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SUMMARY

Modern helicopters are equipped with rotor blades with exposed linkages, swashplates,
and mechanical components. While such rotor blades have proved to be highly reli-
able, they are the leading cause to generate noise and vibration. In addition, the drag
due to exposed linkages and hinges affects the helicopter performance. To overcome
these issues and improve flight quality, researchers have worked on various techniques.
One promising way to mitigate noise and vibration and replace the conventional con-
trol mechanism of the rotor blade is to use a trailing edge flap. Additionally, having a
morphing trailing edge flap brings the opportunity to enhance rotor performance with
even better flow quality over the rotor blade surface and is potentially lightweight. Con-
sequently, the actuation of a morphing flap at higher frequencies helps to mitigate noise
and vibration. However, morphing solutions are generally hard to implement even for
fixed-wing aircraft because of the conflicting requirements of flexibility, strength, and
weight. For rotorcraft, the concept to the physical realization of morphing solutions
is even more challenging due to the complex loading environments, smaller blade vol-
umes, and centrifugal forces. This is the first issue that the author tries to address with
the present dissertation, i.e., to design, develop and do a feasibility study of an active
trailing edge camber morphing system for rotorcraft.

The second important factor related to the rotor blades considered in the present
research work comes in the form of the apparent centrifugal forces, which are consider-
ably higher as compared to the lift force on the blade. In the variable speed rotorcraft,
the RPM can be varied to change the centrifugal forces. Such a capability can be uti-
lized to deflect a trailing edge morphing flap resulting in a potential increase in the pilot
control authority and a decrease in the power required. In this way, no external energy
source is required to morph the trailing edge morphing flap. The second main objective
of the present dissertation is to develop a novel concept that enables the trailing edge
flap deflection by variations in rotor RPM within a specified range.

Keeping in view the requirements mentioned above, the research work presented in
this dissertation is dedicated to design, develop, and test the active and passive morph-
ing systems based on the camber morphing concept that utilizes conventional materials
for morphing skin. The skin characterization is carried out before the design and de-
velopment of the demonstrators for both the active and the passive systems. Numerical
analysis with one-way fluid-structure interaction is performed to study the behaviour of
the skin under realistic aerodynamic loading experienced by a rotor blade. It is shown
that with an appropriate selection of material and skin thickness, a trailing edge mor-
phing flap can be designed, especially with carbon fibre prepreg material which shows
more weight savings than isotropic materials like aluminium.

In the active concept, off-the-shelf piezoelectric actuators are used to actuate the flap
made out of composite material at 1/revolution till 3/revolution. The selection proce-
dure of these actuators and the mechanical design is explained to show the working and

xi



xii SUMMARY

limitations of these actuators with respect to the active concept. Similarly, a novel pas-
sive concept is envisaged to exploit the performance benefits of variable RPM rotorcraft
with a morphing flap. In this system, changes in rotor RPM change the apparent cen-
trifugal force experienced by the blade. The flap actuation is carried out by a reduction
of 10% RPM in rotor speed. To investigate the behaviour of both concepts under cen-
trifugal load, test demonstrators are developed and experimentally analyzed in a whirl
tower setup showing a promising outcome. In addition, a wind tunnel demonstrator is
developed and tested to study the morphed shapes under the aerodynamic loads. This
way, the presentation dissertation helps to provide both active and passive means of ac-
tuating a morphing flap which can be further enhanced and analyzed for full-scale rotor
applications.
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1
INTRODUCTION

The thing is, helicopters are different from planes. An aeroplane, by its nature, wants to
fly, and if not interfered with, too strongly, by unusual events or by a deliberately

incompetent pilot, it will fly. A helicopter does not want to fly. It is maintained in the air
by a variety of forces and controls working in opposition to each other, and if there is any

disturbance in this delicate balance, the helicopter stops flying; immediately and
disastrously. There is no such thing as a gliding helicopter.

Harry Reasoner

1
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2 1. INTRODUCTION

1.1. BACKGROUND

Morphing is a term that has stemmed from the Greek word Metamorphosis, which means
to change form/shape or simply transformation. Keeping an aircraft in perspective, this
definition of morphing principally stays the same. Consequently, the shape changes are
primarily associated with the wing of an aircraft or the blade of a rotorcraft. The idea
of a "smooth" shape change arises from the much-needed requirement of drag reduc-
tion and improved flow quality, leading to performance benefits. Secondly, aircraft are
generally designed with reference to a single condition (the design point), individuated
as the best match among all the possible missions it is envisaged to run [1]. The poten-
tial disadvantage of the so-called compromised design point can be negated by having
adaptive wings. A classic example of such wings is the F-111 Mission Adaptive Wings
(MAW), which proposed the use of adaptive leading and trailing edge surfaces to pro-
vide ideal wing shapes for selected flight conditions. Therefore, a wing that morphs has
the potential of increasing the efficiency and maneuverability of an aircraft [2]. How-
ever, morphing can also introduce benefits that are rotorcraft specific, including primary
flight control and mitigating noise and vibration [3–5]. In addition, centrifugal force op-
erated morphing concepts have also been explored in the past that are only possible in
rotorcraft [6].

Considering the potential benefits mentioned in the preceding paragraph, morph-
ing still remains far from mainstream aviation. This is because the design of a morphing
wing has to address conflicting requirements. On one hand, the wing structure needs
to be compliant to allow configuration changes. On the other hand, it has to be suf-
ficiently rigid to limit aeroelastic instabilities and carry the loads. These contradictory
requirements, along with the weight considerations, become the critical design inputs,
as represented by Campanile [7] in Fig.1.1. The weight factor is important as in the case
of F-111, the mechanical design resulted in severe weight penalties and increase of the
overall system complexity which almost completely negated the attained aerodynamic
benefits [1]. The need to fulfill conflicting requirements urged the researchers to explore
novel materials for skins and unconventional actuation techniques, giving rise to several
new morphing-based concepts [2].

Light
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Light Weight
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Figure 1.1: Morphing requirements [7].
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In aeronautics, designing a morphing solution and implementing it in a wing struc-
ture is requirement-driven. These requirements are specific to a particular type of air-
craft or rotorcraft and enforce necessary changes in one or more of the following com-
ponents associated with the wing/blade [1].

a. Structural skeleton.

b. Actuator system.

c. Skin.

d. Sensor system.

e. Control system.

While keeping the above-referred components in mind, it is also important to con-
sider the number of changes associated with a specific morphing concept along with the
level of complexities involved in its realization. Each morphing concept comes with its
own set of performance benefits and limitations. Nevertheless, in the author’s opinion,
effective morphing solutions can be investigated, which are requirement-specific and
mission-driven and do not necessarily rely on smart materials and unorthodox actuation
systems. The author believes that the conventional materials, structures, and actuators
can still be used to introduce smooth shape changes in the wing of an aircraft or blade of
a rotorcraft by careful considerations of requirements, design parameters, and desired
objectives. This way, a relatively less complex solution offering the morphing benefits
can be realized.

1.2. ROTORCRAFT SPECIFIC MORPHING COMPLEXITIES
While considering morphing solutions for rotorcraft, there are additional challenges in-
volved, which can be observed in Fig. 1.2. Even in the case of hover, different rotor
blade sections encounter different flow conditions, including Mach number, flow ve-
locity, Reynold’s number, and angle of attack. This results in a linear variation of Mach
numbers over the rotor radius as shown in Fig. 1.2 (a). In the case of the forward flight,
the aerodynamic environment becomes even more complicated, and the Mach num-
ber at the blade sections also becomes a function of forward flight speed and blade az-
imuth position as shown in Fig. 1.2 (b). Besides, the flow velocities also depend on the
inflow through the rotor disk and the flapping motion of the rotor blades in forward
flight. Therefore, the distribution of the angle of attack over the rotor disk and associ-
ated blade loading is even more complex. Consequently, the morphing challenges are
often more demanding for a rotorcraft than for a fixed-wing aircraft.

There are two additional factors that make morphing prospects even more difficult
for rotorcraft. The first one is the presence of large centrifugal forces. Rotor blades are
subjected to centrifugal forces that are an order of magnitude higher than the aerody-
namic forces. A morphing system should therefore be designed keeping in view the effect
of these forces. The second factor is the space constraint. Since rotor blades are mostly
slender, the limitations of volume further reduce the choice of morphing solutions.

Due to the additional challenges particular to rotorcraft, the design, physical realiza-
tion, and testing of a morphing concept have remained limited as compared to fixed-
wing aircraft [8]. This can be visualized by looking at the number of concepts developed
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Figure 1.2: Mach number distribution over rotor disk for a tip speed of 218 m/s, ω= 44.4 rad/sec, R = 4.9 m.

and those that matured to a level of prototyping and wind tunnel testing. Furthermore,
the number of concepts that were flight tested on a flying testbed (FTB) either as a scaled
model or full-scale model is very limited. Figure 1.3 shows the data [8] for both fixed-
wing and rotary-wing aircraft. It indicates that, although researchers have worked on
numerous concepts, yet many of those did not make it to the testing phase. The concept
development and subsequent testing are even lower for rotorcraft owing to the addi-
tional complexities as discussed earlier. It is pertinent to mention that for rotorcraft, the
concepts linked to FTB mainly included twist and camber morphing.
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Figure 1.3: Development overview of morphing concepts [8].

Considering the additional complexities in rotorcraft, it is even more important to
look at the morphing solutions that utilize existing structures and materials from a mor-
phing perspective. This can introduce morphing benefits to a rotorcraft without bringing
the unknowns of novel materials and components to the design process. It is not only
because of the challenges associated with the design of such materials but also since ex-
tensive material, and structural testing (keeping in view the airworthiness regulations
[9]) generally takes considerable time and resources. On the other hand, the research to
design a morphing system in the conventional domain can lead to a practical solution
with a significant reduction in an otherwise longer development time.
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1.3. RESEARCH GOAL AND OBJECTIVES
In a review of morphing aircraft, it is highlighted that camber morphing has remained
the most popular choice for morphing in rotorcraft [8]. In the author’s opinion, camber
morphing is a technique that gives the opportunity of not only smooth aerodynamic
flow but also makes primary control and noise and vibration mitigation possible in a
rotorcraft. In this way, the scope of morphing solutions is broadened, and so is the extent
of the potential advantages. Due to this reason, the present research aims to design and
explore the feasibility of a camber morphing flap for rotorcraft. The design process looks
at the possibilities of morphing the trailing edge flap with active means. Moreover, ideas
to morph the flap passively by using centrifugal force are also explored. However, the aim
of research extends beyond the design process and also focuses on the feasibility study
of the overall morphing system(s) by developing and testing specific demonstrators. The
approach adopted for the feasibility study stems from a typical qualification cycle for
rotor flaps. This qualification cycle mainly consists of the development of a preliminary
design followed by the separate elementary wind tunnel [10] and whirl tower prototypes
[11]. The two test campaigns give essential information regarding design improvements
that lead to the design and development of a (common) Mach-scaled model for wind
tunnel and whirl tower tests [12, 13]. The resulting data helps in further improvements
and eventually paves the way for full-scale rotor design and test. Keeping this process in
perspective, the present research work is dedicated to the preliminary phase and intends
to design, develop and explore the feasibility of the elementary models.

In this context, the main research question that needs to be answered in the present
thesis is as follows:

How can an active and passive morphing system be envisaged with a camber morph-
ing technique for rotorcraft blades?

The main question gives rise to the following key sub-questions:

1. What are the design considerations and requirements for developing a morphing
flap and the requisite actuation system?

2. How can the feasibility study of active and passive morphing systems be carried
out to show the potential of both systems for rotorcraft?.

1.4. PROJECT OVERVIEW
The research work related to the active morphing system presented in this dissertation
is a part of the European Union project Shape Adaptive Blade for Rotorcraft Efficiency
(SABRE) under Horizon2020 1. The project work involved working on the camber mor-
phing concept by taking the Messerschmitt-Bölkow-Blohm (MBB) Bo105 helicopter as
the baseline rotor. At first, surrogate models are developed indicating the potential gain
in aerodynamic efficiency of the concept by using low fidelity tools like JavaFoil2. Later,
high fidelity simulations using Ansys Fluent 3 are performed to generate the refined sur-
rogate models. Afterwards, the design, fabrication, and testing of the wind tunnel and

1https://sabreproject.eu/
2https://www.mh-aerotools.de/airfoils/javafoil.html
3https://www.ansys.com/products/fluids/ansys-fluent
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whirl tower demonstrator are carried out. The project deliverable also included reports
containing the requisite analysis performed throughout the design and development
process. It must be noted that the Bo105 helicopter is taken as the baseline case for
the studies during the project as decided by the project consortium. The same has been
considered as the baseline case in the dissertation where required.

1.5. DISSERTATION OVERVIEW
The outline of the thesis is shown in Fig.1.4. After discussing state of the art, Chap. 3 to
5 describe the design and analysis of the active and passive camber morphing systems.
Whereas, Chap. 6 and Chap. 7 discuss the test setup and the experimental investigation
of each concept.

1. Introduction

2. Recent Progress in 

Morphing Implementation

 

Camber Morphing 

Design and Analysis

3. Camber Morphing 

Skin Characterization

4. Active Morphing 

System Design

5. Passive Morphing 

System Design

Experimental Campaign6. Experimental Setup

7. Results and Validation

8. Conclusions and 

Recommendations

Figure 1.4: Dissertation outline.

.

Referring to the outline in Fig.1.4, Chap. 2 discusses the recent progress in the mor-
phing domain, particularly for rotorcraft. Chapter 3 explains the design considerations
of morphing skin and its characterization, which is common to both the active and pas-
sive concepts. Chapter 4 discusses the actuation system for the active morphing concept
for rotorcraft. Similarly, Chap. 5 investigates the possibility of the design of a passive ac-
tuation system and discusses its benefits, design process, and implementation. Chap-
ter 6 presents the experimental campaign with the details of the test setups, manufac-
turing, and integration of the demonstrators. Chapter 7 presents the results of the test
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campaign and presents a correlation with the numerical and analytical work presented
in the earlier chapters. The final chapter provides the conclusions and recommenda-
tions based on the design and experimental work for the active and passive morphing
concepts built for rotorcraft.
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To clearly understand the research gaps and the aims presented in 1, it is important
to have an overview of the progress in morphing implementations on rotor blades. This
chapter discusses the literature related to the significance of trailing edge flaps, camber
morphing strategies, and morphing concepts built specifically for rotor blades. It also
signifies the importance of the variable speed rotor (VSR), which has played a pivotal
role in any passive morphing concept, as indicated by earlier studies.

The research work in this thesis deals with active and passive morphing. There-
fore, Sec. 2.1 introduces the two strategies and their significance. Section 2.2 explains
the progress in active morphing and, more specifically, talks about trailing edge cam-
ber morphing, which is the focus of the present work. The next section describes the
previous research work related to passive morphing techniques. Section 2.3 also dis-
cusses the fundamentals behind the VSR and the associated advantages by considering
the progress in this domain. This discussion is important since the passive concepts are
generally linked to the changes in centrifugal forces through rotor RPM (Revolution per
Minute) changes.

2.1. MORPHING STRATEGIES
Morphing capability in an aircraft can be achieved by active and passive means. How-
ever, most of the work in the morphing domain is based on active morphing systems [1].
An active system works by using specific actuators for controlling the behaviour of the
morphing mechanism. In such cases, both the input and output are continuously mon-
itored and controlled through a feedback system [2]. Being able to work in a closed-loop
system, the active system can give an optimized performance. However, the complexi-
ties due to the added mass can introduce destabilization. On the other hand, a passive
system requires no additional onboard energy source for actuation. It relies solely on ei-
ther the aerodynamic loads, temperature, or centrifugal forces (in rotorcraft) to change
the shape of the wing while maintaining sufficient stiffness. Due to this reason, passive
systems are generally lighter and are inherently stable but provide less optimized perfor-
mance. The advantage of such a passive system lies in the fact that the required shape
changes are introduced without any additional feedback-driven actuation mechanism.
However, active morphing potentially requires sophisticated onboard signal processing,
multivariable, large dimensional controllers, rapid continuous actuation mechanisms,
as well as computational power [2].

While implementing a morphing scheme, some concepts require sufficient space
and design changes for the idea to work. One such example is the use of telescopic wing,
which potentially increases the lift to drag ratio by 9-10% [3]. However, as noted by the
authors, the overall performance benefits are reduced due to the drag penalty imposed
by the seams of the wing sections. On the other hand, when the modifications are lim-
ited to only those sections where the high lift system is located, the necessity of a design
change is limited, and the performance benefits are enhanced [4]. In other words, by
incorporating design changes in the leading edge and trailing edge section, major mod-
ifications in wings may be avoided, reducing the overall development time significantly.
Regarding the scale of modifications, Szorduch has shown for the fixed-wing aircraft that
camber modifications may require minimal changes [5]. At the same time, such modi-
fications result in an increase in the lift to drag ratio by 2% and also a reduction in root
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bending moment by 2%. Monner et al. showed that the chordwise camber variation
leads to an improvement in operational flexibility and performance and reported lift to
drag increase of 3-9% [4]. In a similar work, for helicopters, Garcia et al. have shown
a reduction in the cockpit vibrations by 80-90% and 5-10% dB reduction in Blade Vor-
tex Interaction (BVI) noise by using trailing edge flap [6]. In the fish bone active camber
(FishBAC) concept proposed by Woods et al., the authors show that over the range of
angles of attack typically used in fixed and rotary wing applications, improvements in
aerodynamic efficiency of approximately 25% are realized [7].

It must be noted that irrespective of the type of aircraft, the biggest current design
problem seems to be to combine properties like flexibility and stiffness into one struc-
ture. Due to this reason, the technology readiness level (TRL) of morphing skins is gen-
erally low [8].

2.2. ACTIVE MORPHING IN ROTORCRAFT
In rotorcraft, swashplates are generally used for rotor primary flight control and have
proved to be highly reliable. However, this traditional arrangement of rotor primary
flight control adversely affects the performance of the rotorcraft. This is because these
swashplates are mechanically complex, have numerous exposed linkages, bearings and
hinges, which contribute to helicopter aerodynamic drag and weight [9]. This problem
can be resolved by incorporating the control mechanisms embedded in the rotor blades
making it an active area of research. However, for rotor primary flight control, much
larger lift changes can be realized by rotating the whole rotor blade than by a deflection
of a flap on a section of the rotor blade. To address the potential issue, Shen et al., at the
University of Maryland, USA, reported a concept to use the rotor flap for its ability to cre-
ate a pitch moment instead of a lift force [10]. The authors make use of a torsion spring
at the blade root. Hence, a moment created by the flap makes the blade rotate, and as
a consequence of the rotation, additional lift is created. To make it even more effective,
the authors apply an “index angle”, which effectively pre-stresses the torsion spring at
the blade root. In this way, the required trailing edge flap angles are found to be moder-
ate, making the flaps potentially capable of performing both primary flight control and
active vibration control functions [10].

