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Abstract

Morphing structures are able to adjust their configurations according to the actual applica-
tion environments. Therefore their performance and efficiency can be enhanced in a wide
range of applications. Among the numerous challenges in developing morphing structures,
shape morphing skin design is one of the most challenging for the two counteracting re-
quirements. On the one hand, the morphing skin should be flexible enough to accommodate
relative large amplitude deformations, however, on the other hand it should be sufficient
stiff to maintain smooth shapes during the reshaping process and in its final shapes.

To solve the task of morphing skin design, a method, tailoring material compounds and
their relevant design parameters so as to satisfy the counteracting requirements of compli-
ance and stiffness of morphing skins, is presented in this thesis. The developed analytical
and numerical approaches are able to correlate the complex reshaping behavior with various
design parameters to accomplish the task of morphing skin design. Besides the analytical
and numerical investigations, experimental investigations to characterize flexible materials
are also conducted. Moreover, the developed approaches are demonstrated and validated
by two applications on a mechanically reconfigurable reflector skin and the morphing skin
of a sailplane wing.
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Kurzfassung

Formvariablen Strukturen sollen ihre Konfigurationen entsprechend den aktuellen Anwen-
dungsumgebungen anpassen können. Hierdurch können ihre Leistungsfähigkeit und Ef-
fizienz in einem weiten Bereich von Anwendungen verbessert werden. Zwischen den zahlre-
ichen Herausforderungen bei der Entwicklung von den Formvariablen Strukturen ist der
Entwurf von formvariablen Häuten eine der anspruchsvollsten Aufgaben für die zwei gen-
genläufigen Anforderungen. Einerseits sollte die formvariable Haut flexibel genug sein,
um relative große Verformungen zu realisieren, aber andererseits sollte sie ausreichend steif
sein, um glatte Formen während und nach der Verformung beizubehalten.

Um diese Aufgaben innerhalb des Entwurfs einer formvariablen Haut zu lösen, wird in
dieser Arbeit eine Methode zur Bestimmung von optimalen Materialzusammensetzungen
und ihren weiteren Parameter zur Erfüllung von anspruchsvollen Anforderungen bezüglich
der Nachgiebigkeit und Steifigkeit von formvariablen Häuten präsentiert. Die entwickelten
analytischen und nummerischen Methoden sind in der Lage die komplexe Verformungsver-
hältnisse mit den Entwurfsparametern zu korrelieren, um das Entwurfsproblem von form-
variablen Häuten anzugehen. Neben den analytischen und nummerischen Untersuchun-
gen werden Untersuchungsmethoden zur experimentellen Materialcharakterisierung von
flexiblen Werkstoffen vorgestellt. Die entwickelten Methoden werden demonstriert und va-
lidiert durch zwei Anwendungsbeispiele an einer mechanisch rekonfigurierbaren Reflek-
torhaut und der formvariablen Haut eines Segelflugzeugs.
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1. Introduction

1.1. Introduction of Morphing Structures

In the field of engineering, a morphing structure can be understood as such a system, which
is able to change its shape/configuration in relative large amplitudes. As a major feature,
its reshaping is realized by the entire system deforming, but not by relatively movements
of discrete parts [Thill et al. (2008)]. According to this definition, a classical high-lift system
of an aircraft wing composed of hinged aileron and/or flap can not be taken as a morphing
structure. However, it could become a morphing structure through complete systematic up-
dates, for instance, equipping advanced sensing and actuation systems as well as covering
by a shape variable skin and etc. Then it can realize the desired continuous deformation in
terms of surface area and camber change without open gaps in and between itself as well as
no sudden cross-section change in airfoil profile.

The most known engineering structures are passive structures, whose topology, geome-
try and material are defined in the developing phase to achieve compromised performance
under several predefined application environments. In operations, the above mentioned
structural parameters can’t be changed and the performance of structures can’t always be
optimal. To improve adjustability of systems, adaptive/smart structures are developed. Ac-
cording to the actual operational environments, the configurations of adaptive structures
can be adjusted within relative small amplitudes via actuations. As further extensions of
adaptive structures, morphing structures can change their shapes significantly, which are
more suitable for practice applications.

Investigations about morphing structures are mainly focusing on mechanically reconfig-
urable reflector antennas and morphing aircraft wings in this thesis (see Figure 1.1). The
reconfigurable reflector antenna can adjust its contour of reflector’s surface according to
operational requirements e.g. geographical coverage and weather conditions, thereby its
usability, efficiency and economy can be improved. The morphing aircraft wing can adjust
its configuration like airfoil profile, deflection of leading/trailing edge to achieve optimal
performance in a wide range of operational environments. Furthermore, the continuous
reshaping of the morphing wing brings advantages as higher lift-drag ratio, better loading
distribution, and lower level of noise and vibration.

Generally a morphing structure could often contain three subsystems, which are mor-
phing skin, actuation & sensing system and interface system between them. The three sub-
systems usually correlated with each other directly or indirectly. Compare with morphing
skin, actuation & sensing system and interface system have relative higher technological
readiness level (TRL) for their wide applications on adaptive structures. But for morphing
skins, current investigations are mostly on the laboratory level and the maturity of the tech-
nology is still quite low. The reason can be found at the most important requirement for
morphing skin: it should be flexible enough to accommodate relative large amplitude de-
formations, sufficient stiff to maintain smooth shapes during the reshaping process and in
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its final shapes. Furthermore, there are some additional structural, functional, and manufac-
turing requirements for the morphing skin design on different concrete applications. These
multiple and some even counteracting requirements together form the challenging task of
morphing skin design.

Figure 1.1.: A principle sketch of the mechanically reconfigurable reflector and the morphing
wing [Wittmann et al. (2010)]

1.2. Motivation

1.2.1. Mechanically Reconfigurable Reflector Antenna

Reflector antenna is a widely applied space communication system especially in the fields of
radio astronomy and telecommunication. In developing of reflector antennas, tremendous
efforts have been paid to improve the efficiency, reduce the cross-polarization and achieve a
satisfactory sidelobe envelope [Gu (1995)]. One of the most common solutions is the shaped
reflector, whose development is benefited from reliable analytical and numerical techniques
like geometrical optics (GO) and physical optics (PO). The surface contour of the shaped
reflector is defined according to satellite orbit position and desired geographical coverage.
Compare with the reflectors using standard shapes e.g. paraboloid and ellipsoid, the shaped
reflector has higher efficiency and lower interference in geographical areas adjacent to the
service area [Yoon (2002)].

The shaped reflector is a typical passive structure, whose specific tailored surface shape
can’t be changed during the operating period. However in practice, on the one hand, mod-
ern satellites are becoming more reliable contributed by improvements on systematic tech-
niques. Their service life can be around 10 years and is expected to be even 15 years in
future. On the other hand, the predefined radiation pattern and geographical coverage are
probably changed during the service life of the satellites due to the rapid development of
our world. As stated in Yoon (2002), a usual life cycle of a predefined mission scenario for
antennas is about 5 years. After this period, the predefined application scenario is partly or
even greatly changed and thereby the satellite antenna turns to be low efficiency and in the
worst case even inefficient, which causes a great waste of such expensive communication
devices. The conflict between the passive satellite antennas and varied application require-
ments leads to rising demands of adjustable satellite antennas.
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The capability of reconfiguration can bring benefits for reflector antennas on the follow-
ing aspects: allow the same satellite working in several orbit positions, adjust its radiation
patterns according to actual geographical coverage and data traffic loads, and compensating
for varying weather conditions [Cappellin (2007)].

The reconfigurable ability of the reflector antenna is firstly implemented by electroni-
cal means. The array-fed reflector antenna contains a beam-forming network of array fed
and solo or dual standard/shaped reflectors. The generated radiation patterns are adjusted
through varying power and shafting phase of individual array elements. Applications of
this type of reconfigurable reflector antennas are found on international communications,
regional communications and broadcasting [Altan and Rispoli (1989)]. Although they have
satisfactory performance on certain applications, there are some limitations like high cost,
system complexity, extra mass, and low efficiency as stated in Lawson and Yen (1988) and
Clarricoats et al. (1994). To overcome these limitations, further technology development of
reconfigurable reflector antennas is required.

The alternative mean is using the mechanically reconfigurable reflector in combination
with a single high performance feed or small feed clusters (Figure 1.2). The reflector sur-
face is reshaped via actuators connected at the rear side. The resulting radiation pattern can
match the defined target radiation pattern with high accuracy. The mechanically reconfig-
urable reflector is belonging to morphing structures. The task of its morphing skin design
is taken as a major example for examining and verifying the developed methodologies and
technologies in scope of this thesis .

Figure 1.2.: An illustration of a mechanically reconfigurable reflector [Schreider et al. (2007)]
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1.2.2. Morphing Wing of Aircraft

The civil aircraft industry shows strong economic growth rates in the last decade. Because
of additional demands from rising countries with large populations like Brazil, China, and
India etc., this growth rate is expected to keep robust in the next 20-25 years. At the same
time, the organizations like Advisory Council for Aeronautics Research in Europe (ACARE)
and World Health Organization (WHO) require the emissions per passenger kilometer and
noise from civil aircraft to be dramatically reduced (CO2 < 50%, NOx < 80%, noise < 50%)
[ACARE]. To satisfy the increasing demand of civil transport aircraft and achieve these goals
about emission reductions at the same time, innovative aircraft designs are to be established
and introduced.

One of the innovations is related to the widely applied high-lift devices of aircraft wings.
Although they have quite well performance already, there are plenty of possible improve-
ment potentials. For instance, the open gaps on the high-lift devices (mainly on the trailing
edges) are one of the major sources of drag and noise increasing during deployment and
operations. As stated in Wlezien et al. (1998), half of the mass and cost of civil aircraft wings
are contributed by the complex high-lift devices. Not only that, the heavy and complex
high-lift devices are also the reason of additional operation and maintenance cost.

A morphing wing can continuously change its configuration without open gaps, which
brings benefits of improving aerodynamic performance, reducing noise level, and expand-
ing flight envelope. The highly synthesized and integrated subsystems of the morphing
wing can bring further benefits of mass saving, increase reliability, and reducing operation
cost. Therefore the goals on economic and environmental aspects for the next generation air-
craft can be achieved by applying morphing wings. The morphing wing aircraft shall have
better performance on fuel consumption, maintenance cost, emissions and etc. Further-
more, aeroelasticity and control of aircraft can be improved by applying morphing wings.
As stated by Kudva, Bartley-Cho, and many other scientists [Kudva (2004) and Bartley-Cho
et al. (2004)], morphing wing aircraft have an enlarged flight envelop and increased manoeu-
vrability. The control of spanwise lift distribution through morphing of wings indicates the
control ability of wing bending and twisting moments, which expands the control means to
aircraft.

In contrast to the morphing skin of the mechanically reconfigurable reflector antenna,
the skin of morphing aircraft wing is more focusing on realizing large scale reshaping am-
plitudes but not on extremely high shape accuracy. Further, it shall carry complex loads like
pressure field imposed by the airflow together with actuation mechanisms and interactions
between those. In addition to the mentioned compliant and rigidity about the morphing
skin design, induced penalties like mass as well as system complexity and reliability shall
be acceptable. Because of these numbers of counteracting requirements, the "design tunnel"
of the morphing skin design for aircraft wings is actually quite narrow. In frame of the the-
sis, the morphing skin design is applied on sailplane wings. The sailplane flies only at low
altitude with relative low speed. But the aerodynamics on wings can be quite complex due
to its sport and dynamic flight manoeuvre. Actually, because of the slim airfoil of sailplane
wings, which means limited geometry dimensions for morphing wing design, its morphing
skin design can be more difficult as expected.
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1.3. Scope and Objectives of Thesis

Although the morphing skin design of mechanically reconfigurable reflector antennas and
morphing aircraft wings are quite different due to the complete different application envi-
ronments and the resulting requirements, they have many common ground on the general
aspects of methods of compound material design, analytical and numerical analysis tech-
niques as well as correlation methods with experimental results. In this thesis, these generic
methods are briefly described and discussed at first, and then demonstrated and validated
on specific application examples of reconfigurable reflector skin design and sailplane mor-
phing wing skin design.

The major objective of the thesis is exploring the method of compound material design,
which is focusing on tailoring the global mechanical properties through combing different
constituent materials to fulfill the required overall compliance and stiffness requirements to
the morphing skin simultaneously. Besides the material tailoring, the related topics about
definitions of boundary conditions, interface systems as well as actuations are investigated
and discussed. Analytical and numerical techniques about how to determine the correlation
between material design parameters and structural reshaping performance, how to perform
reshaping analyses with considering interface and actuations, how to assess reshaping re-
sults, and how to reduce geometry nonlinearities and avoid material nonlinearities in the
large amplitude reshaping are investigated and presented. Furthermore, measurement tech-
niques to characterize the designed flexible materials, which are usually out of the range of
existed testing standards, are explored and discussed. Last but not the least, the methods to
correlate numerical analyses with experimental results of morphing structures are investi-
gated.

1.4. Outline

In chapter 2, the state of the art about morphing skins of reconfigurable reflector antennas
and morphing aircraft wings is described. Chapter 3 introduces the fundamentals related
to morphing structures like antenna theory and aircraft wings. Furthermore, the applica-
tion examples of a mechanically reconfigurable reflector antenna and the morphing wing
of a sailplane are briefly introduced. The work of morphing skin design, which is tailor-
ing material properties as well as boundary conditions to derive satisfactory skin concepts
for mechanically reconfigurable reflectors is presented in chapter 4. The experimental char-
acterization of flexible composites, which are the derived skin concepts through material
design, are discussed in chapter 5. In chapter 6, the performance of the proposed morphing
skin concepts is evaluated through numerical analyses first. Then these results of numerical
analyses are correlated with experimental results of a technology demonstrator of the me-
chanically reconfigurable reflector. The second application, which is morphing skin design
of a sailplane wing, is presented in chapter 7. The highlights of material design, numerical
analyses and experiments of the sailplane morphing wing skin are presented in this chapter.
Chapter 8 summarizes the investigations of this thesis.

The flowchart of the approaches about morphing skin design discussed in this thesis is
presented in Figure 1.3. The objectives of morphing skins are generated from requirements
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on functional, structural and manufacturing aspects. Respect to the defined objectives, an-
alytical and numerical studies are performed on the representative models to derive poten-
tial material concepts for skins. Afterwards, experimental investigations are performed to
characterize the derived material concepts. With the experimental validations, the material
concepts of morphing skin can be basically determined. In the further stage, the morphing
skin design is performed on component and structure levels to determine specific configu-
ration, layout, and arrangement. The performance of the designed morphing skins is then
evaluated through numerical analyses on the detailed numerical models. Based on the stud-
ies of the detailed models, technology demonstrators of the designed morphing skins and
related substructures are manufactured. The experimental results of the demonstrators are
then correlated with the numerical results to update the numerical models and indicate di-
rections of further developments.

Figure 1.3.: Flowchart of morphing skin design with a focus on methods
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The discussion about morphing skins shall be referred to their application backgrounds,
selected actuations and interface systems together. In this chapter, morphing skin con-
cepts and their related subsystems are reviewed in published works. Since morphing skins
are quite different on mechanically reconfigurable reflector antennas and morphing aircraft
wings, their reviews are presented separately.

2.1. Morphing Skins of Mechanically Reconfigurable
Reflector Antennas

In early phase, the reconfigurable reflectors are mainly used on ground radio telescopes and
later also on space telescopes to compensate surface errors. In fact, they should be classified
as active reflectors rather than as reconfigurable reflectors. Nevertheless some conclusions
introduced from these studies are still valid and can be applied on reconfigurable reflectors.
The studies of mechanically reconfigurable reflectors used on satellite communications were
started in 1980s and they will be reviewed in details in this chapter.

2.1.1. From Shape Correction to Reconfiguration

In order to correct the surface errors of a 140-ft radio telescope, Hoerner and Wong (1979)
developed a mechanically deformable subreflector containing 4 actuators. Through their
investigations on a simplified laboratory model, they observed that beam shapes and peak
values were obviously changed in several testing examples contributed by millimeter range
deformation of the subreflector. Inspired by this work, Lawson and Yen (1988) developed a
deformable subreflector to compensate the surface errors of a 46-m radio telescope of the Al-
gonquin Radio Observatory (ARO). Different to the concept of Von Hoerner, they followed
suggestions of Legg and used a concept of piecewise deformable subreflector. Actuators
are attached at the joints of the panels and drive the rigid movements of panels to realize
the surface deformation. A numerical approach, which is based on the linear least squares
method, is used to determine the optimal stroke lengths of actuators. An analytical example,
in which a 48-plate subreflector was used, demonstrated the surface errors might be reduced
to 33% of their uncorrected level.

These works indicated the capacity of adjusting radiation patterns through reflector sur-
face reshaping via actuations. On the applications of radio telescopes, the reshaping ampli-
tude is relative small while the surface accuracy requirement is extremely high. Therefore
they are more recognized as shape correction than reshaping. Although they are not the
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reconfigurable reflectors, the addressed contents such as principle of construction, reshap-
ing control, actuations and methods of stroke length determination can be adapted on the
reconfigurable reflectors.

Inspired from the works of active reflectors, the concept of applying mechanically recon-
figurable reflectors to adjust radiation patterns is proposed. Different to the active reflectors,
the mechanically reconfigurable reflectors require relative large reshaping amplitudes and
high surface quality in terms of smoothness, which lead to the objectives of morphing struc-
tures. As mentioned in the previous chapter, there are two means to realize the desired
adjustability of radiation patterns for the reconfigurable reflector antennas. The concept of
the mechanically mean can be high competitive only in case it can have similar RF perfor-
mance while considerable lower system complexity, mass, and cost than the electronically
reconfigurable reflector antennas.

2.1.2. Morphing Skins of Reconfigurable Reflector Antennas

Clarricoats, Zhou and etc. [Clarricoats and Zhou (1991a), Clarricoats and Zhou (1991b)]
started the pioneer work of developing a mechanically reconfigurable reflector antenna for
satellite telecommunications in 1988. They considered two concepts initially, an adjustable
mesh reflector and an adjustable panel reflector, and chosen the first one for a detailed study.
The analyzed reconfigurable mesh reflector has a dimension of 1.5 m and contains 78 actu-
ators for surface reshaping. The reflector surface is a mesh of knitted gold-plated molyb-
denum wires, which is widely used on most flown mesh reflector antennas. The pillowing
effect was observed at the surface between control points as it is appeared on most mem-
brane like flexible structures, which has negative influence on reflector performance in terms
of creating additional side lobes and gain loss.

In investigations about pillowing, they have a first touch of material design. They varied
the elastic constant of bending stiffness to tensile stiffness (D/E) to observe its influence on
pillowing. Through this study they have found the amplitude of pillowing is decreased as
increasing the elastic constant. They have noticed that limiting the pillowing through intro-
ducing stiffness in terms of increasing thickness introduced penalty of considerable larger
actuation energy for reshaping. Therefore they have concluded, for control the pillowing of
a mesh reflector it is more effective to choose appropriate button size (the area connecting
with actuators) rather than introducing stiffness.

Although in their analytical predictions a free rim boundary condition was used and the
results were satisfactory. As simplification a planar rim boundary constraint was actually
applied and as a consequence of that, slight deterioration was observed. Further, a uniform
triangular placement of actuator control points was used in this work, but authors suggested
an irregular placement to reduce the intensity of a particular grating lobe and spread the en-
ergy over a wider angular spectrum. Through a parametric study about actuator number
and comparing the radiation performance with the shape fixed reflector, it was found the
number of actuators around 80 is a good compromise between performance and system
complexity.

In the end, a scale down laboratory model with a dimension of 0.85 m was build and
tested. They demonstrated a reconfiguration from a high-gain pencil beam to a shaped
beam and shown excellent agreements between the predicted and measured radiation pat-
terns. They concluded the reconfigurable reflector has a competitive performance to the
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electronically reconfigurable reflector through examining it in several theoretical mission
scenarios.

In their further publication [Clarricoats et al. (1994)], they demonstrated a concept of a
combination of a small array feed and a mechanically reconfigurable mesh reflector. This
reconfigurable reflector antennas can realize the same functions of beam shaping and beam
steering as the typical array-feed antennas.

The successful feasibility study encouraged further developments of mechanically recon-
figurable reflectors applying on satellite communications. They have discussed and solved
some basic issues related to RF performance but some points mainly related to mechanical
performance were still open. For instance, the work of material tailoring via varying the
D/E to change the structure reshaping behavior is very interest but no further studies were
followed. Moreover, the works about implementation of designed materials and evaluation
of structure performance can hardly be found.

To overcome the pillowing effect appeared in the concept of the reconfigurable mesh re-
flector from Clarricoats, Pontoppidan [Pontoppidan et al. (1991) and Albertsen et al. (1994)]
introduced a concept of using orthogonal interwoven wires containing bending stiffness to
support the thin reflecting tricot mesh. The reconfigurable surface is defined by flexible in-
terwoven wires in two orthogonal directions. The surface shape is determined by positions
of actuators attached at intersection points of wires and the fixed rim boundary condition.
Sufficient bending stiffness in surface offered a smooth contour with continuous first deriva-
tions. It was concluded, to achieve a similar RF performance the concept of orthogonal in-
terwoven wires requires a significant less number of control points than the reconfigurable
mesh reflector. An optimization of minimizing the maximal difference between the desired
gain and the generated gain from the reflector surface reshaping was performed with the
design variables of stroke length of each actuator. By this mean, the mechanical reshaping
performance is synthesized with radiation frequency performance.

Based on the concept of orthogonal interwoven wires, Viskum et al. (1998) described a de-
sign of a dual-offset reflector by means of a shaped fixed main reflector and a mechanically
reconfigurable subreflector. Through the application examples of generating two orthogo-
nal elliptical beams, he concluded the proposed concept is feasible for these tasks and the
performance can be further improved if the subreflector surface shape would be constrained
(shaped) already in the optimization.

Investigations of developing reconfigurable reflectors in USA were mainly performed by
the team of Washington. In 1996, Washington (1996) proposed another type of concept for a
reconfigurable reflector surface, which is attaching a polyvinylidene fluoride (PVDF) film to
a metallized Mylar substrate. The PVDF can be expanded or contracted via voltage exciting
and then cause the reflector surface change. In his study, the beam steering and beam shap-
ing abilities through a cylindrical reconfigurable reflector were theoretically demonstrated.
However, limited by the selected actuating approach, the reconfiguration function is quite
limited as compare with the concept of Pontoppidan.

Follow the strategy of Washington, Theunissen et al. (2001) synthesized a mechanical
FEM description of the reconfigurable subreflector and RF performance evaluation in one
program. Therefore the mechanical behavior of the reflector surface based on applied mate-
rials are taken into account during the synthesis procedure. The reconfigurable subreflector
is made of flexible metallized polymer and actuated by stacked piezoelectric actuators work-
ing in ±10 mm range. Several theoretical reshaping tasks were successfully performed using
the reconfigurable subreflector with 55 actuators. The major contribution of this work is
synthesized the mechanical FEM model into the analysis process. But the detailed mechani-
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cal performance of the reconfigurable reflector like actuation force, stress and strain was not
discussed.

Based on the work of Theunissen, Washington et al. (2002) and Yoon (2002) further inves-
tigated the optimization methods to determine the optimal actuator placement and actuator
stroke lengths. They proposed a method to determine actuator placement according to the
maximal error between the desired and actual shapes. For the determination of optimal ac-
tuator stroke lengths, two optimization techniques, the simulated annealing algorithm and
a simple univariate technique, were presented. Their results have shown the relation be-
tween the desired radiation pattern and the mechanical shape is unique. But they believe
it is the global optimum and there are multiple mechanical shapes can generate nearly the
same radiation patterns to the desired one.

The generated actuator placement based on Yoon’s method is optimal only for these pre-
defined tasks but not general applicable for all kinds of tasks. To maintain the maximal
adjustability, a uniform distribution is recommended. The stroke length optimization seems
quite computation intensive and their detailed results are not mentioned in the texts.

