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Abstract

Corrugated panels have gained considerable popularity in a range of engineering 

applications, particularly in morphing skin applications due to their remarkable 

anisotropic characteristics. They are stiff to withstand the aerodynamic loads and 

flexible to enable the morphing deformations. In this thesis a detailed review of the 

literature on corrugated structures is presented. The specific characteristics of 

corrugated structures such as: high anisotropic behaviour, high stiffness and good 

durability, lightness and cost effectiveness are discussed comprehensively. However 

for the application in morphing aircraft, the optimal design of the corrugated panels 

requires simple models of these structures to be incorporated into multi-disciplinary 

system models. Therefore equivalent structural models are required that retain the 

dependence on the geometric parameters and material properties of the corrugated 

panels. In this regard, two analytical solutions based on homogenization and super 

element techniques are presented to calculate the equivalent mechanical properties of 

the corrugated skin. Different experimental and numerical models are investigated to 

verify the accuracy and efficiency of the presented equivalent models. The 

parametric studies of different corrugation shapes demonstrate the suitability of the 

proposed super element for application in further detailed design investigations. 

Then the design and multi-objective optimization of an elastomer coated composite 

corrugated skin for the camber morphing aerofoil is presented. The geometric 

parameters of the corrugated skin are optimized to minimize the in-plane stiffness 

and the weight of the skin and to maximize the flexural out-of-plane stiffness of the 

corrugated skin. A finite element code for thin beam elements is used with the 

aggregate Newton’s method to optimize the geometric parameters of the coated 

corrugated panel. The advantages of the corrugated skin over the elastomer skin for 

the camber morphing structure are discussed. Moreover, a finite element simulation 

of the camber morphing internal structure with the corrugated skin is performed 

under typical aerodynamic and structural loadings to check the design approach.
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Chapter 1:
A Review on Corrugated Structures for 
the Application in Morphing Aircraft

1-1 Introduction

Improving the performance of an aircraft is important for a variety of reasons, such 

as: reducing the energy consumption, decreasing the toxic emissions and noise 

pollution or increasing the maneuverability of the aircraft. The only way of 

achieving these objectives is through better engines, more aerodynamically efficient 

wings, and lighter structures. However, the problem with the design of current 

aircraft wing is that they cannot be optimized for every single point of the flight 

envelope, for example take off, cruise and landing. In other words the wings of an 

aircraft are a compromise that limits the flight to a range of conditions where the 

performance of the aircraft at each condition is sub-optimal. Hence, a new generation 

of aircraft, known as morphing aircraft, are needed for further improvement of the 

aircraft performance without unacceptable penalties in terms of cost, complexity and 

weight.
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Morphing aircraft have the ability to adapt their shape in flight so as to be always 

in the optimal configuration. However the requirements for morphing aircraft are 

conflicting. For instance, the skin is one of the main critical components of the 

morphing wing which must be stiff to withstand the aerodynamic loads, but also 

flexible to enable the shape changes. Among all possible structures for morphing 

skins such as segmented structures, reinforced elastomers or flexible matrix 

composite tubes embedded in a low modulus membrane, corrugated skins has 

attracted more attention in the literature. This is because the corrugated skins have 

exceedingly anisotropic behaviour; they are stiff along the corrugation direction, but 

flexible in the transverse direction. In addition, corrugated skins have other 

remarkable characteristics, such as high ratio of strength to density, good energy 

absorption and easy fabrication.

In this chapter a review of the mechanical behaviour of the corrugated structures is 

presented. Several investigations of these structures are studied in terms of different 

fields of structural engineering research, such as: bending, tensile, shear, 

compression and buckling analysis. Homogenization techniques and equivalent 

modelling are considered as well as optimization methods as necessary tools for the 

efficient design of these structures. Finally, the application of corrugated skin for 

morphing aircraft is discussed comprehensively.

1-2 A general description of corrugated structures

The term ‘’corrugated” in general describes a series of parallel ridges and furrows 

(Merricm-Webster.com, 2014). In mechanical engineering any structure which has a 

surface with the shape of corrugation either made by folding, moulding, or any other 

manufacturing methods is called a corrugated structure. Three typical corrugated 

structuies: a corrugated pipe, a corrugated sheet and a corrugated panel are shown in 

Fig. l-l. The main common feature of all corrugated structures is their exceedingly 

anisotropic behaviour; high stiffness transverse to the corrugation direction in 

contrast to the compliance along the corrugation direction (Yokozeki et al., 2006). 

Becaiuss of this important feature, these structures have been widely used in 

industrial applications and academic research.
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(a) Corrugated pipe (b) Corrugated sheet
(www.allplasticpipe.com) (www.yesgeneraltrading.com)

(c) Corrugated panels (http://ammonitum.com) 

Figure 1-1: Three typical corrugated structure

By adding two face sheets (also known as liners) as upper and lower surfaces to 

the corrugated core (also known as medium or fluting) a new geometry would be 

obtained known, as a corrugated panel which is shown in Fig. 1-1(c) (Gilchrist et al., 

1998). By selecting the appropriate shape, dimensions and materials o f the face 

sheets and corrugated core, a variety o f stiffness and strength at low weight o f the 

corrugated panel will be achieved. The structural characteristics o f this corrugated 

structure depend mainly on the lightweight core which separates the face sheets and 

provides the necessary stiffness for the panel. However by considering different 

material stiffness for the face sheets and the core, different mechanical behaviour o f 

the identical geometry would be expected.

If the stiffness o f the material o f face sheets is higher than or equal to the stiffness 

of the material o f the core, the structure would be recognized as a corrugated 

sandwich panel (Carlsson et al., 2001). Such a sandwich panel demonstrates higher 

shear, bending and tensile stiffness to weight ratio than an equivalent panel made of

3



only the core material or the face-sheet material (Mallick et al., 2014). This is 

because the flexural stiffness of the panel is proportional to the cube of its thickness. 

Hence the function of a core in the sandwich panel is to increase the stiffness of the 

panel by effectively thickening it with a low-density core material. This results in the 

increase of the stiffness significantly for very little additional weight of the panel. 

The behaviour of such a sandwich panel under a bending load is similar to an I-beam 

where the facings of the sandwich panel act as the I-beam flanges where the upper 

and lower face sheets are subject to the in-plane compression and tension, and the 

core material acts as the beam's shear web where the core is subject to shear (Patel et 

al., 1997). It can be concluded that one of the most important characteristics of a core 

is to keep the face sheets apart and stabilize them by resisting the out of plane 

deformations which increases the shear strength and stiffness of the panel.

1-3 Applications of corrugated structures

Corrugated structures have wide application in engineering due to their special 

characteristics such as: anisotropic behaviour, high stiffness to weight ratio and high 

capacity of energy absorption. The applications of these structures can be classified 

into the following categories in which more value is given to the especial features of 

these structures. Figure 1-2 shows some applications of these structures.

1-3-1 Packaging industry

Corrugated boards, either made of plastic or cardboard are used extensively to 

produce rigid shipping containers of almost any shape or size. The packaging 

containers are exposed to various load conditions such as: static loads due to the 

compression of packages in a stack during transport and storage and vibration loads 

during transport. The reason that the corrugated sandwich panels have received huge 

interest in the packaging industries is because of their stiffness and durability, 

lightness and cost effectiveness as well as the recyclability and sustainability with 

the environment (Twede and Selke, 2005; Singh et al., 2006).
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1-3-2 Civil structures

The wide application of corrugated structures in civil engineering may be classified 

mainly as: beams with corrugated web, corrugated roofs and walls and corrugated 

pipes.

Beams with corrugated web

The main benefit of applying corrugated web beams in supporting roofs, floors and 

columns in steel structural buildings are that the corrugated webs increase the beam’s 

stability against buckling. Applying these corrugated web beams in the components 

of the building results in a very economical design by reducing the required web 

stiffeners and leads to a significant weight reduction in these beams compared with 

hot-rolled or welded ones (Dubina et al. 2013).

Corrugated sheets in roof and walls

Corrugated sheets are among the best candidates for application in construction 

elements, for roofs, claddings and walls, of modem industrial buildings owing to 

their high strength to weight ratio, much lighter and lower cost than flat isotropic 

panels of the same strength (Ng and Zheng, 1998). Corrugated metal sheets for 

instance are frequently used as the roof of buildings that have steep slopes to dispose 

of rainwater quickly. Their combination of high stiffness and lightweight 

nature lightens the load on the installation and the underlying building structures.

Corrugated tunnel and pipe

Large metal corrugated pipes or arches are frequently used in tunnel structures to 

transport the aggregate and ore across various points on their properties. The need to 

maximize the surface area on such sites necessitates the use of tunnels for 

transporting bulk materials under roadways and processing these materials. The 

application of corrugated pipes and arcs in these tunnels offers advantages in the 

design, installation and operation of these projects such as: reducing the design time 

and related costs; simplicity of constmction which leads in to the reduction of 

installation and maintenance costs (Nol et al., 2009).

Corrugated pipes are often used in sewerage and drainage applications because of 

their light weight, high strength and compliance which lead into long life



performance. The strength of the pipes arises from the corrugated design of the outer 

wall rather than the wall thickness, in contrast to the normal solid wall pipes. The 

advantages of the corrugated pipes in general can be classified as their lightness and 

flexibility. The lightness of these structures reduces the manpower needed for 

installation and the costs of transportation whereas the flexibility reduces the 

damages during storage and handling and ease the natural settlements to be tolerated 

without suffering cracks or leakages (Corma.com, 2011).

1-3-3 Marine structures

The corrugated sandwich panel has offered a wide range of attractive design 

solutions to operational shipboard problems in which structural performance and 

weight are an important design issue. The applications of these structures include 

decks, bulkheads, helidecks and accommodation modules (Knox et al., 1998). 

Another application of the corrugated sandwich panels is in the combatant 

deckhouse structure of a naval ship since these structures show a good resistance to 

the possible blast loads (Liang et al., 2001).

1-3-4 Mechanical engineering structures

Corrugated hoses

Corrugated hoses are another case of important engineering structures which are 

exploiting from corrugation characteristics. Because of the special properties of the 

corrugation structure, these hoses can withstand very high pressure and provide 

maximum leak tightness. Corrugated hoses also exhibit corrosion resistance and 

pressure tightness under the most extreme conditions, such as aggressive seawater, 

extreme temperatures found in space and conveying very hot or cold substances. The 

other advantage of corrugated hoses is their flexibility which makes them a good 

candidate to connect elements where they are subjected to movement, thermal 

expansion and vibrations (Hachemi et al., 2011). Due to these characteristics they are 

frequently used in hydraulic circuits, protection for electrical cables and light 

conductors or exhaust gas installations.
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Corrugated gasket

Surface configuration of the corrugated gaskets enables them to adapt to rough or 

irregular flange surfaces without requiring excessive compressive load. This 

provides an efficient seal under varying conditions of temperature and pressure. The 

substrate corrugation geometry promotes the recovery and resilience through thermal 

cycles and extended service life. Hence they are excellent products for both standard 

flange and heat exchanger gaskets where low bolt load are present or where high 

gasket stresses are available (Brown, 2002).

1-3-5 Aerospace and aeronautics application concepts

Corrugated sandwich panels are used in aerospace engineering because of their 

multifunctional characteristics. These structures offer insulation as well as load- 

bearing capabilities in addition to their lightness. These multifunctional integral 

thermal protection structures protect the spacecraft from extreme reentry 

temperatures, and possess load-carrying capabilities (Bapanapalli et al., 2006; 

Martinez et al., 2007). Moreover, because of their exceedingly anisotropic behaviour 

of these structures they have been proposed as a flexible skin for the wings of 

morphing aircraft. This is due to the fact that wing structures must be stiff so as to 

withstand bending due to aerodynamic forces, and flexible so they can deform 

efficiently in flight due to morphing actuation (Thill et al., 2010a). This application 

is explained exhaustively in section 1-6.
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(a) Packaging 
(http://www.gwp.co.uk/)

(c) Corrugated roof and walls 
(http://www.gulfcoastsupply.com)

(b) Beams with corrugated web 
(https://www.hera.org.nz)

(d) Corrugated tunnel 
(http://www.robgalbraith.com)

(e) Corrugated pipe 
(www.corrugatedsteelpipe.org)

(f) Corrugated hose 
(http://processhose.com/)

(g) Corrugated bulkheads in ships (h) Corrugated gasket
(http://www.nassco.com) (http://www.klinger.co.za/)

Figure 1-2: Some applications o f corrugated structures in engineering 

1-4 Corrugated structures developments and concepts

As discussed so far, corrugated structures have noticeable impacts on the 

engineering applications due to their superior structural characteristics which mainly
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arise from their geometric properties. However the structural performance of these 

structures is being developed further in the literature by introducing more geometric 

parameters or using different material properties. Some of the concepts regarding the 

development of these structures are reviewed in this section.

1-4-1 Innovation based on different material properties

Elastomeric face sheets

There are some specific applications of corrugated panels such as morphing skins 

(Thill et al., 2007) in which a change in material properties of the corrugated 

sandwich panel is considered. The corrugated core is coated with elastomeric face 

sheets. Although the geometry of this corrugated panel is similar to the corrugated 

sandwich panel the function is much different. This is because the stiffness of the 

elastomeric coatings is significantly smaller than the stiffness of the material of the 

corrugated core. The purpose of the elastomeric face sheets in this structure is not to 

increase the stiffness of the panel but to provide a continuous external surface to 

maintain the efficient aerodynamic performance during the flight (Yokozeki et al.,

2006). More details of the mechanical behaviour of the corrugated core with 

elastomeric coating are presented later in this chapter. Figure 1-3 (a) shows a 

corrugated core with elastomeric coating.

Core materials

Another way to increase the design space of the corrugated panel is by using 

composite materials in the corrugated core and consequently providing further 

improvement opportunities through optimizing parameters such as: fibre orientations 

in each layup, curvilinear fibres and textile architecture of the plain woven cloth of 

the fibres. The works of Kazemahvazi et al. (2009 (a, b)) in which they introduced a 

novel composite corrugation concept to prevent the core members from buckling, is 

highlighted. Another example in this perspective is the interesting idea of combining 

multi-stable characteristics with corrugated structural performance (Norman et al.,

2007) in which the multi-stability comes from the interaction between internal 

prestressed laminates and non-linear geometrical changes during deformation. The 

multi stable characteristics enable the structure to undergo large configuration 

changes which can be sustained into the new position with no use of any locking
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mechanism while the corrugation geometry provides the high strength to weight 

ratio. The wide range of parameters in such a structure enables designers to tailor the 

stiffness properties to the required application such as morphing wings. Figure 1- 

3(b) illustrates the twisted bi-stable corrugated core.

1-4-2 Innovation based on geometric parameters

Bi-directional corrugated-strip-core sandwich panel

A new concept in steel bi-directional corrugated-core sandwich structures was 

proposed by (Ray, 1996) to improve the stiffness in the more flexible direction of the 

panel and to modify the transverse shear stiffness of the panel. The geometry of the 

typical core can be obtained by propagating the corrugated strips in both longitudinal 

and transverse directions. Depending on the pattern of propagation a variety of 

different densities and stiffnesses may be obtained. Leekitwattana et al. (2011) 

proposed a derivation for the transverse shear stiffness of a steel bi-directional 

corrugated sandwich panel using analytical methods. Dayyani et al. (2011) simulated 

the mechanical behaviour of the bi-directional corrugated core with and without 

elastomeric coatings in tensile and five point bending tests. Figure l-3(c) show a 

schematic of a bi directional corrugated core.

Furthermore, Seong et al. (2010) proposed another type of bi-directional 

corrugated core to reduce the anisotropic characteristics of the corrugated sandwich 

plates which could restrict the range of the applications of these structures. The 

design space in this bi-directional corrugate core was extended by introducing two 

additional geometric parameters, pass angle and corrugation length, in order to 

minimize the beam buckling of the face sheets with respect to core orientations. In 

this concept the continuous corrugated channels were first fabricated by using a 

sectional forming process and then the core was attached to face sheets by means of 

adhesive bonding. Figure 1 -3 (d) shows a schematic of this concept.

Hierarchical corrugated core sandwich panel concepts

Improving the transverse compression and shear collapse mechanisms of the 

corrugated panel, a novel concept based on the second order hierarchical corrugation 

was offered by Kooistra et al (2007) as shown in Fig. 1 -3(e). The idea was bom from
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the fact that materials with structural hierarchy can have higher stiffness to weight 

ratio than their single-length scale of micro structure counterparts. Hence the local 

corrugated elements were introduced to postpone the elastic buckling of the webs of 

the main corrugated core. However, the manufacturing constraints and the relative 

high costs of production have limited the application of hierarchical corrugated cores 

to large sandwich structures. Kooistra et al. (2007) derived the analytical expressions 

for the compressive and shear collapse strengths of the hierarchical corrugated cores 

and validated their model predictions by comparing to the experimental data. They 

reported that the strength of a second order hierarchical corrugated sandwich panel is 

almost ten times greater than the first order corrugated structure of the same relative 

density.

Pyramidal lattice truss sandwich structure

The concept of lattice truss structures was proposed as an alternative to cellular 

core structures in the literature to further increase the ratio of strength to weight of 

sandwich panels (Wadley et al., 2003). The out-of-plane and in-plane mechanical 

properties of these lattice truss structures are dependant to the topology of the lattice, 

relative density and the stiffness properties of the core material. Queheillalt et al. 

(2008) proposed a new approach for manufacturing the uniform pyramidal lattice 

truss sandwich structure. In this method, first the solid corrugated sandwich panel 

was fabricated by extruding the aluminium slabs through the moulds and then the 

corrugated core was imposed by electro discharge machining (EDM) by use of 

alternating pattern of triangular-shaped EDM electrodes normal to the extrusion 

direction. The result of the process was a lattice truss sandwich panel in which the 

interface between the core and face sheet possessed the identical metallurgical and 

mechanical properties. Figure 1 -3(f) shows the schematic of the extruded pyramidal 

lattice truss sandwich structure.
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(a) Corrugated core 
with elastomeric coating 
(Dayyani et a l . , 2013)

(b) Twisted bi-stable corrugated core 
(Norman et al., 2007)

(c) Schematic of 
bi-directional corrugated core 

(Dayyani et a l . , 2011)

(e) Schematics o f Hierarchical 
corrugated core sandwich panel 

(Kooistra et al., 2007)

(d) schematic o f corrugated 
bi directional core, Seong et al. (2010)

(f) Schematics o f extruded pyramidal 
lattice truss sandwich structure, 

Queheillalt et al. (2008)

Figure 1-3: Corrugated structures developments and concepts 

1-5 Mechanical properties o f corrugated panels

The need to identify and manipulate the properties o f a structure as a whole has led 

to the concept of different perspectives among designers. This is well known 

particularly in multidisciplinary projects where every discipline has a distinct set of 

concerns that require the use o f knowledge in specific field o f research. Despite the 

differences between each discipline which capture a specific design concern, they 

must interact consistently with each other in support o f a common mission. This is 

important since the multidisciplinary design may greatly differ from the design o f 

each single discipline. In order to use the corrugated panels in more complex 

applications such as morphing aircraft, a study which comprises interdependent 

resources of research such as knowledge and principles in each distinct discipline is 

essential. This ensures that all likely aspects o f the state o f problem are considered,
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and integrated into a whole. In this regard investigation of mechanical behaviour of 

corrugated panels from different perspectives is being noticed in this section.

A comprehensive set of analyses about the flexural, tensile, shear and out of plane 

compressive strength of corrugated panels is developed in the literature by means of 

experimental and finite element analysis. These analyses have considered mainly the 

nonlinear effect of material properties and geometric parameters as well as analysis 

of various boundary conditions and loading configurations (Gilchrist et al., 1998). 

When possible in the literature, analytical solutions are introduced in support of 

these investigations (Lue et al., 1992).

1-5-1 Bending

Numerous studies have been conducted on the bending stiffness of corrugated 

board. These investigations have incorporated analytical solutions, finite element 

simulations or experiments to find the flexural rigidities of the board. Khalid et al. 

(2004) investigated the mechanical behaviour of structural beams with corrugated 

webs in three-point bending. They determined the effects of the corrugation 

curvature, web thickness, material properties of the corrugated web, and the 

corrugation direction on the beam’s load-carrying capability. The experimental tests 

were used to validate the results obtained by nonlinear finite element analysis. The 

30% difference in the flexural stiffness which was observed in the results highlighted 

the bending anisotropic characteristics of the composite beam with the corrugated 

web. It was reported also that increasing the radius of corrugation curvature led to 

higher bending stiffness and could reduce the beam’s weight by about 14%.

Chang et al. (2005) presented a closed-form solution based on the Mindlin- 

Reissner plate theory to describe the linear flexural behaviour of the corrugated core 

sandwich plate with various boundary conditions. They reduced the three- 

dimensional sandwich panel to an equivalent two-dimensional structurally 

orthotropic thick plate continuum. They compared the numerical results of the 

proposed model by the experimental data available in the literature (Tan et al., 1989) 

and observed a good agreement. They investigated the effects of several geometric 

parameters of a corrugated core sandwich panel on its rigidity and state of stress and 

came up with some recommendations for the selection of the geometric parameters
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of corrugated- core sandwich plates. These recommendations were mainly about 

minimizing the ratio of geometric parameters such: the ratio of the height to the 

thickness of the corrugated core, thickness of the corrugated core to thickness of the 

face sheet and the length of the corrugated unit cell to the height of corrugation. 

However such ratios resulted in an increase of weight of the structure and 

performing a multi objective optimization which considers both structural rigidities 

and mass of the structure is important.

Yokozeki et al. (2006) proposed a simple analytical model for the initial bending 

stiffness of corrugated composites in both longitudinal and transverse directions and 

compared the predictions with the experimental results. For the flexural modulus in 

the more complaint direction, they measured the deflection of one end of the 

corrugated core due to its own weight, while the other end of the corrugated sheet 

was clamped. Moreover, four-point bending load was applied to the specimens in the 

longitudinal direction where both ends of the corrugated core were fixed. Although 

the applied bending displacement was small, two modes of out of plane flexural 

deformation and in-plane tensile stretching were coupled. They highlighted the 

extremely anisotropic behaviour of the corrugated core through comparing the 

flexural stiffness of the corrugated sheet.

Seong et al., (2010) performed three-point bending tests on the bi-directional 

corrugated sandwich panels for various core orientations and demonstrated that this 

sandwich corrugated panel has a quasi-isotopic bending behaviour. They explained 

the effect of geometric parameters of the bi-directional corrugated core on the 

buckling strength of the face sheets during large bending deformations.

Dayyani et al. (2012) studied the flexural characteristics of a composite corrugated 

sheet using numerical and analytical methods and validated the results by comparing 

them to the experimental data. A good degree of correlation was observed in their 

work which evidenced the suitability of the analytical method and finite element 

model to predict the mechanical behaviour of the corrugated sheet in the linear and 

nonlinear phases of deformation. The finite element simulation exploited the node to 

surface and friction less contact technique, to model the interaction between the 

corrugated sheet and the supports. The force-displacement curves showed three 

distinct phases of deformation in the three-point bending test. Three phases of the

14



deformations were distinguished as: deformation due to pure bending o f corrugated 

sheet, deformation due to combined bending and axial forces causing a step increase 

in the force-displacement curve and again deformation due to pure bending o f the 

corrugated core. They reported that the second phase in which the step was observed 

arose because o f simultaneous contact o f the two adjacent corners o f the corrugated 

unit cell with the support. Figure 1-4 illustrates the corrugated sheet in a three-point 

bending test and the corresponding force-displacement curves obtained from the 

experiment and simulation results.

(a) Bending experimental set up (b) Force-displacement curves

Figure 1-4: Three-point Bending behaviour of a composite corrugated sheet,
(Dayyani et al., 2012)

1-5-2 Tensile

Noting the extreme anisotropic stiffness properties o f corrugated sheets (Yokozeki 

et al., 2006), Thill et al. (2007) investigated the effect o f a variety o f materials and 

parameters such as number of plies and corrugation pitch on the overall mechanical 

properties of the corrugated composite sheet. The output o f this study was that the 

transverse tensile elastic modulus is dependent on the squared laminate thickness and 

the length of corrugated unit cell length. Three years later, they explained the 

obtained results via experimental, analytical and numerical analysis methods (Thill 

et al., 2010b). They considered trapezoidal corrugated aramid/epoxy laminates 

subjected to large tensile deformations transverse to the corrugation direction and 

highlighted the effect o f local failure mechanisms o f these specimens on the three 

stages o f the tensile force-displacement graphs. They found out that the second stage, 

which comprised the majority o f the displacement, occured because o f aramid fibre 

compressive properties and delaminations in the comer regions o f the corrugated
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unit cell. This local phenomenon was compared to a pseudo-plastic hinge allowing 

large deformations over relatively constant stress levels.

As an extension to this work, Dayyani et al. (2012) studied the tensile behaviour o f 

corrugated laminates made of plain woven glass/epoxy. Contrary to the literature 

they observed the occurrence o f delamination in all o f the members o f the corrugated 

unit cell, not only to the corner regions, and evidenced that the three-stage 

mechanical behavior o f composite corrugated core is not confined to aramid 

laminates and can be observed in other types o f laminates. The tensile force- 

displacement curves in their experiment showed three distinct phases o f  deformation: 

1-small deformations due to tension of both straight and inclined members, 2- 

rotation o f joints at the intersection of straight and inclined members, 3-the tensile 

behavior o f the fattened panel respectively. These three phases are shown in Fig. 1-5 

where the tensile force-displacements are plotted. The plasticity was exploited in 

finite element simulation as a technique to model the delamination, which dissipated 

the strain energy o f the system during the tensile testing. Assigning the plasticity to 

all o f the regions o f the corrugated unit cell resulted in a good agreement between 

the numerical predictions and the experimental observations. The extreme sensitivity 

o f the composite corrugated sheet to the angle o f the corrugated unit cell was also 

demonstrated in this work which highlighted the importance o f the precision o f the 

design and manufacturing process.

Sim ulation
E xperim ents

Phase3
Phase1

Dioplacemenl(mm)
120

(a) Tensile experimental set up
(b) Three distinct phases o f 

the tensile force-displacement curves

Figure 1-5: The mechanical behaviour o f the composite corrugated sheet 
in a tensile test, (Dayyani et al., 2012)
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1-5-3 Shear and compression

Transverse shear stiffness of the corrugated sandwich panels is one of the 

important characteristics of these structures which must be accurately characterized 

in the performance analysis of these structures. Among the early works regarding 

this issue is the work of Nordstrand et al. (1994) who used curved beam theory to 

study the shear stiffness of a corrugated cardboard. They presented a theoretical 

study on how the geometry of the corrugation affects the transverse shear moduli. 

Firstly by assuming rigid face sheets in the corrugated cardboard they derived an 

upper limit of the transverse shear modulus across the corrugations and then showed 

how this shear stiffness reduces if deformations of the face sheets are considered in 

the analysis. Nordstrand and Carlsson (1997) experimentally examined the effective 

transverse shear moduli in the principal material directions of corrugated board using 

the block shear test and the three-point bend test. They observed that the shear 

moduli obtained by the three-point bend test were almost half of those determined by 

the block shear test. This discrepancy was explained by local deformation of the face 

sheets of the board where they were in contact with the supports in three point 

bending test.

Isaksson et al. (2007) considered a panel of corrugated paper board as a stack of an 

arbitrary number of thin virtual layers with corresponding effective elastic moduli. 