Another area of interest in the rotorcraft community is the reduction in noise and
vibration of rotorcraft to improve the overall performance. Both noise and vibration are
associated with the main rotor, tail rotor, and engines, with the main rotor being the pri-
mary source, especially in forward flight [11]. A contributing factor to the noise is the
BVI. BVI arises from the interaction of the rotor blade with the tip vortices generated
by previous rotor blade passages that create an unstable aerodynamic load and leads
to undesirable noise effects and fatigue in the rotor blade structure [12]. To overcome
the issue of noise and vibration in the main rotor, two approaches are common, i.e.,
Higher Harmonic Control (HHC) and Individual Blade Control (IBC). HHC is based on
actuators located below the swashplate, thus limiting mechanically the applicable con-
trol frequencies in the rotating frame for rotors with more than three blades due to the
three swashplate control degrees of freedom, one collective and two cyclic as shown in
Fig. 2.1. On the other hand, IBC is based on actuators in the rotating frame and thus
overcomes the limits inherent to HHC [13]. HHC systems are realized by using an addi-
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tional mechanical system of pushrods connected to a conventional swashplate causing
additional tilt of its plane with higher frequencies [14]. In the case of an IBC system,
each blade is controlled individually by pitch-link actuators or servo-flaps [15]. It has
been shown that using IBC, simultaneous control of both noise and vibration may be
achieved [16, 17]. Such a concept was also flight tested in the BK117 S7045 experimen-
tal helicopter, equipped with an active blade system based on piezoelectrically driven
trailing edge flaps [17].

θ
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Figure 2.1: Schematic of swashplate actuation [18].

In terms of the actuation scheme, two different techniques have been proposed in
the literature. The first technique uses active materials directly bonded or embedded in
a rotor blade to twist the entire lifting surface [19]. The second technique based on rotat-
ing frame actuators uses discrete actuators fixed within the contour of the rotor blade to
control a trailing edge servo flap [20]. In addition, some researchers also looked at other
possibilities like airfoils with a Gurney flap showing better aerodynamic performance at
the lower stall conditions [21]. However, in the case of airfoil camber variation, the trail-
ing edge morphing concept is generally preferred. This is because it offers advantages of
a possible modular design, simplified maintenance, and the fact that the actuator may
be easily detached from the host blade structure for replacement [19].

TRAILING EDGE CAMBER MORPHING
Trailing edge camber morphing can be traditionally linked to the servo flap in rotorcraft.
The earliest example of a servo flap appeared during the early 1920s when Louis Bren-
nan worked on a helicopter concept that had an unusually large single two-bladed rotor
equipped with servo-flaps for control [22]. In 1930, Corradino d’Ascanio of Italy built a
helicopter with servo tabs shown in Fig. 2.2. D’Ascanio designed these servo-tabs so that
they could be deflected cyclically by a system of cables and pulleys, thereby cyclically
changing the lift on the blade as it swept around the rotor disk [22].

Later in the 1940s, Charles Kaman (Kaman Helicopters) adopted D’Ascanio’s con-
cept and designed a helicopter with servo-flaps [23]. When these flaps were deflected
cyclically, the aerodynamic moments caused the blades to twist, changing their angle of
attack and thus introducing a cyclic rotor control capability [22]. This servo-flap shown
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Figure 2.2: Corradino d’Ascanio’s helicopter with servo tabs.

in Fig. 2.3 is considered a trademark of the Kaman Helicopters to date.

Figure 2.3: Flap used in Kaman helicopters.

The trailing edge camber morphing idea stems from the concept of a plain servo flap.
Unlike traditional hinged flaps that are externally mounted aft of the blade’s trailing edge,
plain flaps eliminate the hinge gap and flap support structure. This brings advantages of
reduced power losses due to aerodynamic drag and improved flap effectiveness. For ro-
torcraft, trailing edge camber morphing provides an opportunity to improve these plain
flaps by eliminating the hinge and exposing a smooth surface [24].

While designing a trailing edge morphing system, the frequency of morphing actua-
tion is highly dependent on the desired goal. For instance, the performance and power
benefits are achieved from quasi-static to 2/rev inputs [25], vibration reduction from
3/rev to 5/rev for a four-bladed rotor [26], and noise mitigation from considerably higher
frequencies [27]. Active vibration control can be achieved by changing the aerodynamic
loads on the airfoil through high-frequency changes in camber [28].

The use of a trailing edge flap for primary flight control is attractive in the context
of an actively controlled rotor, where the embedded flaps can perform multiple func-
tions [10]. In this context, Shen et al, developed a comprehensive rotorcraft analysis
for a swashplateless rotor with trailing edge flaps and evaluated the actuation require-
ments of a primary control system. The results show that the swashplateless rotor trims
successfully with the trailing edge flap control system in the complete range of advance
ratios [29]. Similarly, Yang. et al. present analysis of a swashplateless electrically con-
trolled rotor, where the primary flight control can be provided by applying blade pitch
inputs via an integrated active trailing edge flap [30]. The authors show that it is possible
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to achieve theoretically about 3% power reduction using the closed-loop active control
method. However, the authors do not explicitly talk about achieving the desired control
power and mention the work carried out at the University of Maryland discussed earlier
[29].

It is also important to emphasize here that trailing edge flaps are also popular in the
wind turbine community. Lachenal et al. carried out a review of the morphing concepts
and materials for wind turbines and show that the researchers in the wind turbine com-
munity consider trailing edge flaps as a feasible option. This is because the trailing edge
flaps have shown to potentially increase the aerodynamic efficiency (up to 15% in ro-
torcraft), simple construction, and low weight [31]. Similarly, a method based on beam
element momentum theory (BEM) predicts a 10% increase in power coefficient of the
wind turbine by using trailing edge camber morphing [32].

For the camber morphing system, the actuation scheme can be implemented in
various ways. The most popular choices for rotorcraft have remained to be conven-
tional means or piezoelectric actuation and have shown to be quite promising. How-
ever, in most cases, the overall morphing system has turned out to be quite complex.
This complexity is either embedded in the fabrication of the morphing skin or in the
actuation scheme itself. For example, Ben-Zeev et al. used bimorph elements consist-
ing of isotropic piezoceramic (PZT) sheets that are diametrically bonded to a very thin
brass shim with an electrically conductive adhesive coating. When it is cantilevered at
one end, and equal but opposite fields are applied to each sheet, a pure bending of the
bimorph occurs. The resulting tip displacement provides the actuation mechanism for
the flap [33]. In another concept, a morphing cross-section for a helicopter rotor-blade
is realized by a multi-morph bender including piezoelectric ceramics, glass fiber rein-
forced plastics, and further materials [11]. The continuous trailing edge flap is also stud-
ied using an optimized bimorph design with Macro-Fiber Composite (MFC) actuators
[34]. Gandhi et al. proposed a design consisting of several compliant mechanisms of
predetermined topology that are placed serially within the airfoil along the chord, aft of
the leading-edge spar [35]. The actuation is achieved by piezoelectric actuators. In the
conventional domain, the FishBAC concept proposed by Woods et al. [7] consists of a
thin chordwise bending beam spine with stringers branching off to connect it to a pre-
tensioned Elastomeric Matrix Composite (EMC) skin surface. Servo actuators are used
to drive the tendon spooling pulleys in the FishBAC concept.

Although envisaged for fixed-wing aircraft, a concept that shows great potential is
introduced by Vos et al. [36]. This concept works by having a discontinuity in the wing
cross-section and relies on warping deformation of the wing skin, which is split at the
trailing edge to create an open-section airfoil. The resulting geometry has reduced tor-
sional stiffness due to the cut but retains its original torsional stiffness when the cut is
closed by an appropriate actuation mechanism. Later, Werter et al. [37] investigated
an extension of this principle to the leading edge and trailing edge morphing devices
mounted on a typical wing-box structure for a fixed-wing aircraft. In this case, the ac-
tuation is introduced by the servo motors in the chordwise direction through the ap-
propriate translation of the bottom skin; thus, the concept is called Translation Induced
Camber (TRIC). Figure 2.4 shows an illustration of the mechanism based on the TRIC
concept, inside the leading edge and the trailing edge sections of the wing structure [38].
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The design and feasibility study of such a concept for rotorcraft can certainly prove to be
beneficial.

Servo Motors, Brackets and Links

Figure 2.4: Mechanism inside the wing structure showing the full range of deformation [38].

2.3. PASSIVE MORPHING
The idea of passive morphing arises from the need to utilize the tremendous amount
of centrifugal force generated in a rotorcraft, which can range from 6 to 12 tons at the
blade root of two to four passenger helicopters and up to 40 tons for larger helicopters
[39]. This centrifugal force may be utilized in actuating a flap that otherwise needs an
active system for the same purpose. If the advantages of having a passively morphing
flap are established in the flight operation of a rotorcraft, devising and testing a passively
morphing system can prove beneficial. However, such a passive morphing system must
have proper means to control the flap deployment.

In helicopters, passive morphing has been studied mainly to utilize large centrifugal
force for chord and span morphing. In these concepts, the change in shape is achieved
by changing the centrifugal force by varying the RPM of the rotor. For instance, a chord
morphing system based on the cellular structure is designed and tested [40] that shows
its significance for stall alleviation [41]. Similarly, another concept for chord morphing
utilizes centrifugally operated Von Mises Truss to achieve the desired objectives of main
rotor power reductions of up to nearly 17% [42]. In a similar work for span morphing,
a proof-of-concept demonstration rotor is designed, fabricated, and tested on a hover
stand [43]. This concept relies on a spring-based mechanism that works through the
changes in the RPM and shows power reductions of around 10% when compared to its
baseline configuration.

It is clear from the above-referred concepts that the change in centrifugal force is
brought about by the change in RPM, which is a feature of VSR. The next section high-
lights the significance of VSR as compared to the conventional rotorcraft with fixed RPM.

VARIABLE RPM ROTORCRAFT

The idea of passive morphing systems discussed in the previous section depends on the
variation of rotor RPM, so it is also important to look at the progress in the VSR domain.
Conventional rotorcraft operate with a fixed RPM throughout the flight envelope in order
to avoid the potential vibration and resonance associated with the rotor [44]. Hence, the
conventional helicopters show a good dynamic behavior because the eigenfrequencies
and rotor harmonics are separated [45]. On the other hand, for VSR, it is a real challenge
for dynamics engineers to choose a scope of reliable rotor speeds if the rotor speed is
allowed to vary within even a limited range during the flight [44]. Due to the flight con-
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dition called resonant, helicopter manufacturers are reluctant to use much variation in
rotor speed [46]. Despite the additional complexities and challenges, the studies of VSR
indicate that varying rotor speed is advantageous. For instance, in a study performed
by Han et al., it is shown that for a flight at 70 m/s, when the rotor rotational speed is
decreased to 82% of the nominal speed, power is reduced by 40% for the same output
thrust that is required at constant rotor speed [47].

It is important to realize that multiple aspects such as flight envelope extension,
power optimization, and fuel consumption benefit from using a VSR system for rotor-
craft. Hence, the technology is promising and maybe an indispensable feature for fu-
ture rotorcraft configurations [45]. For instance, in terms of fuel efficiency, researchers
have reported fuel reductions in the range of about 10-13% for a VSR as compared to
standard constant-speed rotor operation [48, 49]. In addition, generalized treatments of
helicopter rotor theory have long indicated that, for a given disk loading and solidity, the
choice of rotor-blade tip speed greatly affects the performance of helicopters in the hov-
ering and forward flight conditions and that the tip-speed requirements in the two flight
conditions are conflicting [50]. This indicates another potential source of performance
benefit. As true airspeed increases, advancing tip Mach numbers become large, and re-
treating blade stall occurs, leading to increased vibration. Slowed rotors, as the name
suggests, can alleviate this behavior by slowing the rotor speed [51]. For an auto-rotating
rotor at high speed, slowing the rotor reduces the power required, whether the rotor is
in isolation or in combination with a fixed-wing [52]. There are quite a few examples
of helicopters that have been developed with variable-speed capability, the earliest one
being MacDonnel-XV1. One of the features of the XV-1 was that in airplane mode, the
rotor would be slowed to a significantly lower speed to reduce its drag in forward flight
[52]. Other notable examples include Bell’s Eagle Eye, Boeing’s A-160 Humming Bird,
and Airbus Helicopter’s EC-145.

For conventional rotorcraft, turboshaft engines are the most common choices [53],
and a governor system works to maintain the constant speed. When the swashplate is
raised by the collective pitch lever, the blade pitch is increased, resulting in an increase
in the angle of incidence on each blade as shown in Fig. 2.5. This results in an increase
in drag and, as a result, requires a proportional change in power to compensate for the
drag penalty. The governor system in a conventional helicopter adjusts engine power
automatically. The system is able to sense the rotor RPM, and since the rotor speed is
proportional to the engine speed, the appropriate signal from the integrated circuit is
transferred to a motor that adjusts the throttle to increase the power as desired. Modern
helicopter turboshaft engines operate at a constant rotational speed, with typically al-
lowed variations in speed not exceeding 15%, mainly to avoid resonant frequencies and
secondly to avoid a decrease in engine efficiency while operating in off-design condi-
tions [49].

For variable speed helicopters, researchers have explored different speed ranges in
the past. Han et al. [54] mentions research work of rotor speed change in the range of
(100%-53.8%), (100%-31.5%) and (100%-39.2%), explaining that increasing the range of
the variation of the rotor speed is beneficial to the helicopter performance. Also, the in-
fluence of speed reduction in hover, low-speed, and high speed is different. During hover
and slow flight modes, VSR has shown to be less beneficial than for high-speed regime
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Figure 2.5: Change in blade pitch due to swashplate movement.

[55]. In the studies performed by Han et al. [56], the helicopter performance benefits by
VSR and variable blade twist are investigated. It is found that the combination of VSR
and variable blade twist can obtain more power reduction than individually varying ro-
tor speed or blade twist. This is an important outcome and encourages further studies
to observe the performance of camber morphing coupled with the VSR.

2.4. SUMMARY
The discussion in the preceding paragraphs indicates that primary flight control, flight
performance, as well as noise and vibration mitigation are possible by employing trailing
edge flaps. The primary control is, however, more challenging as it requires other design
variables like blade index angle to be evaluated properly. Trailing edge morphing flaps
offer similar capabilities with the added benefits of smooth shape changes. However, in
terms of the design of the flap and its actuation, the challenges are complex, and the im-
plementation has mostly remained limited as indicated in Fig. 1.3 in Chap. 1. However,
as shown by the TRIC concept, the complexities of a morphing solution can be reduced
to an extent by using conventional means design simplification. This signifies the im-
portance of investigating conventional structures, materials, and systems for morphing
concepts in rotorcraft also to minimize the number of unknowns and reduce the com-
plexities. In addition, due to the high-frequency requirements of the actuation in rotor
blades, the feasibility of such a concept for rotorcraft has to be established.

It is also highlighted in the literature review that the advantages of controlling rotor
RPM are well established. However, the author was unable to find any study that relates
the variation in RPM to camber morphing, despite being one of the most popular choices
for active morphing in rotorcraft. If the slowed rotors are equipped with a camber mor-
phing scheme that utilizes centrifugal forces for their operation, there is a potential to
increase the rotorcraft performance.
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This chapter presents the design methodology for a compliant morphing flap for he-
licopter rotor blades that can work both in active and passive mode.

The chapter is organized as follows. Section 3.1 explains the design approach and
considerations for the design and analysis carried out during the present study for the
morphing skin. It gives a detailed account of the design framework for the morphing
skin. Section 3.2 describes the numerical modelling used to establish the morphing
shapes and the actuator forces. Section 3.3 provides an overview of the critical parame-
ters that affect the design of the morphing flap in terms of the final material and layup
selection.

3.1. DESIGN APPROACH
Before discussing the details of the skin for a morphing flap, it is important to highlight
the key concept investigated in the present work for morphing in rotorcraft.

In the literature study presented in Chap. 2, several options for morphing are dis-
cussed. However, it is highlighted that trailing edge camber morphing is generally pre-
ferred for rotorcraft. Furthermore, for the overall morphing scheme, the TRIC morphing
concept is mentioned which was envisaged for a fixed-wing aircraft. Due to its relative
simplicity, use of conventional materials and opportunity to use off-the-shelf actuation
options, this concept becomes an ideal candidate for the design and feasibility study for
rotorcraft. Therefore, the present work explores the possibilities of implementing the
TRIC morphing concept for rotorcraft.

The operational principle of the TRIC concept conceived for rotorcraft is shown in
Fig. 3.1. It comprises of a hollow trailing edge portion, while the rest of the blade is
based on a conventional rotor blade structure. This hollow trailing edge portion can
be morphed using an actuation system. The desired actuation mechanism and trailing
edge flap can be incorporated in a blade where required. Although the mass distribution
and dynamic response of the blade would change for an existing blade, a modular design
offered by TRIC morphing concept has its own benefits in terms of maintenance and
inspection. By introducing the required actuators and appropriate trailing edge changes,
an effective morphing mechanism can be developed.

Actuation Mechansim

Hollow section

Discontinuity in bottom skin

0 0.2 0.4 0.6 0.8 1.0

0

0.2

Translation of skin

Original airfoil
Morphed airfoil

x/c

y/
c

Conventional rotor blade structure

Figure 3.1: Proposed operational principle of TRIC for rotorcraft.

Keeping in view the TRIC concept and its application in rotorcraft, the design pro-
cess mainly involves two key design elements, i.e., the morphing skin and the actuation
mechanism. The present chapter deals with the design and analysis of the morphing
skin for which a generalized approach is presented applicable to any rotorcraft demand-
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ing a similar morphing solution. However, to help understand the applicability of the
overall solution and quantify important parameters, the Bo105 helicopter [1] is taken as
the baseline rotor to generate rotor-specific requirements.

3.1.1. DESIGN CONSIDERATIONS

At the initial design phase, key requirements have to be defined which can influence the
outcome of the overall design to a larger extent. For instance, the requirements specific
to a camber morphing solution need to have sizing, frequency and operational speed
defined. For the case under consideration, the design requirements are stated in Tab. 3.1.

Table 3.1: Design requirements with respect to Bo105.