The researchers of TICRA [Cappellin and Pontoppidan (2009) and Cappellin et al. (2009)]
performed a feasibility study of a reconfigurable reflector antenna for satellite telecommu-
nications based on realistic mission scenarios and antenna configuration. The used antenna
geometry is a dual-offset Gregorian lateral reflector antenna designed by Thales Alenia
Space (TAS) and three intercontinental missions were used as testing benchmarks. They
have compared three design combinations: 1. shaped sub-and main reflector for each cov-
erage (as the reference); 2. ellipsoidal subreflector and shaped fixed main reflector; 3. recon-
figurable subreflector and shaped fixed main reflector, and concluded the last one has con-
siderable better RF performance than the second case. In investigations of actuator number,
it was found using 130 actuators is appropriate to reshape a main reflector and 55 actuators
is suitable to reshape a subreflector. The reshaping amplitudes for actuators in defined mis-
sions are in the range from -13 to 12 mm. Additionally, a sensitivity analysis with concerning
inaccuracy of actuator positioning and thermal-elastic distortions was performed.

A laboratory model, which is 300 mm in diameter and contains 9 dummy actuators sup-
ported under a free rim boundary, is presented as a demonstrator (see Figure 2.1 left). Its sur-
face is consist of orthogonal interwoven wires with circular cross section and its shape under
actuations is predicted by an analytical approach based on Euler beam theory. Through the
testing on the demonstrator, it has shown quite impressive reshaping features of smooth
and continuous deformation in relative large amplitudes with few actuation energy only. To
improve the reflectivity of 10 x 10 mm spacing grid, a fine RF mesh, whose spacing is 1 x 1
mm, is covered on it and served as the RF net [Pontoppidan et al. (2010)]. Although it has
excellent performance in mechanical reshaping, there are still some essential weaknesses
e.g. the possible Passive Intermodulation (PIM) problems and thermal distortions in space
environments, which are to be solved in further investigations.

There are doubts about the geometry linear assumptions in the analyses of the orthog-
onal interwoven wires. As stated in Datashvili (2008), the linear assumptions and fixed
translation conditions in the intersection points are too idealized for the analyses of inter-
woven wires. The presented numerical difficulties in the nonlinear FEM analyses in terms
of surface buckling, which is actually not appeared in the physical model, indicated the free
sliding among wires is to be considered. A study of relations about the sliding effect to the
smooth reshaping of wires was performed on a unit cell model to understand the principle
of interwoven wires reshaping [Zhou (2011)]. It was found the freedom in the intersections
is the key to realize a smooth large amplitude reshaping for releasing the local concentrated
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energy by this mean. However, the computation cost is not affordable for a large scale model
with considering sliding effects among wires. A more appropriate understanding of the in-
terwoven wires is classifying it to be the grid shell structure. The reshaping problem can be
efficiently solved as a form finding problem by analytical means through explicit methods.
Lots of examples as artistic roof design can be found in the field of civil engineering [Barnes
(1999)].

Figure 2.1.: The TICRA laboratory model of 10 x 10 mm spacing wire grid surface (left) and
the model covered by the RF net (right) [Pontoppidan et al. (2010)]

Datashvili and Baier [Datashvili and Baier (2009), Datashvili et al. (2009)] surveyed ex-
isted and potential technologies about mechanically reconfigurable reflector antennas. The
major critical problems in developing of a mechanical reconfigurable reflector e.g. surface
material, actuator type, interface design, and reshaping approaches were discussed. Based
on this survey, qualitative mechanical requirements to the reconfigurable surface material
were given, which are low in-plane tensile and shear stiffness for preventing reshaping fail-
ures and reducing required bending stiffness for smooth reshaping. Other requirements
related to space reflector applications like reflectivity, PIM, and CTE were given as well.

An evaluation of existed and potential surface material concepts was then assessed based
on above mentioned criteria. The conclusion is the orthogonal wire grid and carbon fiber
reinforced silicone (CFRS) are the most advantageous candidates.

Four types of potential actuators, linear motors, shape memory materials, piezo-electric
materials and electro-active polymeric materials, were discussed and evaluated based on
detailed requirements to actuators. A stepper motor was chosen as a short term possibility
and the inchworm type (piezoelectric actuators) and similar concepts were considered for
future development and qualification.

Based on the understanding from the technology survey, the Institute of Lightweight
Structures (LLB) started investigations of a mechanical reconfigurable reflector with focus on
mechanical aspects like surface material design, interface design, and actuations. Datashvili
et al. (2009) proposed a reconfigurable surface concept of multilayer laminate, which is con-
sisted of triaxially woven carbon fiber reinforced silicone (triax-CFRS). This space qualified
material has low in-plane stiffness properties, low thermal expansions, and membrane like
features of foldability. Rim is totally free in this concept and the boundary conditions of the
reflector are statically determined through definitions on actuators and the rods.

The mechanical model is not synthesized with RF analysis in this study, instead, several
target shapes derived from desired radiation patterns for mechanical reshaping were de-
fined. Through a parameter study, some drawbacks were found in the multilayer laminate
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concept. For instance, the numerical difficulties in terms of snap through in the FEM model
was found, which indicated lack of bending stiffness. Therefore, this concept is modified
to be a flexible sandwich containing around 2 mm silicone core among triax-CFRS layers.
Linear reshaping analysis of a FEM model containing 91 actuators was performed to ap-
proach the defined target shapes. The shape difference in terms of RMS error is obtained as
around 0.2 mm through a stroke length optimization using the least squares method. The
amplitudes of stroke length are range from -27 to 10 mm and the maximal actuation force is
around 30 N in analyses. However, the flexible sandwich concept is not preferred in practice
mainly due to difficulties in manufacturing and high material cost.

Two breadboard models with 7 and 19 actuators (see Figure 2.2) were build. The numer-
ical predicted results have shown good agreements with the measured results.

Figure 2.2.: The LLB laboratory model, which contains 19 actuators and has a free rim
boundary [Datashvili and Baier (2009)]

Through these investigations, the feasibility of large scale mechanical reshaping using
flexible shells was proved. The purposed concept of using the flexible composite as the re-
configurable reflector surface is still the advantageous candidate but the flexible sandwich
concept is to be abandoned. There is still an open point demanding for further investiga-
tions, which is a more accurate understanding about correlations between material proper-
ties and mechanical reshaping behavior.
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2.2. Morphing Skins of Morphing Aircraft Wing

The word of morphing wing sounds quite new in technology development, but actually it
existed already more than one hundred years. The first powered plane from Wright broth-
ers was equipped with flexible wings containing pulleys and cables for controlling wingtips
[Weiss (2003)]. This wing warping can be referred to be one kind of wing morphing. In early
stage, the wing morphing is mainly related to varying wing sweep for efficient flight at sub-
and supersonic speeds. The typical examples of swing wing aircraft are MiG-23 in 1967,
Grumman F-14 Tomcat in 1970 and Rockwell B-1B Lancer in 1983. Besides the penalties of
mass and system complexity, one major problem in these aircraft is the change of gravity
center among different configurations [Jha and Kudva (2004)]. Most modern civil transport
aircraft is equipped with high-lift devices, namely leading and trailing edge devices, to gain
extra lift in taking off and landing phases. These high-lift systems are passive structures
and their applications are limited to the two predefined scenarios. In order to extend their
application scenarios as well as improve system efficiency and performance, the technology
of morphing wing is proposed for future aircraft.

A modern understanding of the morphing technology is "a seamless, aerodynamically
efficient aircraft capable of radical shape change" [Thill et al. (2008)]. Generally, the scales of
morphing can be classified into three types: 1. large scale morphing relates to the full wing
area and sweep angle modification; 2. middle scale morphing relates to changes in wing
chord like camber, thickness, twist or airfoil shape; 3. and fine scale morphing means local
changes in wing shape to affect the air flow at least over this region. Associating with the
above understanding of morphing wing technologies, various concepts of morphing wings
and the related morphing skins are reviewed and discussed.

Monner et al. (1999) developed a variable camber concept for applications on large civil
transport aircraft. A flexible rib, which consists of several rigid elements connected with
revolute joints, is proposed as the kinematics for reshaping. In this concept, which is some-
times called as "finger concept", conventional metal skin is used. Linear slide bearings are
equipped on the skin and the trailing edge tip to realize the required reshaping without
large stretching on materials. But detailed descriptions about the skin performance are not
mentioned.

Eccentuator is mentioned in several morphing leading edge and trailing edge concepts.
It is actually a bent rod that transforms rotary motion into vertical force and displacement as
the output. Morishima et al. (2010) investigated a morphing leading edge concept actuated
by eccentuators. Several skin concepts, which are glass fiber/epoxy, carbon fiber/epoxy, and
aluminum alloy, were compared through reshaping analyses under aerodynamic loads. In
another morphing flap structure using eccentuator [Matteo et al. (2010)], effects of different
connections between upper and lower skins were discussed. Through comparison study of
different connection methods, it was found it has significant influence on reshaping quality,
actuation forces, and structural stability. Müller (2000) demonstrated a morphing trailing
edge of civil transport aircraft driven by eccentuators made from carbon fiber composites
(Figure 2.3). Bending flexible spars are used to connect upper and lower skins to sustain
the shape of the trailing edge in reshaping. The carbon fiber composite skins on the trailing
edge are connected to skins of main spars with pre-stressed membranes for allowing certain
relative movements. Additionally this connection region is covered by overlapped spoilers
to form a continuous skin surface. The experimental results of the demonstrator have shown
quite positive results on reshaping ability, structural strength and reliability. It seems to be
one of the potential concepts for the near future applications.
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Figure 2.3.: A morphing trailing edge using eccentuator concept [Müller (2000)]

Kota [Kota et al. (2003) and Kota et al. (2006)] described a concept of morphing wing us-
ing compliant mechanisms, which is defined as "a class of mechanism that relies on elastic
deformation of its constituent elements to transmit motion and/or force". A demonstrator
equipped with a compliant mechanism has shown that the deflection of trailing edge be-
tween −10 and +10 degree can be achieved (see Figure 2.4 upper side). But no details about
neither these mechanisms nor skins were mentioned. Baker and Friswell (2006) presented a
design method of compliant structures using topology optimization. The proposed concept,
which contains numerous trusses with varied cross-sections, seems to be mass intensive and
quite challenging for manufacturing. Campanile (2007) developed another complaint airfoil
called as "Belt-Rib" concept. The conventional spars are replaced by ribs and spokes con-
taining flexural hinges (lumped compliance). A demonstrator is manufactured based on the
proposed concept with covering by conventional metal skins. The reshaping ability of this
concept seems to be quite limited.

A smart droop nose actuated by conventional kinematics is developed for applications
on large civil transport aircraft by Monner et al. (2009). In this concept, a hybrid skin, which
is consisted of glass fiber and carbon fiber composites, is designed and used. In testing of
a 1:1 scale demonstrator, it presents a deflection ability up to 20 degree, which is typically
required in practical operations (see Figure 2.4 lower side). The measurement results about
strength and stability of the morphing leading edge are satisfactory as reported by Kintscher
et al. (2011).

In concepts of one-dimension morphing wing, flexible sandwiches are proposed. Olym-
pio and Dandhi [Olympio and Dandhi (2007), Olympio and Dandhi (2010)] derived analyti-
cal methods to design cellular honeycomb core with extreme anisotropic material characters.
Through a proper design of the honeycomb core, it can be compliant in the deformation di-
rection while stiff in the loading direction. Additionally, Poisson’s ratio can be modified
as well. A spanwise morphing wing concept using the tailored honeycomb core covered
by flexible composites is presented by Bubert et al. (2010), which is able to achieve a 100%
elastic elongation (see Figure 2.5 (1)). As an alternative concept to the flexible sandwich,
Yokozeki et al. (2006) proposed a corrugated composite skin for these one-dimension mor-
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phing wings (see Figure 2.5 (3)). He improved the concept in terms of adding CFRP roving
in the longitude direction for further enhancing stiffness and covering silicone on the cor-
rugated surface for better aerodynamics. Da Rocha-Schmidt described a shear compliant
sandwich skin as the gap cover of an UAV flaps [da Rocha-Schmidt and Baier (2013)]. the
skin concept consists of a shear compliant core and metal grid reinforced silicone face sheets.
It has been shown in his numerical tests, the flexible sandwich skin can accommodate flap
deflection between −30 and +30 degree without static and dynamic failures.

Figure 2.4.: Upper: a compliant morphing wing concept of FlexSys [Kota et al. (2003)] Lower:
smart droop nose [Monner et al. (2009)]

Scott et al. (2009) introduced an inflatable morphing wing concept for expanding the
span of rigid wings in high-altitude flights. Cadogan et al. (2004) presented various con-
cepts about inflatable morphing wings. He added conventional metal skins to cover the
inflatable structures for surface smoothness and meantime piezoelectric actuators on skins
to deflect the trailing edge. But generally the disadvantages of inflatable structures are lack
of stiffness, low in surface quality, risks of puncture and leakage. The appropriate applica-
tions for these concepts are more likely to be on low speed aircraft.

Lockheed Martin Skunk Works [Lockheed] demonstratored a Z-wing morphing concept
of foldable wing to expand wing surface area. In the folding regions, a fabric reinforced
silicone material is used. As mentioned by Love, the main problem of the elastomeric skin
is its nonlinear behavior due to creep when actuated as found in wind tunnel tests [Love
et al. (2007)]. A silicone elastomeric skin is also used in a sliding wing concept [Flanaganl
et al. (2007)], which is able to change sweep from 15 to 35 degree and wing area by 40%.
These elastomeric skins are usually capable for large scale morphing tasks but may contain
problems on dynamic performance.
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Barbarino et al. (2010) investigated a morphing trailing edge containing compliant truss
structures. Several shape memory alloy rods are applied on the compliant truss structure
as the active members. Perkins et al. (2004) introduced several shape memory polymers to
realize wing morphing among different configurations within quite short time and therefore
can bring more advantages on aerodynamics [see Figure 2.5 (2)]. These materials presented
quite impressive features of deformability but generally they have limitations on reshaping
amplitude and/or actuation force, and difficulties on realizing the actuating conditions in
practice application environments. In short, they are still on low technical maturity level
and are not suitable for near term applications.

Figure 2.5.: (1): a flexible sandwich skin and its core [Bubert et al. (2010)] (2): shape memory
polymers [Perkins et al. (2004)] (3): a corrugated composite skin [Yokozeki et al.
(2006)]

2.3. Summary of Literature Review

To overcome drawbacks of electronically reconfigurable reflector antennas, lots of effort was
paid to develop mechanically reconfigurable reflectors for satellite communications in the
last 20 years. The feasibility of adjusting radiation patterns via reshaping of the reflector
surface to fit the defined geographic coverage was well proved in several studies. Works
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concerning the mechanically reconfigurable reflector antennas on geometry design, analy-
ses of required deformation and actuation forces, RF performance of shaped surface, synthe-
sis techniques of mechanical model and RF model, actuator selection, and interface design
were partly or basically accomplished. The major not accomplished tasks are remained in
developing and implementing a reconfigurable reflector under realistic application require-
ments. Among them, the most challenging task is the reconfigurable reflector skin design.
In the past studies, qualitative requirements to the expected skin materials were discussed
and defined. Two potential candidate materials, orthogonal interwoven wire grid and flex-
ible composites, have shown their capabilities and meanwhile some weakness and limita-
tions for practice applications. However, the fundamental studies about relations of material
properties to structure reshaping behavior can hardly be found in the past works. A material
tailoring in terms of varying material properties to adjust the reshaping responses to satisfy
the defined requirements will be quite helpful to accomplish the task of reconfigurable re-
flector skin design.

The skin design of morphing wings is another quite challenging task with quite different
goals and requirements as stated in the last chapter. Compare with the mechanically recon-
figurable reflector, there are various of concepts about morphing wings and skins as refer-
ence, which range from conventional metallic panels, tailored fiber composites, elastomer,
flexible sandwiches, to shape memory materials. However, most of the mentioned concepts
are still on laboratory level and far away from engineering applications. Considering their
potential to satisfy the total set of functional, structural, manufacturing, and certification re-
quirements as well as sufficiently high TRL for near future applications, skin concepts like
tailored composite and flexible sandwich are considered as most promising.
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In this chapter, the fundamentals about antenna theory related to reconfigurable reflector an-
tennas and basics of aircraft wings are summarized. The background information about the
application examples, a reconfigurable reflector antenna and a morphing wing of sailplane,
is introduced as well.

3.1. Basics of Reconfigurable Reflector Antennas

The IEEE Standard Definitions of Terms for Antennas defined the antenna as means for ra-
diating or receiving radio waves [IEEE (1983)]. It is used to transport electromagnetic (EM)
energy from transmitting source via antenna to free space, or from free space via antenna
to receiver [Balanis (2005)]. The transmitting and receiving functions of an antenna are not
necessary to be separated, some antennas can work with both functions simultaneously.

The antenna techniques were rapidly developed during World War II, new elements such
as waveguide apertures, horns, reflectors were introduced in that time. From the 1960s to
1990s, a major impact was the introducing of analytical and numerical means to design and
analyze the antenna systems. With these achievements, antennas are widely applied in com-
munication fields. Nowadays the antennas are already parts of our daily life, which can be
found overall e.g. cell phones, GPS devices, automobiles and etc.

3.1.1. Fundamental Parameters of Antennas

Frequency and Frequency Bands

The signals transmitted and/or received by antennas are electromagnetic (EM) waves. They
can be represented as sinusoidal waves and propagate periodically at the speed of light in
air or in space. The frequency is used to measure how fast the wave is oscillating. The mul-
tiplication product of frequency (f ) to wavelength (λ) is the speed of light (c).

c = f ⋅ λ (3.1)

The EM waves are grouped into different frequency bands according to frequency and
wavelength aiming to different applications. For instance, high frequency band 3-30 MHz
(wavelength 10-100 m) is mainly used for shortwave radio, and super high frequency band
3-30 GHz (wavelength 10-100 mm) is mainly used for satellite communications [Antenna-
Theory]. The frequency bands available for satellite communications are mainly in the range
of 1 to 40 GHz. A overview table of frequency band to its typical applications defined by
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Radio Society of Great Britain (RSGB) is listed as following [Microwave].

Table 3.1.: Frequency bands for satellite communications

Band Frequency range [GHz] Wavelength range [mm] Typical uses
L 1 to 2 150 to 300 Military telemetry, GPS,

mobile phones (GSM)
S 2 to 4 75 to 150 GSM, weather radar, deep

space research
C 4 to 8 37.5 to 75 Fixed satellite service (FSS)
X 8 to 12 25 to 37.5 FSS military, terrestrial

earth exploration and
meteorological satellites

Ku 12 to 18 16.7 to 25 FSS, broadcast satellite ser-
vice (BSS)

K 18 to 26.5 11.3 to 16.7 BSS, FSS
Ka 26.5 to 40 5.0 to 11.3 FSS

The three most commonly used frequency bands in satellite communications are C-, Ku-,
and Ka-Band. Currently most of commercial satellites use C-Band while future satellites are
being designed for Ku-Band. The reconfigurable reflector antennas are aiming to be used in
Ku-Band.

Radiation Pattern

Radiation pattern is defined as "a mathematical function or a graphical representation of
the radiation properties of the antenna as a function of space coordinates" [IEEE (1983)]. In
most cases, the radiation pattern is determined in the far-field region and is represented as
a function of the directional coordinate. Radiation properties include power flux density,
radiation intensity, field strength, directivity, phase or polarization [IEEE (1983)].

The power density patterns are usually normalized with respect to their maximum value
and plotted on a logarithmic scale or more commonly in decibels (dB). A radiation pattern
is normally consisted of various lobes, which can be further classified as major, minor, side,
and back lobes. An illustration of radiation lobes is shown in Figure 3.1.

A major lobe contains the direction of maximum radiation and its number may be more
than one in some antennas. The rest lobes are minor lobes. A side lobe is the radiation lobe
in any direction other than the intended lobe. In most radar systems, the ratio of side lobe
to the major lobe is expected to be possibly low, e.g. -20 dB or even smaller.

The key function of a reconfigurable reflector is adjusting radiation patterns through sur-
face reshaping. Then the adjusted radiation pattern can well match the desired geographic
coverage for purposes of high efficiency. As stated in the last chapter, a surface reshaping
within amplitudes of -15 to 15 mm can achieve the required radiation patterns in most prac-
tice missions.
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Figure 3.1.: (a) Radiation lobes and beamwidths (b) Linear plot of power pattern [Balanis
(2005)]

Gain and Gain Loss

Gain (G) of an antenna is "the ratio of the intensity, in a given direction, to the radiation
intensity that would be obtained if the power accepted by the antenna were radiated isotrop-
ically" [IEEE (1983)]. In most cases, the used term is the relative gain, which is compared to
the gain of a reference antenna.

In practice, power gain contains two types of losses and they are impedance mismatches
(reflection losses) and polarization mismatches (losses). Ruze (1966) derived a simplified
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function of effective gain respecting to reflector surface distortions.

G = G0e
−δ2 = η(πD

λ
)2e−(4πε/λ)2 (3.2)

G0: gain without loss
δ2: the phase front variance caused by aperture surface error
ε: the effective reflector tolerance, e.g. the RMS surface error
η: the aperture efficiency
D: aperture diameter
λ: wavelength

The loss of gain is then

G

G0

≈ 1 − δ2 ≈ e−δ2 (3.3)

With help of above expressions, the tolerance of radiation pattern (gain loss) can be easily
converted into surface error tolerance or vice verse. The application of these expressions is
presented in a later section (see Chapter 3.3.1).

Passive Intermodulation (PIM)

Passive intermodulation (PIM) is a form of intermodulation distortion caused by passive
components. PIM is a mixture product of the two (or more) high power tones at device
nonlinearities like junctions of dissimilar metals, metal-oxide junctions and even loose con-
nectors [Intermodulation]. The interference of PIM can sometimes hide the desired signals
and therefore it should be removed.

Although the interference signals from PIM are at low level as compare to exciting sig-
nals, due to the fact that transmitters are collocated with receivers and often sharing the
same feeders and antennas, even low level interference can cause significant problems.
Therefore in design of a reconfigurable reflector surface, the PIM properties of selected ma-
terials, construction, and connections should be considered and verified by tests. As stated
in Chapter 2.1.2, the concept of orthogonal interwoven wires contains many loose connec-
tions and irregular contact areas, which are the sources of PIM. Without solving the PIM
problems of this concept, it is infeasible for practice applications even though it has excel-
lent mechanical reshaping features.
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3.1.2. Antenna Types

Antenna types can be briefly classified as: wire antennas, aperture antennas, microstrip an-
tennas, array antennas, reflector antennas and lens antennas. The most well-known type is
the reflector antenna, which can be further classified as: planar, corner, and curved reflec-
tor (especially the paraboloid) antennas. In frame of this thesis, only the parabolic reflector
antennas are used. According to feed type, the parabolic antennas have four configurations
(see Figure 3.2):

• Axial (front feed): feed locates in front of the reflector at the focus, pointing to the
reflector surface

• Off-axis (offset feed): the reflector is an asymmetrical segment of the paraboloid, so
the feed locates at one side of the reflector. Its advantage is mainly avoiding blocking
some signals by feed

• Cassegrain: it is a dual reflectors system containing a secondary reflector in a convex
form. Its feed can be located in front or at one side of the main reflector

• Gregorian: it is similar to the Cassegrain type but with a concave secondary reflector

Figure 3.2.: Four typical parabolic reflector antennas

In satellite communications, the most used configurations are offset-dual reflectors. In
Figure 3.3, the geometry of a Gregorian dual-offset reflector antenna is demonstrated.