The elastic properties of all layers were assembled together to analyze a corrugated 

board as a continuous homogenous structure. They showed that exploiting the shear 

correction factors which were derived from the equilibrium stress field can improve 

the stiffness calculations. Their proposed model was validated by experiments on 

corrugated board panels with different geometries.

Kampner et al. (2008) investigated the possibility of using a corrugated sheet as the 

facings of sandwich beams to carry shear loads which are traditionally carried by the 

core. A compliant foam core was used as a “ cushion” between the outer skin and the 

internal structure in their concept. One of the main reasons for such concept was 

improving the performance of the panel under shock loads where stiff connections 

between the facings were prone to localized failure. Finite element simulations, as 

well as some analytical investigations were used to find out that the introduction of a
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corrugated face sheet improved the capability of shear carrying and reduced the 

weight of the panel, predominantly for heavily loaded sandwich beams.

Leekitwattana et al. (2010) took into account the concept of a force-distortion 

relationship to derive a formulation for the transverse shear stiffness of a 

bidirectional corrugated sandwich panel by use of the modified stiffness matrix 

method. They showed the consistency of the proposed formulation with a three- 

dimensional finite element solution. The computation time for the proposed method 

was claimed to be 40 times lower than the FE method. They assessed the effect of 

geometrical parameters and compared the performance of a bi-directional corrugated 

sandwich panel with other one directional corrugated sandwich panels. They realized 

that for a specific range of parameters the bidirectional corrugated topology shows 

superior performance in transverse shear stiffness.

Lu et al. (2001) investigated the compressive response and failure mechanisms of a 

corrugated sandwich panel by use of a combined theoretical and experimental 

approach. In this work, the corrugated specimens were modelled by use of curved 

beam elements and surface contact elements. The elastoplastic material was tuned 

with a bi-linear constitutive model which satisfied the J2-flow theory and assigned to 

the finite element model. The effects of boundary conditions, geometrical 

parameters, and material properties, and geometrical imperfections on the 

compressive strength of corrugated boards were studied. As a result, they found out 

that the panel has the highest compression strength when the initially sinusoidal 

corrugated core deforms into a square wave pattern. Moreover, it was shown that the 

stress-strain curves of the corrugated panel had an undulating behaviour in 

compression, which reflects the initiation, spreading and arrest of the localised 

plastic collapse mechanisms.

Rejab and Cantwell (2013) investigated a series of experimental and numerical 

analyses on the compression response and subsequent failure modes of the 

corrugated core sandwich panels which were made of three different materials: 

aluminium alloy, glass fibre reinforced plastic and carbon fibre reinforced plastic. 

Particular attention in this work was paid to the effect of the number of unit cells and 

the thickness of the cell walls in determining the overall deformation and local 

collapse behaviour of the panel. They realized that the buckling of the cell walls was
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the first failure mode in these corrugated structures and increasing the compression 

loading will result in localised delamination as well as debonding between the skins 

and the core. The experimental results were compared to finite element and 

analytical solutions. The predictions offered by the numerical models were in good 

agreement. However the analytical model over-estimated the load-bearing capability 

of the corrugations due to the fact that the model assumed perfect bonding between 

the apex of the corrugated core and the skin and neglected the effect of initial 

imperfections along the cell walls.

As mentioned earlier, Kooistra et al. (2007) analysed the transverse compression 

and collapse mechanisms of a second order hierarchical corrugated sandwich panel. 

In contrast to a first order corrugated sandwich panel which exhibit two competing 

collapse modes of elastic buckling and plastic yielding, they showed that the second 

order corrugated panel has six competing modes of failure: elastic buckling and 

yielding of the larger and smaller struts, shear buckling of the larger struts, and 

wrinkling of the face sheets of the larger struts. Figure 1-6 shows the global and local 

failure modes of first order and second order corrugated sandwich panels in 

compression. Analytical expressions for the compressive and shear collapse 

strengths in each of these modes were derived and used to construct collapse 

mechanism maps for the second order corrugation models. They used these maps as 

a base for selecting the geometric parameters of second order corrugated panel to 

optimize the ratio of collapse strength to mass and validated the proposed model 

experimentally. They discovered that increasing the level of structural hierarchy does 

not lead to further enhancements in the stiffness of the corrugated core. In other 

words, for a given mass the first order corrugation exhibited slightly more stiffness 

than its second order counterpart suggesting that the hierarchical corrugated 

construction has applications in strength limited applications.
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(a) First order corrugation 
unit cell, global elastic 

buckling mode

(a) P las tic  y ield ing: la rg e  s tru ts ( b ) E u le r buckling: la rg e  s tru ts

(c) S h e a r  buck ling ( d )  W rinkling

(f )  E u ler buckling: sm a ll s tru ts( e )  P las tic  y ield ing: sm a ll s tru ts

(b) Second order
corrugation unit cell, local , A „

~  , order corrugated unit cellfailure modes c

(c) Schematics o f  the failure modes in the second

Figure 1-6: Global and local failure modes o f first order and second order 
corrugated sandwich panels in compression, (Kooistra et al. 2007)

Likewise, the effect o f hierarchy on the stiffness o f corrugated structures in 

compression has been followed by other researchers such as Kazemahvazi et al. 

(2009). They applied sandwich panel with PMI foam to the local inclined members 

o f the global corrugated core and experimentally studied a range o f different failure 

modes o f these structures depending on their geometrical and the material properties. 

In this regard, first the collapse mechanism maps o f different corrugation 

configurations were analytically obtained (Kazemahvazi and Zankert, 2009). The 

stiffness model exploited the contribution in stiffness from the bending and the shear 

deformations o f the local core members in addition to the stretching deformation. 

They claimed that the proposed hierarchical corrugated core can have more than 7 

times higher weight specific strength compared to its monolithic counterpart, if 

designed correctly. The difference in strength arose mainly due to the increase in 

buckling resistance o f the sandwich core members compared to the monolithic 

corrugated core. It was observed that when the density o f the core increases, the
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monolithic core members get thicker and more resistant to buckling and thus the 

benefits of the hierarchical structure reduces.

1-5-4 Buckling

Buckling occurs when a structure makes a rapid change of configuration due to 

applied load - this applied load may be compression, shear or multi-axial. A structure 

is often said to have failed when buckling occurs (for example when a column 

collapses under axial compression), and in these cases all that must be understood is 

when the onset of buckling will occur, which is usually a linear problem that can 

generally be achieved through classical analytical methods or using finite element 

analysis. However, in certain cases (such as in-plane shear buckling of a panel) some 

stability remains after buckling, and this so called post-buckle strength may be 

exploited. The study of post-buckling is often more complex than that of buckling, 

and the complex deformations formed during buckling often require the use of 

nonlinear analysis.

One of the most common methods to analyse buckling of corrugated plate or shell 

structures is to use a model to homogenize the corrugation as an orthotropic panel, 

and then to find global buckling modes using analysis similar to conventional panels. 

Many examples of this approach are presented subsequently. Although a variety of 

homogenization methods exist, an FEA unit cell may be used to derive the 

equivalent properties if an analytical process is not available.

Moreover it is usually possible to make further checks on corrugated structures 

especially for the configurations which have flat sections, such as trapezoidal 

corrugations. However, this approach cannot be applied in a straight forward manner 

to continuous profiles e.g. sinusoidal corrugations. If it is not feasible to simply 

check local and global modes separately, or greater accuracy is required, higher 

fidelity analyses must be used. Clearly, Finite Element methods have a broad role to 

play, however other higher fidelity methods exist. Liew et al. (2006) used the mesh 

free Galerkin method to analyse the buckling modes of a plate in. This method was 

an alternative to FEA analysis, with the advantage that it could avoid certain 

problems with element distortion. Pignataro et al. (2000) used a finite strip method, 

with nonlinear kinematics, to study in detail the situations where the global mode 

interacts with local modes to create a localised region of buckling in the post buckled
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shape, and reduce the critical load. The work also considered how these interactions 

led to sensitivity to initial imperfections. It is discussed in following how deep-shell 

approaches were applied to locate both local and global modes (and interactions 

between them) that can be found with a single analysis.

Buckling of corrugated structures is widely discussed in the literature mainly in 

terms of the following applications: webs of beam sections, shell structures, naval 

structures, and the packaging industry.

Buckling of corrugated webs for beam sections

Corrugations have been widely used in I-beams as webs as shown in Fig. l-2(b). 

The purpose of the web in an I-beam serves to resist shear force, so shear is the 

primary cause of buckling in these cases. It seems that much of the current literature 

on shear buckling of corrugations has been driven by this application. An early work 

in this field is given by Libove (1973), where it is briefly demonstrated that shear 

effects may be important in the analysis, and that therefore homogenized equivalent 

orthotropic approaches may have poor accuracy. The work then goes on to develop a 

shell model approach, giving expressions for the total potential energy that can 

therefore be used in variational analysis to find the buckling modes. The model uses 

nonlinear Von-Karman strains in the local material, with shear effectively accounted 

for in the global deformation.

However, assumedly due to the complexity of the model given, later works have 

adopted an approach using the equivalent orthotropic properties. Elgaaly et al. 

(1996) discussed the global shear buckling of corrugated panels in terms of 

equivalent homogeneous properties. Their formula for the global buckling mode’s 

critical shear stress has been cited by many authors since:

D1/4D3/4
rc = 3 6 P ^ ~  (1-D

where Dx and Dy were the equivalent orthotropic flexural rigidities in the x and y 

directions respectively, t  was the thickness and I was the length of the panel along 

the corrugation channels. /? was a constant, between 0 and 1.9 depending on 

boundary conditions.
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At a similar time, Luo and Edlund (1996) presented numerical analysis of both 

buckling and post buckling under shear force applied to a beam with a trapezoidally 

corrugated web. It was noted that three types of buckling may occur; local buckling 

(of a single flat section within the corrugation), global buckling (where the entire 

panel fails) and ‘zonal’ buckling, which was similar to a local mode but could extend 

over more than one panel. The nonlinear results were compared to some earlier 

analytical models for shear buckling, which were shown to have only approximate 

accuracy.

Yi et al. (2008) presented a work that focussed on the ‘zonal’ mode, although they 

refered to it as the ‘interactive’ mode. They compared it to a range of previous 

analytical formulas in previous literature, which were all of a form similar to

1 _  1 1 1
0 / ) n ~ (rL)n +  ( t G) n + (TyOn ^  ^

Where Tj is the resulted stress due to interactive buckling mode, t l  is the local 

buckling failure stress, t g is the global failure stress and t y  is the yield stress of the 

material and n  is an integer between 1 and 4 depending on the model used. 

Inspecting the form of this equation shows that if the critical mode of failure (as 

appearing in the terms on the right) is much lower than the others, it will dominate 

the overall interactive mode; however if the individual modes are similar, the 

resulting interactive failure will be lower than all of them. It is shown by comparison 

to numerical and previously published experimental data that these methods are 

approximately accurate, but require empirical corrections when operating near the 

yield limit of the material. Sause and Braxtan (2011) extended the work of Yi et al. 

(2008) with further comparisons to experiment, and further suggested corrections to 

allow for empirically found areas where the derived models were non-conservative.

Buckling of corrugated shells

Corrugations have been considered as a way of improving the stability of shells 

(Semenyuk and Neskhodovskaya, 2002(a;b)) provided a comprehensive analysis of 

these problems using deep shell theory. It was shown that under certain conditions, 

the use of corrugation on a cylindrical shell can substantially raise the critical 

buckling load. These papers presented some every intriguing possibilities for refined
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analytical approaches to corrugations, because they did not depend on homogenised 

approaches, so that local buckling modes were calculated simultaneously with global 

effects. Furthermore, the shell approach used suggested that an adaptation to the 

curved surfaces of a true wing may be feasible, and maybe a further extension to 

include the effects of surface pressure along the lines of Semenyuk et al. (2007). The 

constraints of this approach would be a restriction to single layer geometries with 

smooth corrugation profiles.

Buckling of corrugated structures in naval applications

The American Bureau of Shipping regulations ABS (2004) include guidelines for 

the use of metal corrugated panels, and these are summarised and explained by Sun 

and Spencer (2005). The overall approach is to separately consider buckling cases of 

in plane shear (as discussed in the above section) and compressive loading in both 

directions and also lateral pressure, and combine them so that a safe design is 

defined by

where rj is a strength knock down factor. These results are shown to be reasonably 

conservative in comparison to FEA. This work also includes a formula to consider 

buckling in the corrugation caused by lateral pressure; at present it has not been 

possible to view the original source of how this was derived, but the final form 

appears to be that of a local buckling mode. However, accuracy is again reliant on 

empirical factors so this may not be directly applicable to morphing applications.

Buckling of corrugated panels in packaging application

Many treatments of corrugation come from the packaging industry due to the 

widespread use of corrugated cardboard, and this provides some valuable data. 

Indeed, one of few publications to discuss buckling of corrugations where the 

material is not isotropic is given by Biancolini and Brutti (2003), in a study of the 

ability to stack boxes on one another. This work extends equivalent stiffness 

formulae for sinusoidal corrugations found by Briassoulis (1986) to allow an
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orthotropic source material, and uses these to calculate the global buckling load. 

However, further buckling modes are neglected.

In a study on corrugated board, where the effects of the face sheets are included, 

Nordstrand (2004) looks at global buckling and post buckling in the presence of 

imperfections. The analysis is very clear, and could easily be adapted for the purpose 

of morphing. Johnson and Urbanik (1989) provide analysis of a similar structure in, 

with an approach that can be potentially be adapted to any prismatic structure; 

however their focus is on local buckling modes with the assumption that these 

initiate failure.

1-5-5 Homogenization and equivalent modelling

Over the last two decades, homogenisation-based modelling techniques have 

attracted considerable attention within the computational mechanics community 

(Michel et al., 1999, 2002; Pellegrino et al., 1999; Suquet, 1993; Saavedra Flores and 

de Souza Neto, 2010). The importance and increasing interest in this area stems 

mainly from the ability of these techniques to capture the effective response of 

complex microstructures under a wide range of conditions. In such cases, the 

structural response has to be approximated to avoid the computational modelling of 

the corrugations and thus, circumvent the major drawback of excessive computing 

times. Often the loads are well distributed and only the overall deflections are 

required. If the dimensions of the whole corrugated panel are much larger than the 

period of the corrugations, then a suitable approach is the use of homogenisation 

techniques, in which the corrugated panel is replaced by an orthotropic plate with 

equivalent stiffness properties (Yokozeki et al., 2006; Thill et al., 2010b; Xia et al., 

2012).

Fully modeled corrugated sheet (3D)

Orthotropic model (2D)

Hz'* Anal>rtical y-\ /
VV i x expressions

Figure 1-7: Schematic representation of a fully modelled corrugated sheet and its 
equivalent orthotropic model (Wennberg et al., 2011)
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In homogenisation-based equivalent models, the effective response is calculated by 

means of a representative volume element (RVE) of material or structure. The RVE 

is such that its domain H has a characteristic length much smaller than that of the 

macroscopic continuum and, at the same time, is sufficiently large to represent the 

macroscopic mechanical behaviour in an averaged sense. Figure 1-8 shows the 

choice of a typical RVE of a corrugated structure.

Periodic boundary conditions are often adopted to model corrugated sheets. 

Periodic boundary conditions are typically associated with the modelling of periodic 

media. In this particular case, the RVE is a so-called unit cell whose periodic 

repetition generates the entire heterogeneous macrostructure (Saavedra Flores and de 

Souza Neto, 2010). Here, the fundamental assumption consists of prescribing 

identical displacement vectors u for each pair of opposite points, y+ and y_, of the 

RVE boundary domain dO, such that, u(y+) = u(y_).

RVE

Figure 1-8: Typical RVE chosen for the modelling of a corrugated structure
(Winkler, 1981)

In the context of modelling of corrugated panels, Briassoulis (1986) and 

McFarland (1967) investigated the equivalent flexural stiffness of sinusoidal and 

rectangular corrugations. Briassoulis (1986) studied corrugated shells on the 

assumption of thin and uniform thickness, and proposed new expressions for their 

equivalent orthotropic properties. McFarland (1967) investigated the static stability 

of corrugated rectangular plates loaded in pure shear. Dayyani et al. (2012) proposed 

numerical and analytical solutions for the modelling of composite corrugated cores 

under tensile and three-point bending tests. Their results revealed that the mechanical 

behavior of the core in tension is sensitive to the variation of core height.
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Kress and Winkler (2010) and Winkler and Kress (2010) derived analytical 

expressions for an equivalent orthotropic plate with circular corrugations. Later, 

Kress and Winkler (2011) studied corrugated laminates by solving a set o f six load 

cases under the assumption of generalised plane-strain. The first three cases 

correspond to in-plane loading states which are associated with extension along the 

x-direction (Nx) and y-direction (Ny), and shear in the xy-plane (Nxy). Here, the x 

and y-axes are assumed to define the plane o f the corrugated sheet. The other three 

cases correspond to out-of-plane loading states represented by bending along the x- 

direction (Mx) and y-direction (My), and twist out o f the xy-plane (Mxy). These six 

cases are independent and can be combined linearly to form any generic loading 

state as long as the superposition principle holds. This is generally true for linear 

analyses. Figure 1-9 shows the schematic representation o f these six basic cases.

Figure 1-9: Six basic deformation mechanisms (Kress and Winkler, 2011)

By assuming that the mechanical response o f the corrugated sheet can be 

established in terms o f these six independent cases, the constitutive equation o f the 

equivalent orthotropic plate is determined as (Xia et al., 2012)



where £x, £y, Yxy? kx, ky and kxy are the strain components in the global coordinate 

system of the corrugated sheet associated with their corresponding force and moment 

components Nx, Ny, Nxy, Mx, My and Mxy, respectively. In the above equation, the 

coupling terms between in-plane strains and out-of-plane loads have been ignored.

For the definition of each of the components Ajj and Djj (with i, j =  1,2,6) in Eq. 

(1-4), several authors have proposed analytical expressions for different geometries 

of corrugation. Refer, for instance, to those expressions proposed by Samanta and 

Mukhopadhyay (1999), Xia et al. (2012), Ahmed and Badaruzzaman (2003), 

Briassoulis (1986), Yokozeki et al. (2006), Ye et al. (2014) and Seydel (1931), 

among many others.

One approach to implement the above constitutive laws Eq. (1-4), within a 

standard commercial finite element software is to uncouple the in-plane and out-of

plane mechanical responses. That is, for in-plane loading conditions we have the 

following constitutive equation

(1-5)

and for out-of-plane conditions we have

(1-6)

For an orthotropic sheet subject to in-plane loads, the following constitutive equation 

applies:



By comparing Eq. (1-5) with the inverse relation of Eq. (1-7), it is straightforward to 

obtain the following expressions for the in-plane equivalent mechanical properties. 

The Young’s modulus along the x-direction (according to Fig. 1-7), that is, along the 

corrugation direction, is given by

E x  —

^11^22 — All12

t A

(1-8)
22

and the Young’s modulus along the y-direction is

E y  ~
^1 1 ^ 2 2  — ^ 1 2

t A

(1-9)
li

where the parameter t is the thickness of the equivalent plate. Furthermore, the in

plane Poisson’s coefficient is

V x y ~  A
(1-10)

and the corresponding in-plane shear modulus is

r  — ^ 66 
u x y  ~  +

(1- 11)

On the other hand, for an orthotropic sheet subject to out-of-plane loading 

conditions, the following stress-strain expression applies:

(1-12)
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12 Dn d 1 2

1----
o

(  £  \  *-x
^12 &22 0 - £ y

7 .  0 0 ^66. / xy,

By comparing Equation (1-7) with the inverse relation of Equation (1-12) we obtain 

the following equivalent mechanical properties. The Young’s modulus along the x- 

direction is

E x  =

12 (D Do 9 — D1 1 ^ 2 2 12

t 3 D

(1-13)
22

and the Young’s modulus along the y-direction is
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In addition, the in-plane Poisson’s coefficient is 

D12
V x y = i r  (1-15)

U22

and the corresponding in-plane shear modulus is

Gxy  =  d - 16)
t 3

With the above equivalent mechanical properties at hand, it is straightforward to 

introduce them in a commercial finite element program and model the corrugated 

geometry via a standard shell-type finite element without resorting to more 

computationally expensive modelling techniques.

As commented earlier, the previous modelling strategy relies on the linear 

combination of six independent cases, which is generally valid for linear problems. 

However, non-linear effects have also been investigated. Samanta and 

Mukhopadhyay (1999) performed non-linear geometric analyses on trapezoidal 

corrugated panels. They proposed an equivalent orthotropic model by taking into 

account both extensional and bending rigidities. Peng et al. (2007) investigated the 

equivalent elastic properties of sinusoidal and trapezoidal corrugated plates by means 

of a mesh-free Galerkin method. Liew et al. (2007) used this method for the 

geometrically nonlinear analysis of stiffened and unstiffened corrugated plates. 

Large deflection von Karman theory was adopted in the nonlinear analysis of the 

orthotropic plate. Both the equivalent flexural and extensional properties were 

employed in the analyses.

In the particular context of morphing wings, corrugated laminates represent an 

ideal solution for the design of morphing skins in adaptive aircraft structures. 

Yokozeki et al. (2006) developed a simple model for the in-plane stiffness of 

corrugated composites. They manufactured carbon fibre plain woven fabrics as 

candidates for flexible structural components. They tested them under tensile and 

bending loads in both in-plane longitudinal and transverse directions and their results
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were compared with the analytical predictions. Thill et al. (2008b, 2010b) compared 

the homogenised plate properties for candidate morphing aircraft skins to 

experimental results by adopting the same procedure proposed by Samanta and 

Mukhopadhyay (1999).

1-5-6 Optimization

The design of corrugated structures can be improved significantly by implementing 

the optimization techniques in which the geometrical parameters and material 

properties of the structure play a dominant role. Some of the goals for the 

optimization may be represented as: minimizing the weight of the structure, 

maximizing the structural stiffness of the structure, postponing the buckling load of 

the structure as much as possible, and maximizing the distance between the natural 

frequencies of the structure and the excitation frequencies and maximizing the 

impact energy absorption. However the key question in the optimal design of these 

structures is the measure of what is desirable about a design. In practical 

applications, the design process is often measured with respect to multiple objectives 

which are often conflicting. In other words achieving the optimal value for one 

objective requires compromise on other objectives. In this case the goal may be to 

find a representative set of Pareto optimal solutions, and/or quantify the trade-offs in 

satisfying the different objectives, and/or finding a single solution that satisfies the 

subjective preferences of a human decision maker. In this section a review of the 

literature for the optimization of the mechanical behaviour of the corrugated 

structures is presented.

Liang et al. (2001) investigated the optimum design of metallic trapezoidal 

corrugated core sandwich panels subjected to blast loads by using a combined 

algorithm in which the Feasible Direction Method (Rao, 1996) was coupled with the 

Backtrack Program technique (Bitner and Reingold, 1984). A simple-beam theory 

and small-deflection plate theory were adopted to model the behaviour of the 

corrugated core sandwich panels. They considered a simply supported boundary 

condition for the panel and estimated the blast load by an equivalent static pressure. 

Geometric parameters such as: the corrugation leg, corrugation angle, face sheet 

thickness, core thickness and corrugation pitch were selected as design variables. 

The optimization problem was performed with the objective of minimizing the
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weight of the corrugated sandwich panel with regards to explicit constraints arising 

from structure buckling and failure behaviour. Manufacturing limitations on the sizes 

or shape of corrugations were considered as implicit constraints. They realized that 

the corrugation leg, corrugation angle, core thickness and corrugation pitch were 

important design parameters for the core component with respect to buckling 

strength. For the face sheet with respect to axial stress, the corrugation leg and face 

sheet thickness were key design parameters.

Rathbun et al. (2005) implemented a general methodology for the design of the 

geometry of light weight sandwich panels. They considered several core topologies, 

such as: square-section truss members in pyramidal and tetrahedral configurations, 

square honeycombs and triangular corrugated sheets. Closed-form analytical 

solutions were proposed for the optimal design when the number of design 

parameters was up to three; however for a further parameter which was needed to 

fully characterize the corrugation geometry, they used numerical techniques. The 

geometric parameters they considered were: face sheet thickness, core thickness, 

height of corrugation and corrugation length. The four possible failure modes of the 

structure including face yielding, face buckling, core yielding and core buckling 

were represented as constraints in the optimization problem. Minimizing the weight 

of the structure for a prescribed load, a numerical procedure described by Wicks and 

Hutchinson (2001) was used. The results revealed that the four parameter 

optimization was kind of marginal benefit; i.e. leading to a design weight slightly 

lighter than that of the three parameters optimization. It was shown that the 

variations in the weights of the optimized panels were quite small in almost all cases, 

specifically in contrast to the weight of a solid panel. However for the case of a 

transverse corrugated core panel, the optimized weight was reported almost twice as 

heavy as the others. They concluded that other objectives or constraints, representing 

the manufacturing costs and prospect of multifunctionality must be considered in the 

optimization problem. The structural analysis, however should have been developed 

further to take to account the coupled effects arising from the anisotropy of the 

structure; i.e. different characteristics of longitudinal and transverse orientations.

Daxner et al. (2007) optimized the corrugated paper board with the purpose of 

attaining the maximum reduction in the area-specific weight of the structure in the
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presence o f bending stiffness constraints as well as local and global stability 

constraints. They considered only the geometrical parameters o f the sinusoidal 

corrugated profile in the optimization (as shown in Fig. 1-10(a)) and studied the 

effective mechanical behaviour o f the structure within the limits o f linear shell 

theory by application o f appropriate periodicity boundary conditions. Both isotropic 

and orthotropic material models were considered in their analysis; the corrugated 

board with isotropic material was analysed by a semi-analytical approach and for 

orthotropic material, the optimization algorithm was wrapped around a finite element 

model. Calculation o f the critical loads with respect to local instabilities involved a 

minimization scheme within the optimization loop in order to find the critical 

buckling wavelength and the unit cell size was adjusted accordingly (Fig. 1-10(b)). 

In their analysis, the function ‘NM inimize’ in Mathematica was used with different 

optimziation techniques: Downhill-Simplex method and a genetic algorithm to solve 

the problem. The optimized results (as shown schematically in Fig. 1-10(c)) 

introduced a set o f parameters describing a new design o f corrugated board with the 

same buckling strength, but an area-specific weight which was reduced by more than 

18% with respect to the original design.

(c) The original and optimized geometry by the semianalytical optimization for 
isotropic material, best three designs for orthotropic material model

Figure 1-10: Optimum design o f corrugated board under buckling constraints,
Daxner et al. (2007)
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Bapanapalli et al. (2006), proposed the corrugated sandwich panel as a candidate 

o f the integral thermal protection system of the space vehicle from extreme 

aerodynamic heating, due to their heat transfer and load bearing capabilities. They 

developed an optimization problem as a part of the design process with the objective 

o f minimizing the mass per unit area of the trapezoidal corrugated sandwich panel. 