Property Unit Value
Control method - Active/Passive

Rotor radius m 4.91
Rotation speed rad/sec 44.4

Blade chord mm 270
Airfoil type - Bo105 (NACA 23012)
Frequency - Quasi-static to 2/rev or higher

Advance Ratio - 0.3

In Chap. 2 it is mentioned that some extra parameters such as blade index angle are
required to reduce the flap control requirements in the flap for primary flight control.
Shen et al. have shown that even moderate flap angles of around 2◦ to 6◦ can be used
for active vibration control (5/rev) and primary flight control by having a blade-pitch
index angle of 16◦ [2]. In a similar study, the authors also show that the flap deflection
angles for vibration control can be as low as 40% compared to that required for the pri-
mary flight control [3]. Keeping this in perspective, the design process described in this
chapter intends to achieve the downward flap deflection in the range of 6◦ to 8◦. Since
the flap control power is not considered during the present research work, these moder-
ate flap deflection angles also keep the actuation possibilities open for a broader range
of off-the-shelf actuators such as the piezoelectric actuators, which are limited by the
stroke [4]. The definition of a morphed shape in terms of required deflection angle is
shown in Fig. 3.2. The flap deflection angle is considered positive downwards. The flap’s
imaginary hinge is assumed to be located at 75% of the blade chord. For a flap length
equal to 25% of the chord length, the deformed chord line makes an angle β as shown in
Fig. 3.2.

In terms of the design objectives, the present study focuses on obtaining the required
flap deflection and the corresponding actuation force. The deformed shapes are ob-
tained for the two cases, i.e., under pure elastic loads and under aerodynamic loads ob-
tained using 2D Computational Fluid Dynamics (CFD) simulation. However, based on
the aerodynamic loads, unless the skin is sufficiently stiff, both the tip deflection and the
deformed shape can vary significantly between the two cases. These criteria of a close
match, both in terms of the tip deflection and deformed shape between the two cases,
give rise to the requirement of a steady-state shape. To obtain the steady-state shape,
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Figure 3.2: Deflection angle definition.

the thickness of the skin is increased (for a given material) when the maximum aerody-
namic load is applied on the undeformed (baseline) shape in the Finite Element Analysis
(FEA). An increase in thickness beyond a particular value has no significant influence on
the deformed shape and the corresponding tip deflection. The resulting steady-state
shape is used again in the CFD to obtain the aerodynamic loads for the next deflection
case, and the process is repeated till the criteria of achieving the steady-state shape are
satisfied. However, to keep the actuation loads as low as possible, another design objec-
tive is to find the minimum thickness of the skin that meets the above-referred criteria.
Moreover, it is assumed that the complete flap is subjected to a uniform spanwise aero-
dynamic load, unlike the actual scenario for a rotor blade. This assumption works for
the preliminary design phase, especially for smaller flap lengths and when the design is
based on the worst-case scenario.

3.2. ANALYSIS METHODOLOGY
A Fluid-Structure Interaction (FSI) scheme is devised to determine the morphed shapes
and corresponding actuation forces under flexible aero loads required to obtain the mor-
phed shapes. To develop this scheme, a similar approach as presented by Daynes et al.
is adopted. They coupled XFoil1 and Abaqus2 for the FSI model [5]. In the present case,
the author has used CFD (Ansys Fluent3), which uses Finite Volume Method (FVM), to
obtain the aerodynamic loads. Abaqus/Standard is used as the FEA tool, which is more
efficient in solving non-linear problems. However, the automatic coupling of the two
software is not implemented at this stage since the number of morphed shapes is kept
limited, and the aim is to find the actuation loads based on the worst-case load scenario.
The basic methodology of the FSI scheme is shown in Fig. 3.3.

The process starts by specifying the design requirements for the design of the skin.
These requirements include the type of airfoil, location and size of the flap, operating
frequencies, range of deflections, Mach number, and angle of attack during the oper-
ation of the flap. As shown in Fig. 3.3, the 2D flow analysis is carried out using CFD
simulations to calculate the aerodynamic loads on the skin for various morphed shapes
starting from the unmorphed or baseline shape. This information is used in the FEA to
observe the deflections under the influence of aerodynamic loads. This analysis helps

1https://web.mit.edu/drela/Public/web/xfoil
2https://www.3ds.com/products-services/simulia/products/abaqus/abaquscae
3https://www.ansys.com/products/fluids/ansys-fluent
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Figure 3.3: Basic methodology of the FSI scheme.

in determining both the desired morphed shapes and actuation forces for a given load
case. Afterwards, the response of the flap, in terms of tip deflection and shape, is com-
pared to the steady-state shape. A morphed shape must conform to the tip deflection
and shape of the steady-state shape. If the criteria are not satisfied, the skin thickness
is increased for the given material, and the above-mentioned process is repeated. Once
these criteria are satisfied, a new morphed shape corresponding to a higher deflection
angle is generated through the point data in FEA, and the process is repeated for the new
shape.

For the implementation of the FSI scheme, a Matlab tool is developed to transfer
loads from the CFD to the FEA, as shown in Fig. 3.4. The key steps performed to obtain
the Finite Element Model (FEM) are as follows:

1. Nodal coordinates (corresponding to the mesh), forces, and moments are obtained
in the form of a text file from the CFD after conducting the flow simulation on a
particular airfoil shape.

2. Nodal coordinates corresponding to the mesh generated in FEA are obtained in
the form of a text file for the same airfoil shape.

3. Due to the difference in the mesh sizes in the CFD simulations and the FEA anal-
ysis, Matlab’s Nearest neighbour search is used to identify the closest coordinates
of the FEA text file that are present in the CFD text file.

4. The forces and moments of these points are linked to the coordinate data from the
FEA text file. Consequently, a text file is generated for the FEA.

5. In the FEM, the nodal forces and moments are applied using the file obtained in
the previous step.
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Figure 3.4: Implementation of the FSI scheme.

The flap used in the TRIC concept is subjected to the boundary conditions shown
in Fig. 3.5 which are similar to those used in the initial version of the TRIC concept [6].
The portion of the top skin which is fixed to the rotor blade structure is constrained in all
degrees of freedom (DOF) in the FEM. The bottom skin, which translates in the chord-
wise direction, is constrained in the out-of-plane direction. The node shown in Fig. 3.5 is
subjected to a displacement in the chordwise direction. The resulting translation of the
bottom skin causes the top skin to deform, giving the corresponding morphed shape.
Consequently, the reaction force for the actuators is estimated on the node shown in
Fig. 3.5.

RP

U2=0

U1=U2=U3=0
UR1=UR2=UR3=0

2

31

Flap Length(-)RF

U = Translational DOF
UR = Rotational DOF

Figure 3.5: Boundary condition for the TRIC concept.

The resulting file obtained in step four is used in the Python Development Environ-
ment (PDE) of Abaqus to transfer the loads and moments to the respective nodes. Before
the analysis, a mesh convergence study is done for the analysis as given in Tab. 3.2 based
on which a mesh size of 2 mm is chosen. The elements used in the FEA are S4R general-
purpose shell elements [7].

The resulting morphed shapes, as shown in Fig. 3.6, are used for the subsequent sim-
ulations in CFD to get the aerodynamic loads and coefficients, while the reaction forces
obtained during these studies are used for the actuator selection. The baseline shape
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Table 3.2: Mesh convergence study.

Mesh (mm) Stress (MPa) Reaction Force (N/m)
0.5 57.2 160
2 56 161
5 44 164

shown in Fig. 3.6 is the undeformed shape. Once the actuator selection is made based
on the worst-case loads, the resulting information is used to design the actuation mech-
anism.

Baseline

x/c

y/
c

8
o

6
o 4

o
2
o

0

0.05

0 0.2 0.4 0.6 0.8 1

Figure 3.6: Trailing edge camber morphing for different deflections.

3.2.1. CFD STUDIES
In CFD simulations, the accuracy of the solutions is highly dependent on the quality
of the mesh [8]. Mesh refinement is done till the majority of the Cl values are approx-
imately around 10% of the corresponding values found in the experimental data. The
final refined mesh for the deformed and undeformed shapes is a C-grid mesh with the
number of cells equal to approximately 90,000, as shown in Fig. 3.7. The airfoil shapes
are placed in this domain such that the outer boundary is more than 25 times the blade
chord length all around. The airfoil surface is considered a viscous wall in the fluid do-
main. The fluid is assumed compressible choosing the ideal gas, and pressure-far-field
is selected as the boundary condition. The dimensionless wall distance y+ is kept close
to 1 since no wall functions are used to resolve the boundary layer. To carry out the flow
simulation, a pressure-based solver is used. The turbulence model used for the studies is
the Spallart Allmaras (SA) model [9], which is a one-equation Reynolds-Averaged Navier
Stokes (RANS) based model.

(a) Baseline shape (b) Morphed shape

Figure 3.7: Final CFD mesh after refinement.
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To validate the resulting mesh and model, the results for the baseline shape are com-
pared to the experimental data [10] shown in Fig. 3.8, showing a close agreement be-
tween the two cases.
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Figure 3.8: Comparison of CFD and experimental results for baseline shape at Mach 0.6.

Figure 3.9 presents the results of the CFD simulations carried out at Mach 0.37. Al-
though the present study focuses on the positive deflections of the morphed flap, the
CFD simulations are performed by varying the flap deflection angle between -4◦ and
+8◦ with an interval of 2◦ to reduce the computational effort. Each morphed shape is
generated by following the procedure mentioned earlier. The angle of attack is changed
between -6◦ and +16◦ for the CFD simulations. Figures 3.9a and 3.9b show the behaviour
of lift and drag coefficients for different morphed shapes in comparison to the baseline
shape. The trend of higher Cl (max) with higher camber is observed in both Figs. 3.9a and
3.9b. Also, for Cl (mi n)(Baseline) ≤ Cl ≤ Cl (max)(Baseline), the airfoil polars are closely
stacked. This shows that morphed airfoils produce more lift with the same drag penalty
as that attributed to the baseline airfoil. Abdelmoula et al. also noted similar observa-
tions when they studied the morphed camber airfoils at Mach 0.4 [9].

To quantify the aerodynamic efficiency of the concept, the lift-to-drag ratio is plotted
for different morphed shapes at Mach 0.37, as shown in Fig. 3.9c. It can be seen that the
aerodynamic efficiency increases by increasing the trailing edge camber morphing. This
increase is more pronounced for Cl ≥ 1 and higher flap deflection angles of 6◦ and 8◦. In
addition, the requirement of low pitching moment is one key parameter to minimize ro-
tor control loads, that are a result of blade torsional dynamics [9]. As seen from Fig. 3.9d,
the pitching moments coefficient around +5◦ remain less than -0.1. As mentioned in [9],
the airfoils with a 2D section Cm between -0.1 and 0.1 can still be safely used. It can also
be observed that the compressibility effects are more pronounced on the Cm variations
for the shapes with higher deflection angles.
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Figure 3.9: Results of aerodynamic analysis for different morphed shapes at Mach 0.37.

3.3. DESIGN STUDY OF MORPHING SKIN
As mentioned earlier, two of the primary design outcomes of the proposed concept are
the steady-state morphed shapes and the corresponding actuation forces. During the
course of studies performed by the author, it is observed that the thickness of the mate-
rial, the type of material, stacking sequence for composite materials, and chord length
of the trailing edge section are important factors to be considered as each of these in-
fluences the actuator selection with respect to a steady-state morphed shape. Hence,
before finalizing the design of the morphing skin for the TRIC concept, a study is carried
out to investigate the effects of the above-mentioned design considerations. Using the
approach described in Sec. 3.2, the study is performed for a flap subjected to aerody-
namic loads at Mach 0.46 at 10◦ angle of attack. For the Bo105 helicopter, this hover case
corresponds to placing a flap at 0.75R (R is the rotor blade radius), as shown in Fig. 3.10.
The outcome of this investigation results in the deformed shapes along with the mass
and required actuator forces for each morphed shape. These results help in the over-
all design scheme of the trailing edge morphing flap keeping in view strength, flexibil-
ity, and weight considerations. Once these criteria are satisfied, the skin can be further
analyzed for any potential damage under the same loading conditions using a failure
criterion such as the Hashin damage model, which is a damage initiation criterion for
composites [11].

As described in Sec. 3.1.1, the important factors for a deformed shape are to achieve
both the desired deflection angle and also a close match to the steady-state shape. To
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Figure 3.10: Flap depiction.

represent the similarity of the two shapes, the Kolmogorov–Smirnov (KS) test [12] is em-
ployed. Considering 2D airfoils, the y-coordinates of the steady-state shape are normal-
ized with respect to the blade chord length. Afterwards, the cumulative values of the
y-coordinates of the shape are calculated for the steady-state shape and also for the mor-
phed shape using Eq. 3.1:

s j =
j∑

i=1
yi (3.1)

where s j represents the cumulative sum, yi are the values representing the y-coordinates
of the shape normalized with respect to the blade chord length, and j represents the
number of coordinate points. A “Similarity Index” (SI) is then established by obtaining
the maximum distance between the cumulative distributions as shown in Eq. 3.2. The
smaller the value of SI, the better the match to the desired shape and vice versa.

SI = Max
(
∆s j

)
(3.2)

where ∆s j represents the maximum value of the difference between the cumulative val-
ues calculated for the steady-state shape and the deformed shape.

3.3.1. EFFECT OF MATERIAL THICKNESS

In order to specifically observe the effect of material thickness, an isotropic material is
considered. Subsequently, the effect of thickness is explored by following the aforemen-
tioned approach. For this purpose, morphed shapes are generated for a deflection from
0◦ to 8◦ for a skin made of aluminium. The morphed shapes are generated at intervals of
2◦ to reduce the computational effort and by varying the thickness until the criterion for
steady-state is satisfied. The thickness is varied from 0.1mm to 1.5 mm.

Figure 3.11 represents the outcome of the study based on the KS test. It can be ob-
served that for each deflection angle, there is a point where both criteria of the desired
shape and tip deflection are met. In general, for all the cases, a SI of less than 0.3 gives a
close match. It can be seen from these plots that increasing the thickness or stiffness of
the skin beyond a certain design point would have no significant effect on the structural
response of the skin and would only serve to increase the weight.

Figure 3.12 helps to visualize the effect of the above-mentioned scheme on the actual
shape corresponding to 2◦ deflection. Figure. 3.12a shows the cumulative distribution is
plotted for a skin thickness of 0.1 mm and 0.6 mm, while Fig. 3.12b shows the behaviour
of the actual shape.
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(a) 2◦ deflection.
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(b) 4◦ deflection.
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(c) 6◦ deflection.
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(d) 8◦ deflection.

Figure 3.11: Similarity index and tip deflections for different deflections.

3.3.2. EFFECT OF MATERIAL AND LAYUP
For the material effect analysis, four different materials are selected as potential candi-
dates, i.e., aluminium, unidirectional (UD) prepreg carbon fibre [13], plain weave carbon
fabric [13], and UD prepreg carbon fibre with thin plies [14] called Thinpreg. Table 3.3
shows the material designation and properties used for the subsequent studies.

Table 3.3: Properties of the candidate materials.

Property UD Carbon Fibre Plain Weave Carbon Fabric Thinpreg Aluminum
E11 (GPa) 138 68.9 85.63 68.3
E22 (GPa) 11.4 68.9 9.06 68.3
ν12 0.29 0.05 0.27 0.34
G12 (GPa) 4.83 4.83 5 26
tpl y (mm) 0.1524 0.1905 0.05 -

While dealing with the composite laminates, it is crucial to have a stacking sequence
that provides both the required strength and flexibility. Due to this reason, different
layups are investigated with variable thickness to get an overview of the impact. This
analysis is again performed at aerodynamic loads corresponding to Mach 0.46 and con-
sidering stacking sequences such as balanced, symmetric, and quasi-isotropic. The SI
and tip deflection is obtained by changing the layup for each material to get the de-
sired flap deflection of 6◦. The SI and corresponding tip deflections for each material are
shown in Fig. 3.13, 3.14 and 3.15.

Table 3.4 summarizes the data of steady-state shapes against each material and the
corresponding actuation force.
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Figure 3.12: Effect of thickness on 2◦ deflection.
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Figure 3.13: Similarity index and tip deflections for fabric.

The results in Tab. 3.4 show that in terms of mass and elastic force, both serial num-
bers 1 and 7 (fabric and Thinpreg) give acceptable solutions while maintaining the de-
sired shapes under the given loads. For the case of UD prepreg, serial number 5 results
in less skin thickness when compared to serial number 6 but at the cost of a higher ac-
tuation force. From a morphing perspective, it is important to keep the overall weight
as low as possible. Therefore, a higher actuation force also means a potentially larger
and heavier actuation system. In addition, the effect of increasing the plies for a better



3.3. DESIGN STUDY OF MORPHING SKIN

3

35

[+45/-4
5/0/90] s

[+45/-4
5/90/0/90/-4

5/+45]

(+45/-4
5/0/90)

[0] 5

[+45/-4
5/0] s

[+45/-4
5/0/0/0/-4

5/+45]

Layup

-1

-0.5

0

0.5

1

S
im

ila
ri

ty
 I

nd
ex

-8

-6

-4

-2

T
ip

 D
ef

le
ct

io
n 

(m
m

)Desired Tip Deflection (mm)
SI

Figure 3.14: Similarity index and tip deflections for UD carbon prepreg.
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Figure 3.15: Similarity index and tip deflections for Thinpreg.

Table 3.4: Actuator forces for 6◦ deflection.

Sr. No Material Layup Ply thickness
(mm)

Skin thickness
(mm)

Actuation force
(N/mm)

1 Fabric [+45/−45/0/90]s 0.1905 0.762 1.07
2 Fabric [+45/−45/0/90/−45/+45)]s 0.1905 1.143 1.36
3 UD prepreg [+45/−45/90/0/90/−45/+45] 0.1524 1.066 1.41
4 UD prepreg [+45/−45/0/0/0/−45/+45] 0.1524 1.066 1.18
5 UD prepreg [0]5 0.1524 0.762 1.11
6 UD prepreg [+45/−45/0/90]s 0.1524 1.219 1.05
7 Thinpreg [+45/−45/0/90/0/90/−45/+45]s 0.05 0.8 1.05
8 Thinpreg [(+45/−45)2/(0/90)2/0/(90/0)2/(−45/+45)2] 0.05 0.85 1.15
9 Aluminum - 0.8 0.8 1.23

match to the desired shape and tip deflection can be observed in Fig. 3.13, where the
(0/90)s layup indicates a better match than the (0/90) layup.

For the demonstrators, Thinpreg is preferred because it offers thin plies, giving more
freedom in the number of plies and ply orientations. In addition, the extensive literature
on composite materials suggests that thin plies delay delamination and matrix cracking
[14]. In addition, the assessment of any potential damage is observed using the Hashin
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damage model in Abaqus. The variables in this model indicate whether an initiation cri-
terion in a damage mode has been satisfied or not; a value that is less than 1.0 indicates
that the criterion has not been satisfied [7].

