinate system is zero. Hence, the
characteristic surface is simplified as
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where 3
1

1 12
E hI  is flexural stiffness per unit width in 1 principle direction.

It is found the shape of characteristic surface is only related to the Poisson’s ratio of bending
direction. The deformation amplitude is controlled by applied bending load and the flexural stiffness
of loading direction.

3.2 Out-of-plane bending deformation test

Poisson's ratio can be controlled by designing the honeycomb geometries so as to change the
deformation characteristics of bending surface. An experimental platform for out-of-plane bending
deformation was designed in this paper, as shown in Fig. 2(a). The symmetrical moment load at both
ends was applied by means of mechanical transmission, the bending degree was controlled by gear
scale, spray speculations were carried out by covering latex film, and honeycomb bending deformation
surfaces were measured by digital photogrammetry. Fig. 2(b) shows the composite honeycomb
specimens for bending test. Fig. 2(c) shows the quantified cloud maps of bending deformation.

Fig.2 Out-of-plane bending deformation:
(a) experimental system (b) bending surface (c) deformation cloud maps

In this paper, the finite element model of honeycomb structure under out-of-plane bending load is
established by using shell element. Fig. 3 shows the deformation surface of hexagonal honeycomb
structure obtained by theoretical surface, simulation model and experimental test. The experimental
deformation surface verifies theoretical prediction and simulation model. When Poisson's ratio is
positive, zero and negative, the corresponding mathematical forms of characteristic curved surfaces
are hyperbolic paraboloid, two-dimensional surface and elliptic paraboloid, respectively. The design of
Poisson's ratio can control the surface form of honeycomb to meet different engineering requirements.
Therefore, the curved surface can be controlled by improving the honeycomb configuration, so as to
reduce the residual stress in the honeycomb.
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Fig.3 Comparison of bending surface of curved-wall honeycomb
(a) theoretical prediction, (b) simulation, (c) experimental test

4 SIMULATION ANALYSIS OF ALL-COMPOSITE ANTENNA REFLECTOR

The reflector of satellite antenna is a high-precision sandwich structure with special curved
surface. Fig 4(a) shows the reflection surface of RICH1 detector[12], whose surface is a two-
dimensional paraboloid. A finite element model was established to simulate the bending behavior of
honeycomb during manufacturing process. The uniform gradient displacement was applied to the
planar honeycomb, as shown in Fig 4(b). The simulation results show that the maximum residual
stress of hexagonal aluminum honeycomb is 46.7 MPa and the mean stress is 26.6 MPa. The
maximum residual stress of composite curved-wall honeycomb is only 10.0 MPa, and the mean stress
is 4.1 MPa. The maximum residual stress of composite curved-wall honeycomb is only 21.4% of that
of aluminum honeycomb, and the mean stress is only 15.4%. It proves that the composite curved-wall
honeycomb will not break after bending. In addition, the lower residual stress ensures the high profile
accuracy of the sandwich structure.

Fig.4 Simulation results of all-composite antenna reflector
(a) RICH1 antenna reflector[12], (b) residual stress after molding honeycomb, (c) comparison of

antenna thermal deformation at different temperatures
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Fig 4(c) shows the cloud image of thermal deformation occurred in sandwich antennas with
different honeycomb cores under different temperature conditions. In order to quantitatively compare
the profile accuracy of reflectors with different honeycomb, the root mean square (RMS) of all nodes
of the thermal deformed reflector are extracted in this section to calculate the profile accuracy of the
satellite antenna reflector. The expression is as follows:
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The RMS accuracy of the reflector surface obtained by simulation calculation is summarized in
Table 1. It can be found that the RMS value of the antenna reflector which uses the composite curved-
wall honeycomb as the core material is far less than that of the aluminum honeycomb, which is only
one-fifth under constant temperature condition and less than half under gradient temperature variable
condition. It is proved that the carbon fiber reinforced composite curved-wall honeycomb is more
suitable as the core material of antenna reflector.

Table1 Profile accuracy of sandwich antenna

Temperature RMS value (m)
Al. Hon Compos.Hon

Constant temperature
100℃

Constant temperature
-100℃

Gradient temperature
-100℃~100℃

113.9

150.3

29.1

27.3

33.2

12.4

5 CONCLUSIONS

In order to solve the problem that composite honeycomb is not easy to bend and shape, a flexible
design method of curved honeycomb is proposed in this paper. The in-plane stiffness is improved to
the same order as that of aluminum honeycomb. The bending surfaces and deformation characteristics
are regulated by the in-plane mechanical properties. The simulation examples given in this paper show
that the curved-wall composite honeycomb has less residual stress and less thermal deformation in
different temperature conditions than aluminum honeycomb, which is more suitable for manufacturing
high performance spacecraft.
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