The constraints were represented in terms of heat transfer and structural mechanics, 

such as: sustaining the face sheets temperature below certain limit and maintaining 

the structure far from the global and local buckling due to mechanical and thermal 

forces. The response surface approximations (Roux et al., 1998) of transient heat 

transfer and buckling analyses were constructed by use of finite element software, 

ABAQUS. The FE toolbox was a function called in the optimization process which 

W7as performed by use of fmincon command in Matlab. The optimized results 

showed that the corrugation webs should be as thin as possible in order to reduce the 

mass of the structure as well as the amount of heat entering the corrugated sandwich 

panel. In other words, they realized that the material for the corrugation webs should 

have a very low conductivity and high Young’s modulus. They suggested that the 

conductivity of the webs can be decreased further by removing some material from 

the corrugation webs which will also reduce the weight of the corrugated sandwich 

panel. They claimed that the buckling capacity will also improve in this case, 

contrary to intuition. However, a disadvantage could be the shear stiffness of the 

sandwich panel which reduces considerably.

Hou et al. (2013) investigated the effects of the shape (trapezoidal and triangular 

configurations) and the corresponding geometrical parameters on the crash 

behaviour of corrugated sandwich panels. Two different types of impact loading 

were considered in their analysis: the low-velocity local impact and the global 

planar impact which were simulated using ANSYS Parametric Design Language 

(APDL) and LS-DYNA finite element software. The surrogate modelling method 

(Forrester et al., 2008) was used as an approximate modelling technique to mimic the 

behaviour of the finite element simulations as closely as possible, while reducing the 

cost of computations. For the case of low velocity local impact, the corrugated core 

with both trapezoidal and triangular corrugation profiles was optimized with the 

purpose of maximizing the energy absorption (internal energy) of the structure. 

However for the case of global planar impact, a multi-objective particle swarm
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optimization (Mostaghim et al., 2003) was performed with the objectives of 

maximising the internal energy and minimizing the peak crushing force. The 

comparison of two optimal configurations with the identical face sheet thickness and 

core density showed that the triangular configuration has better crashworthiness 

performance.

1-6 C orrugated skin for m orphing w ing

Improving the performance of an aircraft is important for a variety of reasons such 

as: reducing the energy consumption, decreasing the toxic emissions and noise 

pollution or increasing the maneuverability of the aircraft (Arguelles et al., 2001; 

European Commission., 2011; Barbarino et al., 2011). The problem with current 

traditional aircraft is that they cannot be optimized for every single point of the flight 

envelope (Chekkal et al., 2014). Hence, a new generation of the aircraft, known as 

Morphing aircraft, is needed to overcome this problem. Morphing aircraft have the 

ability to adapt their shape in flight so as to always match the optimal configuration. 

Three major types of the morphing deformations which can be envisaged for an 

aircraft wing maybe classified as: planform alteration involving span, chord, and 

sweep changes; out-of plane transformation including twist, dihedral/gull and 

spanwise bending; as well as aerofoil adjustment such as camber and thickness 

alteration. However, the requirements of morphing aircraft are conflicting. For 

instance the design of a proper skin is a huge challenge and a key issue. The skin 

must be stiff to withstand the aerodynamic loads, but flexible to enable the expected 

large shape changes.

1-6-1 General requirements of the corrugated skin for morphing wing

A variety of possible materials and structures such as: elastomer matrix composites 

and auxetic materials are suggested as morphing skins in the literature (Thill et al., 

2008a). Among the potential candidates mentioned in the literature, corrugated cores 

have exceedingly anisotropic behaviour; they are stiff along the corrugation 

direction, but flexible in the transverse direction. Yokozeki et al. (2006) 

demonstrated the use of corrugated composite sheets as a candidate material for 

flexible wing skins. As mentioned earlier, the mechanical properties of the 

corrugated sheets obtained by experiments were presented and followed by a simple
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analytical model. They proposed the use of stiff rods within the corrugated skin in 

the longitudinal direction to increase further the anisotropy of the skin and suggested 

the use of elastomeric coating to maintain the smooth aerodynamic surface of the 

skin.

However the optimal design of these structures requires high-fidelity models of the 

coated corrugated skin to be incorporated into multi-disciplinary system models. 

Hence numerical and experimental investigations were required which maintain the 

dependence on the nonlinear static and dynamic behaviour of these structures. 

Dayyani et al. (2013) noticed this necessity and studied the nonlinear effects of the 

elastomeric coating and the mechanism of deformation of the composite corrugated 

core. They performed a series of experiments such as: static and cyclic tensile tests 

on the standard samples of composite laminates and elastomeric strips; static and 

cyclic tensile tests on the composite corrugated skin with and without elastomeric 

coating and three-point bending test on the coated corrugated skin. More details on 

the experimental setups of this work are presented later in chapter 2. The linear 

stress-strain curves of the glass fibre laminates demonstrated the high stiffness of 

corrugated core. The large elastic deformation capacity of the elastomers was also 

demonstrated; the elastomeric specimens stretched 1.5 and 3.3 times over their 

original length in longitudinal and transverse directions respectively. Figure 1-11 

shows the tensile and flexural behaviour of the coated corrugated skin obtained by 

experiment and FE simulations. The tensile behaviour of the coated corrugated skin, 

i.e. the three stages of the deformation mechanism with respect to the function of the 

elastomer coating was discussed before and after the failure of the corrugated core. 

In terms of the flexural behaviour of the coated corrugated skin, they realized that 

the elastomer coating functioned as springs that undergo only tension. In other words 

the elastomer coating resisted the gap opening between two adjacent comers of each 

unit cell of the corrugated core. Because of the membrane function the elastomer 

coating showed, the other elastomer coating, which was subjected to the compressive 

forces, wrinkled and caused a non-smooth surface for the skin during bending. This 

was maybe the main drawback of the corrugated skin for maintaining the 

aerodynamic performance as high as possible. However they suggested two concepts 

to deal with this drawback: pre-stretching the elastomer coating and a reentrant 

corrugated configuration.
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Figure l- l l : Experiments and FE simulations o f the coated corrugated skin 
in tensile and bending tests, (Dayyani et al., 2 0 13)

Structural components which are subjected to cyclic loading may yield due to 

fatigue, causing them to fail at stress levels lower than static mechanical loading. 

The cyclic loading behaviour o f composite corrugated skin for morphing 

applications, where the source o f cyclic stresses may be the aerodynamic flow over 

the skin or the actuator, is important. In this regard, Dayyani et al. (2013) 

investigated the cyclic loading behaviour o f the corrugated skin with and without 

elastomeric coating before and after the elastic limit and compared the energy 

dissipation in each case. It must be mentioned that the authors o f this paper 

interpreted the load at which the delamination cracks initiated and started dissipating 

the strain energy o f the structure as the elastic limit. They observed the Mullins 

effect (Diani et al., 2009) in the elastomer coatings even before the elastic limit o f 

the corrugated skin, because o f the microscopic damage which resulted in 

considerable energy dissipation in the elastomeric coatings.

However the optimal design o f these corrugated skins requires simple models o f 

the structure to be incorporated into multi-disciplinary morphing system models. 

Therefore equivalent structural modelling and homogenization techniques are 

required to retain the dependence on the geometric parameters and material 

properties o f the coated corrugated skin, while reducing the cost o f computations.
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1-6-2 Corrugated skin for different morphing applications

To the knowledge of the author the investigations for the application of the 

corrugated skin is so far limited to the camber morphing, winglet morphing and span 

wise morphing extension. Although each of these applications have their own 

specific boundary conditions, structural and aerodynamic loading configuration as 

well as the geometric and manufacturing constraints; the corrugated skin shows these 

two main characteristics in common: highly anisotropic behaviour and lightness. In 

addition the aerodynamic performance in all these applications is highly dependent 

on the corrugation geometry and Reynolds number. The aerodynamic performance 

however can be improved further if the corrugated skin is coated by pre stretched 

elastomeric face sheet, a segmented skin or used with foam slices filling the empty 

surface between the corrugated unit cells. On the other hand these solutions lead to 

increases in the mass of the structure. Hence any concept for modifying the 

performance of the corrugated skin should pass through the multi-objective 

optimization and multidisciplinary system level design. Low fidelity analysis in the 

first steps are necessary for these system level analyses and optimization, since they 

provide a feasible estimate of each design objective while keeping the computations 

efficient in terms of time and cost. This section reviews the literature of the 

corrugated skin with the given focus to camber morphing, winglet morphing and 

span extension morphing.

1-6-2-1 Corrugated skin in camber morphing

One of the effective ways to change the aerodynamic forces generated by a wing is 

through actively varying the aerofoil’s camber, which allows for control of the 

aircraft flight path and optimization of the aerodynamic performance over different 

flight regimes. In addition to the fixed-wing applications, rotary aircraft have also 

followed the concept of the change in camber to postpone effectively the occurrence 

of stall and vibration control of the rotary blades. However, the concept of camber 

variation is not a recent novel achievement and has been traditionally been 

implemented through the use of discrete trailing edge flaps. Nevertheless, a smooth 

and continuous change in camber is still valuable in the aerospace industries to 

reduce significantly the drag and noise penalty associated with rigid flap deflections. 

A smooth and continuous change in the camber through a highly anisotropic skin can
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also lead to a further reduction in the system complexity which decreases the mass of 

the structure and also the production and maintenance cost. In this section, the 

applications of the corrugated skin for camber morphing structures which are 

proposed in the literature are discussed.

Thill et al. (2010a) used composite corrugated sheets for the skin of the trailing 

edge of a NACA 0024 aerofoil section. Both cord wise extension and camber 

morphing deformations were considered for the trailing edge section which was 

about 35% of the 1 meter length cord. They used a simple scissor mechanism to 

extend the length of the cord and adjusted the manual camber deflections by use of 

locating pins. The skin was manufactured by attaching and filling foam into two 

corrugated laminates. Considering the manufacturing limits, the dimension of a 

corrugated unit cell was between 5-10 mm, which represented about 1% of the chord 

length for acceptable aerodynamic performance. Low speed wind tunnel testing and 

the open source code XFOIL as well as a two-dimensional computational fluid 

dynamics (CFD) panel method with viscous effects (Derla, 1989) were used to 

explore the limitations of these concepts. The Reynolds number and Mach number 

which were used in the analysis were about 2*106 and 0.1 respectively, over a range 

of angles of attack for the NACA 0024 with morphing trailing edge. Figure 1-12 

shows the trailing edge section of the morphing NACA 0024 aerofoil with a 

corrugated skin, as it is stretched up to 4% and deflected up to 12°. The main 

problem of this concept was the lack of internal structure to support the skin against 

the aerodynamic and structural loadings. This problem caused the global buckling of 

the lower skin during the actuation, as it is subjected to compressive strains. The 

wind tunnel results highlighted a major increase in drag generation, when the 

morphing arifoil was compared to the conventional NACA 0024. To improve the 

aerodynamic surface of the skin, they suggested the use of discontinuous segmented 

composite laminates on top of the corrugated sheets.
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Change in chord length: Ac

Figure 1-12: The trailing edge section o f the morphing 
NACA 0024 aerofoil with corrugated skin, (Thill et al., 2010a)

Yokozeki et al. (2014) proposed a camber morphing aerofoil in which the 

corrugated sheet was used as the internal structure in the trailing edge section. The 

morphing section consisted o f a circular corrugated structure and upper thin skin, 

both of which were made o f carbon fibre reinforced plastic. The lower surface o f the 

corrugated region was coated by a thin plastic sheet. The morphing section consisted 

almost 30% of the chord length, as shown in Fig. 1-13. Nonlinear finite element 

analysis was used to confirm the feasibility o f the proposed morphing system in 

terms o f actuation force and displacement. They developed a low speed (30 m/s) 

wind tunnel test for the camber morphing aerofoil (Wortmann FX63-137 baseline), 

inside which two servomotors were used as the actuation system to control the 

aerofoil shape by the chord-wise tension o f the connected wires. The aerodynamic 

performances o f the morphing and hinged mechanism wing were compared together 

and it revealed that the morphing model exhibited superior properties in lift 

coefficients. However the proposed concept had some restrictions as it limited the 

morphing deformation to downwards trailing edge displacement. Although this 

might be useful for “flaps’’ and low speed maneuvers such as take-off and landing, it 

is not suitable for higher speed maneuvers. In addition the unsmooth lower surface o f 

the morphing trailing edge has considerable impact on increasing the generated drag.
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(a) Schematic representation (b) Wind tunnel testing

Figure 1-13: Camber morphing aerofoil with corrugated structure 
in the trailing edge, (Yokozeki et al., 2014)

As mentioned before the role o f internal structure for the support o f corrugated 

skin in the camber morphing deformation is very important. This is because the 

internal structure supports the skin against the aerodynamic loadings, structural shear 

and buckling loads and vibration. In addition the internal structure has a main role in 

enforcing the morphing trailing edge to move on the right path from the start point o f 

the actuation to the desired destination. A further point o f discussion o f the role of 

the internal structure is the influence o f the structure on the actuation energy required 

to morph, as the correct design o f the internal structure can lead to minimizing the 

power required for actuation.

Furthermore the study o f buckling in morphing concepts is important since the 

compression due to bending in the upper surface o f a wing may lead to issue o f 

buckling. Nevertheless the literature on the buckling o f the corrugated skins in 

morphing applications is fairly light, specifically when the effect o f the internal 

structure should be considered. Many o f the key publications on morphing analysis 

or experimental work have briefly discussed buckling but give little detail on the 

methods used, for an unusual corrugation incorporating rigid stiffener sections. 

However it is possible that much o f the work in literature with regard to buckling in 

general applications could be reapplied to the context o f morphing corrugations, 

however the following modifications would be required:

■ Allowance for the use o f orthotropic materials instead o f just isotropic 

materials.

■ End conditions that are more applicable to a morphing structure, instead o f a 

structure where the corrugation could be restrained by welded joints.
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■ Considering the orthotropic behaviour o f the composite corrugated sheets as 

nearly all o f the literature appears to lie in regions where failure is influenced 

by the yield strength o f the isotropic material.

Shaw et al. (2015) investigated the optimization problem for the buckling loads 

along the spanwise direction o f the wing. Weight, buckling performance, and 

actuation compliance o f the corrugated skin were the three objectives. Classical 

buckling models with homogenised plate properties were used to derive the 

equivalent plate properties o f the skin to obtain approximate estimates o f the 

buckling loads. Figure 1-14(a) shows the trend o f maximum loads with out-of-plane 

stiffness for optimal solutions for a variety o f corrugation geometries. In addition to 

the global and local out-of-plane buckling modes o f the skin, they observed the 

existence o f a further buckling mode which occurs entirely in-plane. This unique in

plane mode was due to extreme anisotropic behaviour o f the skin. As shown in Fig.

1-14(b), this mode affected deep, finely pitched corrugations where the transverse in

plane stiffness became less than the out o f plane stiffness. Finite element analysis 

was used to evaluate the accuracy o f the results obtained by the optimization method 

which exploited the equivalent methods.

nruu
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(a) Trend o f max loads with (b) In plane buckling mode o f a corrugated
out-of-plane stiffness for optimal skin subjected to compressive load in the 

solutions o f a corrugation vertical direction

Figure 1-14: Multi objective optimization o f the corrugated skin 
with regards to buckling constraints, (Shaw et al., 2015)

The aerodynamic performance o f the skin is perhaps the main challenge o f the 

morphing wing. In this regard, Xia et al. (2014) investigated the 2D aerodynamic 

performance, particularly lift and drag characteristics o f the NACA0012 aerofoil 

with unsmooth rigid corrugated surface. The effects o f corrugation size and
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Reynolds number were analysed and quantified experimentally and numerically in 

comparison to the standard NACA0012 aerofoil. They evidenced that the increase in 

the roughness of the surface i.e. increasing the corrugation size, had a negative 

impact on both lift and drag. In addition, the aerodynamic performance of corrugated 

aerofoils reduced at low angles of attack i.e. the lift-to-drag ratio decreased slightly 

as the Reynolds number was increased. They showed through CFD simulations how 

the local flow maintained an attached flow as eddies filled the corrugation troughs 

and smoothed the shape of the corrugated aerofoil, similar to flow around 

streamlined aerofoils. In particular, for a deformable trailing edge, the increased drag 

from the camber morphing skin is a trade off with the reduced drag obtained from 

avoiding the sharp changes in camber at the hinge mechanism which leads to flow 

separation.

1-6-2-2 Corrugated skin for winglet and span extension morphing application

In addition to camber morphing, there are some other effectiv ways to change the 

aerodynamic forces generated by a wing, such as through an actively varying winglet 

and wing span. Both these methods can control the aircraft performance over 

different flight regimes and can increase the range and endurance of the aircraft 

(Shelton et al., 2006). For example, the increase in the wingspan leads to a higher 

aspect ratio and wing surface; hence it results in a higher lift and higher lift to drag 

ratio in some aerodynamic configurations (Beaverstock et al., 2013). As a result, the 

range or endurance of the aircraft increases although the wing-root bending moment 

can increase considerably due to the larger span. Therefore both aerodynamic and 

structural characteristics of the aircraft should be investigated in the design of 

winglet and span extension morphing wings. Corrugated skins may be a good 

candidate for both concepts, when the corrugation profile is swept along the aerofoil, 

as shown in Fig. 1-15. The extreme anisotropic behaviour of the corrugated skin 

provides sufficient compliance for the actuation and increases the out of plane 

stiffness of the wing to withstand more aerodynamic and inertial loads. This is 

because of the combination of the global aerofoil curvature along the wing span and 

the local curvature of the corrugations. Furthermore, since the corrugation lines are 

along the flow direction the aerodynamic performance is less influenced than the 

camber morphing application. However from a structural perspective, the
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combination of the global aerofoil curvature along the wing span and the local 

curvature o f the corrugation makes the mechanical behaviour o f the structure much 

more complex in contrast to the camber morphing application. Although the concept 

of the application of a corrugated skin in winglet and span extension morphing is 

attractive, little effort has been devoted to these concepts in the literature, maybe 

because o f the complexity of the manufacturing method and the required 3D 

structural and aerodynamic analysis.

Ursache et al. (2008) presented a preliminary demonstration o f a morphing wingtip 

with a corrugated skin in span wise direction, as shown in Fig. 1-15(a). One o f the 

key challenges in the demonstration of the corrugated skin in the span wise direction 

is the special manufacturing process required to hand lay the composite laminates 

around the corrugated mould with air foil cross section. They preferred the plain 

woven Kevlar over other materials because o f its ease o f manufacture into 

corrugations and its special characteristics such as: lightness, good durability and 

impact resistance, as well as high stiffness and strength. Finite element simulation 

was performed to assess the mechanical behaviour o f the corrugated skin while 

undergoing winglet morphing deformation. The FE results and the trends o f the 

deformation showed some local instabilities o f the skin and highlighted the need to 

update the model to enhance shape adaptability.

D iM ral 
10 52 rad

(a) Demonstration o f morphing wingtip (b) Structural and aerodynamic mesh o f a
with corrugated skin in span wise half o f a corrugated unit cell in span wise
direction, (Ursache et al., 2008) direction, (Fincham et al., 2014)

Figure 1-15: The application o f corrugated skin in the 
span wise direction, winglet and span extension morphing

Xia et al. (2014) studied the feasibility of the concept o f using a corrugated skin for 

a span extension morphing wing. The geometric parameters o f the corrugated skin
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were optimized to minimize the axial stiffness of the skin with respect to out-of- 

plane de'formation constraints. The equivalent structural properties of the skin were 

calculated by ANSYS APDL finite element simulation based on the global and local 

geometric parameters. They estimated the aerodynamic performance of the skin 

using the low fidelity aerodynamic solvers: Tornado Vortex Lattice Method (Melin, 

2000) and XFOIL, in which the effect of camber thickness and airflow in corrugated 

channels were neglected. The results showed that the constraint on maximum out of 

plane displacement forced the optimizer to choose fewer corrugations in the span 

direction.

Fincham et al. (2014) noted the sharp leading edges generated in the span wise 

application of the corrugated skin and examined the low pass filtering and arc fitting 

for rounding of the leading edge to improve the aerodynamic performance. They 

examined the effect of corrugation wavelength and corrugation depth on the 

aerodynamic performance, in both 2D and 3D CFD simulations. They concluded that 

that corrugation wavelength has a minor effect in the aerodynamic efficiency of the 

wing in contrast to the corrugation depth which incurred a significant performance 

penalty. They emphasised that the aerodynamic penalty of the corrugated surface 

would be too large to be practical without some kind of compliant skin covering the 

corrugated surfaces.

1-7 A brief introduction of the thesis

Considering the detailed information about corrugated structures, as reviewed 

above, the purpose of this thesis is to provide further knowledge about the 

mechanical behaviour and design of the corrugated skins for application to morphing 

aircraft.

In the second chapter of this thesis, a simple equivalent analytical model for the 

mechanical properties of the corrugated skin with elastomer coating is proposed. 

Several experimental and numerical models are investigated to verify the accuracy 

and efficiency of the presented homogenized model. The importance of this chapter 

is that it provides simple models of the coated corrugated skin to incorporate into 

multi-disciplinary system models and further multi objective optimization studies.
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In the third chapter, a generic super element of a corrugated core unit cell is 

investigated. The super element captures the small deformation of a 2D thin curved 

beam with variable curvature and is based

on an exact analytical equivalent model which avoids any homogenization 

assumption. The super element uses the geometric and mechanical properties of the 

corrugated skin as variables that may be applied for further topology optimization 

studies.

In the fourth chapter, the design of an elastomer coated composite corrugated skin 

for a camber morphing aerofoil is presented. The geometric parameters of the coated 

composite corrugated panels are optimized to minimize the in-plane stiffness and the 

weight of the skin and to maximize the flexural out-of-plane stiffness of the 

corrugated skin. The details of the multi-objective optimization of a trapezoidal 

corrugated core with elastomer coating are presented. It describes how Newton’s 

aggregate method is selected to solve the optimization problem and the approach 

validated by comparing to the GA multi-objective optimization technique. The trend 

of the optimized objectives and parameters are discussed in detail. The obtained 

results provide important insights into the design of morphing corrugated skins. The 

advantages of the corrugated skin over the elastomer skin for a camber morphing 

structure are discussed and a finite element simulation of the internal structure with 

the corrugated skin is performed under typical aerodynamic and structural loadings 

to check the design approach.

In the fifth chapter, a conclusion to the results obtained in the previous chapters is 

presented and some suggestions for the future design of the corrugated skins in 

morphing applications are proposed.
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Chapter 2: 
Equivalent Models of Composite 

Corrugated Cores with Elastomeric Coatings

2-1 Introduction

The optimal design of the corrugated structures requires simple models of the 

panels that may be incorporated into multi-disciplinary system models. Therefore 

equivalent structural models are required that retain the dependence on the geometric 

parameters of the coated corrugated panels. Taking into account the geometric and 

mechanical properties of the coated corrugated panel, an analytical homogenization 

model is investigated in this chapter. The importance of this work is that it provides 

a simple equivalent analytical model which uses the geometric and mechanical 

properties of panel as variables that can be applied for further optimization studies. 

This is because the numerical modeling of composite corrugated sheets can be very 

expensive and time consuming if many corrugation periods are spanned or an 

actuation system and internal structure are involved. In this regard, two analytical
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solutions to calculate the equivalent tensile and bending flexural properties of a 

coated composite corrugated core in the longitudinal and transverse directions are 

presented. Then different experimental and numerical models are investigated to 

verify the accuracy and efficiency of the presented equivalent model. The 

comparison studies demonstrate the suitability of the proposed method for 

application in further complex design investigations.

2-2 Analytical Homogenization Methods

In this section, two analytical solutions to calculate the equivalent tensile and 

bending flexural properties of a coated composite corrugated core in the longitudinal 

and transverse directions are presented. Fig. 2-1(a) shows a schematic of the 

corrugated core coated with elastomeric skins in tension. The panel is assumed to 

have periodic corrugations in the longitudinal direction only. The corrugation pattern 

consists of trapezoidal segments. The objective is to approximate the response of the 

coated corrugated panel using two longitudinal and transverse beam models whose 

properties are selected to be equivalent to those of the original panel. Since the ratio 

of the elastomer Young’s modulus to the glass fibre Young’s modulus is very small, 

a good assumption is to neglect the elastomer coating in the areas overlapped with 

the composite corrugated core. This assumption is reasonable because these two 

materials are well adhered together and have the same displacement. Thus the strain 

energy terms of the elastomer in contact with the glass fibre maybe neglected. 

Furthermore, since the out of plane and compression stiffnesses of the elastomer 

coatings are very low, they may be modelled as springs that undergo only tension. In 

other words their action resists the gap opening between two adjacent comers of 

each unit cell of the corrugated core. On the other hand since the structure is 

indeterminate in terms of loading in the longitudinal direction, the equilibrium and 

compatibility equations are used to find the force distribution in the elastomeric 

members. Then the whole structural stiffness of the panel is obtained using 

Castiglione’s second theorem. Finally, the analytical solutions are compared to 

experimental and numerical results.
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2-2-1 Longitudinal in plane stiffness

2-2-1-1 Problem definition

Fig. 2 -1(a) shows a schematic of the constructed corrugated core coated with 

elastomeric skins in tension. The required parameters to define the geometry o f the 

coated corrugated core are shown in Fig. 2 -1(b)

Periodic u i t  cell

(a) Periodic unit cells in tension (b) Sketch o f unit cell

Figure 2-1: Schematic o f the coated corrugated core in the longitudinal direction 

2-2-1-2 Solution

To calculate the tensile displacement of the corrugated core, a unit cell o f the 

corrugated core is considered as shown in Fig. 2 -1(b). Since the unit cell is 

symmetric along the axis passing through the center o f the unit cell, only one half o f 

the cell is studied in the calculation. Considering the concept o f periodicity and 

Saint-Venant's principle (Toupin, 1965) in the theory o f elasticity, the global applied 

force F would pass through the neutral axis located at the center o f the panel. In 

other words the eccentric local effect o f the load becomes very small at sufficiently 

large distances from the load segment, where the external load is applied.

As illustrated in Fig. 2-2, in order to avoid dealing with the indeterminate loading 

configuration o f the structure, half o f the corrugated core unit cell is subdivided into 

two corrugated parts such that each has half o f the original thickness o f the structure. 

The idea is to calculate the stiffness of each subdivision and then add them together. 

Considering the nonlinearity in the formulation o f the second moment o f area with 

respect to the thickness, it is important to state that this parameter is calculated about 

the separating centre line o f the original configuration, so that the total stiffness o f 

the structure would be the same as the original configuration after the summation o f 

these two substructures. Thus, from the parallel axis theory, /cfor the subdivided
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4 bt~
corrugated core unit cell is calculated as: ——. Where b  and t  denote the width and

96

thickness o f the corrugated core unit cell respectively. Moreover, because o f the 

periodicity and symmetry, it is assumed in Fig. 2-2 that the nodes at the end o f 

spring S 1 and the corrugated unit cell have equal displacement.

Sym

©
t /

Figure 2-2: Subdivision o f half o f the corrugated core unit cell into 
two corrugated partitions in tensile solution

Figure 2-3 illustrates a schematic o f the second substructure o f corrugated core in 

tension. In this fig u re /4, and M R are the force from spring S 2, reaction force and 

reaction moment, respectively. According to Castigliano’s second theorem in order 

to calculate the displacement at node P,  the virtual force g  must be applied to the 

structure at this node.