3.3.3. EFFECT OF TRAILING EDGE MORPHING LENGTH

The maximum lift of the plain flap is dependent on the flap chord, and a flap chord ratio
between 0.2c to 0.3c generally yields the highest value of the maximum lift coefficient
[15]. In addition, the optimum flap chord is often considered at 0.25c because of the op-
timum lift coefficient [16]. However, it is still important to establish the effect of varying
chord length around this value of 0.25c because a deviation from this ideal value of 0.25c
is inevitable in some instances. For instance, if the volume available to house the actua-
tion system is insufficient, the chord length will be changed accordingly. For this reason,
CFD simulations followed by the FEA analysis are carried out for a flap deflection of 8◦
to obtain the actuation force corresponding to aerodynamic loads at Mach 0.46 and 10◦
angle of attack. The material used in this case is aluminium having a skin thickness of 1.5
mm. The actuation forces corresponding to the elastic load are also noted in this study.

Figure 3.16 represents the plot for the actuation force corresponding to the elastic
load, aerodynamic load, and total force. It can be observed that the elastic forces tend to
decrease when the flap chord length increases. On the contrary, the aerodynamic forces
show a slight increase in this case. The contribution of the aerodynamic force to the total
force increases with the increase in flap chord length. However, the total force tends to
decrease as the flap chord length increases. The outcome of this study indicates that
although increasing the chord length may seem to be the preferred approach in terms
of reduced loading requirement; the lower available volume might reduce the choice of
actuators. On the contrary, reduction in the flap chord length from 30% to 20% increases
the total force requirement by approximately 75%. Thus the final selection of the chord
length should consider the volume available to house the required actuation system.
Particularly for rotor blades, the volume constraint can become the deciding factor when
selecting a chord length.
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Figure 3.16: Change in actuation force corresponding to elastic and aero loads.
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3.4. SUMMARY
This chapter was dedicated to the characterization of the morphing flap which was based
on the TRIC concept. A design methodology was presented where the aerodynamic
loads were transferred from CFD simulations to the FEA to get the desired morphed
shapes. This was accomplished by mapping the nodal forces and moments from the
CFD to the respective nodes in FEA. This method ensured that the aerodynamic forces
are transferred in the FEA properly. The significance of a steady-state shape was also
established, which ensured that increasing the flap stiffness did not affect the morphed
shape. In addition, factors affecting the shape and actuation forces such as thickness,
flap chord length, flap material, and stacking sequence were studied to show that an ap-
propriate selection was possible by considering the actuation forces, shapes, and weight
of the skin. The FSI scheme presented in this chapter was validated with the wind tunnel
experiment and presented in Chap. 8.
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The hardest choices in life aren’t between what’s right and what’s wrong but between
what’s right and what’s best.

Jamie Ford
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Now that the morphing skin is characterized, the opportunities to build a morphing
system around it are explored. This chapter discusses the design of the active system,
which is followed by the design of the passive system in the next chapter.

For any actuation system to be designed, the requirements play a critical role which
is presented in Sec. 4.3. This is followed by Sec. 4.2, where a comparison is presented
for the potential off-the-shelf actuators. Section 4.3 presents an account of piezoelec-
tric actuators which are considered appropriate for the present active morphing system.
It also explains the selection procedure for the demonstrators for the wind tunnel and
whirl tower tests. Section 4.4 explains the complete actuation mechanism designed in
conjunction with the selected actuators and the associated kinematics.

4.1. ACTUATION SYSTEM REQUIREMENTS
The TRIC concept introduced in Chap. 2 was primarily envisaged for a fixed-wing air-
craft. It consists mainly of two primary components: a compliant flap, maintaining its
shape under the given load conditions, and an actuation system that can morph the skin
when required. For the finalization of the design for rotorcraft, various requirements,
including size, frequency, force, weight, voltage input, control system, capital cost, and
maintenance cost, have to be considered. The force requirement can also determine the
number of actuators (and weight) required for a particular flap length and operational
condition. However, the present work is mainly focused on developing a morphing sys-
tem based on three key requirements, i.e., size, frequency, and the required actuation
force. The other requirements are also important and must be evaluated before the de-
sign finalization but are outside the scope of the present thesis.

The first key requirement important for the actuators for rotorcraft is size. In the
case of its initial concept [1] for fixed-wing aircraft, servo motors (actuators) are housed
inside the trailing edge and leading edge volumes, and the appropriate mechanism to
change the wing camber is built accordingly. While considering a similar solution for
rotor blades, it is important to note that the rotor blades are generally thin, and practi-
cally, it is highly improbable to house any actuator inside the limited volume available in
the trailing edge section of the rotor blade. This limitation is illustrated in Figure 4.1 by
comparing the two airfoil sections, i.e., the airfoil used in the case of fixed-wing aircraft
(chord length of c = 600 mm) [1] and the airfoil of the Bo105 blade (NACA 23012 with
a chord length of c = 270 mm). The illustration in Figure 4.1 helps to understand the
volume constraints in a blade as compared to the fixed-wing aircraft. This does not im-
ply that accommodating an actuator inside a fixed-wing aircraft is easier, as it depends
on loads, operational requirements, and other factors discussed earlier. However, in the
author’s opinion, the volume available inside the blade structure is more critical for ro-
torcraft as the options are limited compared to fixed-wing aircraft.

The second key requirement that is solely applicable to a rotorcraft is the high actu-
ation frequency, especially when reduction in noise and vibration are also required. The
main rotor operational range, depending on the helicopter, is usually between 320 and
500 RPM [2]. Keeping rotor RPM in perspective, the frequency of morphing actuation
is highly dependent on the desired goal, with performance/power benefits coming from
quasi-static to 2/rev inputs (8.6 Hz) [3], vibration reduction from 3/rev (34 Hz) control
inputs, and noise mitigation from 5/rev (57 Hz) control inputs [4]. From a pure design
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Figure 4.1: Illustration of comparison between the airfoil sections.

perspective, the selected actuator should ideally fulfil all these requirements.
The third key requirement is the force required for actuation. The maximum actua-

tor force or torque determines the type and the number of actuators required to morph
a flap of a certain span to the required deflection angle. The actuation force largely de-
pends on the type of rotorcraft and its operating envelope.

4.2. ACTUATOR CONSIDERATIONS
To reduce the uncertainties and complexities of the overall solution, the present work
aims to design a morphing solution with conventional components, including the skin
and the actuation mechanism. This approach also gives the opportunity to explore the
off-the-shelf components. The discussion in the preceding section indicates that the
three important requirements at the preliminary design phase are the size of actuators,
the operating frequencies, and the force or torque. In terms of actuation options, linear
actuators 1,2,3,4, Amplified Piezoelectric Actuator (APA) 5, and servo motors 6,7 are con-
sidered potential candidates for the active morphing concept. After doing a technology
scan, the important aspects related to the different actuation options are identified and
are presented in Tab. 4.1.

1https://www.actuonix.com/
2https://www.regner.es
3https://www.physikinstrumente.nl/en/
4https://microlinearactuator.com/
5https://www.cedrat-technologies.com/en/index.html
6https://mks-servo.com/HBL6625
7https://hitecrcd.com/
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Actuator Type Pros Cons

Linear Actuators

• Light weight (60-170 g).

• Higher stroke length (17-
100 mm).

• Simple control system.

• Inexpensive.

• Low energy consumption.

• Lower operating speeds
(1.5-25 mm/s).

• Inherent delay in re-
sponse.

• Lower actuation force
(more number of actu-
ators required per unit
length).

• Mechanical backlash (0.2
mm max).

Servo Motors

• Light weight (28-100 g).

• Medium to high stall
torque (44 kg-cm max).

• Simple controls system.

• Inexpensive.

• Low energy consumption.

• Mechanical amplification
required.

• Lower to medium op-
erating speed (0.11-0.17
sec/60◦).

Amplified Piezo-
electric Actua-
tors (APA)

• Higher forces (18-1400N).

• Higher operating frequen-
cies. (Blocked-free reso-
nance: (18-2100 Hz)

• Compact.

• Relatively heavy (18-650
g).

• Limited stroke lengths
(0.12-1.72 mm).

• Expensive.

• High energy consump-
tion.

Table 4.1: Actuator options considered.

4.3. ACTUATOR SELECTION
In Sec. , it is mentioned that actuation force, frequency and size are the key requirements
considered in this work. The data presented in Tab. 4.1 indicates that linear actuators are
not suitable for the present case because of low operating speeds, delay in response, and
backlash. Servo motors, on the other hand, appear to be a viable option at first sight
but are also restricted by the need for amplification and operating speeds. APA presents



4.3. ACTUATOR SELECTION

4

45

good options in terms of force and operating frequencies. However, APA offers limited
stroke lengths as compared to servo motors and linear actuators.

It has to be noted that an important factor for the actuator selection for rotorcraft is
the influence of the apparent centrifugal forces, which have to be considered in addition
to the aerodynamic forces acting on the flap. These centrifugal forces are substantial,
10 times or more than the lift force [5], and the actuation system design must ensure
to minimize their effect. Hence, an actuator that is suitable for the fixed-wing aircraft
might not work in the case of the rotorcraft, even if the flap is subjected to similar aero-
dynamic loads. Due to these reasons, the author was unable to find a reference for a flap
system in rotorcraft where servo motors or linear actuators are used. On the other hand,
virtually all of the research efforts focusing on rotor trailing edge flaps for vibration re-
duction have used actuators constructed from piezoelectric material to deflect the flaps
because these actuators are solid-state, compact, and can produce the required force at
high-frequency [6]. However, as mentioned earlier, since the stroke of the piezoelectric
actuators is limited, mechanical amplification is required, which adds to the complex-
ity and can result in significant mechanical losses. In this case, actuators similar to APA
present an attractive option since the amplification is embedded in the actuator.

In APA, the outer shell is the main reason for the relatively higher amplification[7]. In
addition, these shells have the potential of further weight reduction by using composite
materials rather than steel [8]. This is indicative of the fact that such actuators can also
be customized if deemed necessary. Although the actuator strokes are still limited in
such actuators even after embedded amplification, this limitation can be overcome by
coupling the actuators in series [9] as shown in Fig. 4.2. Such an arrangement increases
the actuator stroke by a factor equal to the number of actuators coupled in series while
keeping the force constant. If the purpose is to increase the force without affecting the
stroke, the actuators are coupled in parallel.
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Figure 4.2: Actuators in series and parallel.

Based on the aforementioned discussion and the data in Tab. 4.1 APA is preferred for
the present study. The operating frequencies of the APA are sufficient to fulfil the actua-
tion requirements beyond 2/rev, which is useful for noise and vibration reduction. It is
pertinent to mention here that these actuators have been used in the rotorcraft applica-
tion in the past [10], [11], and in Micro Air Vehicle (MAV) [12].

The force, displacement, and voltage relationship of the amplified piezoelectric ac-
tuators is vital for their actuation and is given by the characteristic equation Eq. 4.1[13].
This equation can be used to determine the ideal stroke length by using the estimated
force magnitude from the numerical analysis. In addition, the same equation can also
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be used to obtain the actuation force corresponding to the stroke length obtained exper-
imentally.

F

Fmax
+ X

Xmax
= V

Vmax
(4.1)

where Vmax is the maximum permissible voltage, V is the supplied voltage, Fmax is the
maximum blocked force, F is the applied blocked force, Xmax is the maximum stroke,
and X is the stroke at supplied voltage.

4.3.1. SELECTION PROCEDURE FOR APA
The selection procedure described here is carried out keeping in mind the particular re-
quirements and loading conditions specific to the two demonstrators built for wind tun-
nel testing and whirl tower testing. An explanation of the development of these demon-
strators is given in Chap. 6. In the case of the wind tunnel demonstrator, both the aerody-
namic and elastic loads are considered, and the required actuator forces are determined
that can result in a flap deflection of 6◦ to 8◦ following the analysis scheme presented in
Chap. 3. However, the whirl tower demonstrator is designed with the intention of test-
ing under centrifugal loads only. For this reason, only the elastic loads due to the flap
are considered for the actuator selection in this case. For the evaluation of the actua-
tion force, the flap span of the wind tunnel test demonstrator (having a length of 1 m)
is considered to be 990 mm. This span is selected mainly because it allows wind tunnel
testing at most facilities. It also gives the opportunity to use two actuation points for
morphing. For the whirl tower demonstrator, the flap span is taken as 200 mm, which is
approximately equal to the length of the potential actuators. This flap span is kept to 4%
of rotor radius corresponding to the minimum value of flap span used in the studies for
helicopter vibration reduction [14]. It also reduces the elastic loads and allows maximum
deflection angles for the selected actuator.

The force required and the stroke length against maximum loads considered for the
two demonstrators are highlighted in Fig. 4.3. The required actuation force in each case
is calculated by using the FEA approach discussed in Chap. 3. By using this force in
Eq. 4.1, the corresponding stroke length is obtained. Figure 4.3 shows the design points
obtained as a result of the design study at velocities of 30 m/s and 15 m/s, expected
during the wind tunnel test. Similarly, for the whirl tower test, it shows the point where
maximum force to deflect the flap (obtained numerically) is indicated. The data points
in Fig. 4.3 help to identify the operating range of the actuators under different loading
conditions. For instance, in the case of the wind tunnel test at V = 30 m/s, it is clear that
the flap deflection angle will be lower due to a limited stroke length at stall conditions
corresponding to 14◦. This shows that at 30 m/s, the test has to be carried out at a con-
siderably lower angle of attack to obtain the same deflections as mentioned for V = 15
m/s and α= 10◦.

Based on the aforementioned analyses, several actuators provided by CEDRAT Tech-
nologies [9] are considered as shown in Fig. 4.4. In this figure, the bubble size represents
the weight of the actuators.

The topmost (red) bubble shows APA 1500L connected in series (to double the stroke
length) as the selected option to test the active TRIC concept. The main characteristics
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Figure 4.4: APA actuators from CEDRAT [9] indicating force, stroke and weight.

of this actuator are shown in Tab. 4.2.

Parameter Value Unit
Nominal stroke 1480 µm
Blocked force 99 N
Blocked-free resonance frequency 135 Hz
Voltage range -20 .. +150 V
Stiffness 0.0669 N/µm
Mass 143 grams
Force/Volt 0.588 N/V

Table 4.2: Characteristics of APA 1500L [9]

.
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4.4. ACTUATION MECHANISM DESIGN
As mentioned earlier, the rotor blades are subjected to enormous centrifugal forces. The
centrifugal force acts through a line that passes through the centre of rotation (COR)
and centre of gravity (CG) of mass m as shown in Fig. 4.5. Considering the scope of the
present work and the testing on the whirl tower setup, the effect of the flap angle and the
lead-lag angle are not taken into account.

+ δ
CF

CF

r

y
x

CF
CF Span

CF Chord

Span

Chord

m

25%c 75%cCOR

δ

Figure 4.5: Centrifugal force acting on the blade.

When a blade rotates, a mass m placed at a distance r from the COR experiences a
centrifugal force, which is represented by the following equation:

C F = mrω2 (4.2)

where C F is the centrifugal force, m is the mass of the component, and r is the radius of
the CG of the component. Although mass on the 25% chord line would experience only a
spanwise centrifugal force, any chordwise offset results in both spanwise and chordwise
components of the centrifugal force [15] as shown in Eq. 4.3 and Eq. 4.4.

C Fspan =C F cos(δ) (4.3)

C Fchor d =C F sin(δ) (4.4)

where δ is the angle corresponding to the spanwise and chordwise components of the
centrifugal force acting on mass m. Both the flap and the actuators experience the cen-
trifugal force when mounted at a specific distance from the COR. Considering the line of
action of the centrifugal force and the fact that the Aspect Ratio (AR) of the blades is rel-
atively high, the chordwise component is small compared to the spanwise component.
Nevertheless, depending on the magnitude of the parameters in Eq. 4.2 and the location
of m, the chordwise component may still be considerable. This difference in magnitudes
can be examined by considering an extreme case. For the Bo105 helicopter blade rotat-
ing at 44.4 rad/sec, when a mass is placed at 0.9R (R = 4.9m) from COR at 75% chord line
as shown in Fig. 4.5, the value of centrifugal force turns out to be 8,680N /kg . However,
the chordwise component turns out to be only 266N /kg .

It is clear that the chordwise component of centrifugal force would affect the actu-
ation power. Thus, placing the actuation system so that its CG lies on or close to the
COR in the chordwise direction would significantly reduce the chordwise component of
the centrifugal force. However, the spanwise component of the centrifugal force must
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be managed so that its effect on the actuation system is minimized. Due to this reason,
the actuation system is intentionally designed to have its CG such that the chordwise
component of centrifugal force is minimized to the extent that it can be neglected. In
addition, with reference to Eq. 4.2, for the thin flap made of composite, the longitudinal
(spanwise) component is also negligible if the skin is thin, light-weight, and appropri-
ately constrained to the rigid structure. The effect of this component on the actuator
and associated mechanics can be minimized by having additional supports. Two thin
blades made of steel and teflon pads are introduced in the assembly, as shown in Fig. 4.6.
The blades and the teflon supports react to the centrifugal loads to prevent the actuation
system from bending due to these loads.

Thin Blades
Actuators

Teflon PadsLink Rods

Flap

Figure 4.6: Top view of the proposed mechanics.

The effect of the thin blades on the force and stroke is examined by an analysis in
Abaqus and shown in Fig. 4.7. In this case, the blades are deflected by applying a unit
force, and the resulting tip deflection is observed. From this analysis, the force/stroke
for the blades is noted as 1.6 N/mm. This analysis shows that for a maximum deflection,
the force consumed by the blades is approximately 4% of the available blocked force
from APA 1500L.
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Figure 4.7: Deflection of blades under a unit force.
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The functional design of the actuation system is shown in Fig. 4.8. Two APA actuators
(4) are mechanically attached in series and fixed to the wingbox (5). The actuators are
avoided from being overhung by providing rigid support (9) underneath the rightmost
actuator in Fig. 4.8. A link rod (3) is attached to the free side of the actuator (4). A second
link rod (2) is attached to the trailing edge flap (1) using a bracket (6) (bonded to the flap’s
bottom skin), creating a pin joint (7). The two actuators are attached to make another
pin joint (8) that gives an additional DOF to accommodate the manufacturing tolerances
and subsequent integration issues.

54
1 2

+ +

7 8

96

3

Figure 4.8: Cross-sectional view of the proposed kinematics.

4.5. SUMMARY
In this chapter, detail of the active morphing system design was presented. The actu-
ation system consisted of mainly two components, i.e., a compliant flap and an actu-
ation mechanism that was able to provide the strokes for 6◦ to 8◦ flap deflections with
frequencies of 7 Hz to 21 Hz corresponding to the Bo105 helicopter. Out of several op-
tions considered, amplified piezoelectric actuators with an integrated housing were se-
lected to amplify the stroke produced by the piezoelectric actuators. Based on the aero-
dynamic loads, these actuators showed the potential to fulfil the requirements of the
desired stroke length and actuation frequencies. Mechanical links and stiffeners in the
form of thin blades were designed around these actuators to transmit the desired stroke
effectively to the morphing flap.
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effects.
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This chapter introduces the design of a passive camber morphing system driven by
centrifugal forces. This system does not require external energy to control the morphing
flap but utilizes the changes in rotor speed to deform the trailing edge. The chapter starts
with a brief discussion on the performance benefits of the passive concept in relation to
the VSR in Sec. 5.1.

