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Abstract

This research focuses on the realisation of ’shape-adaptable’ systems through unsymmet-
ric laminates. The residual stress field which is built-into this type of laminates, is used
to obtain panels with two or more equilibrium states. Such systems provide a possible
solution for the realisation of morphing structures because they allow to simultaneously
fulfil the contradictory requirements of flexibility and stifIness.

An analytical model to describe the equilibrium configurations of bi-stable composites
is developed. A new formulation of the displacement field allows to extend the previous
analytical models that could only take into account free boundary conditions.

Three concepts for the realisation of morphing structures are presented and analysed.
The Variables Sweep Wingbox aims at the realisation of a novel wing-swing mechanism,

based on composite spars which allow a continuous deformation of the wing shape. The

Bi-stable Blended Winglet proposes a lift augmentation device which both for take-off
and cruise operations when in a configuration similar to that of a traditional winglet.
Finally, the Variable Camber Trailing Edge shows two different methods to modify the
camber of an airfoil by using unsymmetric patches of laminate to drive the shape change
of the wing.

Throughout the analysis, experimental testing has been used to validate the analytical

and numerical findings as well as to prove the feasibility of the proposed application
concepts.



111

To my parents, for their education
To my ex-girlfriend, now my wife,
for her patience and encouragement



v
Acknowledgements

I would like to thank Professor Michael Friswell for giving me the opportunity to join
the Morphing Aircraft Group and for his support to finalise my efforts for this work.

I am grateful to Dr Paul Weaver for his enthusiasm, encouragement and guidance that
allowed this thesis to be written.

I am also grateful to Dr Alvin Gatto and Dr Kevin Potter, without whom most of the
experimental work of this thesis would have never been possible.
Finally, I would like to thank my colleagues Nima, David, Cezar, Patrick, Enrique,

Maurizio and Alberto for their time. It is through our endless discussions that most of
the problems of this thesis have been resolved.

The financial support of the European Community through the Marie Curie Research
Training Network, is also gratefully acknowledged.



Declaration

I declare that the work in this dissertation was carried out in accordance with the
Regulations of the University of Bristol. The work is original except where indicated

by special reference in the text. No part of the dissertation has been submitted for any
other academic award. All views expressed in the dissertation are those of the Author.

Signature: :}% _
LLD‘Q WQM\" Word count: 31000



Contents

1 Introduction

1.1 The morphing aircraft project
1.2 Outline of the thesis

2 Composite materials and unsymmetric laminates
2.1 Basic analysis of composite materials

2.1.1 Micro-mechanics
2.1.2 Classic lamination theory
2.1.3 Environmental effects
2.2 Unsymmetric laminates

2.2.1 Previous work on unsymmetric laminates
2.3 Thermally induced bi-stable composites

2.4 Preliminary remarkson pastresearch. . . . ... .. ... ..

2.5 The potential of unsymmetric laminates and bi-stable structures

3 Modelling
3.1 Analytical modelling

3.1.1 Dano-Hyer’s model for the square plate
3.1.2 Extension of the existing models

3.1.3 Application to a square plate
3.1.4 Application to a compound plate
3.1.5 Finite element analysis and experimental results

3.1.6 Parametric studies: effects of boundary conditions

3.1.7 Remarks on the analytical model
3.2 Numerical modelling

3.2.1 Cool-down and equilibrium shapes
3.2.2 Solution strategies

llllllllllllllllll

lllllllllllllllllllllll

..............

iiiiiiiiiiiiiiiiiiiii

IIIIIIIIIIIIIII

llllllllllllllllll

lllllllllllllllllllll

llllllllllll

iiiiiii

iiiiii

------------------------------

lllllllllllllll
lllllllllllllllllll

llllllllllllllllllll
lllllllllllllllllll
lllllllll

lllllllll
lllllllllllllllllll

llllllllllllllllllllllllllllll

llllllllllllllllll

10
11
12
16
17
17
19
23
29



CONTENTS

3.2.3 Prediction of equilibrium configurations with FEA

3.2.4 Load - Displacement diagram ... ... ...
3.2.5 Explicit integration analysis
3.2.6 Remarks on the numerical analysis

4 Concepts for applications
4.1 Variable sweep wing-box

41.1 Spars’analysis .. ...............
4.1.2 Experimental analysis . ......... ...
4,1.3 Re-design of the variable sweep wing-box
4.2 Bi-stable Blended Winglet

4.2.1 Experimental analysis
422 Results ... ... ..... ... ...,

4.2.3 Remarks on the Bi-stable Blended Winglet
4.3 Variable Camber Devices ... .. .. ... .....

4.3.1 Trailing Edge Device
4.3.2 Variable Camber Airfoil

[ a
..............

lllllllllllll

5 Conclusions and future work

A Riks analysis of snap-through

llllllllllll

............

iiiiiiiiiiii

llllllllllll

llllllllllll

llllllllllll

llllllllllll

lllllllllllllllllllllllll

llllllllllllllllllllllll

vil

09
63
71
73

77
80
83
87
90
02
103
104
109
112
114
126
133

134

137



List of Figures

1.1
1.2

1.3
1.4

2.1
2.2
2.3
2.4

2.9

2.6
2.7
2.8
2.9

2.10
2.11
2.12

3.1
3.2
3.3
3.4
3.5
3.6

DLR flexible rib concept [Monner, 2001} . . .. .. ... ... ....... 4
DLR belt rib concept [Campanile and Sachau,2000] ... ......... 5
Flexsys variable camber wing [Kota et al.,, 2003] .. ............ 6
Batwing model in the NASA Langley transonic tunnel [Bowman et al.,