Sym

Figure 2-3: Schematic o f the second substructure o f corrugated core in tension

Therefore the strain energy o f each member due to the bending moment and axial 

forces may be calculated as:
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U i — Ui,A +  Ui,B , i — 1.2,3 (2-1)

where:

U i a  = 2 ECAC UlB ~
F2h 2l x

3Eclr
(2-2)

(F +  9 ~  f*)2c2h
U2a = 2ECAC

(2-3)

2 ECIC (F/i/2) l2 -  (F/i/2) (F + g — /4)s / 2 2 +
(F + ^ - / 4) 2s 2 / 231

t j  _  ( F + g - f 4 ) 2 h  j j  _  h 2( . ( F / 2 ) + g - f 4) ) 2 l3 
U 3A ~  » U 3B ~  —2ECA C 2 Erh

(2-4)

Here h, ECi Ac and Ic represent the height, Young’s modulus, cross section and 

second moment of area of the subdivided corrugated core respectively. Moreover c 

and s denote cos(0) and sin(0) respectively. Differentiating the strain energy of 

each member respect to this virtual force g, the displacement of each member would 

be obtained from following relations.

$iA —
_ dUiA

dg g =o
^iB —

_  duiB
d9 , = 0

i = 1,2,3 (2-5)

By following a straight forward formulation and adding these terms, the total 

displacement would be expressed as:

r ( F - / 4) ( c2/2 +  Z3) ,O = --------- --—;------------h
ECAC 2 ECIC

2l 3iFhslz + 2(F -  U ) s % h % « F / 2 ) - / 4)

Ech

(2-6)

Considering that the force in the elastomeric members are proportional to the 

applied structural load, i.e. /4 = a 4F, the force displacement relation may be 

rewritten in the following form:

S = F
(1 -  a4)(c2l2 + l3) - 3 h s l2l + 4(1 -  a4) s 2l23 +  6h2l3( l  — 2a 4)

ECAC
+

12 ECIC

(2-7)
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Compatibility implies that S = -777- = F for the elastomeric member, whereEeAe EqAq

Eeand Ae represent the Young’s modulus and cross section of the elastomeric 

coating respectively. Therefore a4 is obtained as:

( c 2U + lo . —3hsl72 + 4s2l73 + 6h2L \
ECAC 12ECIC

a4 = — 7-----------------------=--------------------r—  (2 -8 )
( c2l2 + h  s 2l23 + 3h2l2 . U \

ECAC 3 ECIC AeEe

Considering Fig. 2-2, and by repeating the same procedure for the first substructure 

of the half of periodic unit cell, a 5 is obtained as:

( c 2l2 + l1 —3hsl22 + 4s2l23 + 6h2l1\
I ECAC + 12 ECIC )

5 =   ̂ r 2- (2-9)
( c 2l2 + h  , s2*2 + 3/i2ii , l5 \
^ ECAC + 3ECIC AeEe)

After finding the distribution of forces in the elastomeric members i.e. a4 and a 5, 

the total mechanical behaviour of the second substructure of half of the unit cell 

would be calculated by adding the displacement of the first member as: S1A =

F ( -V )  and S 1B = F ( £ ± ) .  Therefore the force-displacement relation for the
ECA C \ 4  ECICJ

second subdivision of half of the unit cell would be obtained as:

Shu= F
/]_ + (! — cc4){c2l2 + Z3) 3h%  -  3hsl22 + 4(1 — a4)s 2 Z23 + 6 /i2 Z3(l -  2a4)

ECAC 12 ECIC

(2-10)

Consequently the stiffness of the second substructure of half of the unit cell 

illustrated in Fig. 2-2 would be obtained as:

K2 =
Zi + (1  — a 4)(c2Z2 + Z3) 3h2lr -  3hsl22 + 4(1 — a4)s2l23 + 6 h2 Z3( l  -  2 a4) 

ECAC + 12 ECIC

(2- 11)
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In the similar way, the stiffness of the first subdivision of half of the unit cell 

would be obtained by replacing l± with l3 and aA with a 5 in the Eq. (2-11) to give

1
— ________________________________________________________________________

1 Z3 +  (1 -  ft5) ( c 2*2 +  *i) ■ 3 h2l3 -  3hsl22 +  4 (1  -  a 5) s 2l23 +  6/i2Z1( l  -  2 g 5)
ECAC + 1 2 FC/C

(2-12)

Finally, the total stif&iess of half of the corrugated unit cell is the summation of 

these two terms. Consequently the tensile stiffness of a panel consisting of N
( K  + / f  ^periodic unit cells would be: - 2 . On the other hand, the tensile force

displacement behaviour for an equivalent beam with the same length of the panel is: 

F = 2̂Ny i ^ i Lc+l ) Therefore the equivalent longitudinal tensile modulus can be 

presented as:

{AE)EqL = + l2c + Z3) ( ^  + K2) (2-13)

2-2-2 Longitudinal out of plane stiffness

As mentioned before, since the out of plane and compression stif&iess of the 

elastomer coatings are very low, it is assumed that they act like springs that undergo 

only tension. In other words, the role of the upper elastomeric coating which is 

subjected to tensile loading is modelled as springs resisting the gap opening between 

two adjacent comers of each unit cell of the corrugated core. The minor effect of the 

coating subjected to compression forces during the bending is neglected.

2-2-2-1 Problem definition

As illustrated in Fig. 2-4(a), the coated corrugated core is symmetric along the axis 

passing through the center of the panel. Hence only one half is considered in the 

analytical solution. Fig. 2-4(a) depicts the schematic of generic coated corrugated 

core which includes N + 1 unit cells in half of the span of the simulated three-point 

bending experiment. It is expected that the maximum gap opening in the structure, 

and consequently the maximum stretching of the elastomeric coating, happens at 

node N + 1 which is in the center of the panel. The more distance the marked nodes 

in Fig. 2-4(a) have from the symmetry line of the panel, the less gap opening and
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consequently the less resisting force they would have. The idea here is to find a 

relation for the distribution o f forces in the elastomeric members.

S v m S y m
F\

u 7
./

x

(a) coated corrugated core in 
longitudinal direction

(b) typical beam

Figure 2-4: Schematic representation o f a coated corrugated core 
and a typical beam in three-point bending

2-2-2-2 Solution

In order to find the distribution o f the forces in the elastomeric members and to 

avoid solving complex coupled multi equations o f compatibility for these members, 

the Euler-Bernoulli beam in a three point bending test is considered as illustrated in 

Fig. 2-4(b). In this figure, for any two arbitrary points resting on a line parallel to the 

neutral axis, the ratio of their off axis strains in the x direction, are equal to the ratio 

o f their coordinates, i.e.:

By assuming a displacement model for the corrugated structure based on an Euler- 

Bernoulli beam, and by analogy to Eq. (2-14), the force o f  the elastomer coating in 

each unit cell due to the gap opening is proportional to forces in the other cells. Thus 

it is assumed that the upper coating o f the sandwich panel acts like a beam in three- 

point bending. That is, Eq. (2-14) is used here as an assumption to make a 

proportional relation between the forces o f the elastomeric members and the one
• • X ‘ f '

located in the center of panel. This relation can be stated as: —— =  — —.
XN + 1 f N + 1

To see how valid this assumption is, the ratio o f strains and in plane axial forces 

for the nodes marked in Fig. 2-4 (a) for 9 periodic unit cells, i.e. 7V=9, are calculated, 

tabulated and compared with FE results in Table 2-1. (More details o f the FE 

simulation are presented in section 2-3-2.)

(2-14)
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Table 2-1: Ratio of strains and stresses corresponding to nodes for 
the elastomeric members marked in Fig. 2-4(a)

Oi/*N+l) Coordinate ratios FE Strain ratios Error %

O i/* io ) 0.0341 0.0346 1.47

(*2 /*l<>) 0.1414 0.1430 1.13

(*3/*10) 0.2488 0.2520 1.29

(*4/*10) 0.3561 0.3610 1.38

(*s/*io) 0.4634 0.4700 1.42

(*6 /* 10) 0.5707 0.5790 1.45

(x7/ x 10) 0.6780 0.6880 1.47

(.xe/ x 10) 0.7854 0.7960 1.35

CX9/X 10) 0.8927 0.9050 1.38

The matrix form of the forces in the elastomeric members can be written as 

following symmetric matrix relation, in which fej (iy) for i ,j  = 1: (N + l)is  the 

elastomeric force that the comers of the unit cells exert on each other, as shown in 

Fig. 2-5(b). Thus

fel =  fel(iV) =
Lnp "b (J- l)^uc

^np ~b NLuc 
0  , i + l & j

i + 1  — j
(2-15)

where Lnp and Luc are the length of non-periodic part and periodic unit cell 

respectively. Next, in order to determine the distribution of force in the elastomeric 

member located at the center of panel, i.e. /  in Eq. (2-15) and Fig. 2-5(a), the 

displacement at node q is calculated first. In this regard, again according to 

Castigliano’s second theorem, the virtual force g is applied to the structure at this 

node. Differentiating the strain energy of each member respect to this force, the 

displacement in each member can be obtained. As mentioned before the strain 

energy of each member is due to the axial force and bending moment:

Uij = UiJiA + UijiB> i = l:N  + l  ; j  = 1,2,3,4,5 (2-16)

where the indices i and j  denote the cells and members of each cell respectively, as 

shown in Fig. 2-5(b).
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Figure 2-5: Schematic o f half o f the coated corrugated core in bending

Considering equilibrium equations, the axial forces and bending moments o f the 

illustrated members in Fig. 2-5(a), i.e. i =  N +  1 and j  =  4,5, are

T ( n  +  1 )5  =  ( d  ~  /  )

where d  =  Lnp +  N L UC and represents half o f the bending span, as shown in Fig. 

2-5(a). By differentiating the obtained strain energy due to the axial forces and 

bending moments with respect to the virtual force, the relative displacement in each 

member is obtained. In Eqs.(2-18) to (2-22) the factor w  has been introduced so as 

to keep the format o f equations simple and clear. Thus

M(n+i)5 = F(d + O h
(2-17)

(2-18)

< V  +  1)5J3 ~ =  F w 2 +  f w 3

Likewise for the next member, i.e. i =  N +  1 and j  =  5,

W )4 — (-9 ~  ~  FS

W(N+1)4 =  ( F ( d  -  k )  +  h i a  -  / ) )  -  x ( ( g  -  f ) s  +  F c )
(2-19)

and for the tensile axial and flexural displacement:



/  L c s \  (  L c 2 \
*<»♦ D 4, =  F ( -  — ) + f  ( - — ]  =  Fw4 +  f w s

^ (d  -  l s ) { 2 l 4h -  l / s )  +  c ( ~ h l 42 +  y

>(N+1)4B =  F
2EC\C

(2 -20 )

+  f

- h ( 2 l4h -  l42s )  -  s  h l42 +

2EC\C
=  F w 6 +  f w 7

/

Considering the compatibility of the elastomeric member, the displacement of node 

q which is the summation of these relative displacements is

7=5
S -  y ^ ( ( f y v + i ) 4 M  +  £(N +1)4jb )  -  F ( w 2 + w 4 +  W 6)  +  f (W-L  +  W 3 +  W 5 +  W 7)  -  ^

(2-21)

where le is the length of the elastomeric member which is located between two 

adjacent comers of two consecutive unit cells of corrugation. Then the relation 

between the applied global force and the resisting force due to the gap opening in the 

elastomeric member is

f  =  F
(w2 + W4 + W6)

( 2A% ) “  + ^ 3 + ^ 5 + W7)
=  a F (2-22)

Obtaining Eq. (2-22) and considering Eqs. (2-15) and (2-16) the force distribution 

in the elastomeric members are identified and hence the structure is determinate. In 

other words the force in each elastomeric member is proportional to the global 

applied force F, i.e. /i(i+i) = ^i(i+i)F. Similar to Eq. (2-15) is the symmetric

Lnp~Ki~l)Luc 
jnp+NLuc

of the structure with respect to the global applied load F in Fig. 2-5(b), the vertical 

displacement for the center of the panel would be obtained. Considering Fig. 2-5(b), 

Eq. (2-16) can be divided into periodic and non-periodic parts as:

matrix given by a i(-i+1) =  a . By differentiating the whole strain energy
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u = u nP+ m z +iz irJ1u ij-

Considering Eq. (2-15) and Eq. (2-22) and following the same procedure, the axial 

forces and bending moment of the members of the non-periodic part, i.e. i = 1 , can 

be calculated. The axial and bending deformation of these members are calculated as

+ Vl2c) U \
S" *  = F (   M r  )  = FC“ *

\ a 12s -  c)2l4

(2-23)

~(.a n ) 2h
^ = n - i T A r r FC^

\ l 5 + l4c -  a 12h) 3 -  (l4c -  a 12h)':
= F l ̂ -----------------3 E X ^ ----^  I = FC“*

In Eq. (2-23) to Eq. (2-35) Cy is the flexibility factor has been introduced so as to 

keep the format of equations simple and clear. According to Fig. 2-5(b), for the 

periodic unit cells of the structure, the length parameter Lt is introduced as

Li — [Lnp +  (i — 2 )LUC] + Lj ^

i = 2:N + 1 and j  = 1,2,3,4,5

where Lt is the distance from the support to the member of each periodic unit cell. 

Considering Fig. 2-5(b), for the first member of each periodic unit cell, i.e. 

i = 2: TV + 1 and = 1 , the axial and bending moment is stated as:

Til =  / ( i - l ) i  =  ^*(a ( i- l) i )
(2-25)

M a =  /( i- i) if t  “  F i x  +  Li)  =  -  Lf -  x )

The relative displacements due to the axial and bending forces for this member is 

then
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J = r L iiA

(2-26)
^  = f w T  =FCi-

^ =fi - s 4  1=FQi*

In a similar way, for the second member of each periodic unit cell, i.e. j  = 2, the 

axial and bending moment is

T i2 =  F s —f o - t y i C  =  F (s  -  a(i_i)jc)

Mi2 =  ( F c + f a ^ x  + ( F L i - f ^ i h )  = F[(c+a(i_1}is)x + (L* -  a(i-i)ih)] 

and the deformations corresponding to these forces are 

_  T7[ ( s - a ^ 1)ic)2l2\ _

(2-28)
- & T -

((c+a(i-i)is)(2 + (if -  “ (i-i)ift)) -  (if -  ,

i2B '  F 1 3EcIc(c+ a 0_1)iS) I "  FQ2s

Similarly, for the third member of each periodic unit cell, i.e. j  = 3, the axial and 

bending moment is

Fjs = 0
(2-29)

Mi3 = F (Li + x)

Therefore the deformations corresponding to these forces are:

$ i 3 A ~  0

(Li + h ) 3 - L i 3\  „ „  (2-30)

Likewise, for the fourth member of each periodic unit cell, i.e. j  =  4, the axial 

force and bending moment are:

Tt 4 = Fs+fi(i+1)c = F (s + a ^ i+1 )c)
(2-31)

Mj4 =  FL( + (Fc -  f i(i+1)s)x  = F[Lt + (c -  a i(i+1)s)x]

Similarly, the deformations corresponding to these forces are:
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■I ,3 x (2-32)
^ , {(L, +  (c -  a i(i+1)s)l4) ) -  L;3 , _

‘4s 3E,.Ic(c -  a i(i+ljs) l*B

Finally, for the fifth member of each periodic unit cell, i.e. j  = 5, the axial and 

bending moment is

î5 — fi{i+1) -  ^ ( a i(i+1))

Mis = fi(i+i)h -  F(Li + x) = F(ai{i+1)h - Lt - x )
(2-33)

and the deformations are

^5 (^i(i+l)^ ^i)) (^i(t+1)^ ^i)
^ i S B  ~  F  j 3 E C I C I —  F C i 5 B

(2-34)

The vertical displacement for the half of the panel then is obtained as:

/ ; '= 5  i= N + l  ;'=5 \  i= N + l  j= 5

= | + 81Jb) + ^\$ijA  + | = ^ ^  + îy's) = FCtotal (2-35)
\ / = 4  i= 2  j = l  J  i = l  j = l

Comparing this relation, with the cantilever beam with length equal to half of the 

original three point bending span, i.e. d, the equivalent flexural stiffness would be 

obtained as:

(Lfjfj + NLur) 3
(.El)EqL = - J}2^ ---- —  (2-36)

^ t o t a l

It is  worthwhile to notice that Ctotai is a function of the number of periodic unit 

cells and hence the equivalent flexural stiffness is dependent to the number of 

periodic unit cells.
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2-2-3 Transverse stiffness

In order to predict the transverse stiffness modulus of the coated corrugated core, a 

straight Euler-Bernoulli beam is considered. As illustrated in Fig. 2-6(a) and Fig. 2- 

6(b), calculation o f the in plane and out of plane stiffness o f the beam in the 

transverse direction leads to formulation of the equivalent transverse modulus of 

stiffness.

M

w

(a) Transverse in plane stiffness (b) Transverse out o f plane stiffness

Figure 2-6: Schematic o f a unit cell o f coated corrugated core 
in the transverse direction

2-2-3-1 Transverse in plane stiffness

Composite corrugated core and elastomeric members act like parallel springs in the 

transverse direction. Therefore the total stiffness of a unit cell o f coated corrugated 

core in the transverse direction is given by:

K r  =  /C + /C =
le j L-,e cr'-'c

CT e-f
W-7

(2-37)

where A Ct, A 6t and W T denote the cross section area o f the corrugated core and 

elastomeric coating and the width of the panel in the transverse direction, 

respectively. The axial stiffness for the equivalent bar is:

K E q T
cAE) EqT

(2-38)

Hence by comparing Eq. (2-37) and Eq. (2-38) the equivalent stiffness in the 

transverse direction is:

(.A E ) eQt =  A er Ee +  A CTEC «  A Ct Ec (2-39)
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2-2-3-2 Transverse out of plane stiffness

As mentioned in the previous section, since the composite corrugated core and 

elastomeric members act like parallel springs in the transverse direction, the total out 

of plane stiffness of a unit cell of coated corrugated core is given by:

m EqT =  Eclcr + EeIer *  ECICT (2-40)

It is evident that in Eq. (2-39) and Eq. (2-40) that the role of the elastomeric 

members in the transverse direction may be neglected since the elastomer Young’s 

modulus is small compared to the composite material.

2-3 V alidation

Different experimental and numerical models are considered in this section to 

verify the accuracy and efficiency of the presented equivalent model. In the 

experimental part, both coated and uncoated corrugated cores are studied in tensile 

and three point bending tests and their mechanical behavior are compared to those 

predicted by the analytical solution. In the numerical section, the mechanical 

behavior of coated corrugated cores predicted by the analytical model is compared to 

the finite element results obtained by ABAQUS simulation (SIMULIA, 2011). The 

effect of combined loading and the number of unit cells on the mechanical behavior 

of the structure are investigated and verified with numerical simulations.

2-3-1 Experimental validation

In order to validate the analytical model for different levels of complexity of the 

geometry of the structure, the mechanical behavior of both coated and uncoated 

corrugated cores in tensile and three point bending tests (Dayyani et al., 2013) are 

compared to those predicted by the analytical solution. More details of the 

experiments for the uncoated corrugated cores are presented in (Dayyani et al., 

2012).

2-3-1-1 Problem definition

In this section a brief description of the literature (Dayyani et al., 2013) on the 

manufacturing method and material characterization of the coated corrugated panel 

is presented.
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Coated corrugated core fabrication

To manufacture the composite corrugated cores, prepreg laminates o f  glass fibre 

plain woven cloth were hand-laid on a trapezoidal machined aluminium mould. 

More details of the manufacturing process as well as the schematic o f the trapezoidal 

mould and the prepreg laminates o f glass fibre are presented in the author's previous 

work (Dayyani et ah, 2012). Afterwards, both the upper and lower faces o f the 

corrugated core were covered by elastomer which is widely used in applications 

where low stiffness and a high elastic strain are required.

Coated corrugated core geometry

The length o f the coated composite corrugated core investigated in this section 

was 300 mm. The widths o f tensile and bending test specimens were 25 mm and 100 

mm, respectively. Figure 2-7 illustrates the constructed coated composite corrugated 

core which included 10 unit cells. The thickness o f  the corrugated core and elastomer 

skin was 1.00 mm and 0.80 mm, respectively. The values o f the dimensions given in 

Fig. 2 -1(b) are tabulated in Table 2-2.

Figure 2-7: The coated composite corrugated core, (Dayyani et al., 2013) 

Table 2-2: Dimensions o f the corrugated core unit cell, (Dayyani et al., 2013)

Dimensions Values(mm)

3.75

a 2 5.50

a 3 5.30

h 9.50
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Coated corrugated core material characterization

The corrugated core was made of three-plies of woven glass 

fibres with epoxy resin. Moreover, to evaluate the mechanical properties of this 

material, uniaxial tensile tests were carried out on five flat samples with 

unidirectional embedded fibres. The average Young’s modulus of fibres, Ef,bre, was 9 

GPa, while the effect of the matrix was neglected. The elastomer coatings were 

made of synthetic rubber Polyurethane (PU) which was knitted by a circular 

interlock weft method. To evaluate the mechanical properties of the elastomer, a 

total of six strips of elastomer sheet were cut and subjected to simple tensile tests. 

Table 2-3 describes the average Young’s modulus of the elastomer coating in three 

phases of stretching.

Table 2-3: Tangent modulus of the elastomer in different phases of stretching,
(Dayyani et al., 2013)

Elasticity Initial stretch Medium stretch Final stretch

Tangent modulus 13.5 MPa 10.25 MPa 108.00 MPa

2-3-1-2 Experiments on coated composite corrugated core

Tensile test of coated composite corrugated core

Using the ASTM D3039 standard (ASTM-D, 2000) as a basis for the tensile 

standard testing, six specimens of the coated composite corrugated core were tested 

experimentally in tension, transverse to their corrugations. Figure 2-8(a) illustrates 

the investigated composite corrugated core with elastomeric coatings for the tensile 

test. A comparison of the average data from the experiment for the corrugated core 

with and without elastomeric coatings in the tensile tests is shown in Fig. 2-9(a).
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(a) Tensile experiment (b) Bending experiment
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(c) Tensile simulation (d) Bending simulation

Figure 2-8: Composite corrugated core with elastomeric coatings in structural tests 
and corresponding simulations, (Dayyani et al., 2013)

Three-point bending test of a coated composite corrugated core

Likewise, according to ASTM C393 (ASTM-C, 2000), six specimens o f the coated 

composite corrugated core were tested experimentally by a three point bending test. 

The span and diameter o f the support rollers were 193 mm and 5 mm, respectively. 

Figure 2-8(b) illustrates testing machine and the coated composite corrugated core 

during the three point bending test. A comparison o f the average data from the 

experiment for the corrugated core with and without elastomeric coatings in the 

three-point bending test is shown in Fig. 2-9(b).
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2-3-1-3 Analytical modeling of experiments

The analytical modelling consists of two steps: first, the equivalent isotropic 

material properties for the plain woven fabrics are estimated and second, the 

equivalent tensile and bending flexural property of the coated composite corrugated 

core for 10 unit cells are evaluated. In the first step, since the plain woven fabrics are 

a type of heterogeneous orthotropic material, the equivalent Young’s modulus is 

calculated based on the finite element model described in detail in (Dayyani et al., 

2012; Li et al., 2008). However the equivalent Young’s modulus can also be 

calculated from the rule of mixtures. Since the analytical solution is proposed for 

linear small deformations of the structure, the initial stretching behaviour of the 

elastomer is considered. Therefore, the equivalent Young’s modulus of the 

composite, Ec and the elastomer Ee are estimated as 4.5 GPa and 13.5 MPa 

respectively.

Longitudinal in plane stiffness

Considering Eqs. (2-11) and (2-12) and the fact that the tensile stiffness of the
( K  + / f  ^

panel consisting of 1 0  periodic unit cells would be equal to ~ > the force

displacement curves for both coated and uncoated structures are plotted in Fig. 2- 

9(a). It must be mentioned that by setting the Young’s modulus of the elastomer to 

zero the proposed analytical solution would be identical to the analytical method 

proposed in (Dayyani et al., 2012) and matches with the first phase of mechanical 

behaviour for the uncoated corrugated core in the experiment. Then by increasing the 

Young’s modulus of the elastomer up to 13.5 MPa, the proposed analytical solution 

would correlate with the first phase of the mechanical behaviour of elastomeric 

coated corrugated core in the experiment. By considering the low stiffness of the 

corrugated core in the initial stages (Dayyani et al., 2012), the effect of the elastomer 

is evident. The elastomer functions as a spring which is parallel with the corrugated 

core and thus resists the deformation of the whole structure.

Longitudinal out of plane stiffness

The span in the three-point bending test was 193 mm. Hence, considering the 

values listed in Table 2-2 and Fig. 2-5(b), one half of the bending span included one
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non periodic part and three periodic unit cells. In this regard Eq. (2-15) is rewritten

as:

0 f l 2 - 0 0.1
/21 0 /23 0.1 0 0.4

/32 0 /34 =  f 0.4 0 0.7
.A-3 0 / 45 0.7 0 1

A  4 0 - 1 0 -

The force displacement curves for both coated and uncoated structures are plotted 

in Fig. 2-9(b). By setting the Young’s modulus o f the elastomer to zero the proposed 

analytical solution would be the same as the analytical method proposed in (Dayyani 

et al., 2012) and matches with the first phase o f mechanical behaviour o f uncoated 

corrugated core in the three-point bending experiment. However by increasing the 

Young’s modulus o f elastomer to 13.5 MPa, the proposed analytical solution 

correlates with the first phase o f the mechanical behaviour o f the elastomeric coated 

corrugated core in the bending experiment.

“* 200

20

z

8

6

2

0 10 20 40 50 600
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Figure 2-9: Mechanical behaviour o f coated and uncoated corrugated core, 
experiments and analytical solution

2-3-2 Finite elem ent validation

In this section the mechanical behavior o f coated corrugated cores predicted by the 

analytical model is compared to the finite element results obtained by ABAQUS 

simulation. Two different effects on the mechanical behavior o f the structure are 

investigated and verified by numerical simulations. In both cases the geometric 

dimensions and material properties are selected as those presented in section 2-3-1-1.
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In both cases a fine mesh of 2D beam elements which interpolates the deformations 

by use o f cubic shape functions was considered. The size o f each element was 1 mm 

and 3 degrees o f freedom for each node was considered. A mesh convergence study 

was performed to confirm the mesh independency o f the solution.

2-3-2-1 The effect of the number of unit cells

As mentioned before the coated corrugated core acts as a series o f springs in 

tension. However, for the bending case the situation is slightly different. It is evident 

in Eqs. (2-23) to (2-36) that the flexibility factor, i.e. C y ,  itself is a quadratic function 

o f the number o f unit cells. On the other hand, considering Eq. (2-36) the bending 

stiffness is a cubic function o f the length o f the bending span which is dependent to 

the number o f unit cells. As a result, in both tensile and bending cases the stiffness 

has an inverse relation with the number o f unit cells. Figure 2 -10(a) compares the 

tensile stiffness o f the panel versus N ,  the number o f periodic unit cells, obtained by 

the equivalent model and the finite element simulation. Figure 2-10(b) shows a 

comparison o f the bending stiffness o f the panel versus the number o f  periodic unit 

cells in half o f the bending span, obtained by the equivalent model and the finite 

element simulation.
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Figure 2-10: The stiffness o f the panel versus the number o f unit cells 

2-3-2-2 The effect of combined loading

This section shows the suitability o f the proposed method to replace the coated 

corrugated core with an equivalent structure under a complex combination o f load

68



and boundary conditions, by analyzing two finite element models corresponding to 

these structures.