The design process starts with the key considerations presented in Sec. 5.2. A design
methodology is presented in which the passive concept is introduced, and the key design
parameters are discussed, followed by the proposed concept to achieve the passive mor-
phing. After having the complete problem definition, Sec. 5.3 discusses the approach to
solve the overall design problem and obtain the required design parameters in the end.
Finally, the complete working principle of the passive concept is explained in Sec. 5.4
based on the discussion in the preceding sections.

5.1. SIGNIFICANCE OF PASSIVE MORPHING
Before discussing the design requirements for a passive system and understanding the
passive design concept and its implementation, it is important to show the significance
of the passive morphing system for rotorcraft performance and how the requirements
for its design are generated. For this purpose, a numerical tool called Helicopter Con-
ceptual Design and Performance Analysis Tool (HOPLITE) developed by Vidyarthi et al.
[1] is utilized, which is based on the Blade Element Theory to model the main rotor and
accounts for changes in the rotor blade geometry, including the camber morphing. The
induced velocity over the disk is calculated using Glauert’s formulations [2]. This tool
combines various low-fidelity methods, which are described by Vidyarthi et al. [1], such
that quick design assessments can be performed for aerodynamic efficiency, power con-
sumption, and engine emissions. On the basis of the aforementioned analysis tool, a
detailed numerical analysis for both the active and passive morphing concepts in terms
of performance benefits is presented in [3]. However, a brief account of the key perfor-
mance benefits is highlighted in this section to indicate the importance of the passive
concept.

As mentioned in Chap. 2, the passive morphing concepts are driven by the appar-
ent centrifugal forces experienced by a rotor. The variation in rotor RPM can be used to
change the centrifugal forces so that the morphing can be achieved in a controlled man-
ner. Considering the Bo105 rotor as the baseline rotor, two flight conditions are studied,
namely, hover at sea level and hover at an altitude of 2,000 m. In terms of performance
parameters, collective pitch normalized with rotor thrust coefficient θ0

CT
and rotor power

coefficient normalized with thrust coefficient CP
CT

are used [3]. In the study, the flap is
placed between 70% and 90% of the rotor radius. This is because the dynamic pressure
around this location on the rotor blade keeps the morphing flap effectiveness at a high
level resulting in a substantial impact on the local aerodynamics of the rotor when the
flap is actuated. The rotor RPM is changed from 100% to 90%, and the flap deflections
are varied between 0◦ and 6◦ for each case. The weight of the aircraft is taken as 2200
kg, approximately 90% of the maximum take-off weight [4]. The outcome of the perfor-
mance analysis is presented in Fig. 5.1.

Figure 5.1a and 5.1b show respectively the power and collective pitch requirements
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Figure 5.1: Power and collective pitch reductions with passive morphing.

to trim the rotor at sea-level. It can be seen that power reduction is mainly linked to the
rotor RPM and are in line with the studies found in literature [5, 6]. It is also observed that
slowing the rotor has more influence than camber morphing. However, the reduction
in collective is around 10% which is quite significant and is an indirect measurement
of pilot control authority [3]. For the edge of the flight envelope case, such as hover
at 2000 m, rotor morphing has shown to be more useful [7]. Figure 5.1c and Fig. 5.1d
shows a greater performance benefit when the RPM reduction is coupled with passive
morphing. A 12% and 8% reduction in collective pitch and power required to trim the
rotor are observed, respectively.

It is clear from the aforementioned study that passive morphing has potential ben-
efits when coupled with a variable speed rotor. Passive morphing flap reduces the col-
lective pitch requirement in a variable rotor speed rotorcraft, which increases the pilot
control authority and can potentially extend the flight envelope. More details on the per-
formance benefits associated with the passive morphing concept are provided in Ref. [3].

5.2. DESIGN METHODOLOGY
As mentioned in the literature review in Chap. 2, passive concepts that are based on the
centrifugal forces are mainly developed for rotor blade chord extension or increase in
rotor blade span. The passive system envisaged in the present research work is based on
the TRIC morphing concept, as mentioned in Chap. 4. To replace an electrical actuator,
a mechanical system is required that can perform the same function with the apparent
centrifugal forces. In this case, the movement of the flap can be controlled by varying
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the rotor RPM.
The performance benefits mentioned in the previous section are achieved with a cer-

tain flap size, location, flap deflection angle, and RPM range. All these parameters are
considered as input to the design of the passive system. For the Bo105 case, the range
of RPM is defined as 90% to 100% [3]. For 100% RPM, the flap is required to stay unde-
flected or at its baseline position. At a particular value of reduced RPM, for instance, 90%
RPM mentioned in the case of Bo105, the flap should deflect downwards to the required
angle and maintain its position. Once the operational requirement changes, the RPM is
increased back to 100%, and the flap should return to its baseline position. This implies
that on the ground, when the rotor is stationary, the flap is also at a deflected position.
Hence, the RPM range and the required flap deflection both serve as key design inputs
for the passive morphing system.

5.2.1. PROPOSED CONCEPT FOR PASSIVE MORPHING

In the active system, the TRIC concept is actuated using an actuator that requires exter-
nal energy to operate. The actuator is connected to the bottom surface using a mechan-
ical link rod. The passive concept utilizes the same point for actuating the flap through
the apparent centrifugal force Fc . The novel concept [8] presented in this section is based
on the operational requirements of the flap discussed in Sec. 5.1 where the morphing flap
has to deflect downwards between 100% RPM and 90% RPM. At a given rotational speed,
if a mass m, comprising of a spanwise shaft and an extension spring, is placed within the
rotor blade at a distance r from the COR, it experiences a centrifugal force normal to the
velocity vector v, as shown in Fig. 5.2 and given by Eq. 4.2.

+
C.G of Spanwise  Shaft 

and Spring
Center Line of Spanwise Shaft and Spring

COR

Fc
x

y v

Span

Chord

r

Figure 5.2: Placement of the components w.r.t centrifugal force.

Based on Fig. 5.2, Fig. 5.3 shows a mechanical arrangement in the form of orthog-
onal shafts. The system of shafts shown in Fig. 5.3 converts the motion introduced by
the apparent centrifugal force in the spanwise direction (xs ) to a corresponding move-
ment in the chordwise direction (xt ) for the actuation of the flap. An extension spring
with a preload (pL) is attached in line with the spanwise shaft such that any movement
in the spanwise shaft causes the spring to extend. The preload in the extension spring
ensures that the movement starts when the rotor RPM exceeds the 90% mark. The restor-
ing force of the spring at 100% RPM causes the flap to deflect downwards when the RPM
is reduced to 90%. The spanwise shaft (2), linked to the extension spring (4), provides
an inclined surface for the chordwise shaft (1) to move. The relative movement of both
the shafts is achieved by having rollers attached to the chordwise shaft (1) (not shown
in Fig. 5.3) at the interface (6). The placement of the extension spring (4) and spanwise
shaft (2) with respect to the overall system is shown in Fig. 5.2. It must be noted that,
in principle, the shape of the spanwise shaft (2) at the interface (6) can be tailored for
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different flap angles at various RPM.
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Figure 5.3: Schematic of the passive system.

Figure 5.3 also shows the position of the flap with respect to the desired RPM value.
When the rotorcraft is on the ground, and the rotor starts to spin, the flap deflects up-
wards to attain the undeflected or baseline position at 100% RPM as shown in Fig. 5.3 (b).
When the RPM decreases, the flap deflects downwards and attains the required deflec-
tion angle at 90% RPM as shown in Fig. 5.3 (a). It must be noted that when the rotorcraft
is about to take off, the collective pitch control is used to increase the rotor blade pitch
angle. At this stage, the aerodynamic load can cause the flap to deflect upwards beyond
its baseline position. To avoid this movement, it is important to have a mechanical end-
stop 7 shown in Fig. 5.3 that prevents the movement due to the aerodynamic load. When
the flap is required to deflect downwards by the contraction in the extension spring, the
reduction in the centrifugal force from 100% RPM to 90% RPM must account for the
aerodynamic load in order for the spring to contract as required.

The function of each component shown in Fig. 5.3 is summarized as follows:

1. Chordwise shaft (1) is linked to the trailing edge flap (5) at one end. The other end
has roller bearings that are constrained inside the spanwise shaft (2). It is free to
slide only along the chordwise direction.

2. Spanwise shaft (2) is placed perpendicular to the chordwise shaft (1), and its axis
intersects the axis of the chordwise shaft (1). It provides a path for the roller bear-
ings to move smoothly and also constrain the independent movement of the chord-
wise shaft (1). It is free to slide only along the spanwise direction.

3. Extension spring (4) has a particular value of pL due to which it does not extend
until the apparent centrifugal force exceeds that value as shown in Fig. 5.4. It also
enables the flap actuation at the desired RPM. The extension spring (4) is con-
nected to the rotor blade structure at one end, and the other end is fixed to the
spanwise shaft (2).



5

58 5. PASSIVE MORPHING SYSTEM DESIGN

4. Support (3) refers to the mechanical housings for components such as mechanical
sleeves that are fixed to the rotor blade structure. This results in constraining the
movement of both the shafts in the desired direction while minimizing the friction.

5. Mechanical endstop (7) is attached to the rotor blade structure and limits the move-
ment of the spanwise shaft (2) to ensure that the flap does not deflect upwards
beyond its baseline position.
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Figure 5.4: Force and displacement relation of an extension spring.

5.2.2. DESIGN PARAMETERS

Based on the above-mentioned discussion, key design parameters are identified and
presented in Fig. 5.5. The rotor parameters, which serve as the design inputs, include
information such as flap length, flap location, flap chord, flap deflection angle, rotor ra-
dius, rotor blade airfoil and maximum RPM.

Rotor Parameters

H= mrω2

ω

φ , m

xs xt

FcFk

Fa

Fe

FNet

= /xsss

Figure 5.5: Block diagram representing the design parameters.

In a conventional flap with a distinct hinge, the aerodynamic load is the main force
and the resulting hinge moment H determines the actuation force Fa . However, in the
TRIC morphing flap, the elastic load is also a key design input, and an actuation force
Fe is required to compensate it. This elastic load results from the stiffness of the flexible
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morphing skin and depends on the size of the flap, its thickness, and material. There-
fore, to design a passive system around such a concept, both the elastic and aerodynamic
loads must be determined. Once these two loads are known, the net force FNet is calcu-
lated against which the centrifugal force has to operate. The other important parame-
ters which are needed to be determined include the stroke or chordwise movement xt of
the bottom skin required for the desired flap deflection β. This chordwise movement is
linked to the spanwise movement xs of the extension spring. The shaft angle ϕ resolves
the net force required to deflect the flap into spanwise and chordwise components. After
having all the input parameters identified, the required spring stiffness Ks and the pL of
the extension spring can be estimated.

5.3. MATHEMATICAL FORMULATION
The mathematical formulation discussed in the following sub-sections describes the
procedure adopted to estimate the required spring stiffness and preload for the passive
morphing system.

5.3.1. SCOPE AND ASSUMPTIONS
Figure 5.5 indicates that the design solution for the passive system involves the estima-
tion of the aerodynamic forces and elastic forces, which can be obtained by following the
methodology in Chap. 3. However, mathematical formulations presented in this section
intend to formulate an analytical tool that can solve the overall design problem quickly
and with reasonable accuracy as per the flow chart in Fig. 5.5. Once stiffness and preload
of the spring are determined, a higher fidelity analysis can be performed using CFD and
FEA before the final selection of the spring.

In the analytical formulation, the actuation force Fe corresponding to the elastic load
is based on the classical beam theory [9] and the Classical Laminate Theory (CLT) [10]
when composites are used as the flap material. In the case of composites as flap material,
balanced and symmetric laminates are considered [11]. A correlation of the Fe obtained
with the analytical formulation is established with FEA studies to determine the extent
of difference between the two approaches. Correction factors based on the FEA are also
determined that are used in the analytical tool for better prediction of actuation force.

For the aerodynamic loads, the methodology is based on thin airfoil theory and blade
element theory for hovering, assuming uniform inflow and symmetric, untwisted rotor
blades [12].

5.3.2. ELASTIC LOAD ESTIMATION
In the TRIC concept, the bottom skin is connected to the actuation system and translated
to deform the top skin. This deformation of the skin can be considered as pure bending
of the top skin that is fixed at one end. If the actual trailing edge portion is replaced
by a simplified geometry that joins the root and tip of the flap with a straight line, the
actual airfoil coordinates of the trailing edge flap show a good match to the simplified
geometry. The chord length of the trailing edge flap c f is taken as 50% of the rotor blade
chord length c as shown in Fig. 5.6.
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Figure 5.6: Simplified representative shape based on NACA 23102, c = 270 mm.

Based on the above-mentioned simplification, Fe can be determined using the bend-
ing stiffness of the top skin. For an isotropic material like aluminium, estimating the
bending stiffness is straightforward as the modulus of elasticity is known. However, for
composites, the bending modulus of elasticity has to be calculated and depends on the
material and layup. For this reason, the stiffness matrices [A], [B ] and [D] of the lami-
nates are calculated using the CLT as given Eq. 5.1 [13].

Ai j =
n∑

k=1
Qi j (zk − zk−1)

Bi j = 1

2

n∑
k=1

Qi j
(
z2

k − z2
k−1

)
Di j = 1

3

n∑
k=1

Qi j
(
z3

k − z3
k−1

)
(5.1)

where i , j = 1,2,6, n is the total number of plies in the laminate, Qi j are the elements of
the stiffness matrix and (zk , zk−1 are the upper and lower z coordinates of the k th ply as
shown in Fig. 5.7 .

ply k

ply 1

2

3

y

z

Zk
Zk-1

Figure 5.7: Ply numbering system [13].
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The expressions for the in-plane forces and moments are given as follows [10]:

Nx

Ny

Nx y

Mx

My

Mx y


=



A11 A12 A16 B11 B12 B16

A12 A22 A26 B12 B22 B26

A16 A26 A66 B16 B26 B66

B11 B12 B16 D11 D12 D16

B12 B22 B26 D12 D22 D26

B16 B26 B66 D16 D26 D66





ε0
x
ε0

y

γ0
x y

κ0
x
κ0

y

κ0
x y


(5.2)

where Ai j are the in-plane stiffnesses that relate the in-plane forces Nx , Ny , Nx y , to the
in-plane strains ε0

x , ε0
y , γ0

x y . Di j are the bending stiffnesses that relate the moments Mx ,

My , Mx y , to the curvatures κ0
x , κ0

y , κ0
x y . Bi j are the in-plane-out-of-plane coupling stiff-

nesses that relate the in-plane forces Nx , Ny , Nx y to the curvatures κ0
x , κ0

y , κ0
x y and the

moments Mx , My , Mx y , to the in-plane strains ε0
x , ε0

y , γ0
x y .

SIMPLE CANTILEVER BEAM CASE

Before carrying out the analysis based on the simplified shape of the trailing edge, bound-
ary conditions in the FEA are determined for a simple cantilever beam shown in Fig. 5.10.
This is especially important for the composite skins, which is the primary candidate for
the TRIC concept as discussed in Chap. 3. To compare the analytical and FEA models,
the beam width is taken as 1/10th of the beam length. Considering NACA 23012 and
having a rotor blade chord length c = 270 mm, the flap chord length is taken to be 25%
of the rotor blade chord.

For a laminate, the correct boundary conditions should take into account the sit-
uations where the D16 and D26 terms in the ABD matrix calculated using the CLT are
not zero. As shown in Fig. 5.8, U1, U2, U3 are the translational DOF, and UR1, UR2 and
UR3 are the rotal DOF with respect to the prescribed coordinate system. In the FEM,
the middle node at the root is constrained in all DOF, and only the rotation about UR3 is
permitted. For the remaining nodes on the root, U3, UR2, and UR3 are constrained as
shown in Fig. 5.8.

U1=U2=U3=0
UR1=UR2=02

31

U = Translational DOF
UR = Rotational DOF

U3=0
UR2=UR3=0

Δ

Flap Span
c
f

P

c
f

Figure 5.8: Boundary conditions and deflection of the cantilever beam.

Now using the CLT, the bending modulus of elasticity of the laminate is calculated by
using the following expression [10]:

Eb = 12

h3d11
(5.3)
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where Eb is the bending modulus of elasticity of skin, d11 is the (4,4) element obtained
from ABD matrix inversion and h is the thickness of the laminate. The bending modulus
of elasticity of the skin is used in the beam theory to obtain the tip deflection ∆ by using
the following equation [9]:

∆= PL3

3Eb I
(5.4)

where P is the applied load, I is the moment of inertia, and Eb I is the bending stiffness
of the skin in N-mm2. For the prepreg material AS4, the material properties are given
in Tab. 3.3 in Chap. 3. For this case, the difference in the tip deflections obtained using
both FEA and analytical formulation is shown in Fig. 5.9 where the difference is mostly
less than 5%.
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Figure 5.9: Difference in tip deflection between FEA and analytical formulation for different layups.

The tip deflections obtained using analytical formulation correspond well to the FEA
result. The difference is generally higher in layups where the relative magnitude of D16

and D26 terms are higher as compared to the D11 term. However, increasing the number
of plies reduces the error considerably. This is indicated in Fig. 5.9 for the case of two
layups that resulted in the highest difference, i.e., [40/−40]s and [45/−45]s . When the
number of layers in these two layups is doubled, and the length-to-width ratio is kept the
same, the percentage difference in deflection is reduced by approximately 60%. Further
investigation on these results is not performed as it is considered beyond the scope of
the present work.

SIMPLIFIED TRAILING-EDGE SHAPE CASE

For the case of simplified shape, the beam formulation can also work considering the
cantilever beam subjected to a moment as shown in Fig. 5.10.

The bending modulus of elasticity of the skin obtained in Eq. 5.3 is used in the fol-
lowing expression to obtain the tip deflection of the flap [9]:

∆= ML2

2Eb I
(5.5)
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Figure 5.10: Boundary conditions and deflection of the simplified trailing edge shape.

where M is the moment due to the force applied at the prescribed distance yd /2. Refer-
ring to Fig. 5.10, Eq. 5.5 takes the following form for the analytical formulation:

∆=
(
Fe

( yd

2
cos(θte )

))(
c f

cos(θte )

)2 1

2Eb I
(5.6)

For calculating Fe , Eq. 5.6 takes the following form:

Fe = 4cos(θte )∆Eb I

c2
f yd

(5.7)

where Fe is the force required for the deflection ∆ and θte is the angle created between
the line representing the top surface and the centerline as shown in Fig. 5.10.