The main reflector is an asymmetrical segment of the paraboloid and the subreflector is
an ellipsoid with two focal points. Although the mechanically reconfigurable reflector can
be one of them or both, the most often used concept in the published works is mechanically
reconfigurable subreflecor.
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Figure 3.3.: Geometry of a Gregorian dual-offset reflector antenna [Cappellin and Pontopp-
idan (2009)]

3.2. Basics of Aircraft Wings and High-lift Devices

Wings are the fundamental components of aircraft, which are used to carry loads like aero-
dynamics in terms of lift and drag, engine thrust etc. Their basic design parameters are
airfoil section including high-lift devices, planform shape and geometry, and overall size.
The first term is determined through the best compromising among aerodynamics, struc-
tural, and operational requirements. The second is mainly determined by the operating
Mach number of aircraft and by the airfoil shape. The third one is related to the operational
environments as defined in the term one and two.

An illumination of a typical airfoil and the pressure coefficient over it is shown in Figure
3.4. The airflow pass-by an airfoil causes pressure difference on upper and lower side of
the airfoil, which is lift on wing. The essential goal of airfoil design is maintaining possibly
more laminar flow to gain higher lift coefficient. To achieve the defined goal, approaches
range from proper airfoil shapes, shape change of leading and trailing edge, to extending of
chord length are applicable.

Among these approaches, the most used is adding high-lift devices on the basic airfoil
to improve its performance. There are various types of high-lift devices existed and some
common forms are illustrated in Figure 3.5. The trailing edge high-lift devices are almost
universal applied but the leading edge high-lift devices are used only on certain applica-
tions. Besides of complexity in mechanisms, the major reason is small gaps and steps in
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leading edge position can easily cause large drag increments. Therefore, the leading edge
high-lift devices are mainly used on aircraft with large surface loads on wings like large
transport aircraft and some combat aircraft with requirements for short take-off and land-
ing.

Figure 3.4.: A sketch of airfoil NACA 4412 and its pressure distribution

The trailing edge high-lift devices are range from simple systems as plain and split flaps
to complex multi-slotted or Fowler flaps. Especially, these complex multi-slotted or Fowler
flaps can’t only change the camber but also extend the chord. They are almost standard
equipments in modern civil transport aircraft. The trailing edge devices usually occupy
20% to 40% of chord length and can increase lift coefficient up to two to three times than the
basic airfoil.

The leading edge high-lift devices usually occupy 10% to 20% of chord length. Its sim-
plest form, hinged nose or droop nose, can effectively extend the angle of airfoil stall with
typical deflection angle within 10 degree. Droop nose has a smoother upper surface due to
a lower pivot point as compare with plain flap. Kruger flap can move the flap forwards and
downwards, which extends the chord as well as changes the camber. They are stowed in the
lower part of airfoil when not in operations for aerodynamic reasons. The slat/slot systems
are parts of the upper surface of airfoil when in cruise status. Their deployment is moving
forwards and downwards following a circular track and their functions are similar to the
Kruger flap. The maximum rotation angle of slat can be around 30 degree.

The tendency of high-lift devices is morphing wing. The form variable camber will prob-
ably be achieved by combing a flexible droop nose and a flexible extendable trailing edge
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flap. The latter one may not, or may, be cooperated with a slot system. As mentioned pre-
viously, these concepts can come into engineering applications only if the penalties of mass,
system complexity compare to performance gains are on relative low level. It is believed,
as investigations about these concepts further proceeding, theses concepts can be applied
within acceptable affords on some aircraft wings in near future.

Figure 3.5.: Airfoil and common high-lift devices [Howe (2000)]

3.3. Background of Mechanically Reconfigurable
Reflectors and Morphing Sailplane Wings

3.3.1. Mechanically Reconfigurable Reflectors

The investigations of mechanically reconfigurable reflector antennas in Europe are mainly
guided and supported by Europe Space Agency (ESA). In last twenty years, although fea-
sibility of mechanically reconfigurable reflector antennas was well proved and several po-
tential concepts were demonstrated, none of them was applied in practice due to existing
of various limitations in terms of thermal-elastic distortion, PIM, RF and etc. Based on re-
cent advances on material technologies, such as the shell-membrane material CFRS from
the LLB, ESA initialized a project about this topic, which is aim to explore the feasibility of
a reconfigurable thin shell reflector under realistic application scenarios.
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The project is carried by LLB and TAS cooperatively. During the antenna architecture
design, TAS compared two dual-offset reflector concepts: lateral face antenna with a recon-
figurable subreflector and earth deck steerable antenna with a reconfigurable main reflector.
It is concluded that the concept of earth deck antenna with a reconfigurable main reflector
of 1.2 m aperture diameter and an ellipsoid subreflector is more efficient. The antenna ge-
ometry definitions are diameter 1200 mm, focal length 850 mm, and offset 750 mm.

According to the investigations of TAS, the mechanically reconfigurable reflector antenna
will be applied in the field of telecommunications and operated in Ku-Band. Its life duration
is expected to be 15 years and the number of reconfiguration each year is 6 times. The losses
budget for the reflector due to surface deviations is less than 0.3 dB. The maximum mass of
the reconfigurable reflector antenna shall be comparative to the current products.

Three representative geographic coverage, which are derived from realistic applications
and contain relative large reshaping amplitudes (in the range of -15 to +15 mm), are defined
to evaluate the performance of designed reconfigurable reflectors. The three reshaping tasks
are named as "Europe", "Brazil", and "ConUS", which are geographic regions of Europe,
Brazil, and continent U.S. plus Hawaii and Alaska. These coverage are further divided into
several regions with different gain requirements by polygonal lines. The illustrations of the
three coverage are in Figure 3.6.

Figure 3.6.: Three representative reshaping tasks [Schreider et al. (2007)]
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The above addressed requirements can be translated into mechanical requirements for
material and structure design. They are classified into three aspects as functional, structural,
and manufacturing requirements. As functional requirements, the relative large reshaping
amplitude (as compare to reflector thickness of millimeter range) indicates at least geom-
etry nonlinearity of the structure shall be considered. It is operated in the high frequency
Ku-Band, which indicates high surface accuracy requirements. Referring to the maximum
gain loss of 0.3 dB, the maximum surface error shall be smaller than 0.5 mm as the limit
for applying in Ku-Band and smaller than 0.3 mm as preference. Typically, space structures
should be operated in temperature range of −150 to +150○C, possibly small CTE values of
materials are expected for small thermal-elastic distortions. Other requirements to materials
like radiation resistance, aging resistance, low PIM properties, reflectivity to EM waves are
expected as well.

As structural requirements, the reshaping surface shall be in material linear range and
free of stability, strength and fatigue problems. The designed materials and structures should
be characterized through tests according to these requirements correspondingly. The in-
terface to actuators and boundary conditions play roles in fulfilling the structural require-
ments, in which proper design is required. And the corresponding sensing and actuations
design/selection shall be considered according to the reconfigurable surface design. As re-
quirements to that, possibly low actuation energy consumption and low mass are preferred
in the actuation system design.

Last but not least, as manufacturing requirements, the implementation difficulties of the
designed materials and structures shall be acceptable based on the existed technologies. The
cost, mass and complexity of different structural designs shall be comparable to the existed
products as well.

These requirements on different aspects together define the design space of material and
structure design of the reconfigurable skin. Based on these requirements, approaches about
compound material design for the morphing reflector skin are presented and their results
are discussed in a later chapter.

3.3.2. Morphing Sailplane Wings

Akaflieg München is the student club of sailplane sports within Technische Universität
München. Besides the sailplane sports, the investigations of new concepts, constructions
and tests about sailplanes are their major activities too. Sailplanes are usually flying/gliding
at altitude below 2000 meters with speed up to 200 km/h. For these unpowered sailplanes,
the only power source is wind in terms of thermal lift and ridge lift. Therefore the aerody-
namic efficiency of the glide ratio or the lift to drag ratio is the key factor to determine the
performance of sailplanes.

The airfoil of sailplane wings is optimized to achieve a high lift to drag ratio through aero-
dynamic technologies and wind tunnel tests since quite long time. A further improvement
of airfoil profile is foreseen to be minor. Therefore approaches of adding high-lift devices on
wings were applied in some investigations of Akaflieg clubs over Germany. In the demon-
strator fs-29 TF of Akaflieg Stuttgart, a telescope wing with ability of expanding span was
presented in 1972 [Aka (d)]. The in-plane deployable trailing edge devices were equipped
on the sailplane D 40 of Akaflieg Darmstadt [Aka (a)], which can extend the chord in flight
for gaining more lift. Akaflieg München demonstrated a gap less Wortmann-flap sailplane
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with name Mü 27 in 1979 [Aka (b)]. Although it has improved aerodynamic characters, the
over heavy mass (two to three times more than common ones) and high system complexity
limited the applications of this concept.

Inspirited from recent advantages in morphing wing technologies, Akaflieg München
start to explore the morphing wing technologies for applying on sailplanes. As stated by
Wießmeier, around 10% to 20% lift coefficient improvement can be expected by applying a
gapless hinged nose on the existed wing. Based on his conclusions, the task of morphing
skin design for the leading edge of a sailplane is established. The goal of this task is explor-
ing feasible engineering solutions to a morphing leading edge for near future applications.

The wing configuration in this project is formulated on a latest concept of the sailplane
Mü 31 and its image is shown in Figure 3.7. It has a span of 15 m and maximal take-off
weight of 500 kg. The applied airfoil profile is DU-89-120-14-Profil and a flap with ± 25 de-
gree deflection is equipped at the trailing edge. As suggestions from Wießmeier, around 40%
of chord can be taken as the leading edge after shifting the reinforced main spar backwards.
About the functional requirement, the deflection angle of the leading edge is estimated as
around 10 degree downwards.

The requirements to the sailplane morphing leading edge design can be similarly for-
mulated into requirements on functional, structural, and manufacturing aspects. It shall be
able to deform in-plane and out-of-plane simultaneously in medium scale at different flight
conditions. To carry the aerodynamic loads, its stiffness at least in the spanwise shall be
equivalent to the existed skins. The applied skin materials shall be able to withstand tem-
perature changing, moisture, UV etc. as existed in typical flight environments. On structural
aspect, the static and dynamic loads from airflow shall be carried by the morphing skin and
its related substructures without damage or degeneration on skin performance. Especially,
the stability of the flexible skin in reshaping and dynamic loads like flutter shall be satisfied.
Since the morphing skin is manufactured by hand laminating and cured in vacuum bags at
room temperature, the labor intensity and complexity of the morphing skin manufacturing
shall be acceptable. Furthermore, the maintenance of the morphing skin in terms of inspec-
tion, repairing, and replacing shall be considered as well.

Figure 3.7.: An image of Mü 31 of Akaflieg München [Aka (c)]
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4. Compound Material Design of
Reflector Morphing Skins

In this chapter, the methods of compound material design, which involve tailoring different
kinds of design parameters to achieve the defined objectives, are explored. To accomplish
the task of reflector morphing skin design, approaches of compound material design con-
taining correlation various design parameters with reshaping performance, deriving rep-
resentative models, and assessment criterion to evaluate the derived material design are
developed and presented. With help of the developed methods, parameter studies are per-
formed to determine proper combinations of design parameters. Based on the results of the
material design, potential morphing skin concepts are presented in details at last.

4.1. Objectives and Approaches of Reflector Morphing
Skin Design

4.1.1. Objectives of Reflector Morphing Skin Design

The essential objective of the compound material design for a reflector morphing skin is the
reshaping ability in relative large magnitude with high surface accuracy and also capable
for relative high spatial frequency. As side objectives, the required reshaping energy shall
be possibly low, material failure and structural instability shall be avoided.

4.1.2. Approaches of Reflector Morphing Skin Design

The desired shapes of reconfigurable reflectors are usually known. The mainly unknown
are the proper material or material combinations for the reflector morphing skin, which
can realize the desired reshaping. In fact, the reshaping behavior of a reflector morphing
skin is mainly determined by various parameters range from material properties, geometry
to boundary conditions. Therefore the essential challenging of the reflector morphing skin
design is how to correlate these various material design parameters with the complex re-
shaping behavior.

In order to figure out their correlations, the design task of the reflector morphing skin will
be simplified to enable analytical analyses. First of all, the reshaping of a reflector morph-
ing skin can be understood as a thin shell with large deflection. As a further simplification,
thin shell can be replaced by thin plate for the shallow configuration. Since the theory of
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shells is derived from the theory of plates and they have many commons in theories, using
plates in the preliminary analyses can keep focus on the essential problems rather than on
some complex reshaping phenomena relating to the geometry of shells. In a later stage, the
analyses can be easily extended to shells with the obtained knowledge from the analyses of
plates. Based on the theory of plates, plates with large deflection can be expressed as two
nonlinear differential equations containing information of geometry, material properties and
surface shape. As additional expressions to the mathematic surface shape description, strain
energy terms in reshaping can be used to better correlate design parameters with the result-
ing reshaping behavior. Combing the mathematic shape expressions with the strain energy
expressions, those various design parameters can be well correlated with the resulting re-
shaping responses.

To enable analytical analyses, the analysis models shall be simplified as well. The full
size reflector model contains too many variations like placements of actuators, different re-
shaping cases and interferences of other components, which make the analytical analyses
quite complicated. Therefore representative unit cell models, which contain all essential
features of the full size reflector model, are extracted from the full size model for parame-
ter studies. With help of the representative unit cell models, parameters such as geometry
range from thickness, size, shape to shell/plate configuration and boundary conditions e.g.
simply supported and free movable can be evaluated with reasonable efforts. Afterwards,
the design space of these parameters can be greatly reduced and the unit cell models can be
updated with determined or at least partly determined geometry parameters and boundary
conditions. Then in following parameter studies, the focus can be on the interested material
property tailoring to find out optimal compound material concepts. To make the under-
standing easier, a scheme description of the methods of material design is shown in Figure
4.1.

In oder to explain the applied methods clearly, the analytical expressions of plates with
large deflection and their energy expressions will be described in details in the following
subsections. With help of the analytical understanding, the task of the reflector morphing
skin design can be properly defined with reasonable simplifications. Using the simplified
analytical and numerical models, the morphing skin design can be readily performed even
containing numerous potential design parameters.
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Figure 4.1.: Scheme of the compound material design for reflector morphing skin

General Equations of Plates with Large Deflection

According to theory of plates and shells [Timoshenko and Woinowsky-Krieger (1959)], the
general equation of plates with large deflection can be presented as:
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∂x4
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+ 2Nxy

∂2w

∂x∂y
−X∂w

∂x
− Y ∂w

∂y
) (4.1)

The definitions of denotations are:
X and Y : body forces or tangential forces per unit area of the middle plane of the plate
Nx, Ny, and Nxy: forces per unit length
w: deflection
q: lateral loads on the plate
D: flexural rigidity
An illustration of force components on a small element cut from a plate is shown in

Figure 4.2.
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Figure 4.2.: The force components on a small element from a plate

Assuming there are no body forces or tangential forces (X and Y) acting on the x and y
axes, the equations of equilibrium are
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(4.2)

To obtain these three force components, the strain components on the middle plane of
the plate shall be derived first. In the large deflection case, which means the deflection is
larger than the thickness but still considerable smaller than other dimensions, the strains
consist of elongations of the middle plane stretching and elongations due to deflection. The
corresponding strain components are
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The strain components can be represented using the force components by stress-strain
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equations.
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where h is the thickness of plates and E is the elastic modulus.
By taking the second derivatives of the expressions in Eq. 4.3 and combing their products,

a single equation containing three terms can be obtained.
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For the reason of simplification, a so called stress function (F) is introduced by Timo-
shenko. Therefore the force components can be rewritten as
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where F is a function of x and y. Substituting these expressions in Eq. 4.5 by expressions
in Eq. 4.4 and 4.6, we obtain
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To determine F and w, a second equation is required, which can be derived by substitut-
ing expressions from Eq. 4.6 in Eq. 4.1.
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The above two equations, together with boundary conditions, can be solved to determine
the functions of F and w. The stresses in the middle plane of a plate can be further deter-
mined through the obtained functions of F as addressed in Eq. 4.6. Using the function w,
the bending and shearing stresses can be readily obtained as in the case of plates with small
deflection. Therefore, the problem of plates with large deflection is reduced to be solving
two nonlinear differential equations Eq. 4.7 and Eq. 4.8. However, the solution of the two
equations is generally unknown. Approximation methods such as energy method and finite
element method (FEM) are usually employed to solve the equations.

Energy Expressions of Plates with Large Deflection

The strain energy of plates with large deflection is classified into two groups as in-plane
energy (membrane energy) and out-of-plane energy (plate energy). The in-plane energy can
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be further classified as principle axial energy and shearing energy, and similarly the out-of-
plane energy is classified as bending energy and twist energy (see Figure 4.3).

Figure 4.3.: Energy expressions of plates

The expressions of the out-of-plane energy are following definitions in plates with small
deflection and they are
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and for isotropic materials they can be rewritten as
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where the flexural rigidity D is

D = Eh3

12(1 − ν2) (4.11)

The first integration term in Eq. 4.9 is the bending energy and the second is the twist
energy.

The expressions of the in-plane energy can be represented analogously
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36



4. Compound Material Design of Reflector Morphing Skins

The terms with strains in x and y directions are defined as the principle axial energy and
the term with shear strain is defined as the shearing energy.

The behavior of plates with deflection is characterized by magnitude and ratios of these
energy components. In following sections details are explained through several examples.

Task Definitions

With the above presented approaches, the task of reflector morphing skin design can be
initialized. First of all, the complex task definitions are to be simplified with assumptions as
following.

As mentioned in the previous section, the double curved reflector is simplified as a thin
plate in the initial stage. Based on the assumption of thin plates, the transverse shear stiff-
ness and rotational inertia effects can be ignored in analyses of these structures. The criterion
to determine whether thin or thick plate is the ratio of thickness to other dimensions typi-
cally like length, width, and radius of curvature. The value of this ratio for a reconfigurable
reflector morphing skin can be roughly accessed as following. As referring to the published
literatures [Theunissen et al. (2001) and Cappellin and Pontoppidan (2009)], a typical actua-
tor number of a reconfigurable reflector is around 50 in a subreflector with diameter 500 mm
and around 100 in a main reflector with diameter 1200 mm. Assuming in the initial anal-
yses there are 100 actuators placed uniformly on a projected aperture plane with diameter
of 1200 mm. Then the distance between two adjacent actuators is between 100 to 150 mm
as a result of the assumption. As an empirical criteria for thin plates, the ratio of thickness
to the distance between two adjacent actuators shall be smaller than 1/20, so the maximum
thickness of a reconfigurable reflector morphing skin is estimated to be 5 mm.

The morphing skin of the reconfigurable reflector requires flexibility and stiffness simul-
taneously. Understanding of this demand can be better formulated in two separate under-
standing of the extremely flexible structures like membranes and the stiff structures like
plates.

According to the theory of membranes, a membrane has only in-plane responses and no
rigidity to compression and bending. Unlike to those conventional, rigid-type structures,
the forms of membranes can’t be imposed for the strong nonlinear interactions between
their shapes and loads. Because of that, their sustainable forms are more likely to be found
rather than be designed. The found forms of such structures are the equilibrium forms un-
der defined boundary conditions, materials, and loads. In the case of no external load, the
equilibrium form of a tensioned membrane can be a double curved surface with negative
Gaussian curvature, which is the form of pillowing. Based on these facts, a membrane like
reconfigurable morphing skin is not preferred due to complex reshaping behavior as well as
poor surface quality.

In contrast to membranes, thin plates with small deflection have only out-of-plane re-
sponses (pure bending). The deflection of a plate is represented as second order derivative
equations consisting of in-plane coordinates, bending moments, and flexural rigidity. The
second order description of a surface indicates continuous first derivatives and geometric
continuity on C1 level. A smooth and continuous surface during and after reshaping is the
desired feature for the reconfigurable morphing skin since the transmission of EM waves
following geometrical and physical optics. However, as deflection grows into large ampli-
tude, the in-plane responses of plates can’t be neglected any more.

The reconfigurable reflector morphing skin shall be able to be reshaped within amplitude
of 15 mm as indicated in [Cappellin and Pontoppidan (2009) and Cappellin et al. (2009)].
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For a thin plate, whose thickness is expected to be around 1 mm, 15 mm deflection is be-
longing to a large deflection case. Different to analyses of thin plates with small deflection,
the in-plane and out-of-plane responses are the indispensable components due to geome-
try nonlinearity in analyses of thin plates with large deflection. The reconfigurable reflector
morphing skin shall present mixing features of membranes and plates simultaneously in re-
shaping. But the portions of the in-plane and out-of-plane responses are determined by ma-
terial properties in terms of stiffness, which are actually the design tunnel of material design.
A simple material tailoring was performed by Pontoppidan et al. (1991) through introduc-
ing bending stiffness by increasing thickness. As the thickness of plate growing, it presents
less membrane behavior in terms of reduced pillowing amplitude. But simply increasing
structure thickness is not a real feasible and effective solution, which brings penalties of
mass increasing, reshaping energy consumption increasing as well as complexer reshaping
behavior due to changing thin shells to thick shells.

The more reasonable approach is tailoring material properties to create certain combi-
nations of in-plane and out-of-plane properties, thereby a thin shell can present reshaping
features dominated by out-of-plane responses in the case of large deflection. As additional
requirements, its thickness shall be possibly low for an acceptable actuation force inner 30
N. The unstable problems of thin shells like buckling and snap-through shall be considered
and must be avoided. These together formulate the task of compound material design for
reconfigurable reflector morphing skins.

4.2. Investigations of Parameters to Material Design

Parameters involving in material design can range from material properties like isotropic
and anisotropic, boundary conditions like simply supported and free movable, and ge-
ometries like basic shape, plate/shell configuration and thickness. To better identify the
influence of each design parameter, the investigations of these parameters are performed
sequentially in the order of boundary conditions, geometry and material properties. The
parameters, which have shown their positive influence on the large amplitudes reshaping,
will be followed in later studies. Respect to these various of parameters, it will be too compli-
cated and computation intensive if the parameter studies are performed on full size models
directly. In order to simplify the complicated task and reduce the computation cost, repre-
sentative unit cell models will be created at first.

4.2.1. Representative Unit Cell Models

The first representative unit cell model is created based on the following assumptions of the
mechanically reconfigurable reflector. The reconfigurable reflector is a shallow shell, there-
fore it can be simplified as a plate reflector. The actuator number is assumed to be 100 with
an uniform placement in square lattice as typically used in many existed concepts. Then the
distance between two adjacent actuators is set to be 100 mm in this case. The representative
unit cell model is determined to include 9 actuators for limiting its size but still involving
the interference of adjacent actuators. Based on the above statements, the final created unit
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cell model is a square plate with dimensions of 200 x 200 mm (see Figure 4.4).
Since it is more interesting to know the energy ratios among different responses rather

than their physical values. The initial material properties are taken as an isotropic mate-
rial with elastic modulus of 70 GPa and Poisson’s ratio of 0.3 in examples (for instance,
aluminum). The strain energy components of plates with large deflection are calculated
through employing FEM. The obtained element strain energy results are grouped into four
terms as defined in Eq. 4.10 and Eq. 4.12.

Figure 4.4.: A representative unit cell

The thickness of the unit cell is taken as 1 mm in the first example. As boundary condi-
tions, four edges are simply supported and in the middle 15 mm deflection is applied.

The illustration of the deformed unit cell is presented in Figure 4.5 left, in which a tent
like shape can be clearly observed. The local tent like shape in the center of the unit cell is
more likely to be formed by stretching rather than bending. Furthermore, observing the en-
ergy amount and ratios, around 86% strain energy is membrane energy and in which around
77% is the principle axial energy, which explains the tent like reshaping contour.

Regardless of physical meanings, assuming the unit cell with 15 mm deflection is still
the pure bending case, its deflection contour as well as total strain energy are significant
different to the contour of the physical case (Figure 4.5 right). In the pure bending case, the
curvature of the deflected plate is relatively small contributed by its smooth surface shape,
which indicates a small strain value can be expected. From the comparison analyses, it can
be found that if thin plates with large deflection can present close to pure bending behavior,
the material can probably be maintained in linear elastic range as preferred and left only
geometry nonlinearity.