2007] « « v e e e e e e e e e e e 6
Reference system used for the laminate material properties ... .. ... 13
Cure cycle for monolithic and honeycomb components . .. ... ... .. 20

Room-temperature shapes for the 2 layered [0°/90°|r square panel . ... 21

[02/902] CFRP-laminate curvatures vs. laminate edge length L [Hufen-
bach et al., 2002]

................................ 22
Curvatures of a CFRP laminate with variable layer ratio [Hufenbach et al.,

2002] . . . e e e e e e e e 23
Stacking sequence for the variable curvatureshell . . . . .. .. ... ... 26
Variable curvature shell obtained from unsymmetric laminates ... .. . 26
FEA of a shell with four different longitudinal curvatures . ... ... .. 27
Multiaxial curvatureshell . . .. ... ... ... ... .. ... ..... 29
Stacking sequence of the transversely reinforced plate. . . . .. ... ... 30
Stable shapes for the laterally reinforced panel . ... ... .. ... ... 30
Qualitative moment-rotation behaviour of tapesprings . . . .. ... ... 31
Hyer’s model and Extended model overlaid onto the FE model . ... .. 38
Cross-section comparison at different stations . . .. ... ... ...... 39
Principal curvature comparison . . . . . . . .. 0 0 e e 39
Geometry and reference system for the test model . ... ... ...... 40
Experimentalmodel ... ... ... ... ... .. . . 40
Equilibrium shapes obtained with the analytical model . . . .. ... ... 43

viil



LIST OF FIGURES

1X
3.7 Analytical vs FE shape for the 4-layered plate. . . . . . . ... ... ... 44
3.8 Analytical vs FE shape for the 8-layered plate. . . . . ... .. ... ... 44
3.9 Test model geometry and coordinatesystem . . . . . ... ... ... ... 44
3.10 Analytical vs. FEA and experimental section for the 4-layered plate 45
3.11 Analytical vs. FEA and experimental section for the 8-layered plate 46
3.12 Parametric study geometry and cross-sections . . . . ... ... ... ... 48
3.13 Effects of the thickness variation for the symmetricpart . ... ... ... 49
3.14 Effects of different laminates for the symmetricpart ... ... ... ... 50
3.15 Incremental solutionmethod . . . .. .. ... . . i o, 03
3.16 Potential energy versus temperature for the two equilibrium configurations 55
3.17 Effects of the inertia on the kinetic energy contribution .. .. ... ... 57
3.18 Contour plot of the viscous dissipation energy and of the total strain energy 57
3.19 Viscous damping energy and total strain energy comparison . . . . ... . 58
3.20 Boundary conditions for the ‘snap-through’ analysis . ........... 59
3.21 Numerical equilibriumshapes . . . . . . . ... .. oo .. 60
3.22 Position of the longitudinal and transverse cross-sections . . . . ... ... 60
3.23 Experimental validation: longitudinal cross-section for the 8-layered plate 61
3.24 Experimental validation: transverse cross-section for the 8-layered plate . 61
3.25 Experimental validation: longitudinal cross-section for the 4-layered plate 62
3.26 Experimental validation: transverse cross-section for the 4-layered plate . 62
3.27 Experimental validation: 1% shape longitudinal cross-section for the 12-
layered plate . . . . . .. Lo e e e e e e e e e e e e 63
3.28 Initial saddle shape (displacements x 100) . ... ... ... .. .. .... 63
3.29 Principal curvature for the firstshape .. ... . ... ... ........ 64
3.30 Principal curvature for thesecondshape . . . . . ... ... .. ... ... 64
3.31 Principal curvature for the 12-layered plate .. .. .. ... .. ...... 67
3.32 Identification of Tor . . .« & ¢ v v v v ot e e e e e e e e e e e e e e 67
3.33 Stabilised load-displacement diagram for different number of layers . . . . 69
3.34 ‘Snap-through’ diagram from shape 1 to shape 2 for the 180 x 360 mm
072 4 1<) 70
3.35 Comparison of the ‘Snap-through’ diagram with the experimental data . . 71
3.36 ‘Snap-through’ diagram from shape 1 to shape 2 for the 300 x 600 mm
972 0 L) 12
3.37 Intermediate deformations during snap-through from shape 1 to shape 2 . 73
3.38 ‘Snap-through’ shape 1 to shape 2 and vice versa, 180 x 360 mm. . . . . . 75
3.39

‘Snap-through’ shape 1 to shape 2 and vice versa, 300 x 600 mm

llllll



LIST OF FIGURES X

3.40 Static versus dynamic “snap-through” diagram for the 300 x 600 mm panel 76

4.1 Morphing wing assembly concept . . . . . ... .. ... 0.0, 79
4.2 Variable sweep wing-box structure .. .. ... .. ... ..., 81
4.3 Wingbox geometry in the swept (left) and straight configuration (right)

at the deformed location . . . . . . . . . . v i i e e 82
4.4 Sweep angle and area variation . . .. ... . 0 e i et n e ... 82
4.5 Geometric characteristicsof theshell . . . . .. . ... ... . ... ... 83
4.6 Stacking sequence regions for the spar structure . . . . .. ... ... ... 85