Firstly a coated corrugated core with equivalent material properties and the same 

dimensions of the tensile specimens given in section 2-3-1-1, were modelled as beam 

elements. The boundary conditions were selected such that one end of the panel was 

fixed and the other was subjected to a horizontal displacement of 1 0 mm in the 

longitudinal direction. Furthermore, in terms of loading, one side of the coated 

corrugated core was subjected to a vertical uniform pressure of 1000 kPa. Secondly 

an equivalent beam model was simulated with an in plane stiffness, i.e. (EA)Eql, of 

1035.8 N and an out of plane stiffness, (EI)E(Jl, of 12931N/mm ; the same boundary 

conditions and loading were modeled independently in ABAQUS.

In both cases fine meshes and linear small displacement theory were considered. 

The results obtained corresponded to the reaction forces at the fixed end and the 

nodal displacements of the moving end are tabulated and compared in Table 2-4. The 

error in both the horizontal and vertical cases is less than 6.7%, which demonstrates 

the efficiency of the proposed method under complex combined load and boundary 

conditions.

Table 2-4: Stiffness comparison of the corrugated panel in combined loading, 
finite element model and the analytical equivalent method

Method \ Stiffness
Force to displacement ratio (N/mm)

Horizontal direction Vertical direction

Finite Element Method 3.3820 0.0388

Analytical Equivalent Model 3.5500 0.0362

Error (%) 4.7300 6.7000

2-4 Discussion

Considering the geometric dimensions and material properties of the panel 

presented in section 2-3-1-1, and regarding Eqs. (2-8),(2-9) and (2-22), the relation 

between the coefficient of the force distribution in the elastomeric members, i.e. a, 

and the Young’s modulus of the elastomer is shown in Fig. 2-11 for the tension and 

bending cases in the longitudinal direction respectively. The curve shows a plateau 

when the Young’s modulus of the elastomer tends to infinity, which is expected
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because o f the geometric constraints. The physical description o f the behaviour is 

that by increasing the Young’s modulus o f the elastomer sufficiently there would be 

a rigid geometric constraint between two adjacent corners o f the unit cells. In other 

words the rigid link would prohibit any change in the distance between two adjacent 

comers o f subsequent unit cells. Therefore the rigid link would have a constant axial 

force. However it must be mentioned that this behaviour is true only in terms of 

theory. In reality, by increasing the Y oung’s modulus o f the elastomer up to a certain 

level the mechanical behaviour o f the elastomer would change from membrane into 

shell behaviour. Moreover the deformation mechanism would also change since the 

skins o f the sandwich panel would have a greater Young’s modulus than the 

composite corrugated core. Fig. 2-11 (a) and Fig. 2 -11(b) illustrate the relation 

between a  and the Young’s modulus o f the elastomer in the longitudinal tensile and 

bending tests respectively. In addition, the effect o f the length o f the elastomeric 

members on the distribution o f force in each elastomeric member (i.e. different 

a 4 and a 5), which is due to the different geometric parameters, are shown in Fig. 2- 

11(a).

I

(a) Tensile (b) Bending

Figure 2-11: The relation between a  and the Young’s modulus o f the elastomer

2-5 Conclusion

Two analytical solutions to calculate the equivalent tensile and bending flexural 

property o f the coated corrugated core in the longitudinal and transverse directions 

are presented based on Castigliano’s second theorem. The results obtained by the 

analytical model were compared to those given by numerical simulations and 

experiments. In the experimental part, both coated and uncoated corrugated cores

100 200 300 400 500 600 700 800 900 1000
Elastomer Young's Modulus (MPa)
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were studied in tensile and three point bending tests. The ratio of the in plane and 

out of plane stiffness of coated corrugated structure to uncoated corrugated structure 

was 2.28 and 2.14, respectively. This provides a better insight into the mechanical 

behavior of coated composite corrugated panels as candidates for morphing wing 

applications. Furthermore, the effect of combined loading and the number of unit 

cells on the mechanical behavior of the coated corrugated core are investigated and 

verified with numerical simulations. The physical description of the behavior that the 

relation between the coefficient of the distribution of forces in the elastomeric 

members and the Young’s modulus of the elastomer converges when the Young’s 

modulus of elastomer tends to infinity was also discussed. The comparison studies 

demonstrate the suitability of the proposed method for further design investigations.

71



Chapter 3: 
A General Super Element for a Curved Beam

3-1 Introduction

Considering the geometric and mechanical properties of the corrugated panel, a 

generic super element of corrugated core unit cell with elastomeric coating for 

morphing structures is investigated in this chapter. The super element captures the 

small deformation of a 2D thin curved beam with variable curvature. The importance 

of this work, in contrast to the previous chapter, is that it provides a precise 

analytical equivalent model which avoids any homogenization assumptions. In this 

regard, the stiffness matrix of a general curved beam element for a corrugated unit 

cell with elastomeric coating is derived. Different geometries are investigated to 

verify the accuracy and efficiency of the presented super element. The super element 

uses the geometric and mechanical properties of the panel as variables that may be 

applied for further topology optimization studies. The parametric studies of different 

corrugation shapes demonstrate the suitability of the proposed super element for 

application in further detailed design investigations.
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3-2 Problem statement; Motivation and Approach

Although some research is available in the field of analytical homogenization of 

both uncoated and coated corrugated cores, the applicability of these studies to 

further optimization and design of morphing skins is still a matter of question as 

discussed in chapters 1 and 2. For instance, the equivalent flexural property of both 

uncoated and coated corrugated cores is dependent on the length of panel. Figure 3- 

1(a) shows a comparison of the predicted equivalent flexural property of both coated 

and uncoated corrugated panels from finite element analysis, ABAQUS (SIMULIA, 

2011). The details of the geometry of the coated corrugated unit cell are presented in 

the literature (Dayyani et al., 2012). A fine mesh of 2D beam elements which 

interpolates the deformations by use of cubic shape functions was considered for the 

analysis. The size of each element was 1 mm and 3 degrees of freedom for each node 

was considered. A mesh convergence study was performed to confirm the mesh 

independency of the solution. The ascending trend of the curve for the coated 

corrugated panel is due to the elastomeric coatings, which act as springs parallel to 

corrugation unit cell, as discussed in the previous chapter. Figure 3-1(a) shows that, 

for the detailed FE analysis of a corrugated panel, the equivalent flexural property of 

a sufficiently large number of unit cells is about 9% more than one unit cell. This 

difference is higher than that predicted from the assumptions and limitations of the 

theories used. The curvature of an aerofoil, especially at the leading edge of the 

morphing wing, is another issue that must be considered when using the 

homogenized tensile and flexural properties of the corrugated panel in the literature. 

The literature describing the equivalent tensile and flexural properties of coated and 

uncoated corrugated cores is limited to straight flat panels and does not capture the 

effect of curvature. Figure 3- 1(b) illustrates the application of the coated corrugated 

core as a skin of a Fish-BAC internal structure (Woods and Friswell, 2012) of an 

aerofoil in a leading and trailing edge morph. Thus the limitations identified above, 

motivate the development of a generic super element for a coated corrugated unit 

cell.

73



-9

—• —  U ncoated  trapezoidal corrugated  core  
—■*—  C oated  trapezoidal co rrugated  core

l l l i B i

•10

n  ( N u m b e r o f  U n it C e lls  =  2 n )

(a) The convergence of the equivalent 
bending stiffness of a corrugated panel

(b) The application o f the coated 
corrugated core as a skin o f camber 

morphing aerofoil

Figure 3-1: The motivations for the general super element

Figure 3-2(a) shows a schematic of the corrugated core unit cell coated with an 

elastomeric skin. The panel is assumed to have periodic corrugations in the 

longitudinal direction. In comparison to the literature (Bartolozzi et al., 2013) only 

one side of the corrugated core is coated with the elastomer skin. This approach 

reduces the weight of the morphing skin and also results in a smaller actuation force 

required to stretch the skin to morph to the desired position. Figure 3-2(a) shows that 

any coated corrugation unit cell has three components. Considering the shear 

deformation between the elastomeric coating and the corrugated core, the regions 

labelled 1 provide significant area to bond the elastomer and corrugated core. The 

curved component, labelled 2, causes the main deformations o f the skin. The shape 

and curvature o f this member has a major impact on the ratio o f the out o f plane 

stiffness to the in-plane stiffness o f the skin, which must be optimized for the 

specific application of morphing. The elastomeric skin is labelled 3. Since the ratio 

o f the elastomer Young’s modulus to Young’s modulus o f corrugated core material 

is very small, a good assumption is to neglect the elastomer coating in the areas 

overlapped with the composite corrugated core. This assumption is reasonable 

because these two materials are well bonded together and have the same 

displacement. Thus the strain energy terms o f the elastomer in contact with the glass 

fibre maybe neglected (Dayyani et al., 2013). Considering the points mentioned 

above, the objective of this chapter is first to represent an equivalent element for the
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curved component 2, and then to assemble its stiffness matrix with the stiffness 

matrix o f the elastomeric member 3.

(a) (b)

Figure 3-2: Schematic o f the corrugation unit cell and its curve function

3-3 Theory

In this section the direct stiffness method and Castigliano’s second theorem are 

used to derive the stiffness matrix o f an arbitrary corrugation curve. Figure 3-2(b) 

shows a schematic o f an arbitrary corrugation curve that can be a mathematical 

function o f x  , i.e. /(x ) .T h e  Cartesian and normal and tangent (n  — t )  coordinate 

systems are selected for the global and local coordinate systems. For any arbitrary 

point on the curve the position vector is:

In vector notation, the applied forces on node 1, which is located at the origin o f 

coordinate systems, is:

(3-1)

The unit vectors o f the tangent and normal directions are defined as:

(3-2)

(3-3)
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/ °
Fiv ~  F\v G)
where indices h and v  represent the horizontal and vertical directions. The projection 

of these vectors in the tangent and normal directions are:

P ro j~ h = Flh.Tt = -------- —

1 + (/to)
(3-4)

D -fih T> * —* “ t o * / t o
P r ° l e i  =  lh n =

1 + (/to)

and

D *Fiv 1? * —* t o * / t o
PtoJtc = to -  et =e  i .1 /  t  l -

i  +  ( / w )

• Fi„ . TT~‘ _ F1V
(3-5)

Pro/'-i1’ =  Flc.en =
Cn I 7)1 + (/to)

Thus the equilibrium the tangent and normal forces and the bending moment are:

-  ( t o  +  F l v  *  / t o )
7 iM  = - v ’

1 + (/to)

(to * f i x ) )  -  Flv (3-6)

' l +  ( / ( * ) ) '

t o  t o  =  ( t o  * *) -  (fih  * / t o )  -  t o

The incremental length along the curve is ds = 1 +  (/O O J dx. Hence the

strain energy of the curved beam due to the axial (tangent) forces and bending 

moment may be represented as:
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J~X\ y 2 I 2

0 2I a J 1 + ( / M )  dX

•Xi j 2

^ l  +  ( / ( x ) j  dx

(3-7)

UB = J0 ‘^ f J 1 + ( / ( X ) ) 2 dX

Where the indices A and B indicate axial and bending. The total strain energy is 

U = UA + UB. Since the theory of thin beam elements is used, the strain energy due 

to shear strains is neglected. From Castigliano’s second theorem, the displacements 

and rotation at node 1 , along the direction of the applied forces and moments from 

the axial strain energy, are obtained as:

dUA,l r, r  dx f X‘ f ( x )
f )F ~  l h  I I--------------------? l v  I I-------------------- ~

0  E a J i  +  ( / ( * ) )  0  E a J i  +  ( / ( * ) ) '

=  F l h  * lA,Fl h Fl h  +  F l v  * lA,F^hFlv

lh

W 4,1 _  „  f X ‘ / ( * )  .  f X‘ ( / W )

OF-

(3-8)

_  r? f  1 F W  , r- f  1
7 - F lfl     dx + Flv I

l p  0  e a J  1 +  ( / ( * ) )  0  e a J

dx
E A J I  + ( f { x ) )  (3-9)

-  F lh  * h ,F lv Flh  +  Flv * U ,F lp Flv

dUA1
a ^  = ° ( 3 ' 1 0 )

A series of factors are introduced from Eq. (3-8) to keep the format of equations 

simple and clear. The second index of these factors represents the force which the 

axial strain energy is differentiated to while the third index indicates which force this 

factor is coefficient of. For instance the second index of lA F lh Fi „  in Eq. (3-8) 

represents the force F ^  which the axial strain energy UA1 is differentiated by, while 

the third index indicates that the term U ,F lh Flv  is a coefficient of Fiv  Similarly for 

the bending strain energy:
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W B, i
3F,lh

=  Flft [
Jo

( f t o f j i + ( / to )  c*' * * f w j 1 + ( / to )

+ M, [
Jn

E l

Xi f { x X

■ d x  +  F 117

r*i
Jn E l

dx

1 + (/(*))
E l

dx (3-11)

-  F i l l  * W n  +  F i r  * l B.Fl h P1,  +  M 1 * I B.Fl h M1

dUBii r*« x * f ( x ) J l + ( /(* ) )
= Fih I --------7 >70dFl v E l

Xi X

dx + F117

r*i X* 
•70

1 + (/(*))
E l

dx

+ m J -
■70

1 + (/(*))
E l

dx
(3-12)

-  ^ l f t  * IB,Fl v Fl h  +  ^ l i ;  * h , F l v Fl v  +  M t * I b ,F1vM1

dt/g, i 
dM-

rxi 
~ = F i h  [
1 -7Q

/(*), 1 +  ( / ( x ) )  f X i

- -------—  d x  +  Flv
'oE l f -Jn

x j l  + (/W )
E l

dx

+ Mt
•70

i + (/(*))
E l

dx (3-13)

— ^ l h  * ^B,M1Fl h  +  F i ,  * I b ,M^Fxv +  M l *  h . M i M i

Equations. (3-8 to 3-13) may be written a symmetric matrix form as:

^Flhflh ^Elhfiv ^Flh,Mi F l  h ’̂ 1 h
^Fv.Fih F̂lv,Fiv ^Flv Mi F i v = $ l v

J MiFih Im i F1v I m ^M i  _
.Mx. L0 J

where each element of the flexibility matrix I ± is a sum of the factors due to axial 

and bending strain energy. In other words, IFlhFlh = U j xhFxh + l B,Fl h Fxh and 

likewise for the rest of the components. The flexibility matrix I ± is invertible for any 

curve /(x ) ;  a mathematical proof for this argument is behind the scope of this 

chapter, but a physical explanation is based on the fact that any curved beam is not 

rigid in any direction. Rearranging Eq. (3-14) in terms of nodal forces gives:
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r ^ i / z i l F i h f i v ! FX h M x
- 1

A h

^117 = 1 Fiv f l h 1 Fiv f i v 1 Fiv  M i ^ l v
. M i . l Mx Flv I m x M i  . L ^ i

(3-15)

Applying the proper boundary conditions at node 1, the corresponding forces, 

representing the elements of the stiffness matrix, are obtained. For
A h ' T

1̂17 = 0

.0 .

A i  — Fih. —

K12 — Fiv —

K 13 — M 1 —

Q f i v . F i p  *  ~  b u f c

det(/i)

pFlv.Ml * V . f j J  ~  Qfiv.FiI, * V m i)  
det(/j)

VFiv.F 1„ * V f . J  -  ( h lv F1v * !M!Flh)
det(/j)

(3-16)

(3-17)

(3-18)

where det(/1) is the determinant of the flexibility matrix / x. For
O'

S i v = 1

L 0J .0 .

K 2 i  — Flh  —

K22 — Fiv ~

K23 — M-l —

V F i k M l  * !Ml.Fl v )  ~  { ! Fl h Fl v  * V m J

det(/1)

pFihFn, * V.Mi) ~  IfmMi 
det(/i)

VAn/ir * ViAft) ~  pFlhFlh * 
det(/j)

then

(3-19)

(3-20)

(3-21)

A h ' O'
And for the last case if $lv = 0

-1 -
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^31 — Fill —

K32 — Flv —

O f i K F1v * h l v M r )  -  p F lh iM l  * h l v Fl v )

det(Ii)

Qfih.Ml * ipiv.Fxh) ~  OFihflh * tFlv.Mi) 
det(/i)

OFihfih * ^iv.Fiv) ~  !FlhFlv2
detQi)

(3-22)

(3-23)

(3-24)

Figure 3-3 shows a schematic of general curved beam in which node 1 and node 2 

do not have the samey coordinate. Considering the equilibrium equations of the 

general curved beam the reaction forces at node 2  are:

F2x — ~Fih

F2y ~~ Flv

m

Figure 3-3: Schematic of any general curved beam

RM2 =  -(F ih  * / (* i) )  +  (.Fiv * x i) -  Ml

(3-25)

Considering Eq. (3-25), the rest of elements of first three rows of the stiffness 

matrix are as follows. For i = 1:3

Kt 4 = - K tl 

Fis = ~Ki2
(3-26)
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K t6 =  - ( f f i l  * f ( x d )  +  (K 12 * * i )  -  Kl3

Following the same strategy as for node 1, and applying the forces and moment to 

node 2, the rest of the elements of the stiffness matrix are obtained. Representing the

reaction forces at node 1 based on the forces at node 2, and substituting into Eq. (3-

6 ), gives

h h  + i h v  * f i x ) )
T2(x) = -  V J

1 +  ( /( * ) )  (3-27)

M 2 ( x )  = Flv « ( ( - * )  +  F2h * ( f ( x )  -  f { x L)) + M2

It is clear from Eq.(3-6) and Eq.(3-27) that the axial forces have identical formats 

and hence

dUA2 dUA1

(3-28)

^F2h dFlh 

dUA,2 dUAil
dFXv 

11 0

2v u r lv

duAi 2 duA>1
dM2 dM1

In other words the axial stiffness matrices are identical as expected ([/^z] = 

[lA -l]), and whether the curve f { x )  has a symmetry axis at the mid-point of the 

curve is not important. By applying Castigliano’s second theorem to derive the 

displacements and rotation at node 2 , along the direction of the applied forces and 

moments, the following flexibility terms are obtained.
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dU,B, 2 ■ * 1  ( f i x )  -  f ( x d ) 2J  1  +  ( / t o )

dF2h
=  h h  f  -------------------------=r*--------- ---------— dx

Jo El

+ F:2v

rXl

Jo

(x -  x, )  * ( f i x )  -  f ( X i ) ) J l  +  ( / t o )

El
dx (3-29)

+  A f ; rJo

( f i x )  -  f ( x t) ) J l  +  ( / ( * ) )

El
dx

-  h h  * l B,F2hF2h +  h v  * l B,F2hF2v +  M 2 * h , F 2hM 2

d u B2 r f*1 (*-*i)* (/to-/fa))Ji+ (/(*))
d K 7 = F 2 h L £7

dx

+ F;2vI(x -  xz) : 1 + (/to)
El

dx (3-30)

r xi (x  -  X ;)

+ M2 -------------
Jo

1 + (/to)
El

dx

-  p 2 h  * h , F 2vF2h +  ^2V  * 1b ,F2vF2v +  M 2 * I b ,F2vM 2

dUB, 2

dMo
= F-2h

(XI (fix')  -  f i x , ) )  11 +  ( f i x ) )
I ------------------------zrr ----------------------- dx

J n

+ F2v
I

El

X i  (x — X i ) , 1 + (/to)'
El

dx (3-31)

+  M;
I

Xlj1 + (/to)
El

dx

—  ^ 2 h  * h , M 2F 2h +  ^ 2 v  * h , M 2F2v +  ^ 2  * h , M .2 M 2

The comparison of Eqs. (3-29 to 3-31) and Eqs. (3-11 to 3-13) reveals that the 

flexural compliance matrices are not identical ([/B 2] =£ [Ib,i \) f°r a general function
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/ (* )  and depends on if the curve f { x )  has a symmetry point (rotational symmetry of 

order 2) in the middle of the curve. Similarly, by rearranging Eqs. (3-29 to 3-31) in a 

matrix form, the relation between the nodal forces and corresponding displacements

are:

PtH] F̂2h,F2h F̂2h,F2v l F2 h M2
-1

^2h
^2v = ^F2 v F2h f̂2vf2v h 2vM2 &2v (3-32)
m 2\ . !M2 F2h 1m2f2v 1m2m2 . - ^2 -

where each element of the flexibility matrix I 2 is a sum of the factors due to axial 

and bending strain energy. Again by applying the proper boundary condition on node 

2  the corresponding forces, representing the elements of the stiffness matrix are

&2h T
obtained. For &2v = 0

-  ^2 - .0 .

K44 — F2h ~

^45 — ^2v —

K46 — M2 —

Qf2vf2v * Im2m2) ~  h 2vM22 
det(/2)

Qf2vM2 * Vz.FzJ ~  (Jf2vFiK * Im2 M2) 
det(/2)

0F2vF2h * lM2F2v) -  Qf2vF2v * 7M2 F2J
det(/2)

(3-33)

(3-34)

(3-35)

where det(/2) is the determinant of the flexibility matrix / 2. For 

{jF2hM2 * 1m2f2v) ~  Of2Hf2v * 1m2m2)

'$2h O'
$2v — 1

- 0 2  - .0 .

^54 — F2h — det(/2)
(3-36)

i lF2hF2}i * 1m2m2) ~  h 2hM2 n  ^
=  F -  =    ( 3 ' 3 7 )
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VFtkFzv * !M2f 2k) -  pF2hF2h * lM2f 2v)
det(/2)

j r  V ^ 2 h , / '2 i ;  M 2 f 2 h J  V h 2 h / 2 h  m 2,1‘2v J  / " 3  T Q \

^56 = M2=  ---------------------T—77^-------------------

'$2h ‘O'
For the last case if $2v — 0

- ®2 - .1 .

K  _  p . _  0 F 2 h F2v * h 2 v M2 )  -  ( J f 2Km 2 * 1f2v f2v)  ~  3 9 )

64 2* det(/2) "

v  _  r  _  0 F 2 h M2 * l F2 v F2h)  ~  p F 2 h F2h * h 2 v M2 )  ( 3 ‘ 4 0 )

65 2v det(/2)

0F2h,F zh  * IF2v F2 v )  ~  l F2 h F2v ( 3 _ 4 1 )
^66 — M2 — det(/2)

Again by considering the equilibrium equations of the general curved beam the 

reaction forces of nodel are:

R i x  =  —F i  h

Riy = - h v  (3-42)

Rmi = {?2h * f ( Xl)) “  (^2v * *i) ”

Considering Eq. (3-42), the rest of elements of first three columns of the stiffness 

matrix are as follows. For i = 4:6

Kn = ~Ku

Ki2 = - K is (3-43)

Ki3 =  - ( f f ( 4  * / ( * ( ) )  +  W s  * * l )  -  K.6

Equations (3-1 to 3-43) generate the stiffness matrix [Kc]6x6 for a general curved 

beam f ( x ) defining the corrugated core unit cell. In order to calculate the stiffness 

matrix of the coating [Kel] 6x6, which is illustrated schematically in Figure 3-2(a), the 

same procedure is repeated for a general line segment with the equation g(x)  =

~ ~ x > Vx 6  [0 x{\. Therefore the stiffness matrix of the super element is obtained
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from assembling stiffness matrix of these elements which have nodes in common, in 

other words:

KS = KC + «ei (3-44)

3-4 V a lid a tio n

Different models are considered in this section to verify the accuracy and 

efficiency of the presented super element of the corrugation curve symbolically and 

numerically. In the first part, the mechanical behaviour of a rotated straight beam 

predicted by the super element model is compared symbolically to those presented in 

the finite element literature. In the second part, a number of periods of a sine 

function were considered for the proposed super element and its mechanical 

behaviour under combined loading is compared to those calculated by ABAQUS.

3-4-1 Rotated straight beam

In order to validate the performance of the proposed super element symbolically, 

the simplest form of curved element is considered; a rotated straight beam element 

with rotation angle 6. According to finite element theory, the global stiffness matrix 

of a rotated beam element is given by Kgiobai = T t * Kiocal * T , where T is the 

rotation transformation matrix. The same result is achieved in Eq. (3-45) by using 

the function f ( x )  = x  * tan(0) in Eqs. (3-1 to 3-43). The global stiffness matrix of a 

straight rotated beam is presented as follows where C, S , E , A and / represent the 

cos(0), sin(0), the Young’s modulus, the cross section area and the second moment 

of area, respectively.

Kglobal

C2EA 12 S2EI 
I + P 

CSEA 12CSEI 
~ l  P 

- 6  SEI\
~ P ~ )

—C2EA 12 S2EI 

1 ^
-CSEA 12CSEI 

I + P 
- 6  SEI\

I2 )
(3-45)

 ̂ ^CSEA 12 CSEIj  -̂6SEIj ^-C2EA 12 S2E/'j  ̂

\  (12C2E1 S2EA\  /6 CEI\ (12CSEI CSEA\ (
) { P + I ) \ P~) \ P  r )  v

) (

P I 
(6CEh\ 
\~P~

12 CSEI

b L E I \  / 4  E l \

~ P ~ )  (— )

> ( 4 s -™) m  (

CSEA\
~ T )

/ 6 SEI\  
\ P ~ )  
-6C£Tj

/ 6 SEI\  
\ ~ P ~ )

fC2EA 12S2E1 ■ +
r—12CSEI

4 ) (P
2 EI\

P
(6 CEI\ ( 2EI\  ( 6SEI\
( ~ P ~ )  iT i \~ P ~ )

-CSEA 12 CSEI\
+- Hi

<-12 C2EI

6 SEI\ (C 2EA 12 S2E1\ (
~ P J  \ l ~ + P )  ('

P
S2EA\  

P l ~ )
(-6 CEÎ

CSEA\ 
P  + / )

12C2EI S2EA\ 
P  1 I J

. I2 
- 1 2  CSEI

( - 6  CEI\
C~P~)

/ -6SEIY  
{  P )  
/ 6 CEI\  
\~ P ~ J

(f)
(6SE1\ 
\~ P ~ )  

/ - 6  CEI\ 
\  P )

( f )
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3-4-2 Sine wave profile

In this section the accuracy o f the proposed element is investigated as a function of 

the length and curvature o f the element. A number o f periods o f the function 

f i x )  =  sin(%) were considered for the proposed super element. Figure 3-4(b) shows 

five deformed and undeformed shapes o f a simple sine wave with 2/vperiods, where 

N =  0,1,2,3,4. In each case, all degrees of freedom at node 1 were fixed and unit 

displacements in both horizontal and vertical directions, as well as a unit rotation 

was applied to node 2 as its boundary condition. The nodal reaction forces and 

moments were compared to those calculated by ABAQUS in which 544 * 2 N beam 

elements with cubic shape functions were used to mesh the sine profile for each case. 

Figure 3-4(a) shows the percentage error versus the length o f the sine profile. The 

eiTor is smaller than 0.025% for 16 periods of sine profile, which was discretised 

with 8704 elements in ABAQUS. This shows the efficiency and accuracy o f the 

proposed method.

2

Node 1

4
N (2*  » Number of penods of function Sin(x))

(a) Percentage error (b) Deformed and undeformed shapes o f
a simple sine profile

Figure 3-4: Five deformed and undeformed shapes o f a simple sine wave

3-5 Corrugation curve study

In morphing skin applications, the in-plane tensile stiffness o f the corrugated panel 

is directly related to the actuation force required to change the camber o f the 

aerofoil. However the out o f plane bending stiffness o f the corrugated panel is 

inversely related to the local deformation o f the skin o f the aerofoil due to the 

external pressure caused by the airflow. Maximizing the ratio o f the equivalent El  to
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El
the equivalent EA, i.e. ——, of the corrugated panel is one of the required design

EAeq

El
objectives. In this section the effect of the corrugation shape on the ratio —— is

EAeq

studied. From experimental data (Dayyani et al., 2013), the Young’s modulus of the 

corrugated core and the elastomeric skin were assumed to be 4500MPa and 

13.5MPa, while their thicknesses were assumed to be 1mm and 0.8mm, respectively. 