As it can be observed from Table 4.1, the major strain energy is the principle axial energy
in the plate with large deflection, which is mainly contributed by the fixed edges and the
large deflection in the center. About the energy amount, the total energy in the plate with
large deflection is around 30 times larger than it in the artificial pure bending case. And
about the plate energy, it is just a minor part of total energy in the plate with large deflection
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and in which the bending and twist energy are more or less the same.

Figure 4.5.: Deformation plots of the plate with large deflection and artificial pure bending

Table 4.1.: Strain energy in the plate with large deflection and artificial pure bending

Plate with large deflection Pure bending case
Type Energy [J] Ratio [%] Energy [J] Ratio [%]

Membrane energy Principle axial 68.05 77.6 0 0
Shearing 7.36 8.4 0 0

Plate energy Bending 5.9 6.7 1.04 33.9
Twist 6.39 7.3 2.03 66.1
Total 87.7 100 3.07 100

Since the boundary condition of simply supported plays an important role in reshaping
behavior, in following analyses, boundary conditions are varied to figure out their influence
on reshaping behavior.

4.2.2. Influence of Boundary Conditions

The boundary condition of simply supported is changed to be in plane free movable in fol-
lowing analyses. It is observed, the total strain energy and reshaping contours are consid-
erably changed as boundary condition changing. The surface contour under free movable
edges is a pillow like shape with negative Gaussian curvature at the center areas (see Figure
4.6). The strain energy is around 1/4 as it in the simply supported case and the ratio of
membrane energy is reduced to be around 45% only. As a visual impression, it presents a
mixed feature of membranes and plates in the large deflection case.

Through tracking the energy ratio varying as deflection amplitude growing, it is ob-
served that in the small deflection case (amplitude smaller than the thickness of plate) the
major component is the plate energy. And as deflection growing, the membrane energy
grows correspondingly. With the deflection further growing, the ratio of membrane energy
reaches a convergence of 45% (see Figure 4.6 and Table 4.2). According to these results, an
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empirical value to define a dominative component in total strain energy is estimated as 95%.
That means, if the plate energy in total is more than 95%, the plate shall present the features
of plates in the pure bending case regardless of large or small deflection.

Figure 4.6.: Plate with large deflection under free movable edge

Figure 4.7.: Ratio of plate and membrane energy in large deflection

Table 4.2.: Strain energy in plate with large deflection under free movable edge

Type Energy [J] Ratio [%] Sum[%]

Membrane energy Principle axial 6.13 30.6 44.5Shearing 2.78 13.9

Plate energy Bending 4.1 20.5 55.5Twist 7.03 35
Total 20.04 100 100
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The in plane free movable boundary condition has shown positive influence on reshap-
ing performance in the large deflection case. The membrane energy, particularly its com-
ponent principle axial energy, has been considerably reduced. To realize a free movable
boundary condition in structures, an interface structure between actuators and the reflector
surface, which allows in plane movements of the reflector surface in certain range, is re-
quired. As proposed by Datashvili et al. (2010) and Pontoppidan et al. (2010), rods are taken
as interface structures to connect the reflector surface with actuators containing rotation de-
gree of freedoms.

The center cutting lines of three analyses namely large deflection with simply supported
edges, large deflection with free movable edges, and large deflection with artificial pure
bending are presented as in Figure 4.8. Generally, these results are analogical to the results
presented by Clarricoats and Zhou (1991a), the results of large deflection with artificial pure
bending are the exact solutions given by Timoshenko and Woinowsky-Krieger (1959) and
results of large deflection with simply supported edges are close to membranes in the pure
stretching case. The results of large deflection with free movable edges demonstrate cutting
curves with mixed features of above two results, which are global bending but local stretch-
ing. By increasing its bending stiffness, its results shall tend to approach the pure bending
case.

Figure 4.8.: The center cutting lines of three analyses
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Two major parameters to increase bending stiffness of plates with isotropic materials
are Young’s modulus and thickness. Varying Young’s modulus effects only the total strain
energy amount while not changes the ratios of plate and membrane energy. To effect the
ratio of plate to membrane energy, the ratio of bending to tensile stiffness as addressed by
Clarricoats and Zhou (1991a) shall be varied. The major parameter to effect the ratio of is
thickness, which is the quadratic term in the function (see Eq. 4.13). Additionally Poisson’s
ratio has certain influence on the ratio too. A large value of Poisson’s ratio is generally
helpful for increasing the ratio of bending to tensile stiffness.

EI

EA(1 − ν2) = h2

12(1 − ν2) (4.13)

4.2.3. Influence of Geometry Parameters

Based on the investigations about influence of boundary conditions on reshaping behavior,
the free movable boundary condition will be applied in further studies. The focus in the
following section is on identifying the influence of geometry parameters. Thickness is a
quite effective parameter to change the reshaping behavior of plates, but actually its vari-
able range is quite limited due to different thin/thick shell behavior and the low reshaping
energy requirement. Besides thickness, other related design parameters are unit cell size,
shape and plate/shell configuration. The background of the study is coming from the facts
of varied actuator number, different actuator placements and the assumption of using thin
plates instead of shallow thin shells in analyses.

Thickness

In varying thickness of the unit cell from 0.3 to 15 mm, following phenomena are observed:
1. the total strain energy increases rapidly due to the cubic relation of bending stiffness to
thickness, 2. plate energy increases rapidly at first and then slowly proceeding to be the
dominative term. Especially, when the thickness and deflection are on the comparative level
(≥ 10 mm), the membrane energy is ignorable, which is actually the hypothesis of plates
with small deflection (see Figure 4.9).

To distinguish these energy components in reshaping, an energy component is defined
as a major term when its ratio is more than 50%. Based on this definition, a trade-off of
whether membrane or plate energy is the major term is found at thickness between 0.5 to 1
mm. A clear shape change of the center cutting lines can be observed between the reshaping
results with plate thickness 0.5 mm and plate thickness 1 mm (see Figure 4.10).

Observing the cutting lines, the difference among the cutting lines is insignificant when
thickness of plates is larger than 10 mm. Based on this fact, the empirical value of the defined
dominative energy term can be released to be around 90% or even 85% in a rough assess-
ment. Knowing from these analyses, the reshaping features of a plate can be transformed to
close to pure bending by simply increasing its thickness. But this approach results penalties
of large strain energy and complexer reshaping behavior, which are not preferred.
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Figure 4.9.: The ratios of plate and membrane energy varying with thickness

Figure 4.10.: The center cutting lines of plates with different thickness

To maintain the positive reshaping behavior of thick plates but limiting the reshaping
energy demand, sandwich concepts can be proposed as an alternative. But either for thick
plate concepts or sandwich concepts, the most effective term to effect the ratio of bending
to tensile stiffness is still thickness. Therefore mostly the sandwich concept will be ended
up with a medium thick sandwich concept, which is still not preferred. Based on the in-
vestigations about varying thickness of isotropic plates to effect reshaping behavior, it can
be concluded that thickness is a quite effective term to improve reshaping features but its
adjustable range is also quite limited mainly for the penalty of large reshaping energy. To
find out the expected advanced morphing skin concepts, investigations shall be extended to
anisotropic materials for involving design variables of material properties.
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Unit Cell Size

The size of unit cell is mainly determined by actuator distance. For unit cells with the same
deflection amplitude, varying the size of unit cell is actually changing the curvature of the
shaped surface. Observing Table 4.3, the total strain energy is directly influenced by unit
cell size but the ratios of energy components are basically not changed. That means, increas-
ing or decreasing actuator distance in typically required range has marginal influence on
reshaping behavior but considerable influence on reshaping energy amplitude.

The number of actuators is partly determined by reshaping behavior of the designed
morphing skin. For example, a morphing skin with close to pure bending feature usually
requires less actuators than a morphing skin with close to membrane feature to accomplish
the same reshaping tasks. Less number of actuators brings benefit of less system mass as
well as complexity. As long as surface reshaping error is satisfactory, actuator number shall
be possibly less.

Table 4.3.: Strain energy in plates with large deflection for different unit cell sizes

Unit cell size 140x140 mm 200x200 mm 300x300 mm
Energy [J] Ratio [%] Energy [J] Ratio [%] Energy [J] Ratio [%]

Principle axial 12.9 31.6 6.13 30.6 2.68 30
Shearing 6.1 14.9 2.78 13.9 1.19 13.3
Bending 7.98 19.6 4.1 20.5 1.8 20.9

Twist 13.79 33.8 7.03 35 3.19 35.8
Total 40.78 100 20.04 100 8.94 100

Unit Cell Shape

Besides square lattice, another frequent used actuator placement is triangular lattice. For
comparison, areas of unit cells with square lattice and triangular lattice are maintained as
the same. The unit cell with triangular lattice has a hexagon shape with actuator distance of
124 mm and contains 7 actuators (see Figure 4.11).

The same boundary condition and amplitude of deflection as in the unit cell with square
lattice are applied on this model. Two unit cells with the same thickness of 1 mm are taken
in the comparison study. Based on the results presented in Table 4.4, it is found that the total
strain energy of the two unit cells is on the same level and the resulting plate energy is the
major term in the unit cell with square lattice while vice verse in the unit cell with triangular
lattice.

Similar to the unit cell with square lattice, thickness of the unit cell with triangular lat-
tice is varied from 0.3 to 15 mm in a parameter study. The trade-off of whether membrane
or plate energy is the major term is found at around 2 mm thickness, which is larger than
the value in the square lattice model. A clear shape transformation of "membrane like" to
"plate like" is observed when thickness of a plate from 1 mm grows to 2 mm (see Figure 4.12).
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Figure 4.11.: A representative unit cell with triangular lattice

Table 4.4.: Strain energy in plates with large deflection for different unit cell shapes

Unit cell with square lattice Unit cell with triangular lattice
Energy [J] Ratio [%] Ratio [%] Energy [J] Ratio [%] Ratio [%]

Principle axial 6.13 30.6 44.5 8.19 37.55 55.68Shearing 2.78 13.9 3.94 18.13
Bending 4.1 20.5 55.5 5.28 24.24 44.32Twist 7.03 35 4.37 20.08

Total 20.04 100 100 21.78 100 100

Observing the relations of ratios of energy components to thickness in both models, it
can be found, with the same thickness the ratio of plate energy in the unit cell with square
lattice is always higher than it with triangular lattice. This explains the shape transformation
of "membrane like" into "plate like" occurs later in the unit cell with triangular lattice.

Figure 4.12.: Deformation shapes of the unit cell with triangular lattice
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Therefore, to achieve similar reshaping behavior, the required thickness of a plate with
triangular lattice is usually larger than the one with square lattice. That indicates eventually
a higher demand on reshaping energy in plates with triangular lattice. But using triangular
lattice usually requires less total number of actuators for the same reshaping area, which is a
positive feature of this lattice. Based on the obtained results so far, it is difficult to determine
which lattice is better or worse. Therefore the both lattices will stay in the campaign for
further investigations.

Geometry Configuration

Different to plates, shells have curved geometry configuration, which adds the initial ge-
ometry stiffness into structures. The energy expressions of shells are identical to those of
plates (Eq. 4.10 and Eq. 4.12). But the expressions of strains are different in shells due to
effects of geometry curvatures. Strain components ε1, ε2, and γ of the middle surface and
three curvature changes χx, χy, and χxy are presented in terms of displacement u, v, and w
as follows [Timoshenko and Gere (1963)]:

ε1 =
∂u

∂x
ε2 =

∂v

a∂θ
− w
a
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a∂θ
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+ ∂2w
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)

(4.14)

where a is radius of curved shell and θ is the angle between two edges of shell.
A representative unit cell shell model is created for comparison purpose. Its projected

shape is a square with dimension of 200 x 200 mm. The principle radii of the double curved
shell are 1700 mm, which are the approximate radius of a paraboloid with focus length of
850 mm as addressed in Chapter 3.3. In this unit cell shell model, the same reference mate-
rial, boundary conditions, deflection amplitude, and thickness as in unit cell plates are used.
Different to plates with small deflection, the shells present membrane energy already in the
initial small deflection case. Regardless of influence of material properties, the ratio of mem-
brane energy in shells in the initial phase is determined by radii of curvatures and thickness
of shell. For existing of initial curvatures in shells, the signs of deflection shall influence the
reshaping behavior in terms of shape, energy amount, and energy ratio.

To identify the influence of deflection directions, four analyses are performed. The first
two are the unit cell shell models deflecting up to +15mm and −15mm with geometry lin-
ear assumption, in which only the effects of geometry configuration on energy components
are considered. Then, in two geometry nonlinear analyses, deflections are performed in op-
posite directions as well. The deflection works towards to the radius center of the shell is
denoted as the positive direction and its opposite is defined as the negative direction.

In Figure 4.13, the center cutting lines of the above mentioned analyses are presented.
In the geometry linear analyses, the deformations are not relevant to the signs of deflection.
Their shape difference between the positive and negative deflection is caused only by the
initial curved geometry. A relative large shape difference is presented in the cases of de-
flection in the positive direction, which can be explained as the relative large difference in
energy ratios between the linear and nonlinear analyses. But in general, the contour line
in the case of nonlinear analysis with deflection in the positive direction has better shape
features for a high ratio of plate energy. It can be observed from Table 4.5, the ratio of plate
energy in the model with + 15 mm deflection is around 80% while in the model with - 15
mm deflection is 44%.
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Table 4.5.: Strain energy in shells with large deflection

Geometry linear analysis, deflection to ± 15 mm
Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 3.27 37.04 53.12Shearing 1.42 16.08

Plate energy Bending 1.89 21.40 46.88Twist 2.25 25.48
Total 8.83 100 100

Geometry nonlinear analysis, deflection to + 15 mm
Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 1.01 12.41 19.17Shearing 0.55 6.76

Plate energy Bending 2.33 28.62 80.83Twist 4.25 52.21
Total 8.14 100 100

Geometry nonlinear analysis, deflection to - 15 mm
Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 16.03 39.59 55.77Shearing 6.55 16.18

Plate energy Bending 7.06 17.45 44.23Twist 10.84 26.78
Total 40.48 100 100

Tracking the variations of energy ratios relating to deflections, it is found the ratio of
plate energy increases first and then decreases slightly in the positive deflection case. The
explanations are following, the energy ratio is a combination product of deflection and cur-
vature changes. When the deflection works in the positive direction, it reduces the curvature
of the shell first, which increases the ratio of plate energy even when deflection is increasing.
With the deflection further growing, the shape of the shell transforms from a concave to a
convex stepwise and is maintained as the convex shape afterwards. Then the changes of
curvatures and increasing deflection have the same effect on energy ratio, namely reducing
the ratio of plate energy. When the deflection works in the negative direction, both curva-
ture changes and the deflection increasing have the same effect on reducing the ratio of plate
energy. But the reduction of the ratio of plate energy is smaller than it in the case of deflec-
tion in the positive direction. Interestingly, the ratio of plate energy increases even slightly
in large deflection. The phenomenon is explained as appearance of pillowing, which forms
local bending for generating plate energy.
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Figure 4.13.: Cutting lines of shell models with large deflection

Although there are certain difference between the reshaping behavior of shells and plates
with small deflection as well as large deflection, the plate model is still recommended in the
preliminary material design. The impact of a shell configuration, namely the initial geom-
etry stiffness and not monotonous variations of energy ratios, shall be examined on the
obtained results of preliminary material design.

Based on the investigations of shells, the goal of material design like high plate energy ra-
tio in large deflection is not sufficient. Additional requirements as high ratio of plate energy
in the initial small deflection and small variations of energy ratios in opposite deflections
shall be added. With these updates, a relative small reshaping difference between linear and
nonlinear analyses as well as deflections in different directions can be achieved.

4.2.4. Influence of Material Properties

As concluded through these parameter studies using isotropic materials, morphing skin de-
sign shall involve anisotropic materials for exploring the advanced concepts with thinner
thickness, better reshaping behavior and lower reshaping energy. Before starting the inves-
tigations about material tailoring, some basics about anisotropic plates will be reviewed at
first.

General Differential Equation of Anisotropic Plates

Referring to theory of plates and shells [Timoshenko and Woinowsky-Krieger (1959)], the
differential equation of equilibrium for anisotropic plates is:

Dx
∂4w

∂x4
+ 2H

∂4w

∂x2∂y2
+Dy

∂4w

∂y4
= q (4.15)
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with the notation

H =D1 + 2Dxy (4.16)

and definitions
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12
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12
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12
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where the E′
x, E

′
y, E

′′, and G are material constants to characterize the elastic properties
of plates. In the particular case of isotropy

E′
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E

1 − ν2 E′′ = νE

1 − ν2 G = E

2(1 + ν) (4.18)

The solution of Eq. 4.15 is determined by relations of H2 to DxDy. When H2 = DxDy,
which is the isotropic material case, the solution is identical to the addressed in the previous
section. But for the cases of H2 > DxDy and H2 < DxDy, their solutions are considerable
different to the solution of the isotropic material case. To obtain a more accurate under-
standing, analyses with different values of H2 and DxDy are performed and compared.

Relation of Stiffness Terms

The unit cell model as shown in Figure 4.4 and the same boundary conditions are used
in following analyses. On the aspect of material properties, complete anisotropic materials
are not preferred due to their complex mechanical behavior on applications. Instead, or-
thotropic materials with identical stiffness in both principle directions and possibly none or
low coupling between the in-plane and out-of-plane behavior are preferred. In following
examples, orthotropic materials with constant stiffness of Dx,Dy and Dx = Dy are applied.
With these assumptions, the ratio of H2 to DxDy can be expressed as:
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The ratio is determined by Poisson’s ratio ν and the ratio of G/E. For most materials,
their Poisson’s ratios are more likely to be constants rather than can be designed. The more
applicable design parameter is the ratio of G/E. Therefore in following analyses, the ratio of
H2 to DxDy is adjusted by varying the value of G/E in terms of varying shear modulus.

Results of three analyses with different ratios of H2 to DxDy are listed in Table 4.6. In the
case of H2 = DxDy, the results are identical to the one of isotropic material. In the case of
H2 > DxDy, the total strain energy as well as the ratio of plate energy are increased due to
stiffness increasing. But the major increased term is twist energy, which is mainly caused by
the increment of shear modulus. The influence of increasing shear modulus is likely leading
to a not desired direction of increasing total strain energy and twist energy. In the case of
H2 < DxDy, positive effects such as reducing total strain energy and increasing the ratio of
bending energy are observed. Although the ratio of membrane energy is increased, in its
components only the shearing energy is increased while the principle axial energy is actu-
ally reduced. The increased shearing energy is the product of large shear deformation and
reduced shear stiffness, and it shall tend to be smaller when shear modulus is further re-
duced. The effect of reducing shear modulus on redistributing energy components is quite
interesting and promising. If the tendency of increasing the ratio of bending energy and
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meanwhile reducing the ratios of other energy components can be continued by reducing
shear modulus, the expected close to pure bending behavior on thin plates with large de-
flection can be realized.

Table 4.6.: Strain energy in plates with large deflection for different material properties

H2 =DxDy

Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 6.13 30.6 44.5Shearing 2.78 13.9

Plate energy Bending 4.1 20.5 55.5Twist 7.03 35
Total 20.4 100 100
H2 = 4 ×DxDy

Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 12.41 32.40 36.89Shearing 1.72 4.49

Plate energy Bending 3.46 9.04 63.11Twist 20.7 54.07
Total 38.28 100 100
H2 = 1/4 ×DxDy

Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 2.45 24.02 54.9Shearing 3.15 30.88

Plate energy Bending 3.17 31.08 45.1Twist 1.43 14.02
Total 10.2 100 100

Based on the conclusions of above analyses, orthotropic materials with low shear mod-
ulus seem to be a promising solution for the desired morphing skin. In following analyses,
shear modulus of plates are set to be sufficient small than the reference value, which is the
shear modulus of isotropic materials. Observing the deflection plots in Figure 4.14, pillow-
ing is hardly to be found as plate energy become to be the major term (more than 50%), in
which the shear modulus is smaller than 1/100 of the reference value. In the analysis of
models with quite low shear modulus, e.g. shear modulus is 1/1000 of the reference value,
it presents smooth curves and gradients in most areas but also local singularity at the load-
ing region. The local singularity is probably caused by lack of stiffness and it is believed that
the problem of singularity can be solved by introducing a local reinforcement at the loading
region.

It is shown in the cutting lines of the shaped unit cells as in Figure 4.15, when the shear
modulus is 1/100 of the reference value, the local waviness of the cutting line in the refer-
ence model is turned to a complete convex curve, which is similar to the curve in the pure
bending case. When the shear modulus is 1/1000 of the reference value, loading on a single
node introduces a local sharp gradient change, which explains its significant difference to
the curvature in the pure bending case.
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Figure 4.14.: Deflection plots of unit cells with different shear modulus

Referring to the table of strain energy (Table 4.7), as the shear modulus reducing to 0.1
and 0.05 of the reference value, the ratios of energy components like shearing and bending
are keeping increasing. The major energy component is still the membrane energy and pil-
lowing can be observed in reshaping plots. The major term of energy is transformed from
membrane energy to plate energy when the shear modulus is around 0.01 of the reference
value. As a result of that, pillowing in the reshaping plot is hardly observed. In this case, the
shearing and bending energy are already dominative with summation of 96%. The ampli-
tude of shearing energy shows a decrease tendency due to ignorable shear stiffness. When
the shear modulus is further reduced, e.g. to 1/1000 of the reference value, the amplitude
and the ratio of shearing energy are considerably reduced. The ratio of bending energy
is close to be the dominative term, which is the goal of material design. Besides the im-
provements in reshaping, another benefit of low shear stiffness is reducing reshaping strain
energy. For example, the strain energy in the analysis with the shear modulus 0.01 of the
reference value is less than 1/10 of it as in the reference model.

It can be concluded from above studies, reducing shear modulus of plates has positive
influence on reshaping behavior in terms of reducing reshaping energy and increasing bend-
ing features in large deflection. The orthotropic materials with sufficient low shear modulus
are the feasible and advanced solution for the defined material design task. But this is just
a qualitative solution, the further question is: what are the desired specific values of bend-
ing and shear stiffness? And what are the preferable relations between them? In following
sections, the relations among different material parameters are investigated and several ex-
amples of material concepts are presented.
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Table 4.7.: Strain energy in plates with large deflection for low shear modulus

G = 0.1 ×Gref

Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 1.02 15.84 57.61Shearing 2.69 41.77

Plate energy Bending 2.3 35.71 42.39Twist 0.43 6.68
Total 6.44 100 100
G = 0.05 ×Gref

Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 0.44 9.89 57.98Shearing 2.14 48.09

Plate energy Bending 1.7 38.20 42.02Twist 0.17 3.82
Total 4.45 100 100
G = 0.01 ×Gref

Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 0.04 2.16 44.87Shearing 0.79 42.71

Plate energy Bending 1.0 54.05 55.13Twist 0.02 1.08
Total 1.85 100 100
G = 0.001 ×Gref

Type Energy [J] Ratio [%] Ratio [%]

Membrane energy Principle axial 0.0022 0.31 13.22Shearing 0.091 12.91

Plate energy Bending 0.61 86.55 86.78Twist 0.0016 0.23
Total 0.7048 100 100

Figure 4.15.: Cutting lines of unit cells with different shear modulus
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4.3. Material Properties of Reflector Morphing Skins

4.3.1. Range of Material Properties

To derive the desired material properties in a more detailed manner, a study of the essential
design parameters is performed in this section. Inspired by Datashvili et al. (2010), the
ratio of bending to shear stiffness is taken as a reference parameter to access the features
of material properties. The expression of bending to shear stiffness for orthotropic materials
is represented in Eq. 4.20.