4.7 Various intermediate swept-back positions for the wing-box structure . . . 86
4.8 Boundary conditions

.............................. 87
4.9 Snap position for different laminates . .. ... ... ... 0000, 88
4.10 Experimental wingboxl . ... .. .. ... i i i e, 88
4.11 Swept configuration comparison. . . . . . . .. ... L oo o ... 89
412 SNAP ArEa . . . v v v v et e e e e e e e e e e e e e e e e e e e e e 89
4.13 Local bucklingofthespar . . .. ... .. ... 0 i, 89
4.14 Improved ribdesign . . . . . . . . . L. e e e 01
4.15 Improved wing-boxdesign . . . . . . . . . ... . e e 01
4.16 Baseline wing planform . .. .. ... .. ... . . oo .. 93
4.17 Composite winglet laminate’s configurations . . . . . ... .. ... .... 95
4.18 Isometric view for the fibres parallel to the leading edge configuration .. 96
4.19 Isometric for the fibres parallel to the centreline configuration . . . . . . . 96

4.20 Isometric view for the fibres parallel to the horizontal axis configuration . 97
4.21 Views for the fibres parallel to the leading edge configuration

....... 08
4.22 Views for the fibres parallel to the centreline configuration . . . .. ... . 99
4.23 Views for the fibres parallel to the horizontal axis . . . ... .. .. .. .. 100
4.24 Bistable winglet comparison: snaploads . . . ... ... ... ....... 102
4.25 Experimentalmodel .. . .. .. ... .. .. .. . e 102
4.26 Test rig assembly for winglet wind-tunnel testing . . . ... .. ...... 103
427 Details of balancesetup . . . .. . . . i i i i i e e . 104
4.28 Aerodynamic forces before and after thesnap . . ... ... ........ 106
4.29 Snap velocity vs. angle of attack for thewinglet . . . . ... .. .. .... 107

4.30 Response of the composite winglet and swept wing combination at o = 2.5°108
4.31 Detailed response of lift force and all moments during snap at a = 2.5°. . 110
4.32 Aerodynamic forces during the snap-through .. .............. 111

4.33 Stacking sequence and principal dimensions for the basic building block . 113



LIST OF FIGURES

4.34
4.35
4.36
4.37
4.38
4.39
4.40
4.41
4.42
4.43
4.44
4.45
4.46
4.47

4.48
4.49

4.50

Al
A.2
A.3
A4

xi
Basic building block equilibriumshapes . ... ... ... ......... 114
Longitudinal variation of the curvatures . . ... ... ... ........ 115
FEA model for the variable camber trailingedge .. ... ... ... ... 116
Stable configurations for the variable camber trailingedge . . . . .. ... 117
Deflection between the two configurations of the trailingedge . ... ... 119
Different angles obtained actuating the loweredge .. ... ... ... .. 119
Load-displacement diagram for stiffness estimate . . .. .. ... .. ... 121
Loweredgerall . . . . . . @ i i i i i i i i it e e e e e e e e e e e e e e 122
Boundary conditions for the actuation simulation . . . ... .. ... ... 124
Load - displacement diagram for the variable camber trailing edge 124
Proposed tool and assembly procedure . . . .. ... ... ......... 125
Interface between laminationareas .. .. ... ... ... ..., ..... 126
Experimental model for the variable camber trailingedge ... ... ... 127
Stacking sequence of the NACA 23015 . . . . . . . . v v v v v v v, 129
FEM . . e e e e e e e e e e e e e e 130
Equilibrium configurations . . . . . . . . ... ... o oo 131
Equilibrium configuration . . ... .. ... ... . . . . . L .. 132
Load-displacement diagram obtained with the Riks method ... ... .. 139
Load proportionality factor for the snap-through analysis ... .. .. .. 140
Effect of thesignreversal .. ... .. ... ... .. .. ... .. . .... 140

Intermediate snapshots during the analysis

.................



List of Tables

2.1

3.1
3.2
3.3
3.4
3.5
3.6

3.7

4.1
4.2
4.3
4.4

Typical material properties for a pre-preg carbon fibre lamina . . . . . . . 24
Curvature and strain energy value comparison for the square plate . .. . 51
Transverse curvature k; for different thicknesses. . . . . . . .. ... ... 51
Transverse curvature k. for different laminates . ... ... ... .. ... 52
Damping factor used during static stabilised analyses. . . . .. ... ... 74
Stacking sequences for different numberoflayers . . . ... .. ... ... 74
Analytical and numerical k,-curvature of the unsymmetric part of the

180360 plate . . . . ¢ v v v e e e e e e e e e e e e e e e e e e e e e 4
Critical load for different numberoflayers . . . . . . . ... .. ... ... 74
Lift augmentation generated by thewinglet . . . ... ... .. ... ... 105
Angles of attack and snap velocities forthewinglet . . . . . .. ... ... 107
Vertical deflection and beam equivalent stiffness. . . . . .. ... ... .. 120
Typical material properties for a pre-preg glass fibre lamina . . ... ... 133

xil



Nomenclature

Q;; 1 element of the reduced stiffness matrix

Q reduced stifiness matrix

N; number of layers in the laminate

Aj;j 1j element of the membrane stifiness matrix

A membrane stifiness matrix

L
L

Bi; ij element of the extension-bending stiffness matrix

B extension-bending stiffness matrix

D;; 1ij element of the bending stifiness matrix

D bending stiffness matrix

N; it" element of the in-plane forces vector per unit length acting on a laminate
N in-plane forces vector per unit length acting on a laminate

ith element of the moment vector per unit length acting on a laminate

M;