For the FEM used here and in all the subsequent cases, a trailing edge portion of 6
mm span and 65 mm length is subjected to a translation of 1 mm, and the corresponding
reaction force is noted at the prescribed node. In addition, the point of constrain on the
top skin and the point of actuation on the bottom skin occur on the same line as shown
in Fig. 5.10

Given the boundary condition specified in Fig. 5.10, two important factors are con-
sidered before establishing a correlation between the analytical formulation and FEA of
the simplified shape. Firstly, there is an effect of the stiffness of the bottom skin on the
tip deflection when a force is applied, as shown in Fig. 5.10. Secondly, unlike the simpli-
fied case, the actual boundary conditions of the bottom skin in the TRIC concept ensure
translation with UR3=0. To analyze this problem, an isotropic material is considered
first. In the FEM, the top skin is considered to be aluminium, while the bottom skin is
artificially stiffened by using an infinitely high value of modulus of elasticity E. By having
UR3 6=0, the deflection obtained in FEA is used as an input for the analytical formulation
to estimate the bending moment, which subsequently results in estimating the required
force Fe using Eq. 5.7. In this case, the force Fe estimated by the analytical formula-
tion matches well to the force in FEA as shown in Fig. 5.11a. The process is repeated by
varying the skin thickness and calculating the corresponding forces. It can be seen from
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Fig. 5.11b that considering an infinitely stiff bottom skin and having UR3 6=0, the error is
very small when the reaction force from FEA is compared to the corresponding force in
the analytical formulation. In addition, there is a negligible effect of thickness change in
the error.
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Figure 5.11: Fe calculated when bottom skin is considered infinitely stiff.

As mentioned earlier, the actual boundary condition for the bottom surface shown
in Fig. 5.6 also restricts the rotation, i.e., UR3=0, resulting in a significant increase in
the reaction force. The next analysis shows the influence of the change in boundary
conditions in FEA and the difference with analytical prediction in Fig. 5.12a. It is clear
that the reaction force increases substantially by restricting UR3=0. Furthermore, when
Fe is calculated with UR3=0 in FEA and with analytical formulation, an approximately
constant ratio, defined in Eq. 5.8, is observed throughout the thickness range as shown
in Fig. 5.12b. The outcome of this analysis indicates that to include the effect of actual
boundary conditions in the analytical model, a correction factor, k f as shown in Eq. 5.8
can be used for the case of isotropic materials.

k f = Fe (F E A)

Fe (Anal y ti cal )
(5.8)
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Figure 5.12: RF calculated for aluminum.

For the case of composite materials, the calculation of the correction factor is not
straightforward because of the presence of D16 and D26 terms discussed earlier. How-
ever, for balanced and symmetric laminates, a sufficient number of plies ensures an ap-
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proximately constant correction factor. In Fig. 5.13a, bending modulus of elasticity of the
skin, Eb is plotted for various laminates by changing the ply angles. As noted in Fig. 5.13a,
the variation in Eb is more pronounced in the layups where the ply angle changes be-
tween 5◦ and 50◦. In addition, when the number of plies increases, the variation in Eb

tends to reduce. Subsequently, the difference in k f is also reduced, establishing an ap-
proximately constant correction factor as shown in Fig. 5.13b. This analysis shows that
the correction factor k f can also be used for composite materials. However, depending
on the layup, the deviation in the force calculated can be higher as compared to the force
calculated in the FEA.
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Figure 5.13: Eb and correction factors for composites.

In order to generalize the aforementioned approach, the effect of change of flap ge-
ometry on the correction factor must also be considered. The 2D simplified shape in
Fig. 5.6 can be mathematically represented by the ratioA of chord length c f and the
distance yd as shown in Eq. 5.9. For different values ofA and materials, RF is calculated
from FEA by assuming UR3 6=0 and UR3=0 as shown in Fig. 5.14 and the bottom skin
subjected to a translation of 1 mm. The properties of the materials used are the same as
mentioned in Tab. 3.3 in Chap. 3.

A= c f

dy
(5.9)

It can be observed from Fig. 5.14 that RF values tend to increase as theA increases.
However, the correction factor for all cases remains the same, irrespective of the mate-
rial and aspect ratio as shown in Fig. 5.15. As mentioned earlier, the correction factor
presented in Fig. 5.14 assumes the point of constrain on the top skin and the point of
actuation on the bottom skin to be in line with each other.
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Figure 5.14: Fe for composite and aluminum.
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5.3.3. AERODYNAMIC LOAD ESTIMATION

In order to calculate the force required to deflect the flap under the influence of aero-
dynamic loading, the flap hinge moment (H) is estimated based on the approach pre-
sented by Walz et al. [12]. The blade geometry is depicted in Fig. 5.16. The morphing flap
is considered to be a conventional flap with a pseudo hinge. The aerodynamic forces are
obtained by estimating the hinge moment on the flap about the pseudo hinge located at
a specified distance as shown in Fig. 5.17. The hinge moment coefficient can be given as
the summation of the moment due to the airfoil lift coefficient shown in Eq. 5.10:

Ch =Cl
dCh

dCl
+βdCh

dβ
(5.10)
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Figure 5.16: Representation of geometric parameters of the rotor blade.
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Figure 5.17: Hinge moment depiction on flap.

where Cl is represented as [14]:

Cl =Clα

(
θ0 + ∆α0

∆β
β− λΩRt i p

Ωr

)
(5.11)

Considering the non-dimensional flap chord Z = c f /c, the two terms dCh
dCl

and dCh
dβ in

Eq. 5.10 are given a follows [15]:

dCh

dCl
=−0.01018−0.5494Z +1.028Z 2 −0.9934Z 3 +0.277Z 4 (5.12)

dCh

dβ
=−0.8469+0.9833Z −0.07663Z 2 +0.2567Z 3 −0.3205Z 4 (5.13)

The flap hinge moment coefficient is given by [12]:

Ch = h
1
2ρV 2c2

f

(5.14)

Using Eq. 5.10 and Eq. 5.12, the hinge moment per unit span is given by:

h = 1

2
ρ (ωr )2 c2

f

[
Clα

(
θ0 −

λRt i p

r

)
dCh

dCl
Z + dCh

dβ
Zβ

]
(5.15)

where θ0 is the collective rotor blade pitch angle, ρ is the air density, Clα is the lift curve
slope of the rotor blade’s airfoil and λ is the rotor inflow ratio. The total hinge moment
can be obtained by integrating the expression in Eq. 5.15 along the flap span and is given
in Eq. 5.16 [12] (assuming all the other quantities are constant along the span). Using
Eq. 5.16 and Eq. 5.11 the hinge moment on the flap is calculated, which is then converted
to the force by dividing with the moment arm as shown in Fig. 5.17.
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H = 1

2
ρΩ2c2
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[(
R3

2

3
− R3

1

3

)(
Clαθ0

dCh

dCl
Z + dCh

dβ
Zβ

)

−ClαλRt i p

(
R2

2

2
− R2
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2

)
dCh

dCl
Z

]
(5.16)

5.3.4. ESTIMATION OF GEOMETRIC PARAMETERS
The third important parameter to estimate is the chordwise stroke xt necessary to achieve
the desired deflection angle β. This stroke length is associated with the flap geometry
and the tip deflection of the flap. To establish this relationship, deflections are obtained
in FEA for different aspect ratios defined in Eq. 5.9. Figure 5.18 shows the trailing edge
tip deflection plotted against the aspect ratios for xt values of 1 mm, 3 mm and 5 mm.
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Figure 5.18: Relation of deflection and aspect ratio.

Based on the results in Fig. 5.18 and assuming that the location of constraint on the
top skin and the point of actuation on the bottom skin is vertically in-line, the expression
in Eq. 5.17 is obtained. Once xt is known, the corresponding movement of the spring or
the spanwise shaft xs is determined using Eq. 5.18.

xt = β

A
(5.17)

xs = xt

tanϕ
(5.18)

where, ϕ is the angle of the inclined surface of the spanwise shaft 2 in Fig. 5.3.

5.3.5. FORCE EQUILIBRIUM
In order to solve the overall design problem, the equilibrium of forces is established on
the spanwise shaft (2) in Fig. 5.3. The effect of the frictional force is included in the
formulation. Figure 5.19 shows the free-body diagram (FBD) for the case when the flap
tends to rotate upwards due to the outward movement of the spanwise shaft. Resolving
the forces shown in Fig. 5.19, the following expressions are obtained:

Fs +F f k1 +F f r cosϕ+Fr = Fn sinϕ+Fc (5.19)
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Figure 5.19: Equilibrium of forces when the flap tends to deflect upwards.

Fn cosϕ+F f r sinϕ= Fv +F f k2 (5.20)

whereϕ is the angle created by the tapered portion of the spanwise shaft, Fs is the spring
force given by

(
Ks xs +pL

)
, FNet is the net force accounting for the aerodynamic force

and the elastic force of the flap, Fn is the normal force due to component of FNet , Fr is
the reaction force developed by the mechanical endstop due to the applied aerodynamic
load, Fv is the vertical force of constraint that compensates all vertical components of
the forces acting on the inclined plane, F f k1 and F f k2 are the friction forces due to the
kinetic friction caused by the spanwise shaft and chordwise shaft supports respectively,
and F f r is the friction force due to the rolling contact at the inclined surface. These fric-
tional forces can be determined by an appropriate selection of the coefficient of friction.
It must be noted that the friction force due to the weight of the shaft is considered negli-
gible and not included in the formulation.

As noticed, the outward movement of the spanwise shaft results in the extension of
the spring and upward movement of the flap. Similarly, contraction of the spring deflects
the flap downwards. Figure 5.20 shows the free-body diagram when the flap tends to
deflect downwards due to the inward movement of the spanwise shaft. Resolving the
forces shown in Fig. 5.20, the following expression in Eq. 5.21 and Eq. 5.22 are obtained.
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FNet

Figure 5.20: Equilibrium of forces when the flap tends to deflect downwards

Fs +Fr = Fc +Fn sinϕ+F f k1 +F f r cosϕ (5.21)
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Fn cosϕ+F f k2 sinϕ= Fv +F f r sinϕ (5.22)

Equations 5.19 and Eq. 5.21 indicate the complication in the centrifugal-force-based
actuation with the morphing flap. From the equations, it can be seen that the force re-
quired by the spring to deflect the flap downwards during the so-called unloading cycle
is not equal to the force required to deflect the flap upwards in the so-called loading cycle
on the ground. This behaviour is mainly due to the fact that the baseline position in the
loading cycle is achieved on the ground, with negligible influence of the aerodynamic
loads. However, during the unloading cycle, the spring has to account for the aerody-
namic loading due to flap deflection and rotor blade pitch angle.

Another important factor to consider in the system is the effect of friction force with
the morphing flap. The magnitude of the elastic force produced by the flap varies, de-
pending on its deflection angle β. Consequently, the friction force at the interface of the
spanwise shaft and the chordwise shaft also changes. To demonstrate this behaviour of
the friction caused by the morphing flap, a bench test is performed where a pulley sys-
tem is used to apply the force at the free end of the spanwise shaft, and the extension in
the spring is noted as shown Fig. 5.21. More details of the setup and instrumentation to
record the extension are discussed in Chap. 6.

Flap

Pulley

String

Spring

Weight

Figure 5.21: Flap at baseline position when weights are applied.

In Fig. 5.22, the result of the bench test is presented where the spring extension is
shown for the two cases. In the first case, the flap is removed from the system, and
weights are loaded in small steps to record the spring extension. During the unload-
ing cycle, the weights are removed, and the corresponding movement of the spring is
recorded. In the second case, the same experiment is performed with the flap attached to
the chordwise shaft. Initially, the flap is set at a deflected position and held by the spring’s
preload. Subsequently, the weights are loaded till the baseline position is achieved, as
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Figure 5.22: Effect of friction during loading and unloading cycle.

shown in Fig. 5.21. During the unloading cycle, the flap is brought back by removing the
weights in small steps. It can be seen in Fig. 5.22 that the slopes of the loading and un-
loading curves are approximately similar when the flap is not attached. However, when
the flap is engaged, the slope of the loading curve is more than the unloading curve. The
difference in the slopes indicates that the system has to account for varying forces of ki-
netic friction during the unloading cycle and the loading cycle. In addition, it can also
be observed that the elastic force of the flap reduces the spring preload as the deflection
starts at an earlier value compared to the case when the flap is not engaged.

PROBLEM SETUP

Using Eq. 5.19 - 5.22 presented in Sec. 5.3.5, an iterative procedure is proposed to deter-
mine the spring constant and the preload required to keep the flap deflected at a certain
position. When the helicopter is on the ground, the preload in the spring must keep the
flap deflected till the rotor speed exceeds 90% RPM. During this phase, a component of
Fn acts in the direction of the total applied force on the spring. This component corre-
sponds to the magnitude of Fe as the aerodynamic forces on the flap are negligible at
this stage. In this case, the preload is given by:

pL = Fc(90%) +Fn1 sinϕ (5.23)

where Fn1 is the normal force corresponding to the maximum value of Fe . When the
rotor speed exceeds 90% RPM and reaches 100% RPM, the apparent centrifugal force
increases, and the spring extends, resulting in the movement of the spanwise shaft and
causing the flap to deflect upwards. In this case, the resulting equilibrium equation is
given as follows:

(Ks xs )100% = Fc(100%) +Fn(mi n) sinϕ−F f k1 −F f r cosϕ−pL (5.24)

where Fn(mi n) is the minimum value of normal force. When the helicopter starts hover-
ing, the rotor blade’s collective pitch is at a specified angle resulting in a hinge moment
on the flap. The equilibrium of forces is represented by the following equation in this
case:
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(Ks xs )100% +Fr = Fc(100%) +Fn2 sinϕ−F f k1 −F f r cosϕ−pL (5.25)

where Fn2 is the normal force corresponding to the aerodynamic force at the required
rotor blade pitch angle. During the hover phase, when the operational need to deform
the flap arises, the rotor RPM is reduced. In this situation, the spring responds to the
reduction in the centrifugal force. This case is given by Eq. 5.26 as follows:

(Ks xs )90% +Fr = Fc(90%) +Fn(max) sinϕ+F f k1 +F f r cosϕ−pL (5.26)

The effective spring force [Ks xs ]e f required to deform the flap to the required angleβ can
be obtained by using Eq. 5.25 and Eq. 5.26 resulting in the expression shown in Eq. 5.27
and Eq. 5.28. In this way, the spring stiffness Ks is obtained as shown in Eq. 5.29. If
the desired spring stiffness is now used in Eq. 5.24, the resulting displacement of the
spanwise shaft, shown in Eq. 5.30, turns out to be higher than the required value of xs

corresponding to the deflection β. This means that for the desired tip deflection during
the unloading cycle, the initial deflection of the flap should be kept higher than the re-
quired flap deflection β. In other words, the initial position of the flap needs to be at a
higher deflected position than what is required when the RPM is reduced to 90%. This
approach does not change the overall functionality of the system since the initial flap
deflection is only present on the ground when the rotor is spinning up.

[Ks xs ]e f = (Ks xs )100% − (Ks xs )90% (5.27)

[Ks xs ]e f = Fc(100%) −Fc(90%) +Fn(mi n) sinϕ−Fn(max) sinϕ (5.28)

Ks =
[Ks xs ]e f

xs
(5.29)

xs(max) =
Fc(100%) +Fn(mi n) sinϕ−F f k1 −F f r cosϕ−pL

Ks
(5.30)

where xs(max) is the maximum value of the spring extension which results in the maxi-
mum chordwise movement xt (max) and the maximum flap deflection angle β(max).

From Eq. 5.23, it is clear that for a full-scale passive system, the preload mainly de-
pends on the apparent centrifugal force at 90% RPM. Therefore, in Eq. 5.24, pL is con-
sidered to be equal to the centrifugal force at 90% RPM. Once xs(max) is determined, the
value of preload can be estimated more accurately. The spring stiffness and the preload
obtained using the aforementioned approach can now be related to the off-the-shelf ex-
tension spring data or discussed with a spring manufacturer for customization. In case
of unavailability of the spring, the process is repeated by changing the mass of the span-
wise shaft or adjusting the angle ϕ. The iterative process is shown in Fig. 5.23.
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Figure 5.23: Proposed iterative process to obtain preload and stiffness of the spring.

5.4. WORKING PRINCIPLE OF PASSIVE CONCEPT

Based on the discussion in the preceding sections, the working principle of the passive
concept is summarized and shown in Fig. 5.24. The trailing edge flap is initially adjusted
and set at a deflected position C, higher than what is desired at 90% RPM. Once the rotor
starts rotating, the flap stays at the deflected position due to the preload. As the rotor
RPM increases, the corresponding centrifugal force also increases and crosses the value
corresponding to the spring preload causing the flap to deflect to its baseline position A.
At this stage, the rotorcraft can perform its normal operation. Once the operational re-
quirements of the flap deflection arise, the RPM is reduced, resulting in the flap deflect-
ing downwards. The desired deflection position B is achieved once the RPM is reduced
to 90%. After the operational requirement is fulfilled, the RPM increases again, bringing
the flap to its baseline position. The deflection of the extension spring corresponding to
the working principle is depicted in Fig. 5.25. The spring is fully extended at the baseline
position and is kept undeflected on the ground when the flap is deflected at its extreme
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position.

A: Position at 100% RPM
B: Position at 90% RPM

0 0.2 0.4 0.6 0.8 1.00

0.2

x/c

y/
c

0

C: Initial Position at 0 RPM

Figure 5.24: Working principle of passive concept.

A B C

A

B

C

Flap Tip Deflections

Figure 5.25: Spring deflections in the passive concept.

CASE STUDY
A short case study is presented in this section to evaluate the outcome of the formulation
presented in Sec. 5.3.5 for a typical helicopter. In the present case, requirements are gen-
erated pertaining to the Bo105 helicopter as mentioned in Sec. 5.1 and also discussed by
Vidyarthi et al. [3]. For the sake of simplicity, the passive system is considered friction-
less in the case study. The CG of the spanwise shaft and spring is assumed to be at the
centre of the flap. Table 5.1 presents the summary of the requirements.

Table 5.1: Summary of requirements related to Bo105[3]

.

Parameter Value Unit
Rt i p 4.9 m

Rr oot 0.875 m
R1 3.43 m
R2 4.41 m

ω100% 424 RPM
β 6 degree
θ0 10 degree
c 270 mm

Table 5.2 shows the results of the four iterations carried out with a different mass of
the shaft and spring and the angleϕ. It can be seen that the variation in mass has a signif-
icant effect on both the spring and the stiffness of the extension spring. The maximum
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flap angle β is also an important outcome as it indicates the amount of bottom surface
that has to be accommodated inside the mechanism at the start. Since this portion needs
to be straight for translation, it can impose a constraint of maximum allowableβ and has
to be considered during the detailed design phase.