Dx

Dxy

= Eh3

12(1 − ν2)Gh (4.20)

The ratio is determined by four terms, tensile modulus, shear modulus, Poisson’s ratio,
and thickness. Compare with isotropic materials, anisotropic materials have the additional
design parameters of material properties to influence the reshaping behavior, although their
influence on the ratio is only on the first order.

To better identify influence of each term, they are investigated on the same unit cell
model as in the last section. The material design parameters can be further classified into
three terms, the ratio of tensile modulus to shear modulus (E/G), Poisson’s ratio, and thick-
ness. As a simplification, in each set of study the Poisson’s ratio is a constant and the design
parameters are then reduced to E/G and thickness. As a further simplification, thickness is
considered as a unit (1 mm) at first, so the ratio of E/G can be represented to the ratio of
bending to shear stiffness. With these assumptions, the relation of the reshaping behavior in
terms of energy ratios and reshaping contours to ratios of E/G and Poisson’s ratios can be
well observed.

A overview of results of the parameter study is shown in Figure 4.16. It can be found, the
Poisson’s ratio can significantly change the requirements of the stiffness ratio. For instance,
a material with a large Poisson’s ratio, typically larger than 0.5, can easily achieve a high
ratio of plate energy in the large amplitude reshaping with a relative low ratio of E/G. But
for a material with a small Poisson’s ratio, to achieve the same amount of plate energy ratio
in reshaping, it requires a considerable larger E/G ratio. Depends on the value of Poisson’s
ratio, the strategy in material design shall be different.

Observing the curves of plate energy ratios relating to E/G ratios, pillowing is observed
when the E/G ratio is relative small. As the E/G ratio grows, the plate energy ratio is in-
creased correspondingly and the pillowing is hardly to be found when the plate energy ratio
is more than 50%. Keeping further growing of the E/G ratio, the plate energy ratio can be
even larger than 80%. But afterwards local singularity is presented, which blocks the further
growing of the plate energy.

As indicated from the previous studies, the most important parameter to determine re-
shaping behavior is the ratio of plate energy. A lower limit of 50% plate energy is recom-
mended to avoid pillowing effects. And more than 80% plate energy is also difficult to be
achieved for conventional shell structures due to local singularity, which is taken as a upper
boundary. A large Poisson’s ratio is recommended for requiring a smaller E/G ratio, which
offers large design space for materials. A preliminary goal of material design is finding cer-
tain combinations of material parameters to maintain more than 70% plate energy in large
reshaping. If aiming to a dominative ratio of plate energy (more than 90%) in reshaping, the
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recommended solution is using materials with close to zero Poisson’s ratio and a quite large
E/G ratio, which leads to the solution of grid shell structures.

Figure 4.16.: Ratios of plate energy relating to material parameters

In the further analyses, the lower limit of 50% plate energy can be estimated by combin-
ing various thicknesses, E/G ratios, and Poisson’s ratios. A overview of the design parame-
ter combinations to achieve 50% plate energy is presented in Figure 4.17.

Figure 4.17.: 50% Plate energy achieved by material parameter combinations

It can be concluded, the lower limit of plate energy ratio can be readily achieved by comb-
ing relative high thickness of around 1 mm and a E/G ratio around 300. But if applying a
relative small thickness of around 0.5 mm, the required E/G ratio should be considerably
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enlarged due to the cubic power of thickness in bending stiffness.
Benefit from the results of this material properties’ combination, the design space of ma-

terials can be reasonably reduced by limiting the material parameters in smaller ranges, e.g.
large Poisson’s ratios, small to medium thicknesses (0.5 to 1 mm), and medium to large E/G
ratios. Then the task of reflector morphing design is reduced to find out materials or mate-
rial combinations with the defined features.

4.3.2. Feasible Material Properties in Design Examples

It is shown in above analyses, the material parameters can be well correlated with each
other and have different influence on reshaping behavior. From these investigations, feasi-
ble ranges of material design are basically defined but no exact solutions are indicated. To
obtain a certain level concrete understanding of material parameters, four examples with
predefined parameters such as thickness and Poisson’s ratio are taken. The parameters in
the four examples are defined as following:

Example 1: ν = 0.3, thickness = 1 mm
Example 2: ν = 0.3, thickness = 0.5 mm
Example 3: ν = 0.8, thickness = 1 mm
Example 4: ν = 0.8, thickness = 0.5 mm

The results of these examples are presented based on the work of Weidmann (2014),
which is a student project guided by author. The values’ range of tensile and shear mod-
ulus for these four examples can be defined through limits of E/G ratios and constraints
of reshaping energy. As mentioned before, a lower limit of E/G ratio is estimated at 50%
plate energy and a upper limit is estimated at 80% plate energy. The reshaping energy is
estimated through computing the work of an actuation force driving 15 mm deflection. For
a maximal actuation force 30 N, the work for reshaping 15 mm is 0.225 J. A smaller actuation
force, like 15 N, with the resulting reshaping energy of 0.1125 J is preferred.

The feasible material properties of tensile and shear modulus for the four examples are
shown in Figures from 4.18 to 4.21.

In the example 1, a E/G ratio is recommended in the range of 190 to 2000 with the de-
fined Poisson’s ratio and thickness. The available material properties for this example are
shear modulus below 40 MPa and tensile modulus below 20000 MPa. In the example 2, the
defined thickness is half reduced, which leads to require a higher E/G ratio with the value
range from 850 to 6000. It requires a considerable higher material properties of tensile mod-
ulus up to 130000 MPa. In the example 3 and 4, requirements to E/G ratios are significantly
reduced benefited by the larger Poisson’s ratio. Consequently it allows larger shear modu-
lus and lower tensile modulus.
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Figure 4.18.: Feasible material properties in the design example 1

Figure 4.19.: Feasible material properties in the design example 2

Figure 4.20.: Feasible material properties in the design example 3

57



4. Compound Material Design of Reflector Morphing Skins

Figure 4.21.: Feasible material properties in the design example 4

Inspired by these examples, material selection shall be locked into materials with shear
modulus below 100 MPa and a high ratio of E/G in the order of several hundred. Based on
these results, detailed material concepts will be discussed in the following section.

4.4. Material Concepts of Reflector Morphing Skins

The design space of the specific material properties through the material design have been
defined on certain level. In further steps, specific concepts will be derived based on existed
technologies. One of the most promising concepts is the flexible composite, which is firstly
introduced by Datashivili et al. (2006) as a deployable shell-membrane reflector. The flexible
composite, namely carbon fibre reinforced silicone (CFRS), consists of two components with
significant difference in mechanical and thermal-mechanical properties. The addressed con-
cept in Datashivili et al. (2008) used triaxially woven carbon fiber fabric (TWF) impregnated
with a space qualified silicone elastomer (S690 from Wacker Chemie [Chemie]).

The porous composite fabric has features of low area density (below 500 g/m2), high
flexibility for large scale folding, sufficient stiffness for sustaining its configuration without
pretension (see Figure 4.22). In a series tests of this material [Datashvili et al. (2007)], it
demonstrated quite promising mechanical and thermal-mechanical behavior. It is a quasi
isotropic material with tensile modulus of around 700 MPa and shear modulus of around
200 MPa. The Mullins effect (stress and strain softening), viscoelasticity, and hyperelasticity
behavior of this elastomer matrix composite were investigated by Hoffmann (2012). Its CTE
can be considered as quasi isotropic and its value is close to zero when above glass transition
temperature (Tg ∼ −105○C) and 3.86 × 10−6/○C when below Tg. Through the RF performance
tests, it is proved that it can fulfill nearly all requirements for frequencies up to 8 GHz and
with some additional margins are capable for frequencies up to 10-12 GHz.

These investigations indicated the flexible composite is a feasible material candidate with
great mechanical and thermal-mechanical behavior for space reflector applications. But the
triax-CFRS laminate is not an appropriate one for the reconfigurable reflector morphing
skins due to its low ratio of tensile to shear stiffness. The investigations of LLB [Datashvili
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et al. (2009)] have shown the concept using triax-CFRS laminate ended with a flexible sand-
wich and has many limitations for practice applications. A high ratio of tensile to shear
stiffness can be achieved through replacing the triax-CFRS by the biax-CFRS. The biaxially
woven carbon fiber fabric has othotropic material properties and low shear modulus. It can
be taken as the primary material candidate for reflector morphing skins. To further improve
the ratio of bending to shear stiffness, laminate layout design in terms of determining ply
number and configuration shall be performed.

Figure 4.22.: The shell-membrane reflector made of triax-CFRS laminate [Datashvili (2009)]

As an alternative material concept, a grid shell made of CFRP tapes can be taken as a
frame structure to improve reshaping behavior for achieving a higher plate energy ratio.
Grid shell consists of two sets of orthogonal beams spaced equal distances in x and y di-
rections (see Figure 4.23). The joints of their intersections can be either rigidly connected or
hinged connected. The grid shell structures are widely used in the civil engineering field as
double curved roofs. Actually, the concept of orthogonal interwoven wires from Pontoppi-
dan et al. (1991) is a typical grid shell structure.

The bending stiffness of a grid shell is determined by the bending stiffness of beams and
their spacing. In the case of rigid connection, the in-plane shear stiffness is determined by
the torsion stiffness of beams and their spacing, and in the case of hinged connection, it is
ignorable. With proper tailoring the cross-sections of CFRP tapes, spacing as well as connec-
tions, a quite high ratio of bending to shear stiffness is achievable. The grid shell is served
as a frame structure and it shall be covered by biax-CFRS layers or some functional layers as
the reflecting surface.

Within the frame of this thesis, the investigations of the reconfigurable reflector surface
are focusing on the concept of biax-CFRS composite. The grid shell concept is taken as an
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alternative concept and it will not be further discussed in this work.

Figure 4.23.: Grid shell structures [Gridshell]

4.5. Extending Methods of Material Design to Morphing
Wing Skins

The developed methods of compound material design is not limited on the application of
mechanically reconfigurable reflector skins. The principles of the methods can be well ex-
tended to the application of morphing wing skins.

The required deformation of morphing wing skins can be mainly out-of-plane defor-
mation like local reshaping, or in-plane deformation like area extending, or a mixing de-
formation of relative large in-plane and out-of-plane deformation like reshaping of leading
and trailing edges. Although they have different design goals, their applicable design pa-
rameters are quite similar, which are geometry, boundary conditions and material proper-
ties. To correlate these design parameters with desired reshaping behavior, the developed
method of energy expressions in reshaping can also be applied on the morphing wing skin
design. Based on the corresponding representative models of morphing wings, feasible ma-
terial combinations as well as geometry and boundary conditions can be derived to design
the required morphing wing skins. With help of the predefined feasible range of material
concepts, the specific morphing wing skin concepts could be determined within reasonable
effort. The detailed application of the developed method on morphing wing skins will be
presented in a later chapter.
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5. Material Characterization of Flexible
Composites

As concluded in the last chapter, the key material properties for a reflector morphing skin
are flexural modulus and shear modulus. In this chapter, experimental investigations about
flexural and shear properties of biax-CFRS composites are presented.

5.1. Materials and Test Set Up

Different to CFRP composites, there are rare neither experimental standards nor studies
about flexible composites. To make the test set up easier, the existed testing standards of
CFRP composites are taken as reference.

5.1.1. Materials

The fiber used in this study is T300 from Torayca with 1000 fiber filaments in each bundle
[Torayca]. Among the available woven fabrics in market, the plain woven type is chosen for
the feature of low in-plane shear modulus. The first candidate is the plain woven carbon
fabric with area density of 65 g/m2 [RG (c)]. A micrograph of this fabric is shown in Figure
5.1. Other candidates, which have similar or even larger spacing between fiber bundles but
are different in fiber filaments number and ply thickness, are fabrics with area density of
160 g/m2 and 400 g/m2 [RG (a) and RG (b)].

The elastomer matrix is silicone RTV S690, which is developed for space missions as
adhesive by Wacker Chemie. It is a transparent, low-modulus adhesive and has good resis-
tance to radiation and temperature. It is suitable for hand lamination for its low viscosity
and can be cured at room temperature with low shrinkage (< 0.1%). The technical data of
the qualified space material are listed in Table 5.1.

Although the CTE value of the silicone S690 is quite high (∼ 300ppm.○C−1 [Sempri-
moschnig et al.]), it turns to be ignorable when it is reinforced by carbon fibers. Fiber volume
fraction of biax-CFRS can be between 25% to 55%. In this study, the fiber volume fraction of
the manufactured specimens is around 40%.
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Figure 5.1.: A micrograph of plain woven CFRS [Hoffmann (2012)]

Table 5.1.: Material properties according to the suppliers

Fiber properties, T300
Filament diameter 7 [µm]
Tensile modulus 230 [GPa]
Density 1.76 [g/cm3]
Strain 1.5 [%]

Matrix properties, S690
Viscosity (part A) 7500 [mPa S]
Viscosity (part B) 6000 [mPa S]
Density 1.06 [g/cm3]
Tensile modulus 1 [MPa]
Elongation at break 150 [%]

5.1.2. Test Set Up for Flexural Stiffness

The testing standard DIN EN ISO 14125 is defined for determination of flexural stiffness for
CFRP composites [DIN14125], which is taken as reference for the testing set up of bending
tests (see Figure 5.2). In the three point bending tests, the dimension of specimens is 150 ×
25 mm and the span of the supporting frame is 100 mm.

In oder to identify the influence of laminate thickness/layer number on flexural modu-
lus, 7 sets of specimens with layer number 1, 2, 3, 4, 6, 8, and 12 are manufactured. Each
set contains 3 specimens with the same layer number and fiber volume fraction of 40%. The
measured laminate thickness shows a linear relation to its layer number. According to the
measured results, the mean ply thickness is estimated as 0.107 mm, which is slightly lower
than the thickness of the single layer laminate due to nesting effects.

Different to CFRP specimens, gravity influences testing results significantly, particularly
for the thin specimens like 3 and 4 layers laminates. The lengths of specimens and the
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supporting frame are properly selected to limit the gravity influence. For these flexible com-
posites, a load cell with low measurement range of 500 N and high resolution of 0.2 N is
selected. In tests, all specimens are deflected to 10 mm for observing their material behavior
in a range which can be regarded as geometrically nonlinear.

Figure 5.2.: Test set up of three point bending

The single and two layers specimens are tested by cantilever tests due to their over low
bending stiffness. The test set up and descriptions can be referred to DIN53362. The rests
are tested by three point bending tests.

5.1.3. Test Set Up for Shear Stiffness

Similar to the bending tests, there are 6 sets with each containing 3 specimens manufactured
for shear tests. The number of layer in laminates is 1, 2, 3, 4, 8, and 12. The dimension of
specimens is 250 x 25 mm as defined in DIN65466. The fiber orientation of the biax-fabric
is ±45○ to the longitude direction. Specimens are stretched in the longitude direction and
the corresponding measured results such as forces and strains are recorded. For the shell-
membrane type specimens, non-contact measurement techniques are preferred. In these
tests, the applied system is a 3D strain measurement video system ARAMIS from GOM.
The resolution of the used loading cell is 0.2 N as the same to which in the bending tests.
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5.2. Testing Results

5.2.1. Results of Bending Tests

The equivalent flexural modulus of the biax-CFRS laminate can be derived from the ob-
tained results of deflection and force according to the equations in the referred standard. It
can be found, the equivalent flexural modulus of single layer laminate is significant lower
than others. The value increases as laminate layer number increases and reaches a close
to convergence value of 3200 MPa when laminate layer number more than 3 (see Figure
5.3). This phenomenon is also observed on CFRP composites as described by Zweben [Tsai
(1979)]. The flexural modulus of thin laminate is usually smaller than its tensile modulus
and it increases with layer number increasing. The difference of flexural moduli in lami-
nates with different number of layers is explained as fabric laminate with few layers contains
more undulation of yarns and inhomogeneous throughout materials. For CFRP composites,
flexural modulus is converged to equal to tensile moduli as layer number increasing. This
conclusion is also believed to be applicable for CFRS composites.

Figure 5.3.: Relation of equivalent flexural moduli to number of layers

It should be noticed, flexural modulus of CFRS composites can be considerably varied
due to different manufacturing procedures and treatments after manufacturing. The differ-
ence in manufacturing can influence the nesting effects in multiple layers laminates, which
causes thickness variations among specimens with the same layer number and eventually
variations of flexural modulus. As concluded from the previous testing results of LLB, tem-
pering CFRS composites in high temperature for several hours can stiffen material proper-
ties around 20% to 30%. About the applied specimens in tests, they are all manufactured at
the same time with the same process but without tempering.

The obtained results of deflections and forces are converted into stresses and strains ac-
cording to the equations defined in the DIN standard. The testing results are shown in Fig-
ure 5.4. They present a linear response at the low strains and their slops are rapidly reduced

64



5. Material Characterization of Flexible Composites

when the strain beyond 0.15% (some are even beyond 0.2%). The spontaneous change of
stiffness at high strains is caused by failures of fiber microbuckling. Up to 10 mm deflection,
failures of fiber mircobuckling are observed on specimens of 6, 8 and 12 layers while not on
3 and 4 layers.

Figure 5.4.: Compression stress strain curves of laminates in three point bending tests

Fiber microbuckling is a typical failure mode of fiber composites especially with soft ma-
trix, which was first analyzed by Rosen in early 1960s [Rosen (1965)]. Rosen concluded the
critical stress for fiber composite under compression is mainly determined by shear modu-
lus of matrix. Various works about CFRP composites were done on analytical, numerical,
and experimental aspects for gaining insights of this failure. But there are rare works about
CFRS composites can be found. The silicone matrix has significant difference to the conven-
tional epoxy matrix such as quite low extensional modulus while quite large elastic strain
range. It allows fiber composite bending in large amplitude without breaking while suf-
fering fiber mircobuckling. Jimenez investigated the mechanical behavior of unidirectional
CFRS composites and he concluded that the major failure of CFRS composites in large de-
flection is fiber microbuckling [Jimenez (2011)]. In his work, fiber microbuckling is described
as a form of in-plane waviness at the compression side, which is different to the observed
out-of-plane waviness on fabric CFRS composites by author (see Figure 5.5). The difference
can be explained as the undulation of yarns in fabric can be taken as geometry imperfec-
tions, which initialize the out-of-plane fiber microbuckling of biaxial woven fabric compos-
ites. Some more facts of this failure is no debonding and microcracking are observed in the
silicone matrix after fiber microbuckling. After releasing external loads, the materials can be
recovered without noticeable failures.
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Figure 5.5.: Microbuckling on a CFRS laminate

5.2.2. Results of Shear Tests

The specimens are driven three loading-unloading cycles up to 5% shear strain and then for
rupture. Stress softening is observed between the first and the second cycle. According to
this, the residual shear strain is estimated as 0.8%. After the first cycle, a good repeatability
of stress-strain response can be observed (see Figure 5.6).

Figure 5.6.: Stress-strain response of a biax-CFRS laminate under cyclic tension

The phenomenon of stress softening is generally existed in all filled rubbers, which is
called as Mullins effect. It was observed for the first time in tension tests of filled rubber by
Mullins and his co-workers in 1960s [Mullins (1969)]. After fifty years of this finding, there
is still no general agreement either on physical source or the mechanical modeling of this
effect [Diani et al. (2009)]. As a conclusion found in many publications [Govindjee and Simo
(1991)], the phenomena of stress softening and hysteresis increase with filler content increas-
ing. Testing results of Mullins and Harwood [Mullins and Tobin (1957) and Harwood and
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Payne (1966)] have shown the Mullins softening are reversible but requiring a high temper-
ature or a solvent exposure to heal. Besides, the Mullins effect can be considerably reduced
through treatments of tempering and/or placing in Ethylene atmosphere for several hours
[Hoffmann (2012)].

Observing the stress-strain response in the rupture testing (Figure 5.7), it presents a linear
response when shear strain below 7%. Moreover, no breaking of specimens are found even
when shear strain is beyond 30%. In fact, the rupture strain of specimens are mostly found
between 50% to 90%, which is a remarkable feature of CFRS laminates.

Shear moduli of laminates can be obtained by converting measured forces and strains.
The values of shear modulus are quite small and they present a slight dependency on the
number of layers in laminates due to nesting (see Table 5.2 ). The low value of shear modu-
lus is a positive feature for the selected material, which is required in the material design.

Figure 5.7.: Stress-strain response of a biax-CFRS laminate to rupture

Table 5.2.: Shear testing results

Number of layers Shear modulus [MPa]
1 4.98
2 5.60
3 6.72
4 8.85
8 9.36

12 11.75

5.2.3. Fiber Microbuckling

The biax-CFRS laminates are quite sensitive to compression loads due to the failure of fiber
microbuckling. The estimated critical strain is around 0.15% from the performed three point
bending tests. Beyond this strain, a linear material model can not be further applied. In
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practice, it is preferred to limit the maximal compressive strain lower than 0.15% for using a
linear material model rather than a nonlinear material model. Especially the required non-
linear orthotropic material model with different properties in tensile and compression loads
is quite complex and difficult to be implemented in FEM analyses.

Through repeating the tests on the tested specimens it is found the relation of force to
deflection is the same to those in the previous tests. That means, the fiber microbuckling has
no essential influence on the flexural modulus in the initial linear stage as well as the maxi-
mal compressive strain. This can at least partly prove the argument of no induced material
failures through fiber microbuckling.

Considering the coincident positions of fiber microbuckling and loading head and their
potential interference in the performed three point bending tests, the estimated value of criti-
cal strain is probably not accurate. For obtaining a more accurate value of critical strain, four
point bending test is proposed for further investigations. Different to three point bending
test, four point bending test contains a constant bending moment region between two load-
ing heads, which can be quite helpful to observe the growing process of fiber microbuckling.
Additionally, part of specimens can be tempered to observe its effects on flexural modulus
and fiber microbuckling.

5.3. Summary of the Chapter

Bending and shear tests are performed on the biax-CFRS laminates with fabric area density
of 65 g/m2. The selected candidate material has low flexural modulus and extremely low
shear modulus, which are the expected features as derived in material design. The used
testing standards are served only as reference purpose. The testing results are all exam-
ined through analytical and numerical analyses additionally. Through these tests, the limit
strains in bending and shear for linear material models are defined. They will be used as
structural limitations in the morphing skin design using biax-CFRS laminates.

Fiber microbuckling is the major failure of biax-CFRS laminates. An accurate under-
standing of this phenomenon and deriving the accurate critical strain value are not reached
in frame of this study. A micro and/or meso level numerical model shall be created to ob-
serve the phenomena of fiber microbuckling and gain more insights. It is very interesting
to know the influence of parameters like woven type, number of filament in bundles, fiber
volume fraction, and undulation of yarns (caused by handing and manufacturing) on fiber
microbuckling. More related tests are foreseen to gain more accurate understanding of this
phenomenon in further works.

Limited by the project schedule, the tests are only performed on one type of biax-CFRS
composites. The obtained flexural and shear moduli of this candidate are quire promising
and can be used in the following reflector morphing skin design. In the next chapter, the
performance of the reconfigurable reflectors made from the tested biax-CFRS laminate is
evaluated through numerical analyses and experimental validations.
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Reflectors and Their Morphing Skins

In this chapter, the reflector morphing skin design is further explored through numerical
and experimental investigations. The design of reflector morphing skin is starting from
laminate layout design of the biax-CFRS composites. The derived morphing skin concepts
are then evaluated on numerical models range from medium size to full size for different
objectivities and with different reshaping requirements. The related tasks such as stroke
length optimization, nonlinearity in reshaping, and approaches to reduce the computation
cost of nonlinear analyses are discussed and their results are presented. In the end, the
numerical results are correlated with the testing results of a build demonstrator. Based on
lessens learned from these investigations, update concepts of reflector morphing skins are
proposed. The flowchart of the reflector morphing skin design is presented in Figure 6.1.

Figure 6.1.: Flowchart of reflector morphing skin design
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6.1. Reflector Morphing Skin Design and Analysis

Start with the selected material for reflector morphing skins, further investigations are focus-
ing on concept implementation and performance evaluation. Besides the unit cell models,
the medium size representative models are also initialized to explore complexer reshaping
behavior involving more actuators.