M moment vector per unit length acting on a laminate

E;1 Longitudinal stiffness of a unidirectional orthotropic lamina
E,, Transverse stiffness of a unidirectional orthotropic lamina
G12 Shear modulus of a unidirectional orthotropic lamina

112 Poisson’s ratio of a unidirectional orthotropic lamina

a; longitudinal coefficient of thermal expansion of a unidirectional orthotropic lamina

xiii



LIST OF TABLES Xiv

ap transverse coefficient of thermal expansion of a unidirectional orthotropic lamina
w displacement of the laminate in the z direction

R undeformed transverse curvature radius of a shell structure

r deformed longitudinal curvature radius of a shell structure

k; it component of the curvature vector

k curvature vector

o; " component of the coefficient of thermal expansion vector

€ ithcomponent of the in-plane strain vector

€ in-plane strain vector

AT temperature difference between the highest curing temperature and room tempera-
ture

t thickness of the composite part
L edge length

FEA Finite Element Analysis
FEM Finite Element Model
IFH Integral Folding Hinge
UAYV Unmanned aerial vehicle

1 rolling moment

m pitch moment

n yaw moment
Y side force

a angle of attack
A sweep angle

~ cant angle



LIST OF TABLES XV

Cr coefficient of lift

as after snap

bs before snap

RMS root mean square

CFRP carbon fibre reinforced plastic

Throughout the paper matrices will be indicated by double underline, vectors by single
underline and scalars by no underline



Chapter 1

Introduction

"Aprono le ali

scendono in picchiata

atterrano meglio di aeroplani
cambiano le prospettive al mondo

voli imprevedibili ed ascese velocissime
trarettorie impercettibili

codict di geometria esistenziale”

Franco Battiato, “Gli uccelli”

In the common language, the word “morphing”, can
have a rather large and misleading number of meanings.
In particular, when referred to the natural environment,
there are many examples of morphing: chamaeleon and
fishes can change the colour of their skins to hide or
hunt, while birds can seamlessly adapt their body shape
to suit a particular task. These two examples, can in-

deed be considered the state of the art of two different

categories of “morphing”: a first type which refers more
to the appearance of an object and a second which refers primarily to the external shape

of the object. For the purpose of this thesis, the second meaning of the word morphing
is adopted and dealing in particular with aeronautical structures, birds will be taken as

the primary source of inspiration. For these reasons in the following pages, the shape

'“They open the wings, dash down, land better than aircraft, change perspectives to the world,
unpredictable flights and fastest soaring, unperceivable trajectories, codes of existential geometry”...the

birds.
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change of which birds’ wings are capable, during different flight conditions, should be
kept in mind as the “reference” wing morphing.

1.1 The morphing aircraft project

Like birds, aircraft follow specific mission profiles. While for birds these profiles might
be “take off”, “mission” (i.e. hunt or migration) and “landing”, for aircraft there is not
much difference and a mission generally consists of take-off, climb, the mission itself,
descent and landing. To specify the design envelope for the vehicle, design points are
chosen within each part of the mission and then, to fulfill the requirements, the best com-
promise among the possible configurations is selected. It is therefore evident that the
result is an aircraft which is not optimal for any of the given design point {Stanewsky,
2000]. Off-design flight conditions have significant aerodynamic and structural draw-
back such as increased drag penalty and off-design structural deformation [Papila et al.,
2004]. These conditions are true for both long distance transport aircraft, where the
large quantities of fuel burnt in-flight lead to a considerable change in the aircraft mass
and aerodynamic requirements, and also for fighter aircraft, where the manoeuvrability
requirements constraint most of the flight envelope. It is evident that the ability to adapt
the wing shape to different flight conditions would limit these problems and also it would

give a single aircraft the capability to achieve multi-objective mission roles thus reducing
the operational costs of having several aircraft, each suited to a different type of mission.

However, from current trends in this research area [Bae et al., 2005, Frank et al., 2008,
Thill et al., 2008, Jha and Kudva, 2004], it is clearly evident that the practical reali-
sation of a morphing structure is a particularly demanding goal with substantial effort
still required. This is primarily due to the need of any proposed morphing airframe to
simultaneously fulfill the contradictory requirements of flexibility and stiffness. On one

hand for low speed aircraft, it is always possible to rely on the elasticity of the material to
achieve small deformations by mean of simple actuators, on the other hand this solution

is not applicable to high speed aircraft because of the imposed stiffness and strength re-
quirements. These would require a huge power consumption which would simply lead to
an unacceptable weight penalty. Currently, to overcome this, the most efficient solution
is to rigidly actuate small parts of the main structure. The moveable parts are, generally,
rigid bodies linked to the main structure via hinges. This technique, though reliable,
introduces discontinuities in the aerodynamic flow field and in the structure, and place
limitations on manoeuvrability and efficiency, producing non-optimal designs for many
flight conditions. It is for these reasons that recently many projects have focused on



CHAPTER 1. INTRODUCTION 3

realising the so called “morphing technologies”. To describe this “scenario”, a few of the
proposed solutions will be summarised in the following paragraphs.