Table 5.2: Summary of results [3]

.

Iteration Value Unit

1
m = 0.2 kg Ks = 18 N/mm
ϕ = 20◦ pL = 1275 N

β(max) = 18 ◦

2
m = 0.2 kg Ks = 17 N/mm
ϕ = 10◦ pL = 1275 N

β(max) = 9◦

3
m = 0.3 kg Ks = 46.5 N/mm
ϕ = 20◦ pL = 1895 N

β(max) = 10.5◦

4
m = 0.3 kg Ks = 32.5 N/mm
ϕ = 10◦ pL = 1882 N

β(max) = 7.5◦

It can be observed from the case study that an estimation of the required spring pa-
rameters is possible with the analytical formulation. As a quick check, the spring stiff-
ness and preload are searched in the online catalogues of few spring manufacturers 1,2,3,

4. The outcome of this search reveals that both the spring stiffness and the preload values
can be found independently for off-the-shelf springs. The author believes that the com-
binations of the spring stiffness and preload given in Tab. 5.2 calls for customized man-
ufacturing of springs. In addition, a customized option shall also help in understanding
the possibilities and limitations of the passive system for large-scale applications.

5.5. SUMMARY
In this chapter, details of the passive camber morphing system were presented. The
importance of the passive morphing in relation to the variable rotorcraft was briefly ex-
plained, which resulted in the requirement of flap deflection and RPM range for which
the flap deflection is desired. A novel concept was introduced, which showed the po-
tential of achieving the desired goal of flap morphing by using centrifugal forces. It was
shown that the extension spring is the key component in the system whose stiffness and
preload have to be calculated based on the rotorcraft requirement of flap size and deflec-
tion angle. A complete analytical scheme was presented, which was able to predict the
desired spring parameters quickly and with reasonable accuracy using well-established

1https://www.tevema.com/
2https://www.acxesspring.com/
3https://www.leespring.com/
4https://www.amatec.nl/en/
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theories. The details of the demonstrator built as a proof of concept for the passive sys-
tem are included in Chap. 6, and the results of the testing are described in Chap. 7.



BIBLIOGRAPHY

[1] K. Vidyarthi, M. Beuker, F. Yin, M. Voskuijl, and M. Pavel, “Hoplite - a concep-
tual design environment for helicopters incorporating morphing rotor technol-
ogy,” English, in Proceedings of the 44th European Rotorcraft Forum, C. Hermans,
Ed., 44th European Rotorcraft Forum, ERF 2018 ; Conference date: 18-09-2018
Through 21-09-2018, 2018.

[2] T. van Holten and J. A. Melkert, “Helicopter Performance, Stability and Control,”
Tech. Rep. November, 2002, p. 746.

[3] K. Vidyarthi, Y. Zahoor, M. D. Pavel, M. Voskuijl, and R. de Breuker, “Active and pas-
sive camber morphing for helicopter rotors towards performance improvements
in hover and vertical flight,” Vertical Flight Society’s 76th Annual Forum and Tech-
nology Display, 2020.

[4] J. Rauleder, B. G. Van Der Wall, A. Abdelmoula, D. Komp, S. Kumar, V. Ondra, B.
Titurus, and B. K. Woods, “Aerodynamic performance of morphing blades and ro-
tor systems,” Annual Forum Proceedings - AHS International, vol. 2018-May, 2018,
ISSN: 15522938.

[5] F. Gandhi, C. Duling, and F. Straub, “On power and actuation requirement in swash-
plateless primary control of helicopters using trailing-edge flaps,” The Aeronauti-
cal Journal (1968), vol. 118, no. 1203, pp. 503–521, 2014.

[6] D. Han, V. Pastrikakis, and G. N. Barakos, “Helicopter performance improvement
by variable rotor speed and variable blade twist,” Aerospace Science and Technol-
ogy, vol. 54, pp. 164–173, 2016, ISSN: 1270-9638.

[7] M. Khoshlahjeh, E. S. Baet, F. Gandhi, and S. Webster, “Helicopter performance
improvement with variable chord morphing rotors,” 36th European Rotorcraft Fo-
rum, ERF 2010, vol. 2, pp. 919–930, 2010.

[8] Y. Zahoor, R. De Breuker, M. Voskuijl, and J. Sodja, Actuation device for actuating
a high-lift device of a rotor blade, TU Delft Patent N2029203, Sep.2021.

[9] S. Timoshenko and S. W. Krieger, Theory of Plates and Shells. McGraw Hill Book
Company, 1989.

[10] L. P. Kollár and G. S. Springer, Mechanics of Composite Structures. Cambridge Uni-
versity Press, 2003.

[11] “Aeroelastic response of composite helicopter rotor with random material prop-
erties,” Journal of Aircraft, vol. 45, no. 1, pp. 306–322, 2008, ISSN: 15333868.

[12] C. Walz and I. Chopra, “Design and testing of a helicopter rotor model with smart
trailing edge flaps,” 1994.

77



5

78 BIBLIOGRAPHY

[13] C. Kassapoglou, Design and Analysis of Composite Structures: With Applications to
Aerospace Structures, 2nd Edition. Wiley, 2013, ISBN: 9781118536940.

[14] J. H. Lee, B. Natarajan, W. J. Eun, S. R. Viswamurthy, J. S. Park, T. Kim, and S. J. Shin,
“Structural and mechanism design of an active trailing-edge flap blade,” Journal of
Mechanical Science and Technology, vol. 27, pp. 2605–2617, 2013, ISSN: 1738494X.

[15] S. M. Berkowitz, “Theory of wing sections,” Journal of the Franklin Institute, vol. 249,
p. 254, 1950, ISSN: 00160032.



6
EXPERIMENTAL SETUP

To understand how something works, figure out how to break it.

Nassim Nicholas Taleb
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6.1. INTRODUCTION
Two morphing systems are introduced in the preceding chapters, namely the active mor-
phing system in Chap. 4 and the passive morphing system in Chap. 5. Each of these sys-
tems needs to have a proof-of-concept model or demonstrator to show that the design
studies can be transformed towards the realization of each concept. For this reason, ap-
propriate demonstrators are designed, fabricated, integrated, and instrumented to per-
form the required tests. These tests are characterized as the wind tunnel test for the
active system, whirl tower test for the active system, and whirl tower test for the passive
system. This chapter provides a detailed account of the processes involved in develop-
ing, manufacturing, and integrating these demonstrators.

Section 6.2 explains the development and manufacturing process related to morph-
ing skin, active demonstrator, and passive demonstrator. Section 6.3 discusses the test
setups and objectives for each test campaign.

6.2. DESIGN AND MANUFACTURING OF THE DEMONSTRATORS
For each of the systems mentioned above, the design and manufacturing of the demon-
strators include the mechanical system housed inside an aluminium structure and a
morphing flap made out of composite prepreg material as discussed in Chap. 3. The
next section is dedicated to discuss the manufacturing of the morphing flap.

6.2.1. DESIGN AND MANUFACTURING OF MORPHING FLAP
The schematic showing the details of the flap manufactured for the TRIC concept is
shown in Fig. 6.1.

Interface Shim
(0.25)

Upper skin
(0.35)

Lower skin
(0.35)

1

Skin
Bracket

Sliding
Surface

990

140
140 200

* All dimensions in mm.

Flap for whirl tower test Flap for wind tunnel test

2.35

Figure 6.1: TRIC flap manufacturing layout.

The flap consists of the top and bottom skins made out of Thinpreg NTPT 135 (NTPT-
HTS(12K)-5-35%), which is a carbon fibre prepreg material with plies having a thickness
of 0.05 mm. As mentioned in Chap. 3, the boundary conditions for the TRIC require the
upper skin to be fully clamped while allowing the bottom skin to translate. As the re-
quired skin thickness for the demonstrators was 0.35 mm (7 layers), it was not sufficient
to mechanically fasten the top skin with the help of countersunk screws. This was be-
cause sufficient thickness was required for the countersunk screws to be fully flushed
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with the skin. Furthermore, the bottom skin also needed to be thicker than 0.35 mm due
to two reasons. Firstly, the bottom skin required a smooth sliding surface giving rise to
the need for both surfaces of the bottom skin to be of mould quality. Secondly, a bracket
required to connect the skin to the actuators had to be bonded to the bottom skin. Due
to these reasons, two additional laminates were produced with the following considera-
tions to act as stiffeners.

1. One laminate was produced having a width of approximately 30 mm correspond-
ing to the interface on the blade structure. The thickness of this laminate was kept
at 2.35 mm required to flush M3 countersunk screws completely. This stiffener
was attached to the top skin before its curing. This laminate required 40 plies to
achieve the desired thickness of 2.3 mm and was produced following the guide-
lines [1] for ply drop-off to avoid stress concentrations.

2. Keeping in view the available design space and size of the flap, the overall skin
thickness was set at 1 mm. Therefore, the second laminate with the required width
was produced with 0.65 mm thickness and attached to the bottom skin before its
curing. An aluminium sheet was placed on top of it to ensure that both surfaces
were smooth after curing.

At the top and bottom skin interface, additional layers were used to achieve the required
thickness of the trailing edge tab.

Aluminium moulds were designed and manufactured to produce the laminates re-
quired for the test campaigns. The flap span for the wind tunnel testing was required
to be 990 mm, while the span of the flap for the active and passive system tested in the
whirl tower test was set at 200 mm. A fixture with locating pins was devised to join the
metal bracket with the bottom skin (after curing) at the required location. In addition,
the size of the skins in the chordwise direction (both sides) was kept 15 mm to 25 mm
larger than required to allow trimming to the exact size later. The mould, skin, and fixture
arrangement for the bottom skin is shown in the Computer-Aided Design (CAD) model
in Fig. 6.2.

Skin Bracket

Dowel Pin

Bracket Clamp

Bottom Mold

Cured Laminate
(Untrimmed)

Figure 6.2: Bottom mould showing bracket and fixture on skin.
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The curing of laminates took place in the autoclave at the recommended tempera-
ture and pressure cycle 1. After the curing cycle of the longer flap (990 mm), some warp-
ing in both upper and bottom skin was observed due to residual stresses in the skin, as
shown in Fig. 6.3.

Warping in skin

Figure 6.3: Wind tunnel demonstrator skin.

To eliminate this warping, the extra material for trimming was removed, and the
skins were heated for stress relieving at 60◦ Celsius for 30 minutes. This process signif-
icantly reduced the warping after which the skins were put in the mould for joining the
two halves using the structural adhesive EC 9323, which is a structural epoxy adhesive
from 3M 2. It was used with glass beads to maintain a uniform thickness throughout the
length of the flap. After allowing sufficient time to settle at room temperature, the joint
was cured further at elevated temperature to increase its strength. The final form of the
two flaps produced in this way is shown in Fig. 6.4 and Fig. 6.5. It has to be mentioned
that the presence of warping and joining the upper and bottom skin without proper jigs
and fixtures contributed to a non-uniform bending stiffness of the longer flap. The de-
tails and consequences of this behaviour are discussed in Chap. 7.

Top skin

Bottom skin

Metal bracket

Figure 6.4: Wind tunnel demonstrator flap.

Figure 6.5: Whirl tower demonstrator flap.

1https://www.thinplytechnology.com/datasheets
2https://www.3mnederland.nl/3M/nl_NL/p/d/v000118253/
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6.2.2. WIND TUNNEL TEST DEMONSTRATOR

The wind tunnel test demonstrator was designed as an aluminium structure with a length
of 990 mm and having a cross-section corresponding to NACA 23012 airfoil with a chord
length equal to 270 mm. The actuation system was housed in the pockets created in the
solid aluminium structure. The overall mechanics of the actuation system in the area
corresponding to the Bo105 blade cross-section is shown in Fig. 6.6. It consists of actu-
ators in series connected via metallic link rods to the morphing flap. Based on the force
required for actuation determined in Chap. 4, two sets of actuators are used and placed
farthest apart to actuate the flap. Steel bush is used in the connection holes of these link
rods to provide smooth contact with minimum play. The actuators were mechanically
secured to the wingbox. The flap was mounted with the countersunk screws at the top,
and a metal bracket was attached at the bottom skin. The bottom skin slides in the guides
when pulled by the actuators connected with the bracket. A displacement transducer
(SoftPot from spectrasymbol 3) is mounted underneath the link rods, which provides the
actuator displacement when a plunger moves over it. This plunger is a spring-loaded
soft plunger from MISUMI 4 which is screwed in the link rod and presses gently against
the displacement transducer.

Cover

Actuators in series
Link rods Bushes

Wing-box

Morphing skin

BracketPlungerSoftpot transducer Guide

APA in series

Figure 6.6: Cross-sectional view of the actuators, mechanics and skin.

The final integration of the demonstrator for the wind tunnel testing with critical
components can be observed in Fig. 6.7 where a CAD model is shown along with the
manufactured demonstrator.

Actuators in seriesMechanical links

Trailing edge skin

Aluminum wing-box

Figure 6.7: Integration of demonstrator.

3https://www.spectrasymbol.com/
4https://uk.misumi-ec.com/vona2/detail/110300143710/
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6.2.3. WHIRL TOWER TEST DEMONSTRATORS
In this section, the design and development of the active and passive system demonstra-
tors for the whirl tower test are presented. Some key design aspects are also discussed
in relation to both the active and passive system demonstrators to help understand the
correlation presented later with the experimental results.

ACTIVE SYSTEM DEMONSTRATOR

The main purpose of the whirl tower test demonstrator for the active system is to cap-
ture the response of the skin and actuators under centrifugal loads. A cross-sectional
view of the demonstrator is shown in Fig. 6.8 with the main components similar to those
mentioned in Sec. 6.2.2. Since the aerodynamic forces on the flap are not considered
for this elementary model, the wingbox section is not made in a typical airfoil shape.
Consequently, the aluminium housing for the actuation system is simplified for manu-
facturing.

Hollow Skin

Link Rod

Aluminum Housing

Actuators

Figure 6.8: Cross-section of the actuation system.

The CG of the actuation system is adjusted with respect to the COR in such a way that
the chordwise component of the centrifugal force becomes small and negligible for both
the actuators and flap. As mentioned in Chap. 4, the effect of the spanwise component
of the centrifugal force on the actuator and the associated mechanics can be minimized
by having additional supports in the form of thin steel blades and Teflon pads as shown
in Fig. 6.9

The complete CAD model of the demonstrator is shown in Fig. 6.10. The actuation
system is attached to the aluminium housing using an aluminium base plate. This plate
is then inserted and bolted inside the hollow aluminium beam having a cross-section
of 4mm × 4 mm. At the other end, a counterweight is fixed to balance the demonstra-
tor about its centre of rotation. The central interface part, made of aluminium, is also
secured inside the hollow aluminium beam on both sides.

PASSIVE SYSTEM DEMONSTRATOR

For the proof of concept of the passive camber morphing system presented in Chap. 5,
a demonstrator is designed, which is presented in the form of a CAD model in Fig. 6.11.
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Link Rods

Actuators

Steel Blades

Flap

Teflon 
Pads

Figure 6.9: Components of the actuation system.

1370 m
m

Hollow Beam

Counter Weight

Flap

Actutation System

Whirl Interface

250 m
m

240 mm
+x

y

COR Active System CG

Beam

Figure 6.10: CAD model of the active system demonstrator for whirl tower test.

The spanwise shaft is supported by two flanges at each end having steel bushes. One end
of the extension spring is connected to the spanwise shaft while the other end is fixed to
the beam. The centre portion of the spanwise shaft is tapered, providing an inclined sur-
face for the rollers. These rollers, which are attached to the chordwise shaft, are secured
inside the groove provided by the spanwise shaft. The other end of the chordwise shaft is
connected to a male rod end which is attached to the metal bracket bonded to the flap.
This shaft is also supported by bearing support and pin support, as shown in Fig. 6.11.

The manufactured model with the two main shafts is shown in Fig. 6.12. In this figure,
the groove and path for roller bearings can be seen. It is also worth mentioning here
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Extension Spring

Spanwise Shaft

Chordwise Shaft

Flange

Pin Support

Ball End Screw

Roller Bearings

Male Rod End

Figure 6.11: CAD model showing detail of passive system.

that the initial position of the flap is achieved by adjusting the length of the chordwise
shaft appropriately. This is achieved by providing a left-hand and a right-hand threaded
interface at both sides of the shaft.

Spring

Spanwise Shaft

Chordwise Shaft

Roller BearingsGroove with Slide for Bearings

Flap

Figure 6.12: Physical model of passive system.

Before taking the passive system to the whirl tower test, some bench testing was per-
formed to ascertain the working of the system. This was done with a pulley and string
arrangement as shown in Fig. 6.13. This setup was used to estimate the initial tension in
spring and the force required to deflect the flap, as shown in Fig. 6.13 (a). In addition, the
same setup is utilized to estimate the force required by a spring to hold the flap at its de-
flected initial position. This is accomplished by removing the spring from the assembly
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and attaching a string with suitable weights hanging from a pulley, as shown in Fig. 6.13
(b).

String

Pulley

Demonstrator

Weights

(a) (b)

Figure 6.13: Bench test setup: Functional test (a), Flap elastic force (b).

As in the case of the active system, a detailed CAD model of the complete demon-
strator for the passive morphing system is developed with the consideration that it is
balanced properly on the whirl tower test setup and that the CG of the spanwise Shaft
and spring assembly lies on the x-axis (spanwise direction) without any chordwise offset
as shown in Fig. 6.14.

1207 mm

200 m
m

240 mm

Hollow Beam

Counter Weight

Flap
Passive System

Whirl Tower Interface
COR

Figure 6.14: Passive demonstrator for whirl tower test.

It is also pertinent to mention that the springs for the passive demonstrator are pro-
cured from Tevema 5 by considering the size, spring constant, and initial tension of the
springs. In total, five springs were purchased for the test campaign, with some differ-
ences in the overall specifications. Since initial tension and the spring constant are the
two driving parameters for the selection of the spring for the passive system, both these
parameters were obtained experimentally for all the springs using a tensile test machine
as shown in Fig. 6.15.

5https://webshop.tevema.com/gb/extension-springs
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Extension 
Spring

Load Cell

Drive

Clamp

Figure 6.15: Spring test for initial tension and spring constant.

6.3. TEST SETUP AND OBJECTIVES
In this section, the test setup for the three test campaigns is described with the instru-
mentation and the test objectives.

6.3.1. WIND TUNNEL TEST
The wind tunnel experiment was performed for the active morphing system in a low-
speed open jet wind tunnel with a cross-section of 60 cm × 60 cm, having a velocity
of 15 m/s. The main objectives of this test campaign were to record the stroke of the
actuators and the tip displacement of the flap by deforming the flap and changing the
angle of attack to a maximum value of 10◦. The second main objective was to measure
the deformed shape of the flap under the aerodynamic loads. Although the tunnel and
the setup were not ideal for recording the aerodynamic coefficients, still an effort was
made to record the coefficients using a force balance.