6.1.1. Laminate Layout of Reflector Morphing Skins

To determine the required laminate layer number, the unit cell model with square lattice
and the free movable boundary conditions as in previous analyses is used. The comparison
criteria for analysis results are energy ratios, energy amount, reshaping shapes, and total
thickness.

The available layer number in this study is defined from 3 to 9. Single and double layers
are not considered due to over low bending stiffness and more than 9 layers concept is not
preferred due to a high risk of fiber microbuckling and high actuation force. The material
properties of the biax-CFRS laminate with more than 3 layers are listed in Table 6.1.

Table 6.1.: Material properties of the biax-CFRS laminate (layer number more than 3)

E11 = E22÷× [MPa] ν12 G12 [MPa] G13 = G23 [MPa]
3200 0.8 4 to13÷×÷× 10 ÷× ÷× ÷×

÷× flexural modulus
÷×÷× depends on the number of layers
÷× ÷× ÷× assumed value

Observed in the data of material properties, the biax-CFRS laminate has a E/G ratio of
around 300 and Poisson’s ratio of 0.8. As indicated in Figure 4.17 about the relation of plate
energy to material parameters, the minimum thickness for this material to achieve around
50% plate energy under 15 mm deflection is between 0.4 to 0.5 mm. Therefore the minimum
number of full layers can be estimated to be 4 for its mean layer thickness of 0.107 mm.
Observing the energy ratio of the unit cell model with 15 mm deflection in Figure 6.2, the
crossover of membrane energy and plate energy is found at around 4 layers, which fits to
the conclusion of material design.

The shape difference between linear and nonlinear reshaping analyses of the same con-
cept is compared for reshaping performance evaluation. The shape comparison is per-
formed by comparing the interpolated Z coordinates of achieved shapes on the equally
spaced grid data in x and y directions. The RMS of shape difference between linear and
nonlinear analyses is used as the comparison criterion.
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Figure 6.2.: Relation of energy ratio to number of layers

It can be observed from Table 6.2, the RMS values decrease as layer number increasing.
The applied 15 mm deflection is the the maximal value in reshaping but in practice it present
probably on several actuators only. In fact, the frequent used deflections for most actuators
are below 10 mm. Therefore the shape comparison is also performed with applying 10 mm
deflection, in which considerable reductions of RMS values are observed.

Table 6.2.: Shape difference between linear and nonlinear reshaping analyses of different de-
flections and layer number

15 mm deflection Number of full layers
Shape difference [mm] 3 layers 5 layers 7 layers 9 layers

Max. 0.9166 0.4591 0.2730 0.1875
Min. -0.5800 -0.4543 -0.3481 -0.2480
RMS 0.4249 0.2391 0.1588 0.1093

10 mm deflection Number of full layers
Shape difference [mm] 3 layers 5 layers 7 layers 9 layers

Max. 0.3194 0.1468 0.0839 0.0569
Min. -0.2487 -0.1771 -0.1290 -0.0885
RMS 0.1569 0.0839 0.0547 0.0363

As a compromise among reshaping behavior, actuation energy, risk of fiber microbuck-
ling, and shape difference between linear and nonlinear reshaping analyses, the number of
full layers is recommended as 7 and 8.
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6.1.2. Layout Design with Patches

As a complement to increasing number of full layers, patches can be added locally to in-
crease bending stiffness considerably while only marginally increasing in-plane stiffness
[Datashvili and Baier (2009)]. To realize the mentioned features, patches shall be placed
surrounding with actuators with proper tailored dimensions and configurations. The de-
termination of patch size is depending on the number of patches and the distance between
actuators. A sketch of a unit cell model with patches is shown in Figure 6.3.

Figure 6.3.: A unit cell with patches

The 7 full layers concept is chosen as the baseline. Variations like adding 1, 2, and 3
patches are compared with the baseline in reshaping analyses. It can be observed, adding
one patch on the full layer concept has an effect of translating certain membrane energy to
plate energy. However in this case, the shape difference between linear and nonlinear re-
shaping analyses is not reduced as ratio of bending energy increasing as expected. Contrar-
ily, it increases considerably (Table 6.3), which is mainly caused by the asymmetric layout
due to adding patches.

Table 6.3.: Shape difference between linear and nonlinear reshaping analyses with varying
number of patches

15 mm deflection Number of patches
Shape difference [mm] 7 full layers only 1 patch 2 patches 3 patches

Max. 0.2730 0.3162 0.2685 0.2257
Min. -0.3481 -0.5614 -0.6287 -0.6872
RMS 0.1588 0.2693 0.3138 0.3507

In short, adding patches has a positive effect of increasing the ratio of plate energy but
meanwhile reducing the reshaping similarity between linear and nonlinear analyses. As
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goals of laminate layout design, the major one is a relative high ratio of bending response
in large deflection, and the secondary one is high similarity between linear and nonlinear
analyses for reducing computation complexity and cost. The number of patches shall be
determined by a compromise between the above mentioned two goals.

As a variation of the full layer concept, the total layer number is maintained while some
full layers are replaced by patches. Benefits of this change are maintaining the required
ratio of plate energy and reducing the risk of fiber microbuckling for less number of full
layers. In the following parameter study, 3 full layers concept is chosen as the baseline and
three variations with different number of patches are compared. For simplification, in each
variation two identical patches are added at the same time. The ratio of plate energy is in-
creased from around 43% in the concept of 3 full layers to 70% in the concept with adding 6
patches. Meanwhile the shape difference between linear and nonlinear reshaping analyses
is increased from 0.42 to 0.89 mm (Table 6.4).

The ratio of plate energy in the concept of 3 full layers plus 6 patches is quite the same to
the concept of 9 full layers. The increasing difference between linear and nonlinear analyses
indicates not ignorable nonlinear behavior in reshaping.

Table 6.4.: Ratio of bending energy and shape difference in concepts of 3 full layers with
patches

15 mm deflection Number of patches
Energy ratio [%] 3 full layers only 2 patch 4 patches 6 patches

Membrane 56.94 40.40 33.29 29.72
Plate 43.06 59.60 66.71 70.28

Shape difference [mm] 3 full layers only 2 patch 4 patches 6 patches
Max. 0.9166 1.0015 0.7825 0.5874
Min. -0.5800 -1.2601 -1.5986 -1.8235
RMS 0.4249 0.6509 0.7854 0.8896

As a short conclusion about the concepts derived through the laminate layout design,
two concepts are chosen for further investigations. One is the concept of 7 full layers and
the other is the concept of 3 full layers plus 6 patches. The concern of the first concept is
the risk of fiber microbuckling and the second is relative strong geometrical nonlinearity in
reshaping especially in the region containing only 3 full layers.

6.1.3. Layout Design Using Triangular Lattice

As mentioned previously, actuator placements like square or triangular lattice have similar
effect on reshaping behavior. Analogical investigations about number of layers and patches
are performed on the unit cell model with triangular lattice. Quite similar conclusions about
the minimum number of full layers and effects of patches are obtained on this model.
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6.1.4. Concept Evaluations on Medium Size Representative Models

The proposed biax-CFRS laminate concepts are further investigated on medium size rep-
resentative models. The medium size model is a symmetric paraboloid with projected di-
ameter 720 mm and focal length 850 mm. Three concepts of reflector skins with different
laminate layouts and actuator placements are implemented on the medium size models (see
Figure 6.4). The number of actuators are chosen as around 20 on the medium size models to
observe complex reshaping behavior.

Figure 6.4.: Medium size models: model 1: 7 full layers with 25 actuators in square lattice
(left), model 2: 7 full layers with 19 actuators in triangular lattice (middle), model
3: 3 full layers plus 6 patches with 19 actuators in triangular lattice (right)

The actuator distance in model 1 is set as 100 mm and in model 2 and 3 are 120 mm for
the reason of the same control area. Pads, which are made of stiff CFRP with thickness of
0.6 mm, are added at the rear side of the third layer to reinforce the loading regions. Their
diameters are taken as 20 mm and their shapes are adjusted to the applied actuator lattice
correspondingly. A circular area with projected diameter 500 mm (red rim in the figure) is
chosen as the comparison area in the three models. The outside of the rim, whose deforma-
tion is not fully controlled by actuators, is excluded in evaluations.

As boundary conditions in reshaping analyses, the center actuator is fully fixed except
the translation in Z direction. Additionally the last actuator in the X axis is fixed on rotation
around X axis to block rigid body movements. Stroke lengths are given to all actuators in the
Z direction to realize surface reshaping. The reshaping results are evaluated by comparing
the linear and nonlinear analyses results of the same model. Although the linear reshaping
behavior is not the goal of material design, reshaping shapes in linear analyses are generally
smooth in geometry and can be taken as reference in the preliminary phase.

The reshaping magnitude is set to be 10 mm, which is smaller than the value in the unit
cell models but closer to the mostly required values on real applications. The stroke lengths
for actuators are separately defined in a series of testing cases and in them the default value
is zero. The testing reshaping cases are defined as follows:
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• Case 1 and 2: the center actuator has a stroke length of +10 mm in the case 1 and -10
mm in the case 2. These analyses are mainly used to observe the reshaping behavior
of local deformation and the impact of shell configuration.

• Case 3 and 4: the center and its adjacent actuator (in the X direction) both have the
same stroke lengths of +10 mm in the case 3 and -10 mm in the case 4. The reshaping
shapes actuated by two actuators and the impact of shell configuration are accessed.

• Case 5: the center and its adjacent actuator have opposite inputs of +10 and -10 mm.
The difference of deflection is reached as 20 mm, which can be taken as a over large
reshaping.

• Case 6: three sets of random stroke lengths with mean values of zero and standard
deviation of 3 mm are applied in the reshaping analyses. These random shapes are not
comparable to the typical required shapes in practice. But in the preliminary phase
without knowing of target shapes, they can be taken as testing benchmarks.

• Case 7 and 8: testing cases are similar to the case 6 but with different mean values. The
mean value is 5 mm in the case 7 and -5 mm in the case 8.

Totally there are 8 cases, 14 different shapes and 28 analyses (linear and nonlinear anal-
yses for each shape) defined for each model. The reshaping quality is evaluated through
comparing RMS values of shape difference between linear and nonlinear analyses. The de-
tailed results are listed in the appendix (section B.1 in Appendix). Only some highlights of
the results are presented in this section.

In the cases of two actuators deflecting in the same direction with the same magnitude
(case 3 and 4), RMS results are generally worse than these in the case 1 and 2. It is inter-
esting to observe that the model 2 (with triangular lattice) is less sensitive to the impact of
shell configuration in terms of quite similar RMS results in the case 3 and 4. This effect is
introduced by the triangular actuator placement, in which, the area between two adjacent
actuators can be directly effected by actuators in the perpendicular direction. Therefore the
surface reshaping can be better controlled by actuators.

It can be observed in Figure 6.5, the model 3 has a peak deflection between two adjacent
actuators in the linear analysis while a smooth shape in the nonlinear analysis. In this 3 full
layers plus 6 patches concept, the middle area between two adjacent actuators has the low-
est bending stiffness. As a response to the bending moment from actuators in reshaping, its
deflection is considerable higher than other regions. But in the nonlinear analysis, the bend-
ing stiffness is updated as deflection growing. Therefore no over large deflection appears.
This is also the major reason of relative large reshaping difference between the linear and
nonlinear analyses in this concept.

The worst RMS results are presented in the testing case 5, which are around 0.5 mm in
the model 1 and 2 and around 1.6 mm in the model 3. As a conclusion obtained from this
case, a relative large deflection difference between two adjacent actuators shall be possibly
avoided.

In the random reshaping testing cases 6, 7 and 8, the RMS values are range from 0.1 to
0.6 mm in the model 1 and 2. The stroke lengths of the model 3 are identical to the model 2.
Therefore it can be compared with the results of the model 2. Its results are generally 2 to 3
times worse than the results of the mode 2.
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Figure 6.5.: Linear and nonlinear reshaping plots in the testing case 4

As a short summary of these investigations, concepts using the same full layers either in
square lattice or triangular lattice have quite similar RMS results. The concept using square
lattice is generally slightly better in RMS results but has larger difference between reshaping
in opposite directions. For the same target control area, the concept using triangular lattice
requires less actuators and has better adjustability about actuator positions to fit the circular
target area.

Based on these understandings, triangular lattice is preferred to be the actuator place-
ment concept. The concept with patches has strong geometry nonlinearity in reshaping due
to stiffness variation in different regions and asymmetrical layout. It contains less full lay-
ers, therefore the risk of fiber microbuckling failures and reshaping energy demands are also
less. With the reinforcement by patches, the energy ratio between shearing and bending en-
ergy is comparable to the full layers concepts containing the same total layer number.

Although full layers concepts have significant high similarity between linear and nonlin-
ear analyses, geometry nonlinearity must be considered for the proposed concepts in further
investigations. As a conservative consideration, the concept 3 full layers plus 6 patches is
chosen as a baseline for the reflector morphing skin. Once the structure performance in
terms of reshaping accuracy, strength, and actuation forces are more accurately understood
through analyses on the full size engineering model, full layers concepts can be taken as
improving concepts.
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6.2. Reshaping Analyses of the Engineering Model

On the engineering model of the mechanically reconfigurable reflector, the performance of
the designed morphing skin is studied through reshaping to the typical practical tasks.

6.2.1. Model Description

The engineering model is an offset main reflector, whose geometry definitions can be found
in Chapter 3.3. The skin concept, 3 full layers plus 6 patches, and the triangular actuator
placement are applied on this model. To enhance the reflectivity of radio frequency and
the electrical conductivity of the composite reflector surface, a 0.3 mm carbon black filled
silicone [Endler et al. (2012) and Datashvili et al. (2013)] is added as the front layer. An illus-
tration of the model is presented in Figure 6.6.

Figure 6.6.: The FEM model of the reconfigurable reflector

There are totally 91 actuators placed in triangular lattice. As found in the last chapter, the
actuator placement at rim area has considerable influence on reshaping performance. There-
fore a modified actuator placement is used in the engineering model. The actuators in the
center region are equally placed in triangular lattice with projected distance of 132 mm. The
placement of actuators at the rim area is modified to fit the circular rim of the engineering
model. Limited by available space at the rim region, six actuators are placed with only pads
but no patches. The CFRP rods connect the reconfigurable reflector surface with actuators,
which are arranged to be perpendicular to the flat backplate. The flat backplate is chosen
mainly for reasons of manufacturing simplification. Other backplates, like curved one can
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be used for a compacter configuration but resulting no noticeable difference on reshaping.
The boundary conditions of the FEM model are defined in the local coordinate system

(defined at the center of the reflector model, see Figure 6.7) as follows:

● Z direction of all rods are used for applying the stroke lengths of actuators
● Translations between the reflector surface and CFRP rods are coupled
● In-plane translations and rotations around Z of all nodes at the bottom are fixed
● The rest rotations of the center rod is fixed
● The rotation around X of one rod at the far side in the X direction is additionally

fixed to prevent rigid body movement

Figure 6.7.: Definitions of boundary conditions on the FEM model

The FEM model is created in ANSYS software. Layered shell elements (SHELL181) are
applied to model the reflector surface and 3-D beam elements (BEAM188) are used to model
the rods. The layout of the multilayer concept is illustrated in Figure 6.8.
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Figure 6.8.: A visualization of the multilayer concept in the FEM model

6.2.2. Reshaping Analyses of the Engineering Model

Three target shapes are defined by TAS for the three representative geographic coverage as
stated in Chapter 3.3. These shapes are generated through a radio frequency optimization
software without considering mechanical behavior of the reflector. The three shapes, "Eu-
rope", "Brazil" and "ConUS", contain shape variations in Z direction within -15 to 15 mm. In
reshaping analyses, the reflector surface shall be reshaped to the target shapes via actuations
as close as it can.

The first challenging task of the reshaping analyses is how to determine the stroke lengths
of actuators for optimal reshaping results. The task of determination of stroke lengths can
be formulated as an optimization problem:

Goal ∶min.R(△u) =
√

1
nu

(ugoal − uachieved)2
Designvariables ∶ xi
Constraints ∶ xmin ≤ xi ≤ xmax, Fmin ≤ Fi ≤ Fmax, εx, εy, εxy

ugoal is the target surface displacement, uachieved is the achieved surface displacement and
nu is the number of measurement points. Design variables are the stroke lengths of actuators
xi. As constraints, F is the actuation force and ε is the strain of biax-CFRS layers.

The computation cost of an optimization containing 91 design variables in geometry
nonlinear systems is generally quite high. Moreover, to identify local and global optimum
or find a better local optimum, the optimization shall be performed at least several times
using different initial values and parameter settings. The high computation cost is not af-
fordable in the engineering practice of the mechanically reconfigurable reflectors. To realize
reshaping analyses within reasonable computation efforts, the simplification approach as
stated in Lawson and Yen (1988) and Datashvili et al. (2010) is applied. In this approach,
the system is assumed to be linear and therefore the efficient least square method can be
applied.

The first step in the stroke length optimization is forming a surface response matrix to
inputs of actuators. In this step, unit stroke length is applied to one actuator while the rest
are stayed on their initial positions at each time. The change of the surface shape due to the
actuation of a single actuator is then saved as a part of the response matrix. After repeat-
ing this process for each actuator, the full influence matrix can be established. Using the
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influence matrix in the least square method, the optimal stroke lengths for the three defined
target shapes can be obtained at the same time. This computation is quite efficient for its
limited number of calculation iterations and the linear assumption of structures.

The optimal stroke lengths for the three target shapes are in the range of -16 to 15 mm.
The surface difference between the target and achieved shapes is expressed as RMS, which
is 0.52 mm in the Europe task, 0.74 mm in the Brazil task, and 1.29 mm in the ConUS task.
These values are beyond the maximal RMS requirement of 0.3 mm, which is resulted from
the RF requirement of gain loss less than 0.3 dB. In spite of this, they are not the critical point
in the preliminary analysis stage. In a later stage, coupled analyses containing mechani-
cal models and radiation frequency analyses will be performed to improve and eventually
achieve the required RF performance. The structural performance in both stages is anal-
ogous for their comparable stroke lengths. Applying the optimized stroke lengths on the
FEM model, preliminary mechanical performance such as actuation force, extreme values of
strains can be evaluated. A overview of these results for the three reshaping tasks is in Table
6.5. It should be noticed, the actuation forces in the three analyses are all below 5 N, which
allows a wide selection range of actuators.

Table 6.5.: Results overview of three reshaping analyses

Target shape Shape difference Stroke length Actuation force
in RMS [mm] max./min. [mm] max./min. [N]

Europe 0.521 6.43/-16.38 2.04/-1.45
Brazil 0.748 9.33/-12.68 1.68/-1.49

ConUS 1.292 12.08/-15.03 2.89/-4.39

Observing these surface contours between the target and achieved shapes (Figure 6.9
and other figures in section B.2 of Appendix), the shape difference is mainly found at the
rim and the regions with large shape variations. The reshaping results of the task Europe
and the task Brazil are satisfactory while massive shape difference is observed in the task
ConUS. In fact, the target shape ConUS is treated as the critical case for its large geographic
coverage.

The results of strains are examined layer by layer. As shown in the material characteriza-
tion of the biax-CFRS specimens, when the maximal compression strain is larger than 0.15%,
the flexural stiffness is significantly reduced. Additionally the maximal shear strain shall be
smaller than 7% for ensuring linear material assumptions. These two values are defined as
the maximal strain values for biax-CFRS layers in the reshaping analyses.

To distinguish different strain terms, the strains in two fiber directions are denoted as
X and Y direction and the shear strain is denoted as XY direction. As found in the three
reshaping analyses, the extreme strains are located at the three full layers region without
patches. The reason of the large local strains can be explained as follows. The strain val-
ues are determined by curvatures and thickness of the shaped surface. The three full layers
region has lowest bending stiffness but it has largest bending moments from adjacent actua-
tors working as combination manners. Due to the large local bending moments, the surface
curvatures of this region are quite large.

The maximal compression strain is either at the first or the last full biax-CFRS layer (here
is the third layer). In the Europe task, it is 0.13% in the fiber direction, and in the Brazil task,
the maximal compression strain is slightly higher with the value 0.15%. In the ConUS task,
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the maximal compression strain is 0.2%, which indicates local stiffness degenerations are
probably occurred. The maximal shear strains in the three analyses are all below 3%, which
reserve enough margins to the shear strain limitation. Extreme strains in the region of three
full layers for the three reshaping analyses are in Table 6.6.

Figure 6.9.: Target and achieved shapes of the task Europe

Table 6.6.: Extreme strains in three reshaping analyses

Strain [%] Max. in X Min. in X Max. in Y Min. in Y Max. in XY Min. in XY
Europe 0.106 -0.128 0.089 -0.076 2.747 -2.228
Brazil 0.153 -0.146 0.178 -0.176 2.344 -2.516

ConUS 0.186 -0.201 0.194 -0.197 3.287 -3.297
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6.2.3. Nonlinearity in Reshaping

As concluded in the analyses of the medium size models, the geometry nonlinearity in re-
shaping can not be ignored. To identify the difference between linear and nonlinear analy-
ses, reshaping analyses using the same stroke lengths for linear and nonlinear analyses are
performed and their results are compared. The task Europe is taken as an example, in which
a clear shape difference between the linear and nonlinear analyses is observed (Figure 6.10).
The largest magnitude of shape difference on these local regions is around 2 to 3 mm. The
RMS value of the shape difference is 0.767 mm, which is in the same range of the predicted
value on the medium size model. Compare the results of actuation forces and strains, no
noticeable difference is found between the linear and nonlinear analyses. But because the
shape accuracy is the fundamental requirement to the reconfigurable reflectors, the relative
large shape difference between the linear and nonlinear analyses is not acceptable. Although
the nonlinear analysis is quite computation intensive, it is the essential process to obtain cor-
rect reshaping results.

Figure 6.10.: Linear and nonlinear reshaping analyses of the task Europe

As a potential approach to reduce the high computation cost in the coupled analysis, a
multi-step linear analysis with stepwise geometry update can be performed. The procedure
of this approach is explained as follows.
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In the first step, the linear least square method is performed to obtain the preliminary
stroke lengths. The achieved shapes using the obtained stroke lengths, in both linear and
nonlinear reshaping, are already close to the target shape. Benefit by the material design, the
shape difference between the linear and nonlinear analyses shall be relative small as well.
As inputs to the second step, the geometry is updated through applying the obtained stroke
lengths on the first step in geometry nonlinear analysis. By this update, the shape difference
between the start geometry on the second step and the target shape has been reduced, which
means the required reshaping amplitude for the second step is also reduced.

As a positive consequent of the reduced reshaping amplitude, the stroke lengths for the
second step will be reduced correspondingly. As known from theory of thin plate/shell, the
difference between linear and nonlinear behavior is mainly depending on the amplitude of
applied deflection. The reshaping with small stroke lengths shall be quite the same in both
linear and nonlinear analyses. Therefore the shape difference between the linear and non-
linear analyses on the second step shall be considerably reduced as compare with the first
step (see also Figure 6.11). Extending the process to more steps, the reshaping difference
between them can be eventually reduced to be ignorable. Following this approach, a non-
linear reshaping analysis can be replaced by multi-step linear analyses containing stepwise
geometry update, which has advantages of low computation complexity and cost.

Figure 6.11.: The flowchart of multi-step linear analysis

Since the shape difference on the first step is usually around 1 mm on these defined tasks,
a sufficient small shape difference can be achieved by just performing two or three steps lin-
ear reshaping analyses. This approach will be further demonstrated and verified in details
through numerical and experimental analyses on the demonstrator.
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6.3. Technology Demonstrator and Reshaping Results
Correlations

A technology demonstrator is build based on the engineering model. The reshaping tests
are performed on the demonstrator and the results are correlated with the corresponding
numerical results. The applied correlation and correction methods about the reshaping re-
sults are presented in the following sections.