Overview of previous morphing research

The German Aerospace Centre (DLR) investigated the possibility of flexible ribs through
the “flexible rib” [Monner, 2001} and the “belt rib” [Campanile and Sachau, 2000, Cam-
panile and Anders, 2008] concepts. They both aim to realise variable camber profiles
by acting on the trailing edge part of wings of civil transport aircraft. This is used to
achieve both chord-wise and span-wise camber variation to optimise L/D and reduce
the root bending moment. The finger concept mimics the human finger by relying on a
kinematic chain to obtain a gradual deflection of the trailing edge. The ribs are realised
by combining rigid plate elements together through prismatic and revolute joints. Each
rib is actuated at one single point and the rotation of the driving element is gradually

transferred to the other elements thus achieving a smooth contour variation. A scheme
with the component elements and their assembly is shown in Fig.1.1. Each plate ele-
ment is actually made of three separate panel bonded together with two cut-outs for the
prismatic and the revolute joints. The flexible ribs are connected to the upper and the
lower skin of the airfoil by linear slide bearings, positioned along the skin according to
the local loading conditions.

The concept behind the “belt rib” (ref. Fig.1.2) is the “structronic” approach where
solid-state actuators (such as piezoceramics and shape-memory alloy) are integrated in
a flexible structure. The result is a lighter structural system with the absence of hinges
or bearings, together with the multi-functionality of solid-state actuators. Additional
advantages are the surface’s smoothness, the absence of wear and play and the possibility

of having multiple degrees of freedom. The belt-rib is also a novel approach for the
realisation of the rib structure. The aircraft industry generally uses shear web rib design

[Niu, 1999b], which usually produces in-plane rigid members; conversely the “belt rib”
allows in-plane deformation, though virtually restricted to one degree of freedom. The
structural frame of the belt-rib consists in a closed shell (belt) reinforced by in-plane
stiffeners (spokes). The spokes are connected to the belt by mean of solid-state hinges
while their placement is obtained through an optimisation process. The purpose of this
choice is that the belt rib structure approximates a one degree of freedom mechanism, as
far as only the kinematics is considered. The prototype shown in Fig.1.2 was designed
to act as a variable-camber landing flap. The distribution of the spokes allows large

camber changes in the aft part of the flap. The deformation is transmitted to the profile



CHAPTER 1. INTRODUCTION

bore holes for
revolute jonts

bore holes for
prismatic joints

: 'J
i outer parts

imnner part

Figure 1.1: DLR flexible rib concept [Monner, 2001}
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Figure 1.2: DLR belt rib concept [Campanile and Sachau, 2000
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spokes

of the rib (hence to the airfoil) by mean of the belt which runs continuously around the
profile. The spokes are linked to the belt and by changing their angle with respect to
the belt, the airfoil profile changes gradually.

One of the biggest effort in adaptive wing technology, was represented by the Defence
Advanced Research Project Agency (DARPA)’s Smart Wing Program which started
in 1995. The program was divided in two phases. In the first phase Shape Memory
Alloy-based hinge-less trailing edge, control surfaces and active variable wing twist were
investigated through 16% scale models. During the second phase, which started in 1998.
a bigger 30% scale unmanned combat air vehicle (UCAV) was designed and tested in
the wind tunnel. The tests confirmed the aerodynamic benefits shown during Phase 1.
DARPA was also involved, together with the Air Force Research Laboratories (AFRL),
in the Morphing Aircraft Structures program in the realisation of demonstration tests
for an UCAV capable of long range cruise and loiter, transition into high speed dash and
kill, and finally transition back for the long range cruise home [Bye and McClure, 2007].

FlexSys [Kota et al., 2003| developed a “smooth, hinge-free wing whose compliant
trailing and/or leading edges morph on demand to adapt to different flight conditions”.
Using wind-tunnel experiments they noted a 25% increase in lift coefficient and 51%
increase in the lift to drag ratio as the leading edge camber was changed from 0" to 6°.
In addition to this, deflecting the trailing edge from 0" to 6", they showed a low airfoil
drag of 0.006 for the lift coefficient ranging from 0 to 1.5. The project was developed with

the help of Lockheed Martin and is undergoing extensive testing. Little is know about

the internal structure, materials and weight penalty. An example of the deformation
achievable is shown in Fig.1.3.

Nextgen [Bowman et al., 2007] focused on the realisation of large geometry changes.
To achieve this, 20 different configuration concepts have been generated. From these
concepts a final design, termed “batwing”, was chosen. The design is capable of a large

variation of aspect ratio (200%), wing span (40%) and wing area (70%). Particular
attention was devoted to the design of the wing skins which need to possess low in-plane
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Figure 1.3: Flexsys variable camber wing [Kota et al., 2003]

Figure 1.4: Batwing model in the NASA Langley transonic tunnel [Bowman et al., 2007]

stiffness to allow for in-plane morphing but high out-of-plane stiffiness to withstand the
aerodynamic loads. Figure 1.4 shows the wing tunnel model.

The Active Aeroelastic Aircraft Structures (3AS) was a european project aimed at
developing novel design concepts to improve the efficiency of aircraft through continuous
shape adjustments. One of the main concept was the development of active aeroelastic
structures to allow aeroelastic deflections to be used in a beneficial manner. The range
of application varied from large transport jet airplanes to UAVs and Remote Piloted
Vehicle (RPV). Exploiting the aerodynamic flow to induce induce deformations could
lead to reduce energy requirements for the actuating systems [Kuzmina et al., 2002|.
By changing the position, orientation and stiffness of the spars, the shear centre of the
wing is shifted and it is possible to controll the aeroelastic behaviour. As a result, the
bending moment and the twist distribution will change along the wing [Amprikidis and
Cooper, 2003, 2004al. In case of long range transport aircraft, the 3AS progeamme.
investigated through wind tunnel models several concepts such as control surfaces at the
wing tip, modification of the inboard aileron to provide a continuous deformed surface

and replacement of conventional tail plane with smaller all-moving version with variable
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rotational stiffness. This latter concept was aimed at reducing the overall weight of the
aircraft due to the use of oversized vertical fin, which are generally needed to compensate
for the reduce control efficiency at high speed [Amprikidis and Cooper, 2004b].