The width of the panel was 25mm.

3-5-1 Trapezoidal corrugation shape

Trapezoidal corrugated cores have received most interest in comparison to other 

corrugation configurations in the literature, mainly due to their ease of manufacture. 

In this section the effect of parameters defining the trapezoidal corrugation shape on
El

the ratio of —— is investigated. As shown in Figure 3-5(b) any symmetric
EAeq

trapezoidal shape is defined by means of four independent parametersa1? a 2, a 3 and 

h. To reduce the number of parameters, a constraint of a± = a 3 is applied. By 

means of the Heaviside step function, the trapezoidal shape function f ( x ) is defined 

as Eq. (3-46). The length of the corrugation unit cell is assumed to be 30mm, which 

imposes another constraint: 2 a± +  a2 = 15.

h
f i x )  =  - ( x - a 1)*  {{x -  ax) - ( x -  (ax + a2)»  + h * ( ( x -  (ax + a2)> -  (x -  (3 ax + a2)»  

a2

-  — (x — (3ai + 2a2)) * {{x -  (3ax + a2)> -  (x -  (3at +  2a2)»  
a 2

(3-46)

El
Figure 3-5 (a) shows the effect of a2 and h on the ratio of — and highlights that

this ratio is sensitive to both h and a2. As the height of the corrugated unit cell 

increases, the equivalent axial stiffness of the panel reduces more quickly than the 

bending stiffness. On the other hand, for a constant height of corrugation when the 

parameter a2 decreases, the angle of the comer of the corrugated unit cell decreases, 

which results in a significantly smaller equivalent tensile stiffness. More details for 

the mechanism of deformation of the trapezoidal corrugation unit cell are reported in 

the literature (Xia et al., 2012).
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(b)

Figure 3-5: Different variations o f the trapezoidal corrugated unit cell
EI

and the corresponding ——

3-5-2 Polynomial corrugation shape

An important question in the application of coated corrugated cores for morphing

skins is the optimum curve for the corrugation that satisfies the different objective
El

functions such as: maximum —— and minimum weight. Although topologyEAeq

optimization is beyond the scope o f this chapter, the capability o f the presented 

method to estimate the equivalent stiffnesses for unusual geometries is presented 

briefly in this section. As mentioned before, members 2 and 3 in Figure 3-2(a) have a 

major role in the deformation mechanism of the coated corrugated core. One 

possible corrugation curve for member 2 is a polynomial function f i x )  introduced in 

Eq. (3-47). It is assumed that the length o f member 1 and the height o f the 

corrugation are 5mm and 10mm, respectively. Therefore the boundary conditions of 

f i x )  are: / ( 0 )  =  0 and / ( 2 0 )  =  0.

f i x )  =  10 -2n+1 * 0  * (20 -  x ) ) n (3-47)

Figure 3-6(b) shows the polynomial function f i x )  for n  =  1 :10  as a corrugation
El

curve. The ratio o f — — for both coated and uncoated corrugated unit cells is shownEAeq

in Fig. 3-6(a).

2

(a)
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Elastomeric Coat mg

(a) (b)

Figure 3-6: Different variations o f the polynomial function for the corrugation unit
EI

cell with and without elastomeric coating and the corresponding ——
EAeq

EI
The key role o f the elastomer in reducing the stiffness ratio —— is shown in Fig.EAeq

3-6(a). This is mainly because the out o f plane stiffness o f the elastomer coating is 

very low and the elastomer behaves as a spring that undergoes only tension. Thus the 

elastomer resists the gap opening between two adjacent crests o f each unit cell o f the 

corrugated core and hence the equivalent axial stiffness o f the coating, E A eq, 

increases more that the equivalent bending stiffness, E l e q .

3-6 Conclusion

By considering the geometric and mechanical properties o f the corrugated panel, a 

generic super element o f corrugated core unit cell with elastomeric coating for the 

application in morphing structures is investigated in this chapter. The importance o f 

this work, in contrast to the literature, is that it provides an exact analytical 

equivalent model which avoids any homogenization assumptions. By using the direct 

stiffness method and Castigliano’s second theorem, and by applying proper 

boundary conditions, the stiffness matrix o f the generic super element is derived 

which can capture the small deformation o f 2D thin curved beams with variable 

curvatures. Different numerical and analytical symbolic models are investigated to 

verify the accuracy and efficiency o f the presented super element. The super element 

uses the geometric and mechanical properties o f the panel as variables, and hence the 

model may be used for topology optimization studies. The parametric studies o f
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trapezoidal and polynomial corrugation shapes demonstrate the suitability of the 

proposed super element for application in further complex design investigations.
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Chapter 4: 
The Design of a Coated Composite Corrugated Skin 

for the Camber Morphing Aerofoil

4-1 Introduction

This chapter presents the design and optimization of an elastomer coated 

composite corrugated skin for the Fish Bone Active Camber morphing aerofoil 

concept. This morphing structure consists of an internal compliant core composed of 

a thin chord wise bending beam spine with periodic stringer reinforcement to support 

the skin surface. Recently, the static behaviour of coated composite corrugated 

panels has been investigated independently of the internal wing structure through 

experimental analysis, numerical simulations and analytical equivalent modelling. 

However, as a proposed candidate for the skin of a morphing wing, the behaviour of 

these corrugated panels must be investigated comprehensively and optimized in 

terms of aero-elastic effects and the boundary conditions arising from the internal 

wing structure. In this chapter, the geometric parameters of the coated composite 

corrugated panels are optimized to minimize the in-plane stiffness and the weight of
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the skin and to maximize the flexural out-of-plane stiffness of the corrugated skin. 

The effect of the stringers of the FishBAC as the boundary conditions for the 

elastomer coated corrugated panel is considered in the optimization process. A finite 

element code for thin beam elements is used with the aggregate Newton’s method to 

optimize the geometric parameters of the coated corrugated panel. The trend of the 

optimized objectives and parameters are discussed in detail. The obtained results 

provide important insights into the design of morphing corrugated skins. The 

advantages of the corrugated skin over the elastomer skin for the FishBAC morphing 

structure are discussed. Moreover, a finite element simulation of the FishBAC 

internal structure with the corrugated skin is performed under typical aerodynamic 

and structural loadings to check the design approach.

4-2 Problem statement

Actively varying an aerofoil’s camber is an effective way to change the 

aerodynamic forces and moments generated by a wing. This allows for control of the 

vehicle’s flight path and optimization of the aerodynamic performance over different 

flight regimes. Traditionally, camber variation has been accomplished through the 

use of discrete trailing edge flaps, and indeed this is the solution employed by nearly 

all aircraft currently flying. However, there has long been an interest in the 

aerospace industry in technologies which would allow for a more smooth and 

continuous change in camber than that of a flap. The many different concepts 

explored over the last several decades have been summarized in several review 

papers (Barbarino et al., 2011). These systems are being pursued for the promise of a 

reduction in the significant drag penalty associated with flap deflections. In order to 

be effective, the control authority of the morphing mechanism must be substantial. 

The primary motivation for the use of a given morphing technology must be that it 

can radically alter the performance of the wing. Without a significant impact on the 

net aerodynamic performance, it is very hard to justify the added weight, complexity, 

and cost of morphing systems, and they are therefore not likely to come to fruition. 

Moreover, it is of necessity that the morphing design be as simple as possible. The 

simplicity of the design would result in rapid reduction of the cost, minimization of 

the use of mechanical elements, and potentially a reduction in the weight of the
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mechanism. Avoiding design complexity decreases the maintenance requirements as 

well.

The Fish Bone Active Camber (FishBAC) concept (Woods and Friswell, 2012) 

has been designed in light o f these design criteria. It combines several different 

structural aspects into a single concise design concept. The biologically inspired 

compliant structure consists o f a thin chord wise bending beam spine with stringers 

branching off to connect it to the coated corrugated skin surface. Actuators mounted 

in the non-morphing leading edge induce bending moments on the spine through an 

antagonistic pair o f tendons. Figure 4-1 shows the baseline FishBAC concept built 

around an anisotropic compliant structural core. The baseline design uses a pre- 

tensioned elastomeric matrix composite (EMC) skin. Continuous bending deflections 

are driven by a high stiffness, non-backdrivable, antagonistic tendon system. This 

chapter considers the same morphing concept with the EMC replaced with an 

elastomer coated composite corrugated skin.

Tendon 
Spooling Pulley

Bending Beam Trailing Edge 
Stringers Spine strip

\ \
Non-morphing Spar EMC Skin Tendons

Figure 4-1: The baseline FishBAC concept ( Woods and Friswell, 2012)

Although some research has been performed on the mechanical behavior of 

corrugated structures, no investigations have considered the corrugated skin on top 

o f a morphing internal structure. As a result o f considering the interaction o f the skin 

and internal structure in the real application, new effects will arise, such as the 

effects of boundary conditions and constraints. Hence the applicability o f the papers 

in the literature to system level optimization and the design o f a morphing wing is 

still an open question. This chapter considers the FishBAC compliant concept for the 

internal structure o f a camber morphing aerofoil. The elastomeric matrix composite 

(EMC) in this concept is replaced with an elastomer coated composite corrugated 

skin. Figure 4-2 shows the FishBAC concept which uses the coated corrugated core
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as its morphing skin. This compliant structure consists o f a thin chord wise bending 

beam spine with stringers branching off to connect it to the skin.

Figure 4-2: Schematic o f the application o f the coated corrugated skin 
on the camber morphing trailing edge

Considering the application o f a corrugated panel for the morphing skin, the first 

question to be answered is which corrugation shape has more out-of-plane stiffness 

and less in-plane stiffness. These parameters are important because higher out-of

plane stiffness o f the skin results in smaller bending deformation under aerodynamic 

loading. Moreover this increases the buckling stiffness o f the skin, when the skin is 

subjected to compression due to morphing actuation. In other words the higher out- 

of-plane stiffness o f the skin results in a smoother surface o f the wing during flight. 

In contrast to the out-of-plane stiffness, minimizing the in-plane stiffness results in 

less resistance o f the skin to actuation o f the morphing FishBAC deformations, 

thereby reducing the force and energy requirements. A perfect skin for morphing 

application should have a very high out o f plane stiffness and a very low in plane 

stiffness. However in practice these two stiffnesses are coupled; the increase in one 

results in the increase o f the other. Hence, investigating the effect o f the various 

corrugation shapes on the balance o f these two stiffnesses and selecting the proper 

corrugation shape is a necessary step before starting the optimization.

4-2-1 M echanical properties of d ifferent corrugation  shapes

To find the optimum corrugation shape that has high out-of-plane stiffness and low 

in-plane stiffness, three typical configurations are selected as shown in Fig. 4-3. The
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sinusoidal corrugation shape is not included since the presence o f a single line o f 

contact between the elastomer coating and corrugated core, as opposed to the 

rectangular contact surfaces o f the other configurations, provides insufficient area for 

bonding. In this initial study the portion o f the elastomer coating which overlaps the 

corrugation is neglected since the ratio o f elastomer Y oung's modulus to composite 

core material Young's modulus is very small (Dayyani et al., 2013). The composite 

corrugated core and elastomeric coating are labelled in Fig. 4-3.

Corrugated core

h

Elastomer coating

(a) Reentrant (b) Rectangular (c) Trapezoidal

Figure 4-3: Three typical corrugation shapes

Based on Fig. 4-3, six corrugated cores with and without elastomeric coating were 

modelled in ABAQUS. Each model consisted o f 10 unit cells. In order to make a 

true comparison between these configurations, the values o f parameters in each 

configuration are selected to keep the consistency o f the length and the height o f the 

corrugated unit cell in all cases. Table 4-1 presents the values corresponding to the 

parameters o f the three corrugation configurations o f  Fig. 4-3. The thickness o f the 

corrugated core and elastomeric coatings and the width o f the panel for all cases 

were 1mm, 0.8mm and 25mm respectively. Glass fibre and elastomer with Young’s 

modulus of 4.5 GPa and 13 MPa were considered for the corrugated core and 

coatings respectively. More details are presented in the literature (Dayyani et al., 

2013).
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Table 4-1: Parameters of the three corrugation configurations of Fig. 4-3,
all values in (mm)

Parameters/

Configuration
a i a 2 a 3 h

Reentrant 10 5 1 0 1 0

Rectangular 7.5 0 7.5 1 0

Trapezoidal 5 5 5 1 0

Two sets of boundary conditions were applied to each model. In the first set, all 

degrees of freedom of one end of the panel were fixed whereas a displacement 

boundary condition of 2 0 0  mm in the out-of-plane direction was applied to the other 

end of the panel, to simulate cantilever bending. In the second set, all degrees of 

freedom of one end of the panel were fixed, and a displacement boundary condition 

of 1 0 0  mm for the in-plane displacement was applied to the other end of the panel, to 

give a simple tensile test. In all cases a fine mesh of beam elements was used.

Figure 4-4 shows the force displacement curves for reentrant, rectangular and 

trapezoidal corrugated cores with and without elastomeric coating. The interesting 

point in Fig. 4-4 is that although the uncoated trapezoidal corrugated core has 

maximum tensile and bending stiffness, adding the elastomeric coating to the 

corrugated core results in minimum bending and tensile stiffness in contrast to other 

configurations. This story is reversed for the reentrant corrugation shape.

Considering the mechanism of deformation in the corrugated core, applying a 

tensile boundary condition to the reentrant corrugated core results in deformations 

that change the reentrant corrugation pattern to a rectangular and then to a 

trapezoidal configuration. Moreover the presented analytical solutions for tensile and 

bending stiffness of the uncoated corrugated cores (Dayyani et al., 2012) revealed 

that, with a fixed length of unit cell, the unit cell with smaller 6 , as illustrated in Fig.

4-3 (c), has a more flattened shape and therefore has increased tensile and bending 

stiffness. Therefore the uncoated trapezoidal corrugation has more stiffness 

compared to the uncoated rectangular and reentrant corrugations. But adding the 

elastomeric coating to the corrugated core, reverses the order of each configuration 

stiffness. This is due to the fact that the gap between two adjacent comers of a unit 

cell of a reentrant corrugated core is smaller than it is for the rectangular and
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trapezoidal corrugations and hence there is less available elastomer length to strain, 

resulting in higher elastomer strains to achieve a given global skin strain and an 

increase in stiffness.

350-
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0
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(a) Tensile (b) Bending

Figure 4-4: Force displacement curves for reentrant, trapezoidal and rectangular 
corrugated core with and without elastomeric coating

Figure 4-5 shows a comparison o f the bending flexibility and tensile stiffness for 

different corrugation types. The different configurations o f the uncoated corrugated 

cores have 6.7 times more out-of- plane flexibility than the coated corrugated 

configurations on average. In contrast, although the coated corrugated cores have 

better aerodynamic surfaces and smaller out-of -plane flexibility, they have 5.5 times 

more in-plane stiffness than the uncoated corrugated configurations on average.

Moreover, considering the corrugation geometries and the corresponding values o f 

their parameters represented in Fig. 4-3 and Table 4-1 and the density o f the 

composite core and elastomeric coating presented in Table 4-4, the mass o f  the skin 

for different corrugation types were calculated precisely by including the elastomeric 

coating in the overlapped regions with the corrugated core. The calculation reveals 

that the coated re-entrant and coated rectangular corrugated cores are 30% and 11% 

heavier than the coated trapezoidal corrugated core.

In terms of the morphing skin application, the preferred skin must have the 

minimum tensile stiffness and bending flexibility as well as a smooth aerodynamic 

surface. Therefore as a starting point o f the multi-objective optimization o f the 

corrugated skin, the coated trapezoidal configuration is selected as the preferred 

configuration for the morphing skin.

1 1 Uncoiled Kccntnud
 Uncoiled Rectangular
 Uncootcd Trapezoidal
 Coaled Reentnutf
—  —  Coaled Rectangular
— — Coaled I ra|*c/oidal
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■ Uncoated Rectangular
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Figure 4-5: A comparison o f the bending flexibility and tensile stiffness 
for different corrugation shapes

4-2-2 Finite element analysis

After selecting the configuration o f the corrugation, a finite element code for beam 

elements was generated in MATLAB that calculates the equivalent tensile, flexural 

stiffness and the mass o f a coated trapezoidal corrugated core with 4 unit cells. The 

parameters a l9 a 2, a 3 and h defining the geometry o f a trapezoidal corrugated unit 

cell, and t c and t e representing the thickness o f the corrugated core and elastomeric 

coating, were the inputs to the FE code. The width o f the panel was set to 25 mm. 

Furthermore, the material properties were defined by means o f pcand p e representing 

the density o f the composite core and elastomeric coating, and E c and E e 

representing the Young’s modulus o f the composite core and elastomeric coating. 

As mentioned in section 4-2-1 since the ratio o f elastomer Young’s modulus to glass 

fibre Young’s modulus is very small, the elastomer coatings were neglected in the 

areas overlapped with the composite corrugated core. This assumption is valid 

because these two materials are assumed to be well adhered together. Consequently 

they would have the same displacement and hence the strain energy o f the coating 

would be very small compared to the strain energy o f the corrugated core in the 

overlapped areas (Dayyani et al., 2013).
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Three degrees of freedom Ux, Uy and 6Z in the global coordinate system were 

considered at each node. The coated corrugated structure was discretized by 26 

elements. The global stiffness matrix of each element with rotation angle of 6 is 

given below, as described in chapter 3, Eq. 3-45. It must be mentioned that the 

proposed super element in chapter 3 is exactly the same as classic finite element 

theory for straight thin beams. In this chapter the classic finite element method is 

used to reduce the computation time, especially when considering several 

optimization loops in which the equivalent FE code is called.
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(3-45)

where C, S, E, A and / represent the cos(0), sin(0), the Young’s modulus, the cross 

section area and the second moment of area of the element, respectively. Enlarging 

and assembling the stiffness matrix of all of the elements resulted in the assembled 

stiffness matrix of the coated corrugated core as: [Kstructure]6o*6 0 - While almost all 

degrees of freedom at one end of the panel were fixed, two prescribed displacements 

in the x  direction and y  direction were applied separately to one end of the panel for 

each model to calculate the tensile and bending stiffness of the panel. The boundary 

conditions applied to the coated corrugated core in tensile and bending models are 

presented in Table 4-2.
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Table 4-2: Prescribed boundary conditions applied to the coated corrugated core in
tensile and bending models

Node 

Labels 

(Fig. 4-6)

Prescribed DOFs

Tensile modelling Bending modelling

u x u y e z u x Uy oz

1 0 0 0 0 0 0

18 3 (mm) 0 0 free -1 (mm) free

19 3 (mm) free 0 free -l(m m ) free

20 0 free 0 0 0 0

Figure 4-6 shows the deformed and undeformed configurations o f the coated 

corrugated core subjected to the tensile and bending displacements. The obtained 

results were verified against ABAQUS results with a fine mesh and the difference 

between them was smaller than 1%. This high accuracy is because the cubic shape 

functions of the beam element interpolate the deformations precisely. Although 

discretising the corrugated structure with more beam elements would modify the 

results slightly it would increase the computation time, especially since FE code is 

called more thanlOOOO times in the optimization loops for each configuration o f the 

FishBAC stringers and corrugation unitcells. Moreover, it must be mentioned that 

the difference between the equivalent properties o f a long corrugated panel and a 

corrugated panel with 4 unit cells was examined in ABAQUS and was smaller than 

1 %.

20

1

X(mm)

20

I

(a) Tensile (b) Bending

Figure 4-6: The deformed and undeformed configurations o f coated corrugated panel
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4-2-3 Multi-objective optimization

Figure 4-7 illustrates the geometry o f the FishBAC which supports the coated 

corrugated skin. The length lm o r p between the rigid leading edge and rigid trailing 

edge, was fixed as 160mm. which is equivalent to 52% of the chord length.

N = Number of corrugation unit cells in range of <JS

Rigid leading edge
Rigid trailing edgen = Number of FishBAC stringers 

I morph

Figure 4-7: FishBAC geometry with the coated corrugated skin

Different possible configurations o f FishBAC stringers and the corrugated skin 

were considered in the optimization problem. The number o f FishBAC stringers, n, 

was allowed to vary between 3 to 15. Based on the distance between two adjacent 

stringers, i.e. ds , and manufacturing constraints the number o f corrugation unit cells, 

A/, was allowed to vary from 1 to N final which is calculated by rounding down the 

ratio d s / L u c a . The parameter Luc a refers to the minimum allowable length o f a 

corrugation unit cell which was set to 5mm due to manufacturing limits. Table 4-3 

presents different configuration o f stringers and unit cells in the optimization 

problem.

Table 4-3 Different configuration o f stringers and unit cells in the optimization

^ s t r i n g e r s 3 4 5 6 7 8 9 10 11 12 13 14 15

^ u n i tc e l l s [1-8] [1-6] [1-5] [1-4] [1-4] [1-3] [1-3] [1-2] [1-2] [1-2] [1-2] [1-2] [1-2]

Table 4-3 presents the fact that increasing the number o f stringers reduces the 

range o f the number of unit cells due to the minimum allowable length restriction. 

The height of the rigid part at the end o f trailing edge, which is shown as ir t in Fig. 

4-7, was used as a criterion of the upper bound for the height o f the corrugated unit 

cell. The value for this parameter was estimated as 5.21mm in the FishBAC 

geometry. The materials for the composite core and the elastomer coating in 

corrugated skin are selected from the literature. Table 4-4 presents the values o f the 

density and Young’s modulus for glass fibre and the elastomer coating.
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It might be a good idea to mention that so far there was not found any paper in the 

literature with regards to optimization of the FishBAC internal structure, even with 

simple elastomeric skin. Therefore, the full optimization of the internal structure and 

the corrugated skin is required for future studies although it will be much more time 

consuming and expensive. This is due to the fact that more optimization parameters 

will play role in this problem. For example the distance between each two stringers 

or the angle between each stringer and the main spine will be a new parameter. 

Moreover this set of new parameters will impose new nonlinear constraints on the 

position of the unit cells of the corrugated skin, since the stringers are supporting the 

corrugated skin. Furthermore the type of objective functions in the full optimization 

problem would be different from the current structural objective functions. For 

instance maximizing lift to drag or minimizing the actuation energy of the whole 

system will be new objective functions that not necessary can be represented by 

equivalent structural characteristics such as: EAeq and EIeq. Therefore, more analysis 

like aerodynamics and kinematics will be involved which increases the complexity 

and the cost of computations. Hence, the way of selecting uniform distance between 

stringers not only helps to avoid further complexity and computation costs but 

provides the opportunity to detect more details of the function of each component. 

For example the ideal skin has the maximum out of plane stiffness and the maximum 

inplane flexibility. Hence all the aerodynamic loads will be carried just by the skin, 

but yet the function of the internal structure for actuation is important. The internal 

structure imposes the constraints and boundary conditions on the skin to deform as it 

is desired. This study provides reasonable arguments for further complex 

optimization studies which consider the effects of aeroelasticity, actuation and 

fatigue.
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Table 4-4: Fixed material properties o f the corrugated skin

Variables Description Values

Pc
density of composite corrugated core 

(Reddy, 1997)
0.001799 
g /m m 3

Pe density of elastomer coating 
(Bhowmick and Stephens, 2000)

0.000878 
g /m m 3

Ec
Young’s modulus of composite corrugated core 

(Reddy, 1997) 34473 MPa

Ee
Young’s modulus of elastomer coating 

(Bhowmick and Stephens, 2000) 10 MPa

The focus of the chapter is the optimization of the geometric parameters of the 

corrugated skin. However it may be necessary to perform a full optimization of both 

geometry and material properties of the coated corrugated panel for the design of 

these structures. The full optimization solution requires an expression to relate the 

Young’s modulus and density of materials. Usually materials with higher Young’s 

modulus have higher density and a database could be used to select a material from a 

number of candidates. On the other hand, considering the development of technology 

in material engineering, it is probable to have new materials with higher Young’s 

modulus and lower density, which is beyond the scope of this chapter.

Table 4-5 shows the geometrical parameters of a coated corrugated core and their 

corresponding upper and lower bounds. The parameter Lhu represents the length of

half of the unit cell and may be calculated as: L hu =  ^ .
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Table 4-5: The variables of the optimization problem and their bounds

Variables Description Lower bound Upper bound

tc Thickness of composite corrugated core
Lhu /3 0  

(mm)

/3 0

(mm)

te Thickness of elastomer coating
Lhu /3 0  

(mm)

4Lhu /3 0  

(mm)

di

Corrugation unit cell geometry

Lhu /6  
(mm)

2Lhu /3

(mm)

a2
Lhu /6  
(mm)

2Lhu /3  

(mm)

<*3
Lhu
(mm)

2LfiU /3  

(mm)

h
l r t /  2 
(mm)

9 irt n o
(mm)

Selecting the upper and lower bounds for the thickness of both the corrugated core 

and the elastomeric coatings was based on practical considerations and the 

consistency of the analysis with Euler-Bemouli beam theory. In other words, the 

ratio of the thickness to the length of each member in a corrugation unitcell is 

smaller than 0.1. Furthermore, the properties of the corrugated skin arise from 

localized bending within the corrugations; if the ratio of the thickness of the 

corrugated core to the length of a unit cell is too high, then the mechanism of the 

deformation changes, resulting in a panel that is too stiff, especially when the size of 

the corrugation is very small. The lower bounds are set by the availability of suitable 

material and its robustness and handling properties. The upper bound and lower 

bound for al9 a2, a3 were selected to be consistent with the geometry of a 

trapezoidal shape. Considering the application of the corrugated panel for a 

morphing skin, the height of the corrugated unit cell is dependent on the external 

parameter lrt which is the maximum size that the height of the panel can be. Based 

on Fig. 4-3 (c) the equation ar + a2 + a 3 = Lhu was considered as the only explicit 

constraint of the optimization problem, where Lhu is representing the half of the 

length of unit cell and is implicitly constrained by the number of FishBAC stringers 

and corrugation unit cells. The following three objectives are minimized: the
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1
equivalent tensile stiffness EAeq, the inverse of the equivalent flexural stiffness----

E1eq

and the mass of the skin. In order to ensure the best performance of the optimization 

scheme all the parameters are normalized as

2(x(i) -  x(Q)
*n(0  =  — 7^------ p r  A = 1.2, ...,6 (4-1)

* u (0  - * i ( 0

where x  is the vector of parameters, xum d x t are the corresponding upper and lower 

bound vectors, x  is the average vector of upper bound and lower bound values and 

xnis the normalised vector of parameters. The objective functions are also 

normalised as

f ( x )

( 4 ' 2 )

4-2-4 Selecting the multi-objective optimization method

In general two different types of techniques are used to solve multi objective 

optimization problems. These two types are known as classical methods and 

evolutionary methods. The classical methods, which are mainly non-Pareto based 

techniques, consist of converting the multi objective problem into a single objective 

problem. This is possible by either aggregating the objective functions or optimizing 

one objective and treating the other as constraints. This new single objective function 

will then be optimized for different configurations of weights of objective functions. 