6.3.1. Demonstrator Model Description

The demonstrator is the center part extracted from the engineering model with a hexagonal
rim (see Figure 6.12). The projected diameter of the truncated hexagonal rim is 660 mm. The
demonstrator contains 19 regularly placed actuators, which are driven by electric stepper
motors.

Figure 6.12.: The FEM model of the demonstrator (top view)

The designed morphing skin is implemented in the engineering model with a CB sur-
face layer. The CFRP tubes connect with electric stepper motors, which are mounted in the
flat aluminum backplate. The defined boundary conditions as in the numerical analyses are
realized through placing guiding components around the actuators. A photo of the demon-
strator is shown in Figure 6.13.

The stroke length inputs are controlled through a control unit and a program imple-
mented in MATLAB. Limited by the available number of control channel, only one actuator
can be activated at one signal input. The simultaneous actuating as presented in the numer-
ical analyses can not be realized in tests. Instead, the required stroke lengths are divided
into small values according to defined steps. In each step, actuators are activated sequen-
tially with small inputs. As verified through numerical analyses, as long as the step number
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more than 5, the difference between simultaneous actuating and multiple steps sequential
actuating is negligible.

Figure 6.13.: The technology demonstrator [Endler et al. (2014)]

6.3.2. Reshaping Tests and Results Correlations

To evaluate the performance of the demonstrator, two target shapes are derived from the
coupled mechanical and RF analyses by TAS. The optimized stroke lengths of the reshaping
tasks Europe and Brazil are actuated on the numerical and laboratory models for shape com-
parison and correlation. The shaped surface of the demonstrator model is measured through
photogrammetric measurements. As the measurement positions for the photogrammetric,
there are 521 markers regularly placed on the reflector surface (see Figure 6.14).

Sensitivity and Repeatability

In order to identify the reshaping repeatability of the demonstrator, a repeatability study
is performed. There are two major sources of reshaping deviations in tests, actuator posi-
tioning and resolution of the measurement system. It is observed, the mean deviation of
actuator positioning is around ± 0.05 mm and the resolution of the applied photogrammet-
ric system is around 0.02 mm.

The demonstrator is placed with a inclination angle as defined in the offset antenna con-
figuration. The reference shape is defined as the shape with zero stroke length inputs under
gravity. The surface deformation under the gravity load as well as some shape deviations
introduced by manufacturing and handling are contained in the reference shape. The mea-
sured shape is compared with the shape provided by FEM analyses. Since the number of
measurement nodes in the FEM model is significant larger than those in the demonstrator,
the data comparison is performed through an extrapolation approach. The predicted values
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in Z direction of the measured nodes are extrapolated from the results of FEM analyses us-
ing their in-plane coordinates. The surface difference is estimated through comparing the Z
coordinates between the measured and extrapolated values.

Figure 6.14.: The demonstrator with measurement markers (top view) [Endler et al. (2014)]

Totally the reference shapes are measured five times with different reshaping tasks be-
tween every two measurements. The surface difference in terms of RMS among the different
measurements is less than 0.02 mm, which is acceptable as accuracy tolerance of the mea-
surements (see Table B.9 in Appendix B.3).

Reshaping Results Correlations

The optimized stroke lengths are in the range of -10 to +10 mm in the Brazil and Europe
tasks of the demonstrator. The laboratory model is first activated to the defined Brazil task.
After the surface measurement, it returns to the reference shape first and then be reshaped to
the defined Europe task for the second measurement. Visual results are presented in Figure
6.15 and Figure B.3 (in Appendix B.4). The RMS between the target and measured shapes in
the Brazil task is 0.92 mm and in the Europe task is 0.6 mm. Both of them are not satisfied
to an acceptable surface difference within 0.3 mm. The relative large difference presents in
3 full layers region, which seems to be "mountains" and "valleys" between actuators. This
clearly indicates the bending stiffness on the demonstrator is less than the numerical model.
The sources of the reduced stiffness are mainly from geometry distortions of the reflector
surface.

The geometry distortions of the reflector surface are mainly introduced in assembling
process. The CFRP pads are bonded with biax-CFRS full layers by the adhesive red silicone
S691 (quite similar to S690, [Chemie]). In bonding of the CFRP pads, the thickness of the
adhesive layers (around 1 mm) can be varied widely according to applied pressing forces.
Sometimes the CFRS layers could be even pressed into the flexible CB front layers. These
over pressing in assembling can cause surface distortions in magnitude of -1 to +1 mm.
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Figure 6.15.: Predicted and Measured shapes of the Brazil task

To figure out the influence of geometry distortions on reshaping results, numerical inves-
tigations are performed. In the analyses, geometry distortions are introduced into numerical
models as update of the initial shape. Then the reflector model with the updated initial ge-
ometry is actuated with the same stroke lengths as applied on the demonstrator for shape
comparison.

Initial Geometry Distortions

Geometry distortions, especially when its magnitude is on the same level of thickness of thin
shells/plates, can significantly influence the reshaping results. The amplitude of the geome-
try distortions is propagated rapidly with reshaping amplitude growing and eventually the
desired reshaping pattern will be noticeably changed. The exact geometry distortions of the
reflector surface can’t be accessed since it is covered by the CB front layer. As an approxi-
mation, the geometry distortions are generated through detailed observations of the shape
difference between the predicted and measured shapes.

The surface difference of the predicted and measured shapes for the Brazil and Europe
tasks is presented in Figure 6.16. Their shape difference is quite similar in the pattern dis-
tributions but different in magnitude. An initial shape pattern can be roughly estimated
though combining these two shapes with weighting factors. According to their RMS values,
the weighting factor for the Brazil task is 0.6 and is 0.4 for the Europe task. Afterwards,
the combined shape is scaled down with a factor of 0.4 to generate the initial geometry dis-
tortions within reasonable magnitude. The surface shape variations of the initial geometry
distortions are in the range of -1 to 0.6 mm.
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Figure 6.16.: Shape pattern of the initial geometry distortions

The geometry of the FEM model is then updated with introducing the initial geometry
distortions. The reshaping results of both tasks are clearly improved as compare with the
previous results (see Table 6.7). These improvements indicate the hypothesis of geometry
distortions in the demonstrator model is correct.

Table 6.7.: Improvements of correlations between the numerical and measured shapes

Analysis description Brazil task Europe task
RMS [mm] RMS [mm]

Initial FEM model 0.921 0.605
FEM model with initial geometry distortions 0.367 0.335

Update Analyses and Measurements

Based on the fact of existing geometry distortions on the demonstrator, the FEM model is
updated correspondingly. Two types of updated FEM models are applied for the coupled
mechanical and RF analyses. The first type is the model with the initial geometry distor-
tions, which is the same to the demonstrator. The coupled mechanical and RF analyses are
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performed again based on the updated FEM model through geometry nonlinear analyses.
The second type is the shaped model, which is the model type 1 reshaped with the previ-
ously defined stroke lengths through geometry nonlinear analyses. In the coupled analyses
of the second type model, the adjustment of stroke lengths is performed through geometry
linear analyses. The purpose of the second model is verifying the mentioned multiple-step
linear approach.

Target shapes are also updated through the coupled mechanical and RF analyses on the
updated FEM models. The stroke lengths for the FEM model type 1 are varied up to 2 mm
in the Brazil task and up to 0.5 mm in the Europe task. The updated stroke lengths are then
given to the demonstrator for updating reshaping and measuring. The shape difference be-
tween the updated predicted and measured shapes is improved to be 0.47 mm in the Brazil
task and 0.36 mm in the Europe task. It can be clearly observed from the visual descriptions
in Figure 6.17 (and also Figure B.4 in Appendix B.4), the target and the measured shapes are
correlated quite well.

Figure 6.17.: The updated measured and predicted shapes of the Brazil task

Similar improvements are also found at the updated results based on the second type
model, which is 0.47 mm in the Brazil task and 0.34 mm in the Europe task (see Table 6.8).
The adjustments of stroke lengths for the shaped models have similar effect on improving
reshaping results to restarting of the stroke length optimization as in model type 1. More-
over it has obvious advantage on computation cost, which is the quite important feature
demanded on the engineering application.

From these investigations several conclusions can be draw. The shape difference between
the updated predicted and measured shapes is around 50% reduced as compare with the
previous results. These results can strongly support the argument of existing initial geome-
try distortions in the demonstrator. Further, the multi-step linear stroke length optimization
with stepwise geometry update can offer quite the same results to those obtained by fully
nonlinear analyses.
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Table 6.8.: Reshaping results using the updated FEM models and measurements

Analysis description Brazil task Europe task
RMS [mm] RMS [mm]

Initial results 0.921 0.605
Coupled analyses using the FEM model type 1 0.471 0.360
Coupled analyses using the FEM model type 2 0.466 0.343

Applying the updated FEM models on the coupled analyses, target shapes are consid-
erably changed as compare with the previous defined ones. The improved RMS results are
still larger than the required values 0.3 mm, which indicate satisfactory RF performance is
hardly to be achieved using this demonstrator. Limited by the reshaping results accuracy,
the RF performance tests are not suggested in this stage.

Short Conclusions about the Demonstrator

Through these investigations about the demonstrator, broader insights about the reflector
morphing skins on numerical and experimental aspects are obtained.

The sensitivity and repeatability tests are performed on the demonstrator, which present
remarkable features of the demonstrator. The biax-CFRS materials, the actuation system as
well as the photogrammetry measurement system demonstrate their robustness and relia-
bility in more than 20 tests.

Geometry distortions of the reflector surface are introduced in the manufacturing and
assembling process. Because of that, reshaping results can’t be well correlated with the
measured ones. To improve the shape correlations, approaches like introducing geometry
distortions in the initial geometry model are taken. It is found applying the updated FEM
model in the coupled analyses, around 50% improvements on RMS values are achieved.
However, further improvements on shape correlations for the demonstrator are quite diffi-
cult to be achieved for insufficient information of the geometry distortions.

Lessons learned from the investigations on the demonstrator are on manufacturing, anal-
ysis, and concept design aspects. On the manufacturing aspect, introducing of geometry
distortions shall be minimized. The functional CB filled silicone layer can be removed from
the demonstrator, which will be quite helpful to reduce the risk of geometry distortions. Fur-
thermore the assembling of CFRP pads shall be carefully handled to reduce the sources of
geometry distortions. On the analysis aspect, the proposed multi-step linear analyses with
stepwise geometry update shall be followed. As shown in the updated investigations of
FEM analyses and measurements, the results of multi-step linear analyses are quite similar
to those of geometry nonlinear analyses. The approach of multi-step linear analysis is the
key to reduce the high computation costs in the full size engineering models.

In the end, the sensitivity to geometry distortions and the local convex on the 3 full layers
region indicate insufficient bending stiffness locally. Updates of the concept are proposed,
which can be either enlarging the patch size to reduce the 3 full layers region or using the 7
or 8 full layers concept as investigated on the medium size models.
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7. Sailplane Wings and Their Morphing
Skins

The methods of morphing skin design are further explored on the application of sailplane
morphing wings. In this chapter, contents like approaches to derive morphing skin con-
cepts, morphing skin material design, correlations with the manufactured specimens, and
numerical investigations about morphing wings are presented.

7.1. Objectives and Approaches of Morphing Wing Skin
Design

7.1.1. Objectives of Morphing Wing Skin Design

As consequents of different application environments, the objectives of sailplane morphing
wing skin design are not focusing on high reshaping accuracy but on realizing relative large
amplitude reshaping, carrying the complex loads from aerodynamics and actuations, and
maintaining the smoothness of surface contour. As side requirements, the demands of actu-
ation energy, system complexity and reliability, and maintenance cost of the morphing wing
system shall be in acceptable ranges.

7.1.2. Approaches of Morphing Wing Skin Design

The morphing wing skin design starts from determining a proper principle concept of mor-
phing wing and skin according to the specific applications. In order to accomplish the men-
tioned task, a simplified representative numerical model of morphing wing shall be initial-
ized based on task definitions at first. With help of the representative model, concepts of
skins, actuations, interface systems and boundary conditions can be briefly accessed and
determined.

As outputs of the investigations on the representative model, the desired material proper-
ties of morphing skins can be estimated. Afterwards, potential skin concepts can be briefly
selected/determined based on existed concepts and engineering experience. In the next
step, the desired material properties of morphing skin concepts will be realized through
compound material design in terms of proper combining design parameters like materials,
geometry, and configurations.

The estimated skin concepts from the morphing wing skin design will be correlated with
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experimental results at first. Then the detailed performance e.g. the mechanical performance
of the implemented morphing skin, actuation and interface systems will be evaluated (see
Figure 7.1).

Figure 7.1.: Flowchart of morphing wing skin design
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7.2. Morphing Wing Skin Design

7.2.1. Preliminary Analyses

Representative Model

The representative model is defined based on the works of Wießmeier. The geometry of
the modified sailplane leading edge is around 200 mm in chordwise and 60 mm in height.
Compare with the existed morphing concepts of the civil transport aircraft wings [Monner
et al. (2009) and Müller (2000)], the available space for placing actuation and interface sys-
tems is quite limited for the sailplane wing.

As the defined functional requirement to the morphing wing [Chapter 3.3.2], the leading
edge shall be able to deflect downwards 10 degree without open gap on skins.

Based on the defined geometry and functional requirements, potential concepts of ac-
tuation and interface systems are reviewed through the published works at first. Among
the potential concepts of actuation and interface systems, the eccentuator concept, which is
simple and applicable in the narrow construction space, has highest priority. Referring to
the eccentuator concept of Müller (2000), the eccentuator (horn) can be made from CFRP
with glass-PTFE fabric coating to reduce surface frictions. In the interactive area between
the leading edge and horn, thin steel plates are placed in a discrete manner to reinforce the
loading area and distribute actuation forces smoothly. Furthermore, as stated by Matteo
et al. (2010), additional spars shall be added to sustain the profile contour of the airfoil in
reshaping (see Figure 7.2). These spars are connected to skins with flexible hinges to allow
certain degree of freedoms for smooth reshaping.

Figure 7.2.: The CFRP horn as the eccentuator [Wießmeier] and the idealized deflection of
the sailplane morphing leading edge

With these definitions, a representative model can be created accordingly. In the rep-
resentative model, the flexible spars are implemented but no contact interactions between
the horn and skins are considered. Instead, the reshaping of the leading edge is realized
through applying the required displacements on the contact region of the lower skin. With
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this simplification, investigations can be focusing on deriving concrete morphing skin con-
cepts rather than solving the complex contact analyses.

Morphing Skin Concepts

In order to figure out the desired stiffness characters of morphing skins, two representa-
tive examples of skin concepts, which are the full compliant membrane skin and the stiff
metal panel skin, are implemented in the representative model for reshaping analyses. In
these analyses, the desired deflections are applied on the contacting region of the lower skin.
As boundary conditions, the edges of both upper and lower skins are fixed in translations
but free in rotations.

In the first analysis, the skin is idealized as full flexible to be able to accommodate any
kinds of deformation. Using the representative model created in ANSYS, an illustration of
the idealized deflection can be presented as in Figure 7.2. Observing the deformed leading
edge, the upper skin is bended and extended in the longitude direction and the lower skin
is mainly bended. The contour of the nose is changed due to the combined deformations
of upper and lower skins. From this analysis, a conclusion about these highly flexible skin
concepts such as corrugated laminates and flexible sandwiches can be made. They shall be
capable to realize the required reshaping but probably have weakness on surface quality
especially when carrying aerodynamic loads.

In the second analysis, the skin is set as thin aluminum with 0.3 mm thickness. In the
deformed leading edge, the nose is highly distorted caused by the nonlinear bending (see
Figure 7.3). This phenomenon is called as "Brazier effect" [Matteo et al. (2010)], which relates
to thin-walled, cambered and long structures under large bending loads. The smooth shape
transformation of the droop nose using stiff hybrid composite skins as presented in Monner
et al. (2009) can’t be achieved in the sailplane wing mainly due to its narrow airfoil configu-
ration.

As the conclusion obtained from these two studies, one of the most promising and sim-
plest concepts of the morphing leading edge is containing only certain high flexible region
to accommodate the required smooth reshaping. The advantages of this concept are less
stiffness reductions of the rest skins and less difficulties in design and manufacturing. The
flexible region can be either at the end edge of upper or lower skin or at the nose. Since the
deflection is downwards, a flexible upper skin is preferred for the tension status, which can
add additional geometry stiffness on the skin.

Figure 7.3.: The deflection profile of a closed leading edge
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About the requirements to the flexible skin, it shall be able to deform in a relative large
amplitude within material elasticity while in the same time to carry aerodynamic loads with-
out noticeable shape degeneration.

Start with the determined basic morphing skin concept, the further task is determining
the dimension of the flexible skin zone. On the one hand, the area of the flexible skin is
preferred to be as small as possible to limit stiffness reductions on skins. But on the other
hand, the flexible skin shall be sufficient large to accommodate the deformation without
large strain on materials. As simplification in the preliminary assessment, the flexible skin
is taken as elastomer and the rest of skins are assumed to be thin aluminum. Through a
parameter study, it is found the most promising concept is applying the flexible skin at the
region after the second spar. In this concept, the length of the flexible skin is around 40 mm,
which seems to be a minor change in the leading edge.

Observed in the deformed contour of the proposed morphing leading edge concept (Fig-
ure 7.4), most of the airfoil is quite smoothly deformed. Due to lacking of bending stiffness
at the flexible skin, it is stretched only in the in-plane direction, whose surface shape is not
optimal for aerodynamics. It is believed that the profile quality of the flexible skin can be
considerably improved by introducing certain level of bending stiffness. As potential skin
concepts for the flexible skin, which should be able to deform up to 30% elastic strain, flexi-
ble sandwiches and corrugated laminates are recommended.

Figure 7.4.: The proposed morphing skin concept of the morphing leading edge

About the skin concept of the rest skins, the discussion starts from the current skin of
sailplane wings, which is a sandwich skin consisted of two layers CFRP face sheets and
foam core. However, this concept is not available for applying on the morphing wing due
to the large strains on the face sheets. To reduce the large strains on skins but still maintain
its equivalent bending stiffness, the skin concepts can be updated as tailored thin laminates
consisting of CFRP, GFRP or hybrid laminates of both. Since for sailplane wings there is nei-
ther strict impact resistance nor large loading requirements. The CFRP laminate is selected
as the baseline for its high structural performance.
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As the short conclusion of the preliminary analyses, the morphing skin concept of the
leading edge is tailored CFRP laminates with one section flexible sandwich.

7.2.2. Detailed Analyses and Correlations with Tests

The proposed morphing skin concept contains flexible sandwich and tailored thin laminate
these two parts. In following sections, the numerical and experimental investigations about
the flexible sandwich design will be presented at first. Then a brief discussion about the
CFRP laminate design will be followed. In the end, a detailed morphing leading edge model
containing designed morphing skins, actuation and interface system will be created and the
results of the reshaping performance are to be presented.

Flexible Sandwich Design

As concluded in the skin concept study, the essential requirements to the flexible skin are
low in-plane stiffness and sufficient out-of-plane stiffness. The requirement of low in-plane
stiffness in concrete means that the skin is capable to be deformed to 30% elastic strain with-
out material and structural failures. And the requirement of sufficient out-of-plane stiffness
means the skin should be able to carry typical aerodynamic pressures without noticeable
degenerations of surface quality.

Review of the existed materials, the typical maximal elastic stretching strain of materials
like metals could be up to 0.3% and materials like plastics could be up to 3%. Although the
hyperelastic materials like elastomer can be elastically deformed to more than 100%, their
stiffness are generally over low, which are not the ideal candidates of morphing skins. Not
limiting to these homogeneous materials, solutions to satisfy the conflicting requirements of
compliance and stiffness can be the sandwiches and corrugated laminates. Compare these
two skin concepts to each other, the sandwich has more freedoms in material design and can
provide better surface quality for aerodynamics. Therefore the flexible sandwich is taken as
the baseline and will be discussed in the further study. The concept of corrugated laminates
is also a feasible solution but it will not be discussed in scope of the thesis.

The flexible sandwich is consisted of two elastomer face sheets and a honeycomb core
(see Figure 7.5). As suggested by Bubert et al. (2010), in order to bond with the elastomer
face sheets conveniently, the height of the inclined walls is designed to be slightly less than
the vertical walls in the honeycomb core.

The geometry of the honeycomb core can be tailored to satisfy the required in-plane and
out-of-plane material properties. Moreover, its Poisson’s ratio can be designed to be zero,
which is ideal for the one dimensional morphing wings. The honeycomb core with zero
Poisson’s ratio is called as accordion core, which is often discussed in the one dimensional
morphing skin concepts. Material properties of the according core can be tailored through
varying the geometry parameters like length of wall, cell angle, and thickness of wall. In the
analytical equations derived by Gibson and Ashby (1997), the non-dimensional parameters
are used to tailor the desired material properties. A figure of the accordion core is shown in
Figure 7.6 and its geometry parameters are presented in Table 7.1.
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Figure 7.5.: The flexible sandwich concept [modified from Weinzierl (2013)]

Figure 7.6.: The unit cell of the accordion honeycomb core [Xu (2012)]

Table 7.1.: Geometry parameters of the accordion honeycomb core

Geometry parameters Non-dimensional parameters
l length of the inclined wall α = h

l cell aspect ratio
h length of the vertical wall β = t

l inclined wall thickness ratio
θ cell angle η = th

t vertical wall thickness ratio
t thickness of the inclined wall γ = b

l depth ratio
th thickness of the vertical wall e interval distance ratio between unit cells

One important feature of the accordion honeycomb core is it can be stretched with rela-
tive large in-plane strain while maintaining small strain on materials, which is realized by
bending of the internal walls. Depending on the chosen geometry parameters, the ampli-
fication factor of global to local strain can be varied from several to twenty or even more.
According to the analytical equations of the strain amplification (Eq. 7.1 and 7.2), the strain
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amplification factor is determined by three geometry parameters such as cell angle θ, ratio
of inclined wall length to thickness β, and a constant κ related to Poisson’s ratio. A large
strain amplification factor can be realized by applying a large cell angle and a small ratio of
inclined wall length to thickness.

εglobalx

εlocalx

= ∣sinθ∣
3βcosθ

+ 1 + (κ + cot2θ)β2

1 + β
3 ∣cotθ∣

(7.1)

κ = 2.4 + 1.5ν (7.2)

In which, ν is the Poisson’s ratio of the applied basic material.
To realize a 30% in-plane strain while maintaining material strain below 3%, the strain

amplification factor should be larger than 10 and as preference to be around 30. The range
of the design parameters can be briefly defined according to the geometry definitions of the
flexible sandwich as follows. Considering the total length of the defined flexible skin is only
40 mm, the range of wall length is defined from 5 to 20 mm and the thickness range of the
inclined wall is set from 0.5 to 1.5 mm. Additionally, the cell angel is defined in the range of
50 to 85 degree for the requirement of large strain amplification factor.

The results of the accordion core design are presented based on the student project of
LLB [Weinzierl (2013)]. Totally three sets of parameter study are performed to estimate the
proper parameter combination. In the first study, the thickness and the length of the inclined
wall are constant (t = 1mm, l = 10mm) while varying only the cell angle. The material lo-
cal strain is greatly influenced by the cell angle. It can be observed in Figure 7.7 (a), with
more than 70 degree cell angle the local strain can be smaller than 3% as required. In the
second study, the cell angle is set to 79 degree and the inclined wall length is 10 mm. The
local strain can be further reduced to be below 1% when the wall thickness is varied to be
0.5 mm. In the third study, two constants are the cell angle 79 degree and the inclined wall
thickness 0.5 mm. Through varying the wall length from 5 to 20 mm, it is found a local strain
below 1% can be easily achieved by applying more than 10 mm inclined wall (Figure 7.7 (b)).