These are just a few of the research groups which are investigating the feasibility of

morphing aircraft solutions. Each group approaches the problem from different angles
but it is clear that a trade-off between structural/aerodynamic efficiency and aircraft

adaptability must be made. Also, the number of proposals in this respect is quite

large and it is hard to quantify whether any of these concepts is clearly better than

another one. For these reasons, the realisation of shape-adaptable structures remains a
challenging field, still open to new design concepts.

Compliant mechanism

Compliant mechanisms generally consist of monolithic structures which rely on their
elastic deformation to achieve a desired geometry variation. They present several ad-
vantages such as reduced complexity and wear. The main characteristic is the ability
to distribute the localised actuation force to a wider area in order to produce a shape
change with very low stress concentration [Kota et al., 2003|. The distributed flexibility
eliminates discontinuities into the structure, which are responsible for stress concentra-
tions typical of rigid bodies assemblies. A hole to connect a hinged part, for example,
can increase the local stresses by a factor of 4 or 5 [Young, 2001], requiring a considerable
local reinforcement and weight penalty. Opposite to this, a compliant hinge, distributes
the stresses more evenly and therefore the additional reinforcement is reduced to a min-
imum. In addition, compliant mechanisms have several functional advantages such as
lighter weight and the ability to generate backlash, friction and noise free motion. One
of the main drawbacks of this type of system is that they rely heavily on complex optimi-
sation procedures to achieve a good efficiency and also their ability to replace structural

members is limited by the low stiffiness of the component members [Saggere and Kota,
1999]. On a morphing structure for aeronautical applications compliant mechanisms
would naturally find a place within wing covers, ribs and aerodynamic fairings.

1.2 Outline of the thesis

Having outlined the current research area, the thesis will now investigate the feasibility

of morphing structures realised by making use of unsymmetrically laminated composites.

As has been shown, the area of interest is vast and a comprehensive investigation of all the
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aspects is hard to conceive and therefore, attention will be focused on two main aspects:
modelling and application. The next chapter will present a few basic principles required
for the analysis of laminated composites and a review of the literature on unsymmetric
laminates. The last part of the chapter will present a few introductory examples that
show the potential for unsymmetric laminates. Chapter 3 is devoted to the analytical
and numerical modelling of unsymmetric laminates. Finally, Chapter 4 will focus on the

applicative side presenting a few concepts for morphing structures realised by mean of
thermally induced multi-stable composites.



Chapter 2

Composite materials and

unsymmetric laminates

The key point for the realisation of a morphing structure, is to be able to find the right
balance between structural compliance and stiffness. For this purpose composite materi-
als seem to offer a promising solution. There are several properties which make composite
interesting for this area of research. Their high strength and low weight remain an im-
portant combination, but most important is the ability to tailor their properties for a
specific purpose which makes them particularly suitable for these types of applications.
In particular composite materials offer a low coefficient of thermal expansion (CTE),
a characteristic which is very important for the applications presented in this study.
Composites have excellent fatigue characteristics and provide design/fabrication flexibil-
ity that can significantly decrease the number of parts needed for specific applications
which translates into a finished product that requires less raw material, fewer joints and
shorter assembly time. Composites differ from traditional materials in that composite
parts comprise two distinctly different components, fibres and matrix. These, though
remaining discrete, interact with each other to make a new material whose properties

combine the advantages of both components. Thin glass fibres, for example, exhibit rel-
atively high tensile strength, but are susceptible to damage. By contrast, most polymer
resins are weak in tensile strength but are extremely tough. When combined, however,
the fibre and resin each counteract the other’s weakness, producing a material far more
useful than either of its individual components. Of course this comes with a price and

in fact, for many applications, the advantages are still offset by the added complexity
associated with designing and manufacturing composite based structures. Composite
materials require, generally, a more difficult manufacturing process and the fabrication
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still relies heavily on hand labour and it is difficult to automate. In addition, from a de-
sign point of view the additional degrees of freedom require, in turn, greater capabilities
to determine the optimal combination of all the parameters for an eflicient design. When
trying to optimise a structure made out of composites, it is not uncommon to deal with
a number of parameters which is by far greater than that of equivalent metal structures
and therefore for these reasons designing a structure which truly benefits from compos-
ites, requires considerable effort during the design stage. One other major inconvenience,
at least for aerospace grade components, is the expensive manufacturing process they
require to achieve the aforementioned properties. To obtain the best properties, the most
widespread and reliable process is that of autoclave curing of pre-preg fabrics. These are
generally hand laid, even though a certain degree of automation is now possible, on a
tool which can be made of composite or metal. The tool itself requires quite a great deal
of attention since it has to match the thermal properties of the composite, be able to
withstand high curing temperatures, pressures and be dimensionally stable [Pinto et al.,
2008]. Durability of the tool is also a cost sensitive factor. For example, when dealing
with small volumes of production the cost of tooling can account for up to 90% of the
final cost of the part [Pinto et al., 2008] because it is not possible to offset the costs over
a large number of parts. Composite manufacturing also requires a considerable amount
of ancillary material which is wasted at the end of each production cycle and whose
cost can be significant. All this, coupled with the lack of know-how and automation,
makes composites extremely expensive to manufacture and, despite their superior prop-
erties, are often discarded as an alternative. However this is rapidly changing and recent

advances in manufacturing are making composite structures more and more competitive.