The classic aggregate method is easy to implement especially for a few objectives 

and is efficient for some multi-objective optimization problems with convex Pareto 

fronts. On the other hand the evolutionary methods mainly use nondominated 

ranking and selection, to move the population towards the Pareto front. These 

methods require a ranking procedure and a technique to maintain the diversity in the 

population so as to avoid converging to a single solution, because of the stochastic 

noise involved in this process (Coello, 1999; Fonseca and Fleming, 1993; Marler and 

Arora, 2004). These evolutionary approaches are less susceptible to the shape or 

continuity of the Pareto front. However in many cases the Pareto curves cannot be 

computed efficiently, even if it is theoretically possible to find all these points 

exactly. That is because they are often of exponential size and hence quite hard to
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compute, which is why approximation methods for these techniques are frequently 

used. In this section the aggregate method from the classic methods and the Genetic 

Algorithm (GA) from the evolutionary techniques are used to solve the multi 

objective optimization problem of the specific case 15.1 corresponding to nstringer= 15 

and NUf1ltceir]-■ The results obtained from both methods are compared and the multi

objective optimization technique investigated in this chapter is selected.

4-2-4-1 Aggregate method

In this section the multi-objective problem is solved by combining three objectives 

into a single-objective scalar function. This approach is also known as the 

‘’weighted-sum” or ‘’scalarization” method. In more detail, the aggregate method 

minimizes a positively weighted convex sum of the objectives as shown in Eq. (4-3). 

This new single objective optimization problem is then solved using the ‘’fmincon” 

command which is a Newton gradient based method in MATLAB.

3

m in  i  Wifi (*) (4-3)
i=l

where wt >  0 are the weighting coefficients representing the relative importance 

of the objective functions /*(*) and x  is the vector of the input parameters in the 

optimization problem. It is assumed that the sum of the weights is equal to one, i.e.:

3

2 >  = 1 (4-4)
1 =  1

This technique is ideal for cases where preferential information about the 

objectives is known in advance. However, it is possible to achieve the non

dominated front by considering a broader interval of the aggregation parameters. 

Since the solutions of this optimization problem can vary significantly as the 

weighting coefficients change, and because very little is usually known about 

choosing these coefficients, it is necessary to solve the same problem for many 

different values of these weights. Hence the weights were considered to vary from 

0.01 to 0.99 in increments of 0.01. As a result the optimization function was 

evaluated for about 5500 times to get the Pareto surface. However, while the
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aggregate method is simple to implement, it has some limitations and drawbacks. 

For instance, obtaining points on non-convex portions of the Pareto optimal set is 

impossible and varying the weights consistently and continuously may not 

necessarily result in an even distribution of Pareto optimal points (Das and Dennis, 

1997). The results obtained by this method are shown in Fig. 4-9 for the specific case

15.1 corresponding to nstri„ger=\5 and Nunitceif=l •

4-2-4-2 Pareto based GA method

Normally, the multi-objective optimization problems are conflicting in nature and 

hence there does not exist a single solution that simultaneously optimizes all 

objectives. A change in the optimization parameters of an individual point which 

makes at least the value of one objective function better without making any others 

worse, is called a Pareto improvement. A set of individuals are then defined as 

"Pareto optimal" when no further Pareto improvements are possible. There are many 

different techniques in the literature (Hochman and Rodgers, 1969; Deb, 2001) to 

select the Pareto optimal set, which are beyond the scope of this thesis. In this 

section the multi-objective problem is solved using the Pareto based GA technique in 

MATLAB. A brief overview of the fundamentals of genetic algorithms is given here, 

although more details can be found in (Goldberg and Holland, 1988).

The genetic algorithm is an evolutionary method for solving both constrained and 

unconstrained optimization problems. The evolution usually starts from a population 

of randomly generated individuals, and is an iterative process, with the population in 

each iteration called a generation. In each generation, the fitness of every individual 

in the population is evaluated; the fitness is usually the value of the objective 

function in the optimization problem being solved. The more fit individuals 

are stochastically selected from the current population, and each individual is 

modified by recombining or possibly randomly mutating to form a new generation. 

Genetic algorithms do not require gradient information hence they are effective 

regardless of the nature of the objective functions and constraints, although there is a 

relatively high computational expense with these algorithms. However in 

comparison to a single objective GA optimization, the fitness evaluation technique in 

GA multi objective optimization is quite different due to incorporating the idea of 

Pareto optimality in the multi-objective optimization. These techniques will be
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briefly categorised into Ranking techniques, the Pareto-set filter procedure, 

Tournament selection and Niche techniques (Coello, 1999; Fonseca and Fleming, 

1993; Marler and Arora, 2004). The other difference is that a penalty approach is 

usually used to treat constraints rather than addressing them directly (Marler and 

Arora, 2004).

In this section the multi objective optimization problem is solved by use of the 

4,gaoptimset” command in MATLAB. All settings were considered as default 

except two: the population size and the crossover fraction. First with the fixed 

population size of 200 the effect of crossover fraction was investigated. Neglecting 

the elite children in each generation, the crossover fraction coefficient specifies the 

ratio of the crossover children to mutation children. For instance a crossover fraction 

of 1 means that all children other than elite individuals are crossover children, while 

a crossover fraction of 0 means that all children are mutation children. In fact neither 

of these extremes is an effective strategy to optimize a function and the best value 

for crossover fraction is dependant to the nature of the optimization problem. To 

select the best crossover fraction in this problem, a set of different crossover 

coefficients of [0.2, 0.3,..., 0.8 ] was considered. With each cross over coefficient, 

seven optimization runs were performed and the corresponding best compromise 

point was selected. The number of generations and function evaluations as well as 

the number of points on the Pareto front were 105, 21199 and 70, respectively for 

each optimization run. In addition the average distance and the spread measure on 

the Pareto front were 0.011563 and 0.0979551 respectively for each solution. Figure 

4-8 shows the means and standard deviations of the best compromise point in all of 

these optimization runs for each value of the crossover fraction.
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Figure 4-8: Standard deviation analysis o f the crossover fraction effect in the GA, 
and selection o f CFn=0.3 in the optimization problem

It is evident in Fig. 4-8 that for this multi objective problem, setting the crossover 

fraction to 0.3 yields the best result since it has the minimum deviation and 

minimum mean value for each objective functions. Due to the stochastic behaviour 

o f the genetic algorithm this procedure must be done prior to proper use o f this
1 EA

method. In Fig. 4-8 the two objectives o f E A eq a n d  are combined into ——, to
E!eq E ,eq

produce a better illustration as a 2D standard deviation rather than a 3D standard 

deviation. Another parameter which increases the efficiency o f the Pareto front in 

GA is the size o f population. Population sizes o f [50,100, 200, 400] were tried in the 

optimization and finally a population size o f 200 was selected because o f time 

efficiency and better fitness values. The results obtained by GA method are 

illustrated in Fig. 4-9 for the specific case o f 15.1 corresponding to nstrmger= \ 5 and

4-2-4-3 Comparison of the GA and aggregate methods

In a quick overview o f these two methods, the aggregate Newton’s method differs 

from the GA in two main ways. The aggregate N ew ton’s method generates a single 

point at each iteration and the next point is selected in the sequence by a 

deterministic computation. At the end the sequence o f points approaches the optimal 

solution. On the other hand the genetic algorithm generates a population o f

N u n it c e l l  1 •
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individuals at each iteration and the next population is selected by stochastic 

computation. Finally the points with higher ranking in the population approach the 

Pareto optimal.

Figure 4-9 shows the Pareto front for the specific case o f 15.1 corresponding to 

nstnnger= \5  and N u„itCe i r h  obtained from both the aggregate New ton's method and 

the GA multi-objective optimization method. Figure 4-9 shows a non- convex 

curvature o f the Pareto front o f the multi objective optimization problem and there is 

a difference in the smoothness of the Pareto front obtained from these two methods. 

As discussed earlier one of the main drawbacks o f the aggregate method is the 

inability to obtain points on non-convex portions o f the Pareto optimal set. Hence 

before using the aggregate method there must be some information which verifies 

the non-convex curvature o f the Pareto front. The verification here is obtained by 

observing the good correlation o f results obtained by the aggregate method with 

those GA Pareto front. In addition Fig. 4-9 shows that the weight distribution in the 

aggregate problem has resulted in an even distribution o f Pareto optimal points. 

Moreover the Pareto curve is less smooth for the genetic algorithm, compared to the 

aggregate New ton’s method, which is due to the randomness and stochastic nature o f 

the genetic algorithm. Considering all these points, the aggregate N ew ton's method 

is selected to solve the multi-objective optimization problem described in section 4- 

2-3.

1.2

0.4
0.5

0.2
1.5

2.50.2 1 / El0.4 0 6 0.8
3.51.2

EA 16 1.8

Figure 4-9: Comparison o f the GA and the aggregate N ew ton’s based methods, 
for the specific case 15.1 corresponding to nstringer=  15 and N unitceii= 1
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4-3 Discussion and Results

Selecting the proper method to solve the multi-objective optimization problem, the 

results were obtained for different numbers of FishBAC stringers and corrugation 

unit cells as presented in Table 4-3. Figure 4-10(a) and Figure 4-11(a) show the 

normalized Pareto surface and its projection on three planes for the case

8.1 ( j l s t r i n g e r  ~  ^ > ^ U n itc e l l  ~  l )  and case 14.2 { j^ s t r in g e r  ~  1 4  > ^ U n itc e ll  =  

2 ) respectively. The Pareto fronts for the other cases are similar to one of these two 

cases. The best compromise point of these two configurations is also highlighted as 

red in Fig. 4-10(a) and Fig. 4-11(a). The best compromise point was selected by first 

identifying the ideal reference point as the coordinates of minimum normalized 

objective values, i.e:

? r e f  — ( ( g j  j  \p ^ e q ) m in > ( ^ a s s s k i v ) m i n  j (4-5)
\ \  eQ' m in  '

Then the point which had the minimum distance from the ideal reference point, in 

the normalized objective function space, was selected as the best compromise point. 

Table 4-6 presents the corresponding weights of the optimization technique, the real 

values of the objectives and the optimized parameters corresponding to the best 

compromise point for the case 8.1 and the case 14.2. The range of the weights shows 

that all of the three objectives are involved efficiently in the process of optimization 

for the best compromise point. Another point which must be noted in Table 4-6 is 

the range of differences in the value of the optimized parameters and objectives in 

these two cases, which is due to contracting the size of the corrugation in contrast to 

increasing the number of stringers. The comparison of the best compromise point of 

these two cases implies that more desirable objective values will be attained by 

reducing the size of corrugation.

I l l



Table 4-6 (a): Corresponding weights, real values of objectives for the best 
compromise point in case 8.1 and case 14.2

Configuration 
ofFishBAC 
stringers and 
corrugation 
unit cells

Weights Real Values of Objectives

w2 w3

1
ElL , le q

(N. mm)-2

EAeq

(N)

Mass of 
skin (g)

M Stringer~$  

N u n itc e ir ~  1
0.35 0.33 0.32 \2* \Q a 1944.93 6.30

SP
1 

t
§ 

3 
1 

JL
 

£

0.40 0.36 0.24 1.3*1 O'4 152.52 2.49

Table 4-6 (b): Corresponding optimized parameters for the best compromise point in
case 8.1 and case 14.2

Configuration 
ofFishBAC 
stringers and 
corrugation 
unit cells

Optimized parameters (mm)

tc te <h <*2 a3 h

YlStringer~~% 

- V unitceir~  1
0.51 0.30 3.72 1.49 3.68 4.69

^Stringer- 14 

- V m itceir~  2

0.09 0.19 0.90 0.91 0.86 4.69

Figure 4-10(b) and Figure 4-11(b) show the effect of weight distribution on the 

Pareto surfaces for case 8.1 and case 14.2. Generally, the relative value of the 

weights reflects the relative importance of the objectives. The dominance of each 

objective function is highlighted when its corresponding weight in Eq. (4-3) is in 

range of [0.7-1]. In these Pareto surfaces, the relatively horizontal plane highlighted 

as magenta is obtained when the weight w3 corresponding to the third objective, i.e.
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the mass o f skin, is dominant. In other words this plane has mainly minimized the
1

mass o f skin but not the two other objectives:------and E A e q . The plane highlighted
eq

as green is obtained when the w^corresponding to the first objective i.e.
EI

I S
eq

dominant since the two other objectives are not minimized significantly. Likewise 

the region highlighted as orange is obtained when the weight vv2 corresponding to 

the second objective is dominant.

♦ Pareto Surface

♦  Besl Comproprase pouf

♦ Pareto Projection

2

w

(a) Best compromise point (b) Weight distribution

Figure 4-10: Pareto surface for the case 8.1; nstringer^S, AJumtceii= ^

EA

(a) Best compromise point

2

(b) Weight distribution

Figure 4-11: Pareto surface for the case 14.2 ; nstringer=  14, N unitceit=2 

4-4  Trends o f param eters and objective functions

In order to investigate the trend of the optimized parameters and objectives the best 

compromise points in all o f the configurations ofFishBA C stringers and corrugation
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unit cells are collected and studied in this section. Figure 4-12 shows the trend o f 

first optimized objective function — for different length o f unit cells. Figure 4-12
E leq

shows that the out of plane compliance o f the corrugated core with elastonreric 

coating decreases as the length o f the corrugation unit cell increases. For a 

corrugated panel with a fixed length, as the length o f the corrugation unit cells 

decreases the number o f unit cells and consequently the number o f corrugation lines 

increase. Thus the number o f corners o f a corrugated unit cell increase in the whole 

panel, as the corrugation unit cell gets smaller. These comers or corrugation lines 

which act like joints with torsional stiffness have the main role in the mechanism o f 

deformation of the corrugated structures (Dayyani et al.. 2012). Hence the increase 

in the number of corrugation coroners leads to more out o f  plane compliance o f the 

panel. The minimum value for the out o f plane compliance which is obtained at 

LUc =  40m m  is equal to 1.15 * 10_5(N. m m )~2as reported in the zoomed region 

provided in Fig. 4-12.

1.25

e . 0.75

0.5

0.25

5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30 32.5 35 37.5 40
Luc (mm>

Figure 4-12: The trend o f optimized objective function-----
Eleq

for different lengths o f unit cell

Figure 4-13 shows the trend o f the second optimized objective function E A eq for 

different lengths o f unit cell. The in plane stiffness o f the corrugated core with 

elastomeric coating decreases as the length o f the corrugation unit cell reduces. The 

minimum value for the in plane stiffness which is obtained at Luc =  5mm is equal
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to 139.5N as reported in the zoomed region provided in Fig. 4-13. With the same 

analogy the observed trend can be explained. As the corrugation unit cell gets 

smaller the number of corrugation lines increase in the whole panel and leads to 

more in-plane flexibility.

x  1 0 4

2
O'

<
UJ

0.8

0.6

0.4

0.2

5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30 32.5 35 37.5 40 
Luc (mm>

Figure 4-13: The trend o f optimized objective function E A eq 
for different lengths o f unit cell

Comparing Fig. 4-12 and Fig. 4-13 implies that the in plane and out o f plane

stiffness of the corrugated panel are correlated. In other words minimizing the in

plane stiffness is conflicting with maximizing the out o f plane stiffness. Figure 4-14

illustrates the linear behavior between the optimized in-plane stiffness and out o f
. 1

plane stiffness. This plot justifies the Fig. 4-8 in which two objective functions-----
E leq

EA
and E A 6c.\nqxq combined into a single objective function ——. The slope o f the plot

Eleq
2

is about 0.21 (N.mirf), which is in the range of values illustrated in Fig. 4-8 which 

were obtained by the GA multi objective optimization. The interesting point here is 

that although the trend o f both objectives in Fig. 4-12 and Fig. 4-13 are smooth the 

trend for the combination o f them is non-smooth about EIeq equivalent to
2  i  •  • •5000(N.mm) . The small jum p in Fig. 4-14 may be explained by considering that the 

domain of changes o f parameters gets smaller as the length o f corrugation unit cells 

decrease as shown in Table 4-5. In other words the bounds for the points in Fig. 4-14 

with EIeq <  5000 make the domain o f parameters tighter in contrast to the rest o f 

points and hence they have different linear trend.
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Figure 4-14: The linear behaviour between the optimized 
in-plane stiffness and out of plane stiffness

Figure 4-15 shows the trend of the third optimized objective function “ mass”  for 

different lengths of unit cell. The trend implies that, for all configurations o f 

FishBAC stringers and corrugation unit cells, reducing the length o f the unit cells 

decreases the mass of skin. The small jump in Fig. 4-15 is because the optimization 

algorithm has minimized the parameters t c and t e in a different way. As indicated in 

Table 4-7 the thickness o f the core t c has hit the lower bound for the points with unit 

cell length less than 14.55 mm while for the points with unit cell length more than 16 

mm the thickness of the elastomer coating t e has hit the lower bound.



m'05

6.5

5  5.5

‘5 7.5 10 12.5 15 17.5 20 22.5 25 27.5 30 32.5 35 37.5 40 
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Figure 4-15: The trend o f optimized objective function "’M ass”  
for different lengths o f unit cell

Table 4-7 presents the optimized parameters and objectives o f four points in the 

vicinity of the jump as highlighted in Fig. 4-15. The indices 4,lb”  and 4,ub" 

represents hitting the upper bound and lower bound o f optimized parameters 

respectively. The optimization algorithm has also selected the corresponding values 

at the lower bound for the parameter a 2, while for the parameter h  the upper bound 

is selected. This implies that increasing the height o f the corrugation gives a higher 

ratio o f bending stiffness to tensile stiffness.

Table 4-7: The optimized parameters and objectives 
for four points in the vicinity of the jum p highlighted in Fig. 4-15

Luc

(mm)

Real values o f objectives Optimized parameters (mm)

1

FIL ,leq

(N. m m )-2

E A eq

(N)

Mass of 

skin (g) tc t-e CL-b a 2 % h

13.33 2.47*10‘4 789.03 5.63 0.22|b 0.76 2.81 1-1 l,b 2.74 4.69ub

14.55 2.05*1 O'4 950.00 6.31 0.24lb 0.90 3.06 1.21, b 3.01 4.69ub

16 1.61 *10‘4 1479.42 5.91 0.46 0.27lb 3.33 1.33n, 3.33 4.69ub

17.78 1.21*10"4 1944.93 6.30 0.51 0.3 0ib 3.73 1 -48,b 3.68 4.69ub
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Figure 4-16 shows the upper hounds, lower bounds and the trend o f optimized 

parameter t c and t e for different lengths of unit cell. As illustrated in Fig. 4 -16(a) the 

thickness of the corrugated core t c, increases as the length o f unit cells increases. As 

mentioned earlier, this ascending trend can be considered as two phases. In the first 

phase, which is for unit cell length less than 14.55 mm, the parameter t c has hit the 

lower bound in the optimization process. In the second phase, which is for unit cell 

length more than 16 mm, the parameter t c is optimized without approaching to the 

bounds. The constant slopes in these two phases o f Fig. 4 -16(a) expresses that the 

ratio between the thickness o f the core and the length o f unit cell, —  reaches a
Luc

constant value in each phase. This constant value in the first phase is because o f the 

optimization process which has selected the lower bound with a constant slope for

the thickness of the corrugated core. However the value o f —  in the second phase,
Luc

which is almost equal to 0.0275, is independent o f the constant slopes o f the bounds 

and implies that the optimized thickness o f the core is linearly proportional to the 

length o f unit cell. Moreover, Figure 4 -16(b) reveals that the thickness o f  the 

elastomer coating t e, increases as the length o f unit cells increases in both phases 

independently. In the first phase, for unit cell lengths less than 14.55 mm, the 

parameter t e is optimized without approaching the bounds. In the second phase 

which, for unit cell lengths more than 16 mm, the parameter t e has hit the lower

bound in the optimization process and hence has a constant value o f — .
Luc

14
2 7 5 — Optimized Parameter t 
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-  Lower Bound
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Figure 4-16: Thickness variation o f corrugated core and elastomeric coatings for
different length o f unit cells
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Figure 4-17 shows the upper bounds, lower bounds and the trend o f parameters a l9 

a 2 and a 3 as a function o f the length o f corrugation unit cell. The parameters a x and 

a 3 which represent the horizontal members o f the corrugation geometry show a very 

close correlation as they are optimized. This means that there is a possibility of 

defining the geometry of corrugation with three parameters rather than four and it is 

likely to save more computation costs in future optimization studies. The ascending 

trend o f parameters a x and a 3 can be considered in two phases. The first phase 

corresponding to the unit cell length smaller than 6.67 mm, is when the parameter a 2 

has a descending trend, before hitting the lower bound. However in the second 

phase, which corresponds to a unit cell length o f more than 6.67 mm, the parameter 

a 2 hit the lower bound which resulted the descending trend changing into the 

ascending trend. The constant slope o f the trends o f the parameters a t  and a 3

expresses the ratio o f these parameters to the length o f unit cells. The ratio o f —  and
Luc

—  in the first phase, where parameter a 2 has not hit the lower bound, is about 0.39.
Luc
The slope o f the trend of parameter a 2 is about -0.31 in the first phase which implies 

an inverse relationship between parameters a 2 and Lu c. However in the second 

phase, the constraint o f a x +  a 2 +  a 3 =  ih u  and ^ie approximate equivalence 

a 1 =  a 3 explains the constant slope o f parameters a x and a 3, which is because the 

parameter a 2 has hit the lower bound with a constant slope o f 0.167.

* - Upper Bound
* - Lower Bound

5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 40
Length of unit cell, L (mm)

Figure 4-17: The upper bounds, lower bounds and the trend o f 
parameters a x, a 2 and a 3 as a function o f the length o f corrugation unit cell
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For the parameter h , which represents the height o f the corrugation, the 

optimization algorithm has selected values at the upper bound. In many cases the 

optimization algorithm has selected the corresponding values at the lower bound for 

the parameter a 2 which implies that maximizing the angle o f corrugation would 

result in a higher ratio of bending stiffness to tensile stiffness. Figure 4-18 shows the 

optimized tan (# ) as a function o f the length o f the unit cell.
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Figure 4-18: The optimized ta n (0 )  as a function o f the length o f the unit cell

In terms o f design, the trend o f the three optimized objectives at the best 

compromise points for the entire range o f configurations o f FishBAC stringers and 

corrugation unit cells are illustrated together in Fig. 4 -19(b). The design decision was 

made by repeating the process o f finding the best compromise point among the 

collection in a normalized space o f objectives. Figure 4-19(a) shows the distance o f 

the best compromise points of different unit cell lengths to the ideal reference point 

presented in Eq. (4-5).
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Figure 4-19: Entire best compromise points for different length o f unit cells

The decision point of the best design is highlighted as red in Fig. 4-19. However it 

must be mentioned that this point would be different if  more importance is given to 

certain objective functions such as the in-plane compliance o f the corrugated skin 

which reduces the required energy to morph. Table 4-8 shows the corresponding 

objective values and parameters at the decision point o f the design. According to the 

Table 4-8 the length of a corrugation unit cell at the decision point is 10.7 mm. 

Consequently all o f the configurations o f FishBAC stringers and corrugation unit 

cells which are compatible in the equation o f ( n s t r in g e r  +  l )  x  Nunitcen =  15 

represent the highlighted decision point, i.e. case 4.3 (nstringer=A , N unitceus=2>), case 5.2 

(.Wstringer~51 Nunitceiis 2), and case 14.1 (/?stringer i4 , Alunitceiis 1 )• It must be mentioned 

that the equation (n stringer +  l )  x  Nunitcea =  15 is derived by replacing the values 

o f  the geometric parameters in the corresponding formulas in section 4-2-3. 

Although these cases have the same geometry o f the skin, the number o f the stringers 

o f the FishBAC internal structure is different and hence the structural and 

aerodynamic characteristics of the assembled structure will be different. It is also 

possible to consider variable spacing o f the stringers for the selected geometry o f the 

skin. However such optimization and analysis are beyond the scope o f this thesis.
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Table 4-8: Corresponding optimized parameters at the decision point of the design

Optimized objective functions Optimized parameters (mm)

1
(N.mm)

Eleq

E A eq

(N)

Mass of 
skin (g) tc te a i a2 a 3 h

3.9*10‘4 500.40 4.29 0.18 0.51 2.26 0.89 2.20 4.69

4-5 Benefits over simple elastomeric skin

Increasing thickness of the skin of the aerofoil allows the skin to resist more 

pressure caused by the airflow and increases the critical buckling load due to the 

morphing actuation. In other words the thicker skin allows the FishBAC structure to 

have fewer stringers with smaller length. But the problem is that increasing the 

thickness of the skin increases the tensile stiffness of the skin which requires more 

force to actuate the aerofoil and it increases the mass of skin, whereas the mass 

reduction of the stringers is negligible.

However the coated corrugated skin has some benefits over the simple elastomeric 

skin to tackle these challenges. Firstly, the possibility of using a compatible 

corrugated skin with more height (thicker corrugated skin) that increases the bending 

stiffness of the skin without increasing mass of skin significantly in comparison to a 

simple elastomeric skin. Secondly, considering the mechanism of deformation in the 

corrugated core, the corrugated skin with more height decreases the in-plane tensile 

stiffness of the panel that results in a smaller actuation force required for morphing 

deformation. This structural advantage of a corrugated skin provides the possibility 

of having fewer FishBAC stringers which reduces the weight of the structure. 

Although more details about the interaction of the corrugated skin and the internal 

structure are presented in section 4-6, a comparison of the mechanical behaviour of 

the FishBAC with a coated corrugated skin and a simple elastomeric skin helps to 

understand the importance of the corrugated skin for morphing wing application.

In this regard, the geometry of FishBAC as described in Table 4-10 was 

considered. Firstly, the mass of the coated corrugated skin with the geometric 

parameters and material properties presented in Table 4-8 and Table 4-4 was
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calculated without the assumption of neglecting the coating sections that overlap 

with the corrugated core. The mass of the corrugated skin consisting of two 

elastomeric coatings and a composite corrugated core was calculated as 35.12 g. This 

mass and the material properties of the elastomer coating were set fixed to compare 

both skins. Considering the length of the skin between the rigid leading edge and the 

rigid trailing edge as 161.08 mm, the thickness of the simple elastomeric skins was 

calculated as 1.66mm, more than 9 times thicker than the elastomeric coating of the 

corrugated skin. Considering the density of the material used for the FishBAC 

stringers as 0.0011 g/mm , the effective mass of the FishBAC with a corrugated 

skin, i.e. the mass of non-common parts (skin and stringers) was 17.3% smaller than 

the FishBAC with a simple elastomeric skin. Moreover, comparing the mechanical 

behaviour of these two skins reveals that the corrugated skin is almost 5 times more 

flexible to stretch in the morphing actuation process and has almost 4.5 times more 

resistance to out of plane deformation due to aerodynamic loads and buckling 

deformations caused by actuation. Table 4-9 presents more details about the 

comparison of these two skins.