Figure 7.7.: The value of local strain related to the cell angel (a) and the inclined wall length
(b) [Weinzierl (2013)]
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Through these parameter studies, the geometry parameters are estimated as cell angle 79
degree, wall thickness 0.5 mm and wall length 16 mm as the most promising solution. Un-
der the defined parameter combination, the maximal material strain is around 0.6% for 30%
in-plane structural stretching, which indicates a strain amplification factor of 50. Benefit by
the large strain amplification factor, plenty of basic materials for the accordion core can be
selected to accommodate the elastic strain requirement. For instance, a potential material for
the honeycomb core is thermal plastic PA2200. It has satisfactory mechanical properties and
can be easily manufactured by the 3-D print technology. Some essential material parameters
of PA2200 are tensile modulus 1700 MPa, failure strain 24% and yield strain around 2.8%.

Based on the determined geometry, a numerical model is created. There are five unit cells
placing in the chord direction to fit the defined 40 mm flexible region and also five unit cells
in the span direction with dimension of 250 mm (Figure 7.8).

Figure 7.8.: The designed accordion honeycomb core

After fulfilling the requirement of in-plane compliance, the tailoring of out-of-plane stiff-
ness is performed. The aerodynamic pressure on the skin is assumed to be 450 N/m2, which
is twice of the dynamic pressure under the condition of maximal gliding speed 200 km/h
at 1000 m. This pressure should be carried by the flexible sandwich containing two sili-
cone face sheets. The major parameter to determine the out-of-plane stiffness of the flexible
sandwich is its thickness. In a parameter study with varying thickness from 4 to 15 mm,
the maximal deflection is reduced from 0.39 to 0.07 mm accordingly. Since there is no spe-
cific requirement to the maximal surface deflection on skins. An empirical assessment of the
maximal allowable deflection under 0.1 mm is set here. To satisfy the maximal deflection
requirement, the thickness of the sandwich is taken as 10 mm. But actually, the thickness of
the sandwich is preferred to be as thin as possible for better integrations with the conven-
tional skins.

In the end, these parameters are further tuned through bending tests of the designed flex-
ible sandwich. In these tests, the cell angle and the inclined wall length are set as constant
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and the wall thickness and the honeycomb core thickness are design variables. The bend-
ing test is defined based on the reshaping behavior of the flexible skin region in the leading
edge. In which, one side of the flexible skin is fully fixed and the other side is applied with
in-plane tension and out-of-plane bending. These loads are represented as 5.4 mm in-plane
displacement and 9.4 mm vertical displacement. Confirmed through the bending tests, the
most promising skin parameters are 10 mm honeycomb thickness and 0.5 mm inclined wall
thickness. With the parameter combination, the maximal strain on the honeycomb core is
around 0.8% in the numerical tests (see Figure 7.9).

Based on these parameter studies, the parameters of the accordion honeycomb core are
basically determined. A demonstrator of the flexible sandwich will be manufactured and
tested in the further stage.

Figure 7.9.: The maximal strain on the designed accordion honeycomb core

Correlations with Tests

In order to verify the mechanical behavior of the designed flexible sandwich, tensile and
bending tests are planned for the manufactured specimens. The set up of the tensile test is
referred to DIN527-4. According to the standard, the length of the specimen is taken as 235
mm referring to its 10 mm thickness. Its width is estimated to equal to one unit cell width
of 40 mm (see Figure 7.10).

The applied loading cell has measurement range up to 20 N with resolution of 0.01
N, which is appropriate for the tests of the compliant accordion honeycomb core. As the
planned tests, three loading/unloading cycles up to around 30% strain are performed on
three specimens at first, then an extreme large stretching to material rupture is performed
on one of the specimens.

Observed from the stress and strain relations of specimens, the relation of stress and
strain presents linearity up to 30% strain. The residual strain is observed in the cycle tests,
which is around 3% between the first and the second cycle. Converting the residual strain to
the material strain, it is actually only around 0.06% as a result of the strain amplification fac-
tor 50. Estimated from the tests, the tensile modulus of the designed accordion honeycomb
core is 0.0095 MPa, which can be quite well correlated with the analytical and numerical re-
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sults (Table 7.2). One specimen is stretched to more than twice of its initial length but still no
crack on the specimen is observed (Figure in section B.5 of Appendix). As presented in the
large stretching test, the linear relation of stress to strain can be extended to be around 150%.

Figure 7.10.: The manufactured accordion honeycomb core for tensile tests [Weinzierl (2013)]

As shown in the tensile tests, the designed accordion honeycomb core demonstrates its
compliance with quite low tensile modulus. Due to the fact of over low stiffness, perform-
ing bending test of the accordion honeycomb core is quite difficult. Actually in the flexible
sandwich, the accordion honeycomb core is mainly used to provide the distance between
two elastomer face sheets to achieve a sufficient bending stiffness. Therefore it is not neces-
sary to perform bending tests on the accordion honeycomb core.

Table 7.2.: Tensile modulus of the designed accordion honeycomb core

Analytical result Numerical result Experiment result
0.0102 MPa 0.0092 MPa 0.0095 MPa

After the experimental verifications of the accordion honeycomb core, a demonstrator of
the flexible sandwich is manufactured (see Figure 7.11). The width of the demonstrator is 40
mm as defined and the length is around 150 mm due to the dimension limitation of the 3-D
print technology. With the elastomer face sheets, the flexible skin demonstrates a sufficient
bending stiffness through a simple cantilever test under its own weight (see the Figure B.6
of Appendix).
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Verified through the numerical and experimental investigations about the flexible sand-
wich, the requirements of in-plane compliance and out-of-plane stiffness can be considered
as been satisfied. The focus of the following works is on tailoring the thin CFRP laminate
and evaluating the performance of the designed morphing wing systems.

Figure 7.11.: A demonstrator of the flexible sandwich [Weinzierl (2013)]

Detailed Numerical Analyses

As mentioned before, the conventional sandwich skin of the sailplane wing is to be replaced
by the tailored CFRP laminates for the reason of relative large bending deformation. The
selected UD-CFRP laminate consists of carbon fiber T300 (HT) and epoxy matrix with fiber
volume fraction of 45%, which can be manufactured through hand lamination. The material
properties of the selected laminate are listed in Table 7.3. It should be mentioned that the
values of yield strengths and strains are quite conservative in the definitions of Luftfahrt-
Bundesamt (LBA).

The tailoring of fiber orientation and stack sequence is following the methods mentioned
in Herencia et al. (2006) and Andrykowski (2012). Plies in the middle are oriented in the
chord direction to provide the necessary in-plane stiffness and the outer plies are orientated
in the span direction for providing sufficient spanwise bending stiffness. The flexible spar
has to sustain the airfoil shape in reshaping and its roots should be flexible for bending. To
realize these functions, a layout design of the flexible spar contributed by Müller (2000) is
followed here. The laminate layouts of the tailored skin and the flexible spar are listed in
Table 7.4.
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Table 7.3.: Material properties of the UD-CFRP laminate (referring to the definitions of
Luftfahrt-Bundesamt (LBA))

Yield strength [MPa] Yield strain [%]
E11 86000 MPa σ11,t 420 ε11,t 0.55
E22 5000 MPa σ11,c 420 ε11,c 0.55
ν12 0.28 σ22,t 13.6 ε22,t 0.55
G12 3000 MPa σ22,c 34 ε22,c 1.00

τ12 19.6 γ12 0.70
t ∶ tensile load
c ∶ compressive load

Table 7.4.: Laminate layout design

Tailored CFRP skin 90/0/0/90
Tailored CFRP skin, in the interaction region 90/90/0/0/90/90

Flexible spar 0/+45/-45/-45/+45/0
1. For the tailored skin: 0 degree is the chord direction, see Figure 7.12
2. The interaction region is reinforced with 0.5 mm steel plate
3. For the flexible spar: 0 degree is the span direction

With the above definitions, a detailed leading edge model is then created in ABAQUS
with involving the interactions between the horn and skin (Figure 7.12). The software
ABAQUS is chosen for its advanced performance in geometry nonlinear and contact anal-
yses. The dimension of this model is 1000 mm in the span direction, which is chosen for
placing two horns. The profile of the horn’s cross section is created through an interpola-
tion between the defined initial and final configurations of the leading edge (see Figure 7.13).

Figure 7.12.: The detailed morphing leading edge FEM model [Kraus (2013)]
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As boundary conditions, the upper and lower skins are fully clamped at their sides con-
necting with the main spars. Both horns are rotated to 90 degree around their middle axes
to actuate the reshaping.

Figure 7.13.: The implemented horn in the FEM model

The results of the detailed FEM analyses are presented based on the work of Kraus
(2013), which is a student project guided by author. The analysis results demonstrate the
required the deformation can be achieved using the proposed morphing skin (see Figure
7.14). Slightly local out-of-plane convex can be observed on the contact region caused by the
loading of the stiff horns. The maximal in-plain strain on the flexible sandwich is around
20%, which is actually lower than the predicted value in the preliminary analyses. It can be
concluded from the reshaping analyses, the designed flexible sandwich can well satisfy the
functional and structural requirements.

Figure 7.14.: The deformation of the morphing leading edge

Observing the stress and strain results of the tailored CFRP skins and the flexible spars
in the whole reshaping procedure, it is found the extreme values are presented at the horn
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tip and the nearby skin in the initial contact stage. The maximal stress in the fiber direction
is quite close to the defined yield strength, and the value in the transverse direction is even
beyond the yield strength (tables in section B.6 of Appendix). These extreme values are con-
centrated at the contact region in the initial phase only. With the contact area increasing they
are reduced to be quite low values (Figure 7.15). The local over large stress and strain values
are mainly related to the not accurate horn profile design. To avoid the strength problem, the
cross section of the horn shall be slightly adjusted to achieve smoother contacts and larger
contact areas.

Figure 7.15.: The stress distribution at the contact region in different reshaping stages

Through this numerical study, two disadvantages of the actuation method using eccentu-
ators are found. First, the requirements of geometry accuracy on design and manufacturing
of the horn shall be quite high to avoid the local stress concentration in the contact areas.
Second, the horn introduces a local loading at the skin, which causes local small convex
and degenerations of the surface quality. Based on these two facts, the actuation concept of
eccentuator seems to be less appropriate than the alternative concept of hinged kinematic
structures.

About the actuation force, the peak value is around 1200 N, which is presented in the ini-
tial contact stage. The maximal actuation force presents only shortly in the initial deforming
stage. With increasing of the contact area, the actuation force is rapidly reduced and reaches
around 70 N in the final configuration.

7.2.3. Summary

With help of the defined representative model, a hybrid morphing skin concept is derived
for the sailplane morphing leading edge. Thanks to the high freedoms on material tailoring
of the flexible sandwich concept, the desired in-plane compliance and sufficient out-of-plane
stiffness are realized readily. More important, the numerical results can be well correlated
with the experimental investigations of specimens.

With the growing understanding of the functional and structural requirements on the
flexible sandwiches, the accordion core could be further adjusted to be smaller in cell size
and height. By doing so, the difficulty of integration with the leading edge will be reduced.

The bonding between the accordion core and the elastomer face sheets is not well solved
in the investigation. As observed in the medium amplitude stretching tests, some local
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debonding on the manufactured sandwiches is appeared, which requires further improve-
ments.
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The morphing skin design is actually an inverse design process with knowing objectives de-
rived from functional, structural and manufacturing requirements to determine the design
parameters range from geometry, boundary conditions and material properties. One of the
major difficulties in the handling of this task is lacking of appropriate methods to correlate
design variables with the objectives, which is developed in this thesis. Besides, the related
works like numerical analyses to derive morphing skin concepts, experimental characteriza-
tions of morphing skin materials, and correlations of the numerical predictions with testing
results are also investigated.

Mechanically Reconfigurable Reflectors

In most published works, the morphing skins of mechanically reconfigurable reflectors
are mostly derived through qualitative analyses and assessments based on engineering ex-
perience. To reduce the dependence on experience and make the assessments of different
kinds of design parameters conveniently, the correlation method with combining mathe-
matic shape expressions and strain energy expressions is developed, which is one of the
major contributions of the thesis. As complements to the correlation method, representative
models are also initialized, which are used in combing with the correlation method to define
the design parameters of morphing skins.

The developed method is fully demonstrated on the reflector morphing skin design of
the mechanically reconfigurable reflector. As the first step, the morphing skin design is per-
formed on the unit cell models, in which the major design parameters such as size, thickness,
configuration, boundary conditions, and material properties are evaluated to figure out fea-
sible design solutions. Then the derived preliminary morphing skin concepts are further
evaluated and adjusted on the medium size models with considering complexer reshaping
scenarios. In the end, the the most promising morphing skin concept is implemented on the
full size models and tested through reshaping tasks derived from practice applications for
gaining further insights.

One of the highlights in the reshaping analyses is the comparison between the linear and
nonlinear behavior of the designed morphing skin. Although the structural performance of
the designed concept has high similarity between its geometry linear and nonlinear analy-
ses, the nonlinearity in structural performance can’t be ignored especially for the reason of
high reshaping accuracy. In oder to save the high computation cost in the tasks of stroke
length optimization, the method of multi-step linear analyses with stepwise geometry up-
date is developed. As verified through the numerical and experimental analyses, the de-
veloped method offers quite the same results to the stroke length optimization with full
nonlinear analyses and demands significant less computation cost.

On the material characterizations of the selected reflector morphing skin biax-CFRS com-
posites, bending and shear tests are performed for the interested in-plane and out-of-plane
material properties. The presented results have shown the biax-CFRS has a relative large
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ratio of bending to shear stiffness as preferred, which indicates the biax-CFRS is one of the
most advantageous materials for the reflector morphing skin. To offer more options to the
reflector morphing skin concepts, other fabrics with larger area density and larger space be-
tween fiber bundles shall be characterized in future. As not finished works in the thesis, the
observed fiber microbuckling in the bending tests should be further investigated to iden-
tify the influence of different parameters like fabric geometry and different manufacturing
processes. These analyses will be quite helpful to find out better reflector morphing skin
material candidates with larger tolerance to fiber microbuckling.

According to the designed reflector morphing skin concept, a scale down technology
demonstrator of the mechanically reconfigurable reflector is manufactured correspondingly.
The reshaping tests are performed on the demonstrator and the numerical model for result
correlations. Initially the reshaping results between them are not highly correlated due to
geometry distortions on the demonstrator introduced in manufacturing and assembling.
Afterwards with introducing the geometry distortions to the numerical model, the updated
reshaping results are then quite well correlated with the experimental results. Through the
investigations on the demonstrator, the feasibility of the proposed reflector morphing skin
and the interface and actuation systems are validated. A further technology demonstrator,
on which the update skin concept and improvements on manufacturing and assembling
shall be applied, is proposed for the next stage.

Morphing Aircraft Wings

On the extending application of the sailplane wing morphing skin design, material de-
sign methods are further explored. The correlations between the design parameters and
reshaping performance are also performed on the representative model derived from the
specific functional and structural requirements. With help of the representative model, a hy-
brid morphing skin concept of tailored CFRP laminate and flexible sandwich is defined. In
the tailoring of the flexible sandwich, geometry parameters of the sandwich core are varied
to realize the required features of in-plane compliant and out-of-plane stiff. In sample tests
of the designed sandwich core, the latest prototype manufacturing technology 3-D print is
applied, which indicates great potentials in exploring further morphing skin concepts. In the
detailed numerical model, the designed morphing skin, actuation and interface systems are
all implemented and their performance are evaluated in reshaping analyses. As the major
output of the analyses, the feasibility of the proposed skin concept is proved. Besides, prob-
lems like skin debonding failures and high actuation force are also pointed out, which are
mainly related to the proposed actuation and interface systems. In short, the technology ma-
turity level of the proposed morphing skin concept is still low and building a demonstrator
is not recommended in this stage. To drive the technology maturity level to be higher level,
other morphing skin concepts like corrugated laminates and actuation systems like hinged
kinematic mechanisms and compliant structures shall be investigated and compared in fur-
ther investigations.

Outlook

As the outlook to morphing skin development, the gained knowledge and developed
methods shall be further developed on broader applications. For instance, morphing auto-
motive skin, which can be reshaped according to actual aerodynamic conditions and aes-
thetic design, is one of the potential applications. A further potential application of morph-
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ing wings is morphing automotive spoiler. Compare with the morphing aircraft wing, the
critical structural requirements can be released on this application, which enable a shorter
developing period and more radical design concepts. Benefits of the application are the
aerodynamics and drive dynamics could be considerably improved. With these various
applications, the technology of morphing structures will be developed to be higher techno-
logical readiness level and be presented on more and more practice applications in future.
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B. Appendix

B.1. Results of Reshaping Analyses on the Medium Size
Models

Table B.1.: Shape difference in the reshaping case 1

Center actuator +10 mm
[mm] Model 1 Model 2 Model 3
Max. 0.636 0.631 1.519
Min. -0.745 -0.972 -1.871
RMS 0.331 0.480 0.962

Table B.2.: Shape difference in the reshaping case 2

Center actuator -10 mm
[mm] Model 1 Model 2 Model 3
Max. 0.294 0.474 1.111
Min. -0.669 -0.993 -2.325
RMS 0.184 0.255 0.556

In the case 1 and 2, the RMS results of the model 1 are the most promising with values
smaller than 0.2 mm. The model 2 have slightly worse results than the model 1 while the
results in the model 3 are almost three times larger than the results in the model 1 and 2. The
initial geometry stiffness from the shell configuration has slightly influence on the model 1
and 2 but relative large influence on the model 3.

Table B.3.: Shape difference in the reshaping case 3

Center and adjacent actuator +10 mm
[mm] Model 1 Model 2 Model 3
Max. 1.131 0.948 3.219
Min. -0.631 -1.419 -3.786
RMS 0.261 0.309 1.129
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B. Appendix

Table B.4.: Shape difference in the reshaping case 4

Center and adjacent actuator -10 mm
[mm] Model 1 Model 2 Model 3
Max. 0.998 0.548 3.925
Min. -1.064 -0.796 -5.418
RMS 0.350 0.318 1.198

Table B.5.: Shape difference in the reshaping case 5

Center actuator +10 mm, adjacent actuator -10 mm
[mm] Model 1 Model 2 Model 3
Max. 2.223 1.462 5.431
Min. -2.367 -1.817 -5.426
RMS 0.563 0.530 1.535

Table B.6.: Shape difference in the reshaping case 6

Random values: mean = 0 mm, std.= 3 mm
Test 1

[mm] Model 1 Model 2 Model 3
Max. 1.267 1.038 2.790
Min. -2.696 -0.869 -2.843
RMS 0.419 0.304 0.872

Test 2
[mm] Model 1 Model 2 Model 3
Max. 1.322 1.131 2.267
Min. -1.378 -0.749 -2.081
RMS 0.293 0.276 0.762

Test 3
[mm] Model 1 Model 2 Model 3
Max. 1.417 1.543 2.258
Min. -1.580 -0.895 -2.731
RMS 0.439 0.301 0.883
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Table B.7.: Shape difference in the reshaping case 7

Random values: mean = 5 mm, std.= 3 mm
Test 1

[mm] Model 1 Model 2 Model 3
Max. 1.036 1.398 5.690
Min. -1.499 -1.307 -4.193
RMS 0.295 0.340 1.195

Test 2
[mm] Model 1 Model 2 Model 3
Max. 1.281 1.705 3.325
Min. -1.630 -0.828 -2.674
RMS 0.402 0.276 0.777

Test 3
[mm] Model 1 Model 2 Model 3
Max. 2.151 0.835 1.987
Min. -2.202 -1.594 -3.387
RMS 0.611 0.240 0.686

Table B.8.: Shape difference in the reshaping case 8

Random values: mean = -5 mm, std.= 3 mm
Test 1

[mm] Model 1 Model 2 Model 3
Max. 1.955 1.344 2.934
Min. -1.233 -0.904 -3.795
RMS 0.384 0.349 1.327

Test 2
[mm] Model 1 Model 2 Model 3
Max. 0.835 0.896 1.431
Min. -0.370 -0.747 -2.722
RMS 0.149 0.202 0.618

Test 3
[mm] Model 1 Model 2 Model 3
Max. 1.607 1.239 2.396
Min. -1.584 -0.700 -1.453
RMS 0.367 0.196 0.542
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B. Appendix

B.2. Results of Reshaping Analyses

The reshape figures for the Brazil and ConUS tasks are presented as follows.

Figure B.1.: Target and achieved shapes of the task Brazil
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Figure B.2.: Target and achieved shapes of the task ConUS

B.3. Sensitivity Study on Demonstrator

The reference shapes are measured five times with different reshaping tasks between every
two measurements, and their results are following:

Table B.9.: Comparison of measured and predicted reference shapes

Measurement description RMS [mm]
1. Initial reference shape 0.084
2. Reference shape after Brazil task, measured immediately 0.105
3. Reference shape after Brazil task, measured one hour later 0.092
4. Reference shape after Europe task, measured immediately 0.098
5. Reference shape after Europe task, measured one hour later 0.089
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B.4. Results of Shape Correlation on Demonstrator

Figure B.3.: Predicted and measured shapes of the Europe task

Figure B.4.: Update measured and predicted shapes of the Europe task
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B. Appendix

B.5. Experiments of Flexible Sandwich

One of the accordion cores is stretched to more than 200% of its own length. A close view of
the accordion core and the curve of stress to strain relation are presented here.

Figure B.5.: The manufactured according core with extreme large strain [Weinzierl (2013)]

The cantilever test of the manufactured flexible sandwich has demonstrated a sufficient
bending stiffness as shown in the following figure.

Figure B.6.: The demonstrator of the flexible sandwich [Weinzierl (2013)]
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B. Appendix

B.6. Results of Stress and Strain of the Tailored CFRP
Laminates

Table B.10.: Extreme stresses (MPa) in reshaping of the leading edge, skin at the contact re-
gion

Time step Max. in S11 Min. in S11 Max. in S22 Min. in S22 Max. in S12 Min. in S12

0.15 416 -254 38 -23 10 -16
0.30 437 -210 40 -19 7.7 -11
0.50 369 -148 33.8 -14 6.2 -5.6
0.75 201 -83 18 -7.5 2.9 -2.9
1.00 65 -68 5.5 -5.6 2.7 -2.8

Table B.11.: Extreme strains in reshaping of the leading edge, skin at the contact region

Time step Max. in ε11 Min. in ε11 Max. in ε22 Min. in ε22 Max. in ε12 Min. in ε12
0.15 0.0048 -0.0029 0.0068 -0.0044 0.0033 -0.0054
0.30 0.0050 -0.0024 0.0071 -0.0036 0.0026 -0.0036
0.50 0.0042 -0.0017 0.0060 -0.0026 0.0020 -0.0018
0.75 0.0012 -0.0003 0.0036 -0.0016 0.0010 -0.0009
1.00 0.0007 -0.0008 0.0011 -0.0011 0.0009 -0.0009

Table B.12.: Extreme stresses (MPa) in reshaping of the leading edge, skin without interac-
tions

Time step Max. in S11 Min. in S11 Max. in S22 Min. in S22 Max. in S12 Min. in S12

0.15 143 -159 13 -18 20 -9
0.30 152 -184 15 -22 19 -9.7
0.50 106 -162 12.6 -16.6 13 -8.6
0.75 53 -84 11.3 -9.8 3.6 -4.1
1.00 24 -63 8.2 -8.8 3.9 -3.7

Table B.13.: Extreme strains in reshaping of the leading edge, skin without interactions

Time step Max. in ε11 Min. in ε11 Max. in ε22 Min. in ε22 Max. in ε12 Min. in ε12
0.15 0.0018 -0.0026 0.0026 -0.0039 0.0069 -0.0033
0.30 0.0017 -0.0021 0.0025 -0.0040 0.0064 -0.0032
0.50 0.0012 -0.0018 0.0024 -0.0030 0.0044 -0.0029
0.75 0.0006 -0.0009 0.0022 -0.0018 0.0012 -0.0014
1.00 0.0003 -0.0007 0.0016 -0.0017 0.0013 -0.0012
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