2.1 Basic analysis of composite materials

To design a composite structure, different approaches are possible depending on what
is to be investigated. For example, if the material properties need to be tailored for a
particular set of constraints, an in-depth analysis of the way the constituent materials
interact with each other will be required and therefore the “micro-mechanical” approach
is more suited. If the attention is more focused on the overall mechanical behaviour,
a more general approach is appropriate and therefore the “macro-mechanical” analysis
will be considered. From a theoretical point of view, the two approaches are intertwined
with each other, since the macro-mechanics of composites is based on the assumption
made for the micro-mechanics. The main difference, in fact, resides more on the results
which may be obtained using one or the other method. The micro-mechanical analysis is
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aimed at describing the relations which link the constituent materials, while the macro-
mechanical analysis provides a set of equations which allow to design and analyse the
basic components of structural systems, without paying too much attention to what is

the composite made of. In the next paragraphs the basic principle of composite material
analysis will be presented.

2.1.1 Micro-mechanics

Micro-mechanical analysis is used to design the mechanical properties of composites hav-
ing, as a starting point, the mechanical characteristics of the basic components, namely
the fibres and the matrix. One of the most commonly used method is the “rule of
mixtures”, a mathematical model based on simplifying assumptions on the physical be-
haviour of the constituent materials (fibres uniform, parallel and continuous and perfect
bonding between fibre and matrix). According to these simplifications and considering

a unidirectional lamina with principal material direction 1 (i.e. longitudinal) and 2 (i.e.

transverse) , the following equations are obtained

Enn=EfVe + En(l - Vf) (2.1)
E¢Em

EFy=——rri—————
22 EnVe+ Ef(1 — Vi) (2-2)
vig = vfVy + Um(1 — Vf) (2_3)

1 Ve 1-=-V%
—_— =L 4 2.4
1

] = -E-l-[afEfo -+ amEm(l o Vf)] (2.5)
as = o V(1 + vg) + am(l = Vi) (1 + vi) — aqvi2] (2.6)

where the index “f” and “m” refer to the matrix and the fibre respectively and V; is the
fibre volume fraction. The fibre volume fraction is a particularly important parameter as
it mainly determines the performance of the composite. If the volume fraction is too low,
the reinforcement fibres will be ineffective. Conversely if it is too high, the lamina will
be too dry and the load will not be transferred between the fibres. A typical value for
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V; for pre-impregnated composites is approximately 0.63. Equation (2.1) is obtained by
assuming that the fibre and matrix reach the same strain level, while Eq. (2.2) assumes

that the stress level is the same. The above mentioned assumptions work quite well
for the longitudinal modulus and usually Eq. (2.1) is well supported by experimental
tests. The prediction for the transverse stiffnesses and shear modulus in unidirectional
composites are difficult because of their sensitivity to voids and the fact that Poisson’s
contractions at the transverse fibre-matrix interface are neglected.

The mathematical models are based on assumptions and in addition they do not
account for defects and operator errors and therefore mechanical tests are usually re-
quired to certify that the assumed properties are in fact achieved. To compensate for

the inevitable variability of the results, statistical analysis is used to obtain the mean
values than can be used for engineering analysis.

2.1.2 Classic lamination theory

The set of equations which relate the stresses and strains in a composite structure, is

know as Classical Lamination Theory (often referred to as “CLT”) [Jones, 1999]. The
basic assumptions (with reference to Fig.2.1) are:

¢ each material ply is considered homogeneous and the fibre/matrix interface is ig-
nored

e linear elastic behaviour is considered

e only thin plates or shells are considered and therefore the material is assumed to
be in a state of plane stress

o Kirchhoff-Love assumptions: straight lines perpendicular to the mid-plane before

deformation remain straight, in-extensible and perpendicular to the mid-plane after
deformation.

o the tangential displacements, u and v, are linear functions of the through-thickness

(2) coordinate.
L

o thickness variations of the laminate are neglected and are small compared with the
length of the edges of the plate

e the theory ignores the effects of neighbouring edges, stiffness and other disconti-
nuities



CHAPTER 2. COMPOSITE MATERIALS AND UNSYMMETRIC LAMINATES 13

Y Z

Figure 2.1: Reference system used for the laminate material properties

e the in-plane strains, €., €, and 7,,, are assumed to be small compared with unity.

According to these assumptions the displacements u, v and w are of the form:

0
U(.L',y,Z) - uo(miy) o Z%UE(T&y)
3.0
o(z,y,2) = (z,y) - 2%, (z,y) (2.7)
w(z,y,z) = w'(z,y)

where the index “0” refers to the mid-plane. Using the strain-displacement relationship,

the strain expressions are

&z = €+ zkY
e, = €+ 2k? (2.8)
’any = 72;} T+ zkgy

where

= 5" ™ oy T o a8
02 w° 92wV 2wV
o (. 0 § Sl

kY and kg are the bending curvatures experienced by the mid-surface in the rz and yz

planes respectively: kgy is the twisting curvature caused by out-of-plane twisting of the
mid-surface.