Table 4-9: A comparison of mechanical properties of the coated corrugated skins and 
simple elastomeric skin for the FishBAC internal structure

NACA 0012 Coated Corrugated Skin Simple elastomeric Skin

Mass of skin (fixed) (g) 35.12 35.12

Mass of skin and stringers 
(g)

100.82 118.34

EAeq (N) 500.4 2490

Eleq (N.mm)2 2564 571.79

Furthermore, in contrast to the simple elastomeric skin, the corrugated skin has the 

feature of the structural anisotropy which helps the skin to withstand more 

aerodynamic loads in the spanwise direction. Considering the pressure distribution 

over a NACA 0012 aerofoil shown in Fig. 4-20, the corrugated skin allows the 

internal structure to have variable distance between stringers; more distance between 

the stringers in regions exposed to lower pressure. In addition, the geometrical 

parameters of the corrugation provide the facility of having continuous variable out- 

of-plane and in-plane stiffness along the length of the skin, which leads to a further
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reduction of the mass of the skin. The mechanical behaviour of both of these skins 

can be improved more by using more advanced materials such as a curvilinear fibre 

composite elastomeric skin (Murugan et al., 2012), or applying pre-stressed 

elastomeric coatings. However in the case of pre-stressed skins the corrugated core 

provides more regions for attaching and adhering such pre-stressed coating and 

hence would have smaller shearing stresses between the elastomer and the 

corrugated core, compared to a simple elastomeric skin.

4-6 Morphing design considerations

As mentioned earlier the skin of the morphing wing is one of the most critical parts 

of the wing. This is because the skin is the boundaries of the domain. Consequently 

the aerodynamic loads are first tolerated and transferred through the skin and the 

local and global deformations of the skin have significant effects on the aerodynamic 

performance. The discussion in the chapter has thus far considered the skin in 

isolation, and presented the advantages of the coated corrugated skin over the 

elastomer skin. The optimum design was obtained by identifying the best 

compromise on the Pareto surface between the in plane stiffness, the out of plane 

stiffness and the mass of the skin.

In practice the shape optimization of the morphing aerofoil with the objective of 

achieving the highest possible lift to drag ratio will be the first milestone of the 

design process. After finding the optimum morphed aerofoil which has the highest 

lift to drag ratio and designing the internal adaptive structure to enable the required 

deformation the skin would be optimized simultaneously with the internal structure. 

The coupled optimization of the internal structure and the corrugated skin which 

considers the boundaries and the constraints from the geometric consistency, 

material and manufacturing is required for future studies. In addition more objective 

functions with regards to the efficiency of aerodynamics performance, actuation 

energy and structural health monitoring should be included or redefined. Each of 

these objective functions requires different investigation in background. For instance 

in terms of the aerodynamic performance, fluid structure interaction (FSI) analysis is 

required which uses CFD and FE codes to capture the effects of the local and global 

deformations of the skin on the aerodynamic loads. In terms of actuation energy, a 

topology optimization is needed to minimize the required strain energy to morph and
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to reduce further the mass of the whole structure. In terms of structural health 

monitoring, fracture mechanic analysis is of great importance. For example, once the 

occurrence of cyclic stress can be predicted reliably then a constraint may be added 

into the morphing aerofoil optimization to ensure that the structural components of 

the skin would not fail at stress levels much lower than those experienced by static 

mechanical loading. This requires an in-depth analysis of the cyclic loading of 

corrugated skins, and in particular, the development of accurate fatigue models of 

corrugated panels. Moreover the optimum skin would be different if more 

importance is given to certain objective functions such as the flexibility of the whole 

structure which reduces the required energy to morph and results in a lighter 

actuation system. Alternatively it is possible to convert some of the objectives to 

constraints. For example, a constraint on EIeq is obtained from the maximum out of 

plane deformation due to the airflow or to prevent buckling due to the actuation of 

the internal structure. Such an optimization is beyond the scope of this thesis, 

although a finite element simulation of the skin and internal structure under typical 

aerodynamic and structural loadings is performed to verify the design approach.

Prior to simulation of the internal structure with the corrugated skin, it is necessary 

to have a good insight of the aerodynamic loads on the morphed aerofoil. In this 

regard, the air flow over the morphing trailing edge of the NACA0012 aerofoil was 

simulated using XFOIL panel method code. This code included a viscous boundary 

layer component to predict skin friction drag and flow separation, offering a more 

complete drag prediction than inviscid codes. Using a viscous formulation of linear 

vorticity potential flow theory, XFOIL calculated the distribution of pressure 

coefficient over the airfoil. The aerodynamic input conditions to this code were 

Mach number and Reynolds number which were equal to 0.1 and 360000, 

respectively for an air speed of 30m/s. Figure 4-20 shows the estimated surface 

pressure distribution. This aerodynamic loading and its distribution over the trailing 

edge is important in terms of the deformation of the skin and the structural modelling 

of the FishBAC stringers.
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Figure 4-20:The simulated pressure distribution over the 
NACA0012 aerofoil at 30m/s

Based on the optimized geometry o f the corrugated skin presented in Table 4-8. 

different compatible geometries for the FishBAC internal structure can be considered 

as: case 14.1 {nstnnger=  14 , N unitceiis- 1) or the case in which the distance between the 

stringers increases as the pressure distribution decreases, as shown in Fig. 4-20. As 

mentioned earlier in section 4-5 the last case is one o f the important benefits o f the 

interaction of the corrugated skin and the internal structure, which leads to further 

reduction in the mass o f the whole structure and must be considered in the full 

optimization. Flowever the geometry of the aerofoil section for the case 14.1 

( n stnnger=  14 , N unitceiis=  1) corresponds approximately by chance to those used in the 

original design o f the FishBAC structure with elastomer skins. In this section more 

attention is paid to the skin rather than to the internal structure and hence the internal 

design is not optimized but assumed identical to the existing aerofoil that has been 

studied in simulation and experiment (Woods and Friswell, 2012). The geometric 

parameters, taken from (Woods and friswell, 2012), are given in Table 4-10.This 

design currently has a simple elastomer skin and here this is replaced with a coated 

corrugated skin in this study. The Young’s modulus and Poisson’s ratio o f the 

FishBAC material were assumed to be 2.14GPa and 0.3. These values are in range of 

the material properties o f the previous manufactured FishBAC which were printed 

from Acrylonitrile Butadiene Styrene (ABS) plastic using an HP Designjet 3D Fused 

Deposition Modelling printer.
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Table 4-10: FishBAC prototype geometric parameters

baseline aerofoil NACA 0012

chord (c) 305 mm

span (b) 150 mm

start of morph (x5) 0.35c =107 mm

end of morph (xe) 0.85c =260 mm

spine thickness (tb) 2 mm

# of stringer pairs 14

stringer thickness (tst) 0.8 mm

Four different corrugated skins were modelled and assembled on the FishBAC

internal structure in ABAQUS. These four skins which were compatible with the

geometry of the internal structure and correspond to the following points with the:
1 . .best compromise, minimum , minimum EAeq and minimum mass, as presented

EIeq

in Table 4-8 and Table 4-11 respectively. Figure 4-3(C) shows a schematic of the 

corrugated core unit cell and the corresponding values of parameters presented in 

Table 4-8 and Table 4-11. In terms of the material properties, the corrugated cores 

are assumed to be made of three-plies of woven glass fibre with epoxy resin matrix 

(Aird, 1996; May, 1987), with the material properties given in Table 4-4. The upper 

and lower skins of the sandwich panel are polyurethane elastomer (Harper, 2002; 

Callister and Rethwisch, 2007; Bhowmick and Stephens, 2000) with Young’s 

modulus also given in Table 4-4.
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Table 4-11: The optimized parameters corresponding to the different dominant
objectives of the design

Dominant

Objectives

Optimized objective functions Optimized parameters in (mm)

1
ElL,leq

(N. mm)-2

EAeq

(N)

Mass of 

skin (g)
tc te ai a 2 a3 h

1

EIeq
0.0002 1162.32 6.85 0.36 0.71 2.81 0.89 1.64 4.69

EAeq 0.0011 206.01 2.68 0.18 0.18 1.46 2.43 1.44 4.69

Mass 0.0018 401.27 2.28 0.18 0.18 1.97 1.52 1.84 2.61

The FishBAC and coated corrugated skin were modelled as described earlier. A 

fine mesh of cubic beam elements of approximate size of 0.5mm was used for the 

assembled structures to simulate the mechanical behaviour of the morphing wing. 

Large deformation analysis was considered in case the deformations were outside the 

linear elastic range. The tendon actuation system was modelled as a moment on node 

q in the rigid part at the trailing edge, as shown in Fig. 4-7. The nodes at the leading 

edge of the morphing section were fixed. Figure 4-21 shows the trailing edge 

displacement as an almost linear function of the actuation moment for the FishBAC 

internal structure with different corrugated skins. Fig. 4-21 clearly shows that the 

optimum skin would be different if more importance is given to different objective 

functions. The skins with minimum in-plane stiffness and minimum mass require 

less actuation energy in contrast to best compromise point for the morphing 

deformation.
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Figure 4-21: Displacement-Actuation moment behaviour o f the structure with
different corrugated skins

Figure 4-22 shows the deformed configuration o f the FishBAC, with both the 

aerodynamic pressure distribution shown in Fig. 4-20 and the actuation moment 

required to give the tip deformation for the skin with the best compromise properties. 

The interaction o f the structural behaviour between the corrugated skin and the 

FishBAC spine and stringers is important. In particular Fig. 4-22 shows that higher 

strains are present in the skin rather than the FishBAC spine.

Figure 4-22: Morphed FishBAC with a coated corrugated skin 
for the given pressure distribution and actuation moment.

As implied earlier, the out o f plane deformation o f the skin can occur because o f 

buckling o f the skin due to the actuation o f the internal structure. There are two sorts
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of buckling modes for the corrugated skin: global corrugated core buckling and local 

buckling of the elastomer coating. This highlights the importance of simultaneously 

optimizing the skin with the internal structure. To demonstrate this phenomenon, 

three models of the FishBAC with a width of 150 mm and different numbers of 

stringers (nstringers = 3, 7 and 15) were simulated. Two configurations for each 

number of stringers were modelled with different heights of corrugated skin, namely 

2.5 and 5mm. The parameters al9 a2 and a 3 were set equal to 1.667mm for both thin 

and thick skins. The material properties were selected as those described in section 

4-2-1. A large displacement of 54mm transverse to the chord direction was applied 

as a boundary condition to the tip of the trailing edge of the FishBAC in each model. 

Table 4-12 presents a comparison of the stiffness resisting the actuation of the 

FishBAC with thin and thick corrugated skins for three different configurations of 

unit cells and stringers. Increasing the distance between the FishBAC stringers 

reduces the structural stiffness resisting the morphing actuation.

Table 4-12: A comparison of stiffness ofFishBAC 
with corrugated skins for different configurations of unit cells and stringers

Stiffness resisting 
the Actuation of 

FishBAC

Gk=10mm
(ftstringers~  13 ,  

N u n itc e lls~ 2 )

20mm
(fts trin gers~  7  5

N unitcells  4)

flfs=40mm
(ft s t r i n g e r 3 ,  

N unitcells~ $ )

Thin Skin 
(h=2.5 mm)

0.1469 N/mm 0.1441 N/mm 0.1309 N/mm 
(Buckled)

Thick Skin 
(h= 5 mm)

0.1060 N/mm 0.1050 N/mm 0.1040 N/mm

However the global buckling of the corrugated core is observed for the case of the 

thin skin with the largest distance between the stringers i.e. <75=40mm. This problem 

can be solved by increasing the height of the corrugation. This increase in height not 

only postpones the global buckling of the skin but also reduces the stiffness resisting 

the morphing actuation. However, the local buckling mode appears as wrinkling of 

the elastomer coating for all the simulated cases. This problem can be avoided by 

applying pre-stressed elastomeric coatings. This pre-stretching of the elastomer 

coating not only delays the local buckling of the elastomer coating but also decreases 

the out of plane deformations due to the pressure distribution over the aerofoil. 

Figure 4-23 shows these two modes of buckling for both thin and thick corrugated 

skins for the case of <7s=40mm in Table 4-12.

130



Global and Local Buckling

^dlSUTJn

'J ^  - J (b) Thick Skin

Local Buckling

Figure 4-23: Two modes o f buckling for both thin and thick corrugated skins 
for the case o f c/5=40mm in Table 4-12

4-7 Conclusion

In this chapter the force displacement curves for reentrant, trapezoidal and 

rectangular corrugated cores with and without elastomeric coating were investigated 

in tensile and bending simulations. Comparing the results allowed the selection o f a 

suitable corrugation configuration with regards to morphing skin applications. The 

geometric parameters o f the coated trapezoidal composite corrugated panels were 

then optimized to minimize the in-plane stiffness and the mass o f skin and to 

maximize the out-of-plane stiffness skin. To do so, a finite element code for beam 

elements was written in MATLAB to calculate the equivalent tensile and flexural 

stiffness o f coated corrugated panels.

Bearing in mind the manufacturing limitations, different possible configurations 

o f FishBAC stringers and corrugated skin were considered in the optimization 

problem. Especially when the size o f the corrugation was very small, the upper 

bounds and the lower bounds o f the geometric parameters o f the corrugation were 

chosen carefully based on practical considerations. The entire parameters of 

corrugation were normalized in order to ensure the best performance o f the 

optimization scheme. The advantages and limitations o f the aggregate Newton’s 

method and the GA multi-objective method were investigated for solving the multi 

objective optimization problem for the corrugated skin. The results obtained from
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both methods were compared and finally the aggregate Newton’s method was 

utilized in this chapter. The dominance of each objective function due to the weight 

distribution in this method was discussed and highlighted in the Pareto surface of 

two sample cases. Moreover, by identifying the ideal reference point as the 

coordinates of minimum normalized objective values, the best compromise point 

was selected in each configuration of FishBAC stringers and corrugation unit cells. 

The range of the weights showed that all of the three objectives were involved 

efficiently in the process of optimization for the best compromise point.

The trend of optimized parameters and objectives were then investigated by 

collecting and studying the best compromise points in all the configurations of 

FishBAC stringers and corrugation unit cells. It was justified that the out of plane 

and in-plane compliances of the corrugated core with elastomeric coating decreased 

when the length of the corrugation unit cell increased. For almost all configurations 

ofFishBAC stringers and corrugation unit cells, reducing the length of the unit cells 

decreased the mass of the skin. In terms of the trends of the optimized geometric 

parameters, it was shown that the thickness of the core hit the lower bound for the 

points with a unit cell length less than 14.55 mm while for a unit cell length more 

than 16 mm the thickness of the elastomer coating hit the lower bound. This switch 

in the way that the optimization algorithm optimized these two parameters resulted 

in a small jump in the trend of objective functions. Moreover, the optimization 

algorithm selected the corresponding values at the lower bound for the parameter a2, 

while for the parameter h the upper bound was selected, implying that increasing the 

height of the corrugation gives a higher ratio of bending stiffness to tensile stiffness. 

Finally, the design decision was made by repeating the process of finding the best 

compromise point among the collection in a normalized space of objectives. As a 

result all the configurations of FishBAC stringers and corrugation unit cells which 

were well-matched in the equation of (nstringer + l )  x N u n i tc e u  = 15 represented 

the highlighted decision point, i.e. case 4.3 (nstringer=4, N unitceus= 3 ) ,  case 5.2

(ftstringer~5i Nunitcells 2), and Case 14.1 (ftstringer~  14, N unjtcells~  1).

The important advantages of using a corrugated skin rather than simple elastomeric 

coatings on the FishBAC internal structure were also discussed. Using a compatible 

corrugated skin with more height increases the bending stiffness of the skin to resist

132



more pressure caused by the airflow and buckling forces due to morphing actuation. 

It was also shown that the corrugated skin with more height decreased the in-plane 

tensile stiffness of the panel that results in smaller actuation energy required for 

morphing deformation. The structural advantage of a corrugated skin provides the 

possibility of a smaller number of FishBAC stringers which reduces the weight of 

the structure. A finite element simulation of the skin and internal structure under 

typical aerodynamic and structural loadings was performed to verify the design 

approach. The important interaction of the structural behaviour of the corrugated 

skin and the FishBAC structure was studied. The necessity of a full optimization 

which considers the geometry and material properties of both FishBAC internal 

structure and corrugated skin was discussed.
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Chapter 5: 
Conclusions and Recommendations

5-1 Conclusions

There are two different attitudes in the literature toward the morphing aircraft, 

namely optimistic and pessimistic view points. Some researchers have been so 

positive and have proposed concepts for morphing technology that are far from the 

level of current technology, and hence not practical in reality. On the other hand, 

some researchers look toward morphing aircraft as an improbable dream. To the 

author of this thesis, the attitude towards morphing aircraft should not be optimistic 

or pessimistic, but realistic. The fact that current traditional aircraft cannot be 

optimized for every single point of the flight envelop highlights the necessity of an 

aircraft which can adapt its shape to different flight configurations for further 

improvements of the flight performance. However, the requirements of such an 

aircraft are conflicting, for example the skin must be flexible enough to enable the 

shape changes and stiff enough to withstand the aerodynamic loadings. The use of
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corrugated panels as a skin of a morphing aircraft is discussed comprehensively in 

this thesis to extend further the borders of the technology in this field.

In chapter 1 of this thesis, a detailed review of the literature on corrugated 

structures was presented. The specific characteristics of corrugated structures such 

as: high anisotropic behaviour, high stiffness and good durability, lightness and cost 

effectiveness, as well as recyclability and sustainability with the environment, were 

discussed. It was highlighted how these features have led to a wide range of 

industrial applications and academic research. Then concepts and developments of 

the corrugated structures to extend their application were investigated and classified 

into two categories: innovation based on different material properties and innovation 

based on topology and geometric parameters. Next a comprehensive set of analyses 

about the flexural, tensile, shear and out of plane compressive strength of corrugated 

panels that have been developed in the literature by means of experimental and finite 

element analysis were reviewed in details. The nonlinear effect in the mechanical 

behaviour of these structures due to material properties, geometric parameters, 

various boundary conditions and loading configurations was highlighted in the 

review. When available, homogenisation and equivalent modelling techniques were 

highlighted in support of these investigations. In addition a concise discussion on the 

buckling of these structures was presented, where homogenization techniques and 

finite element simulations were used to check for global and local buckling modes. 

Furthermore, the literature was explored in terms of optimization techniques for the 

optimum design of corrugated structures. The importance of such a review arises 

because the use of corrugated structures in morphing applications needs a study 

which comprises interdependent resources of research in different distinct 

disciplines. This ensures that all likely aspects of the morphing skin will be 

considered, and integrated into a complete analysis. Finally, the specific boundary 

conditions and constraints imposed by morphing applications were considered in the 

literature review of the corrugated skins. The lack of knowledge in the literature on 

specific fields of research such as: homogenization methods which consider the 

function of elastomer coating, a generic super element for corrugation curves, the 

multi-objective optimization and the design of corrugated skin in interaction with 

morphing internal structure, were considered as an introduction to the research in 

this thesis.
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In chapter 2, two analytical solutions to calculate the equivalent tensile and 

bending flexural property of the corrugated core with elastomer coating in the 

longitudinal and transverse directions were presented based on Castigliano’s second 

theorem. The results obtained by the analytical model were compared to those given 

by numerical simulations and experiments. In the experimental part, both coated and 

uncoated corrugated cores were studied in tensile and three point bending tests. The 

ratio of the in plane and out of plane stiffness of coated corrugated structure to 

uncoated corrugated structure was 2.28 and 2.14, respectively. This provided a better 

insight into the mechanical behavior of coated composite corrugated panels as 

candidates for morphing skin. Furthermore, the effect of combined loading and the 

number of unit cells on the mechanical behavior of the coated corrugated core were 

investigated and verified with numerical simulations. The physical description of the 

behavior that the relation between the coefficient of the distribution of forces in the 

elastomeric members and the Young’s modulus of the elastomer converges when the 

Young’s modulus of elastomer tends to infinity was also discussed. The comparison 

studies demonstrated the suitability of the proposed method for further design 

investigations.

In chapter 3, a generic super element of a corrugated core unit cell with elastomeric 

coating was investigated for application to morphing structures. The importance of 

this work, in contrast to the previous chapter, was that it provides an exact analytical 

equivalent model which avoids any homogenization and periodicity assumptions. By 

using the direct stiffness method and Castigliano’s second theorem, and by applying 

proper boundary conditions, the stiffness matrix of the generic super element was 

derived which could capture the small deformation of 2D thin curved beams with 

variable curvatures. Different numerical and analytical symbolic models were 

investigated to verify the accuracy and efficiency of the presented super element. 

The super element uses the geometric and mechanical properties of the panel as 

variables, and hence the model may be used for further topology optimization 

studies. The parametric studies of trapezoidal and polynomial corrugation shapes 

demonstrated the efficiency of the proposed super element for application in further 

topology optimization or complex design investigations.
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In chapter 4, the force displacement curves for reentrant, trapezoidal and 

rectangular corrugated cores with and without elastomeric coating were investigated 

in tensile and bending simulations. Comparing the results allowed the selection of a 

suitable corrugation configuration with regards to morphing skin applications. The 

geometric parameters of the coated trapezoidal composite corrugated panels were 

then optimized to minimize the in-plane stiffness and the mass of skin and to 

maximize the out-of-plane stiffness skin. To do so, a finite element code for beam 

elements was written in MATLAB to calculate the equivalent tensile and flexural 

stiffness of coated corrugated panels. Bearing in mind the manufacturing limitations, 

different possible configurations of FishBAC stringers and corrugated skin were 

considered in the optimization problem. Specially when the size of the corrugation 

was very small, the upper bounds and the lower bounds of the geometric parameters 

o f the corrugation were chosen carefully based on practical considerations. The 

entire parameters of the corrugation were normalized in order to ensure the best 

performance of the optimization scheme. The advantages and limitations of the 

aggregate Newton’s method and the GA multi-objective method were investigated 

for solving the multi objective optimization problem for the corrugated skin. The 

results obtained from both methods were compared and finally the aggregate 

Newton’s method was utilized in this chapter. The dominance of each objective 

function due to the weight distribution in this method was discussed and highlighted 

in the Pareto surface of two sample cases. Moreover, by identifying the ideal 

reference point as the coordinates of minimum normalized objective values, the best 

compromise point was selected in each configuration of FishBAC stringers and 

corrugation unit cells. The range of the weights showed that all of the three 

objectives were involved efficiently in the process of optimization for the best 

compromise point. The trend of optimized parameters and objectives were then 

investigated by collecting and studying the best compromise points in all the 

configurations of FishBAC stringers and corrugation unit cells. It was justified that 

the out of plane and in-plane compliances of the corrugated core with elastomeric 

coating decreased when the length of the corrugation unit cell increased. For almost 

all configurations of FishBAC stringers and corrugation unit cells, reducing the 

length of the unit cells decreased the mass of the skin. In terms of the trends of the 

optimized geometric parameters, it was shown that the thickness of the core achieved 

the lower bound for the points with a unit cell length less than 14.55 mm while for a
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unit cell length more than 16 mm the thickness of the elastomer coating achieved the 

lower bound. This switch in the way that the optimization algorithm optimized these 

two parameters resulted in a small jump in the trend of objective functions. 

Moreover, the optimization algorithm selected the corresponding values at the lower 

bound for the parameter a 2, while for the parameter h the upper bound was selected, 

implying that increasing the height of the corrugation gives a higher ratio of bending 

stiffness to tensile stiffness. Finally, the design decision was made by repeating the 

process of finding the best compromise point among the collection in a normalized 

space of objectives. As a result all the configurations of FishBAC stringers and 

corrugation unit cells which were well-matched in the equation of (nstringer + l )  x 

N u n i t c e i i  = 15 represented the highlighted decision point, i.e. case 4.3 {nstringer=4, 

^unitcells~'^)i Case 5.2 (flstringer~5> N Un itcells~2), and Case 14.1 (jlstringer~  14, N Unitcells~ 1). 

The important advantages of using a corrugated skin rather than simple elastomeric 

coatings on the FishBAC internal structure were also discussed. Using a compatible 

corrugated skin with more height increases the bending stiffness of the skin to resist 

more pressure caused by the airflow and buckling forces due to morphing actuation. 

It was also shown that the corrugated skin with more height decreased the in-plane 

tensile stiffness of the panel that results in smaller actuation energy required for 

morphing deformation. The structural advantage of a corrugated skin provides the 

possibility of a smaller number of FishBAC stringers which reduces the weight of 

the structure. A finite element simulation of the skin and internal structure under 

typical aerodynamic and structural loadings was performed to verify the design 

approach. The important interaction of the structural behaviour of the corrugated 

skin and the FishBAC structure was studied. The necessity of a full optimization 

which considers the geometry and material properties of both FishBAC internal 

structure and corrugated skin was discussed.

5-2 Some recommendations for future works

Certainly morphing as a promising technology is still far from flight readiness and 

significant work remains in maturing component technologies. The most critical 

component may be the skin which must be flexible but load carrying. While large 

scale morphing commercial aircraft may not be practical in the near future, 

opportunities exist on smaller unmanned aircraft where current or near-term
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technology can be applied to achieve morphing (Friswell, 2014). In this regard 

precise manufacturing technology is needed to maintain the thickness and the 

dimensions of the composite corrugated sheet, especially when the scale of the 

morphing skin is small. The following recommendations are presented for further 

investigations on the application of corrugated skin in morphing aircraft.

Structural investigation of the skin

1- Practical concept developments which further decouple the out of plane stiffness 

from the in-plane stiffness of the skin might be difficult, but tempting. This is 

important since it increases the benefits of the corrugated skin for the application 

in morphing aircraft.

2- Performing buckling analysis on the corrugated skin specifically in the direction 

of the corrugation profile is important since the morphing actuation subjects the 

skin to compressive forces which tend to buckle in the mentioned direction. This 

opportunity of research was also addressed in camber morphing deformation in 

chapter 4.

3- Vibration and control analysis of the corrugated skin is very important since it 

imposes extra constraints on the design of the skin. It is crucial, for instance, to 

design the skin so that its natural frequencies are a safe distance from the 

frequency of excitation which is dependent on aerodynamic characteristics such 

as air speed. In addition, considering the lightness of the corrugated skin, there is 

an opportunity to harvest energy from this vibration, if piezoelectric materials 

can be integrated to the skin.

4- Investigation of the damage propagation arising from cyclic deformations either 

due to airflow induced vibration or the actuation process is also very important. 

For example, once the occurrence of cyclic stress can be predicted reliably then a 

constraint may be added into the morphing aerofoil optimization to ensure that 

the structural components of the skin would not fail at stress levels much lower 

than those experienced by static mechanical loading. This requires an in-depth 

analysis of the cyclic loading of corrugated skins, and in particular, the 

development of accurate fatigue models of corrugated panels. Such a study will
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introduce new constraints for the extension of the lifetime of the composite 

corrugated skin.

5- A multi-objective optimization which considers the objective functions, material 

properties and geometric parameters is required due to the possible conflicting 

nature of the objective functions.

System level design of the skin

1- The shape optimization of the morphing aerofoil with the objective of achieving 

the highest possible lift to drag ratio followed by designing the internal adaptive 

structure to enable the required deformation of the corrugated skin.

2- Optimizing the skin simultaneously with the morphing internal structure. The 

coupled optimization of the internal structure and the corrugated skin which 

considers the boundaries and the constraints from the geometric consistency, 

material and manufacturing is required for future studies.

3- Fluid structure interaction (FSI) analysis is required which uses CFD and FE 

codes to capture the effects of the local and global deformations of the 

corrugated skin on the aerodynamic loads.

4- In terms of actuation energy, a topology optimization is needed to minimize the 

required strain energy to morph and to reduce further the mass of the whole 

morphing internal structure and corrugated skin.
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