With the previous assumptions, the stress-strain relation with respect to the local ma-
terial axes (1,2), can be written as:

o11 Cin Ciz2 0 €11
o2 | = | Cia2 Cop 0 | €22 (2.11)
12 0 0 Ces Y12
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where only 4 independent constants (E11, Ea2, G2, V19) are present, since

Cu = ﬁ?%m

Cis = w120 = 2282, (2.12)
Coa = IlTﬁzzzEJ

Ces = Gz

By applying the transformation matrix T (given in Eq. 2.13) to Eq. (2.11) it is possible
to obtain the stress-strain relations for global laminate axes at an arbitrary angle  with
respect to the material axes (z,y) (ref. Eq.(2.14))

cos? @ sin? ¢ —2sin @ cos@

T = sin? 6 cos? 4 2sin f cos 0 (2.13)
sinf@ cos®@ —sinf cos® cos?8 — sin?6

Oz Qun Q12 Q12 €2
o, | = | Q2 Q22 Q26 | - | €y (2.14)
Tzy Qs Q26 Qs6 Yxy

By substituting Eq.2.8 into Eq.2.14, the expression at any distance z from the mid-plane
is obtained

(k) (k)

Oz Qu Q12 Qr2 ed + 2k
Ty =| Q2 Q22 Q2% | €n+ 2k (2.15)
Tzy Qe Q26 Qes Vo, + zkJ,

Equation (2.15) allows the stress level at each ply to be calculated for any given fibre
orientation, and therefore it is particularly useful for design purposes. By integrating
Eq.(2.15) with respect to z, the stress resultants are also obtained. If the thickness and
the mechanical properties of each lamina can be considered constant throughout the

lamina thickness, which is acceptable for most engineering analysis, the integration over
z is reduced to a summation over the number of plies (i.e./N;) and becomes

2
Ny = [ 0idz = Zl}jlcsz’ ) (he = hi-1) (2.16)
J.—.
M; = [, 00 2dz = 2220"" e (b~ hi-a) (2.17)

k=1 j=1
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where t is the thickness of the laminate and o; = Z,-— QS:) gk) 1s the i-th stress com-

ponent in the k-th lamina. For convenience, the expression of the stress resultants, both

forces and moments per unit length, are re-arranged into the following form

N A | B e
_— =] - e R (2.18)
M B | D k0
where
Aij = b (k) (hx — hi-1)
Bij = 3 k-—l Q(k) (h% — hic-1) (2.19)

Di; = 3Zk—1 dc) (h3 h3—1)

For general laminates with arbitrary orientations for each ply, it is not possible to
simplify for the stiffness matrices. However if conditions of symmetry with respect to
the mid-plane or orientations are built into the laminate, it is possible to identify special
classes of laminates which have useful properties for design purposes. The most common
laminates used in manufacturing are those that are symmetric with respect to the mid-
plane. In this case the B matrix terms are zero and, as shown by Eq. 2.20, the extension
and the bending problems are de-coupled and therefore can be dealt with separately.

N A | O el A€

e e = =] == (2.20)
M 0 | D k° D-Kk°

Looking at the expanded form of the stiffness matrix for a general symmetric laminate

(ref. Eq.2.21), it can be noticed that a bending-twist coupling can be still present (terms

D;¢ and Dyg). By limiting the angles orientations of the plies to 0° and 90° (i.e. cross-
ply), this can be eliminated.

Ny An A2 O 0 0 0 €x

N, Ayiy A O 0 0 0 €y

Ny | _| 0 0 46 0 0 0 | |e 221
M, 0 0 0 Dy Dy Dyg Ky |

M . 0 0 0 Dyg Doy Dog ky

Mg, 0 0 0 D¢ D Degs Ky

A class of laminates, generally avoided in manufacturing, but of particular interest for
this study, is that of unsymmetric cross-ply laminates. In this case the terms B;; and
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Bgy are present and therefore an in-plane force will cause an out of plane displacement

(extension-bending coupling). Unsymmetric laminates will be analysed in depth in the
following paragraphs.

2.1.3 Environmental effects

Most of the special properties of the structures presented in this study, are obtained
thanks to the high curing temperature to which aerospace grade composites are subjected
during their manufacturing process. For this reason, it is of paramount importance to be
able to quantify the environmental effects such as those of temperature, and Eq. (2.14)
can be modified by including the free thermal strain as

O Q1 Q12 Q12 €x — oz AT
oy | = | Qiz Qa2 Qx | | € — AT (2.22)
Tzy Qie Q26 Qes Yoy = Qzy AT

where the coefficients of thermal expansion, for the global laminate axis, can be computed
starting from those for the local material axes as

oy cos? 0 + oy sin® 8
oy, = apsin®f+ az cos?f (2.23)
2 (a1 — az)cosf sinf

Q
8§
I

Q
3.
<

|

The classical lamination theory can then be modified to include the free thermal stress
resultants to give

N A | B e’ Nth
—— | =] == —_—— | == | = == (2.24)
M B | D k? Mtk
where
N = )_j” "I_l QYoM (b — hy_y) AT
Mt = 2 2 12 =1 Q(k) (k) ( k—l) AT (2.25)

are known are thermal stresses and resultants.

Moisture content has similar effects to those of thermal stresses and it can be modelled

is a very similar way. For the study presented however, only dry laminates have been
considered since taking into account of both moisture and thermal effects would require

an extremely large number of experimental tests, which is beyond the scope of the work.
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2.2 Unsymmetric laminates

Unsymmetric laminates are not new to the composite research field but are mainly used
for non structural applications such as material properties testing. The main charac-
teristic is the non-symmetrical stacking sequence that often generates warpage during
cool-down <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>