Figure 6.16 shows the main components used during the test campaign. The demon-
strator was installed in front of the exit section of the wind tunnel, and the cameras for
Digital Image Correlation (DIC) were arranged to capture the 3D image of the speckle
pattern painted on the trailing edge skin. The DIC system is a VIC-3D system which is a
powerful solution for measuring and visualizing three-dimensional shape and displace-
ment based on the principle of DIC. Using this method, 3D displacements and strains
are available at every point on the specimen’s surface 6. A turntable was used to change

6https://www.correlatedsolutions.com/vic-3d/
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the angle of attack of the wing. Simcenter SCADAS Mobile & Recorder Data Acquisition
(DAQ) system was used to measure the stroke length of the actuators from the displace-
ment transducers. SCADAS stands for Signal Condition And Data Acquisition System 7.
The Simcenter Testlab is a data acquisition and analysis software for noise, vibration,
and durability testing 8 and was used to process the acquired data.

DAQ & 
Amplifier

DIC 
Cameras

Light 
Source Turn Table

Force 
Balance

Tunnel 
Exit

Demonstrator

Figure 6.16: Wind tunnel test setup.

6.3.2. WHIRL TOWER TEST
The whirl tower test was performed for both the active and passive demonstrators. This
was done by using a test setup meant for the vertical axis wind turbine, which was adapted
in a way so that it could be used as the whirl tower test rig for both the demonstrators.
The whirl tower setup shown in Fig. 6.17 was used as a test rig for the vertical axis wind
turbine [2]. It consists of thrust bearings that transfer the thrust and weight of the ro-
tor to the structural base while allowing the rotation and torque to be passed through
a torque and speed sensor. The drive-line is further extended to a motor that is cou-
pled to an appropriate gearhead to increase the torque. The full whirl tower system is
clamped to a heavy steel base that is placed on the ground. Considering the limitations
of the whirl tower, the maximum allowable limit of rotational speed for the test campaign
was set as 240 RPM. Furthermore, the change in RPM, both increase and decrease, was
also accomplished manually by inputs from the keyboard resulting in a change of 1 RPM

7https://www.plm.automation.siemens.com/global/en/products/simcenter/scadas.html
8https://www.plm.automation.siemens.com/global/en/products/simcenter/testlab.html
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(maximum) to avoid damaging the torque sensors in the system. Before using the whirl
tower test setup for the test campaign, necessary vibration analysis was carried out to
ensure that the whirl tower testing with the demonstrators does not introduce resonant
frequencies in the system.

Counter 
Weight

Hollow Beam

Active Morphing 
System

Whirl Tower Rig

High Speed Camera

Figure 6.17: Whirl tower setup for active system.

ACTIVE SYSTEM TEST

The test campaign involved testing the active morphing demonstrator under centrifugal
loads. One of the main objectives of the test was to record the response of the actuator
under centrifugal load by recording its stroke. The second main objective was to observe
the tip deflections of the flap. The measurements corresponding to these objectives were
recorded in both the quasi-static and dynamic tests of the actuation system.

The test setup shown in Fig. 6.17 consists of an active morphing system demonstra-
tor with an interface at the centre for its attachment to the whirl tower. The whirl tower
system was mounted on a rigid base. A data acquisition system was used to record the
actuator displacement and strain in the skin while a high-speed camera (Photron 9 FAST-
CAM Mini AX200) was positioned to capture the tip deflection of the flap. The types of
sensors used in the experiments and their location are shown in Tab. 6.1. The strain
gauge used on the top skin was a quarter bridge strain gauge mounted in the chordwise
direction. This strain gauge was placed at the midpoint, both spanwise and chordwise,
and was used to measure the strains when the skin bends or morphs as a result of the
applied force. Another strain gauge was placed on the bottom skin in the spanwise di-
rection to observe the strains that might occur as the result of centrifugal force. The
third strain gauge was a full-bridge strain gauge that comes embedded on the piezoelec-
tric actuator. A displacement transducer (SoftPot from spectrasymbol 10) was used to

9https://photron.com/
10https://www.spectrasymbol.com/
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measure the stroke of the actuation system. This transducer is in the form of a mem-
brane over which a spring-loaded plunger moves. This plunger was screwed to the link
rod, which is attached to the skin. This transducer was used to measure directly the ac-
tual displacement that was forced on the skin to complement the actuator strain gauge,
which provided an indirect displacement measurement.

Table 6.1: Instrumentation overview.

Sensor Location
Strain gauge Top skin surface
Strain gauge Bottom skin surface
Strain gauge Actuator
Displacement transducer Link rod

LEDs
1 on skin tip, 4 on
aluminum housing,
1 fixed to the ground

Triaxial Accelerometer Turbine base

In order to capture the tip displacement of the flap from the high-speed camera, a
single LED is placed on the tip of the flap to indicate its deflection under different actua-
tion amplitudes. In addition, one LED is set as a fixed point (FP) attached to the ground
while four LEDs are placed on the aluminium housing to indicate any torsional defor-
mations of the demonstrator. These four LEDs are on the same plane. This arrangement
of LEDs is shown in Fig. 6.18.

To have a sufficiently darker background and to have a high frame rate, the shutter
speed was adjusted to 1/600,000 s, and the frame rate was set to 9,000 frames/s. For each
test case, a high-speed video was recorded by triggering the camera at a point where the
plane defined by 4 LEDs as shown in Fig. 6.18 is nearly perpendicular to the viewing axis
of the camera. The trigger was generated by a photosensor present in the whirl tower and
enabled the recording of the frames before and after the trigger generation. This ensured
that the frame of interest was always captured and also helped to reduce the number of
frames captured in each video.

The purpose of mounting a triaxial accelerometer on the base of the turbine was to
take note of any adverse vibrations on the demonstrator during the whirl tower testing.

PASSIVE SYSTEM TEST

The arrangement for the passive whirl tower test is similar to the one mentioned for the
active system, as shown in Fig. 6.19. The objective of the test was to show the function
of the passive camber morphing under the influence of the apparent centrifugal force.
In this test, the focus was to obtain the spanwise and chordwise movements of spanwise
and chordwise shafts, respectively, and also the corresponding tip deflections of the flap.
A displacement transducer, similar to the one used for the active test, was fixed under-
neath the two shafts providing the stroke measurement. For the flap tip deflection, a
high-speed camera was used.
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Fixed LED

LEDs on the
Same Plane

LED on 
Trailing Edge Tip

Figure 6.18: Whirl tower setup with LEDs.

High Speed 
Camera

Passive
System

Whirl Tower 
Setup

Beam and 
Counter Weight

Flap

FP

Figure 6.19: Whirl tower setup for passive system.

6.4. SUMMARY
This chapter presented a detailed account of the development and manufacturing of the
three demonstrators built for the three test campaigns. This includes the wind tunnel
test demonstrator and whirl tower test demonstrators for the active and passive systems.
Two flaps were manufactured using prepreg carbon fibre material. The longer flap with a
990 mm span was dedicated to the wind tunnel test, while the shorter flap, having a span
of 200 mm, was used to test the active system and passive system. Both the active and



6.4. SUMMARY

6

93

passive system demonstrators were developed to ensure proper balance on the setup.
This was achieved by detailed CAD modelling.

The test campaigns consisted of a wind tunnel test for the active system and a whirl
tower test for both the active and passive systems. For these test campaigns, requisite
instrumentation and test setup were explained. In the case of the wind tunnel test, a 60
cm × 60 cm, a low-speed tunnel was used, while for the whirl tower test, a special test
setup was utilized with certain limitations. A summary of the whole test campaign is
presented in Tab. 6.2 where the full-scale conditions correspond to the data obtained for
Bo105 [3, 4].
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RESULTS AND VALIDATION

What is learned out of necessity is inevitably more powerful than the learning that comes
easily.

Malcolm Gladwell
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During the test campaigns for the active and passive concepts, a significant amount
of test data is recorded. This data requires discussion in relation to the design of morph-
ing skin and the active and passive system designs discussed in the preceding chapters.
The test setup, instrumentation, and objectives with respect to each test have already
been explained in Chap. 6. Therefore, Chap. 7 focuses on the results and their relation to
the numerical and analytical work done during the design process.

Keeping in view the experimental campaigns of the wind tunnel test, whirl tower test
for the active system and whirl tower test for the passive system, Sec. 7.1, Sec. 7.2 and
Sec. 7.3 provide the results and discussion for each test campaign respectively.

7.1. WIND TUNNEL TESTING
The first experiment conducted in relation to the active morphing system is the wind
tunnel test. As discussed in Chap. 6, the main objective of this test campaign is to study
the response of the actuator under aerodynamic loads, to record the deformed shapes
and to observe the aerodynamic effect of morphing.

7.1.1. QUASI-STATIC TESTING

During the quasi-static tests, the demonstrator is oriented at angles of attack (AoA) be-
tween 0◦ and 10◦ and a specific voltage is applied to the actuators, and the correspond-
ing actuator stroke is measured using the displacement transducers (DT). The input
signal to the actuators is provided by using Siemens Simcenter Testlab’s Multi-Input
Multi-Output (MIMO) Frequency Response Function (FRF) feature, which enables the
possibility of generating custom output signals. Since there are two sets of actuators to
morph the flap, one DT is used for each set to record the overall displacement. Figure 7.1
presents the load displacement curves at no-load corresponding to different voltages be-
tween 80 V and 140 V. In addition, the measured stroke for the top and bottom actuators
is plotted without the aerodynamic load. It can be seen that the response of the two
sensors is not identical, with the bottom actuators indicating more magnitude than the
top side. The response to the increasing voltage is also not entirely linear. The potential
reason for this nonlinearity is the non-uniform bending stiffness of the flap over the en-
tire span resulting from the issues encountered during the manufacturing of the flap for
wind tunnel testing as discussed in Chap. 6. Another potential cause of this behaviour
lies in the joining of the upper and bottom skin and its integration with the actuators.
The skins are manufactured separately without a proper fixture to align the tabbed por-
tion at the tip on both halves. Due to the absence of such a fixture, the alignment is
ensured visually while joining the two halves. Similarly, when integrating the flap with
the actuators, the skin had to be screwed to the aluminium housing while at the same
allowing its connection to the two sets of actuators. The process of integration is also car-
ried out without jigs and fixtures that would ensure the placement of each component
at its place without putting the skin under stress.

Figure 7.2 compares the stroke lengths of the two actuators with and without the
maximum aerodynamic loading. It can be seen that there is a slight decrease in the
stroke length of the actuators owing to the loading conditions.

The difference in the tip deflections in the two load cases presented in Fig. 7.2 can
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Figure 7.2: Reduction in stroke due to aerodynamic loading.

also be observed in the deformations obtained after post-processing the images recorded
through the DIC technique. Figure 7.3a shows the maximum deflections recorded for the
two load cases, while Fig. 7.3b highlights the difference in the two displacement fields
shown in Fig. 7.3a.

To validate the FSI scheme and the aerodynamic analysis, the actuation forces are
obtained corresponding to the measured stroke from each DT corresponding to the min-
imum load case and the maximum load case as shown in Fig. 7.2. For the experimental
case, the characteristic Eq. 4.1 presented in Chap. 4 is used to obtain the forces against
the applied voltage and measured stroke. For the FEA, the average of the stroke lengths
measured by the two DT is used to obtain the actuation forces as discussed in Chap. 3.
Table 7.1 presents the data for the top and bottom actuators corresponding to the elastic
load and maximum aerodynamic load. In the last column, values obtained from the FEA
are presented. The net difference obtained between the actuation forces corresponding
to the two load cases is also presented in Tab. 7.1. A direct match of the actuation forces
between the experimental data and the FEA is only possible when the bending stiffness
of the skin is uniform across its span and strokes of the two sets of actuators spaced at
the specified distance are identical. In the present case, the higher absolute values of
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Figure 7.3: Results of DIC showing flap deflection.

the force obtained from the characteristic equation are a result of a smaller stroke mea-
sured by the DT against the applied voltage. The outcome reflects that more energy is
consumed by the actuators to morph the top portion of the flap than what is required to
morph the bottom portion. A comparison between the FEA and the experimental data
is established by evaluating the increase in force. From Tab. 7.1, it can be noticed that
the experimental and numerical values show a close match, indicating that the overall
numerical analysis predicts the actual behaviour of the skin with a difference of about
10% when the difference in force is observed with and without the aerodynamic loading.

The stroke lengths corresponding to the tip deflections observed experimentally are
used in the FEA to generate the morphed shapes and the corresponding point data.
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Table 7.1: Validation of aerodynamic analysis.

Measured Stroke (mm) Force Exp. (N) Force FEA (N)
Bottom Top Bottom Top -

Without Aero Load 1.74 1.36 20.3 33.7 20.2
With Aero Load 1.70 1.31 21.6 35.3 21.63

Increase in Force (N) 1.3 1.6 1.43

To compare the deformed shapes numerically and experimentally, points are obtained
from the DIC analysis approximately at the mid-span of the demonstrator. The corre-
sponding curves obtained using these points are plotted for different supplied voltages,
as shown in Fig. 7.4a. The results show that the deformed shapes obtained numerically
and experimentally correlate very well, especially near the tip. The difference between
the experimental and FEA data is relatively higher for the cases where the magnitude of
deflection is high, as shown in Fig. 7.4b.
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7.1.2. DYNAMIC TESTING
The dynamic testing is performed during the wind tunnel test mainly to observe the
dynamic behaviour of the actuation system under aerodynamic loads with a longer flap.
The flap is actuated at various frequencies, reaching up to a maximum frequency of 7
Hz, which is close to 1/rev for a rotorcraft such as Bo105. The flap is actuated at various
magnitudes, each with frequencies of 1, 3, 5 and 7 Hz corresponding to the different AOA.
Since the peak to peak voltage range for the actuators lies between -20 V to +150 V, the
input signal is generated in the form of a sine wave accordingly. Equation 7.1 shows how
the input signal is generated, changing the frequency, amplitude, and voltage offset.

Vi =Vs +U sin(ωt ) (7.1)

where Vi is the input voltage signal, Vs is the voltage offset, U is the amplitude and ω

is the frequency. Using Eq. 7.1, typical signals corresponding to different voltage ampli-
tudes are shown in Fig. 7.5. The amplitude and voltage offset are set according to the
maximum allowable voltage recommended for the actuators.
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Figure 7.5: Example of input signal at 1 HZ.

Figure 7.6 shows the dynamic response of the top actuator under the maximum aero-
dynamic loading. Figure 7.6a shows the response of the top actuator when the flap is op-
erated at 7 Hz with different amplitudes. A consistent actuation behaviour is observed at
all the amplitudes. The stroke achieved with different voltage amplitudes corresponds
to the strokes obtained in the quasi-static tests shown in Fig. 7.2. Fig. 7.6b shows the re-
sponse of the top actuator at maximum amplitude corresponding to an offset of 4 V and
with different operating frequencies ranging from 1 Hz to 7 Hz. It can be seen that there
is no reduction in the stroke even if the flap is operated at a frequency of 7 Hz.

Based on the static and dynamic wind tunnel testing, it can be concluded that the
amplified piezo actuators can be used to actuate a morphing flap with a span of approx-
imately 1 m. The quasi-static test revealed a difference between the measurements of
the two sets of actuators used for the flap deflection. The difference occurred in man-
ufacturing and integration processes. Nevertheless, such a difference can be avoided
by using the active system in a closed-loop configuration. In the case of the dynamic
testing, the flap actuation is achieved at 7 Hz, which corresponds to 1/rev for the Bo105
helicopter.
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Figure 7.6: Dynamic response of the top actuator.

7.2. ACTIVE SYSTEM WHIRL TOWER TESTING
The whirl tower testing of the active morphing system is carried out on the whirl tower
setup described in Chap. 6. Since the location of the DT indicated in Fig. 6.6 makes it
farthest in the actuation chain, it is used for the correlation with the numerical stud-
ies. However, before conducting the testing, a comparison between the response of the
strain gauge mounted on the piezoelectric actuator to the DT is carried out. This is im-
portant as it serves the purpose of validating the measurements obtained using DT. Fig-
ure 7.7 shows the correlation of the two sensors at no load. There is a small variation in
the two outcomes mainly because of the difference in types and functionality of the two
sensors.

As mentioned in Chap. 4, two blades are used to support the bending of the actua-
tors under centrifugal forces. The ideal case in Fig. 7.8 represents the stroke obtained by
using the appropriate values in Eq. 4.1 and compared to the stroke from DT. When the re-
sults of the plots in Fig. 7.7 and Fig. 7.8 are compared for the maximum stroke, the force
consumed by the blades is estimated to be approximately 4% of the available blocked
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force as mentioned in Chap. 4. Once the flap is integrated and the actuation mecha-
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Figure 7.8: Stroke of actuators with blades.

nism is complete, the response of the ideal case and the actual case are compared. For
the ideal case (based on Eq. 4.1), the force/stroke is obtained from FEA and turns out to
be 6.14 N/mm. The results in Fig. 7.9 show that the response of the DT is approximately
linear, and the two curves show a good match. This outcome also emphasizes the impor-
tance of flap length with respect to controlling the fabrication and integration processes.
A shorter flap length with one set of actuators for the whirl tower test does not indicate
the issues encountered by the longer flap for the wind tunnel test with two sets of actu-
ators. Consequently, the correlation between the numerical and experimental results is
also improved.
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Figure 7.9: Stroke of actuators with flap.

7.2.1. QUASI-STATIC TESTING

During the quasi-static testing, the demonstrator is rotated at a maximum allowable
speed of 240 RPM. However, this is done sequentially in four steps starting from 60 RPM
and then testing at 120 RPM, 180 RPM, and 240 RPM. The sequential process is adopted
to avoid any potential issues with the whirl tower setup. At every RPM, the flap is de-
flected by varying the voltage applied to the actuators from 20 V to 140 V. At each test
point, the data is recorded using the DAQ system, and the tip deflections are recorded
using the high-speed camera. A typical signal given to the actuators is shown in Fig. 7.10.

The response of the actuators, in terms of displacement measured by DT, is shown
in Fig. 7.11. This response corresponds to the input signals in Fig. 7.10. As indicated, the
actuator response is quite consistent in terms of achieving the desired stroke against the
applied voltage. Figure 7.12 shows the effect of the RPM on the actuator stroke recorded
in Fig. 7.11. The expected stroke based on Fig. 7.9 is also indicated as dashed lines. From
Fig. 7.12, it is observed that the maximum degradation in the stroke is only around 3.5%
against a centrifugal force of approximately 50 g’s experienced by the actuation system.
The average degradation in stroke for the applied voltage between 80 V and 140 V is
about 2.5% with a standard deviation of 0.94.

The numerical strain on the top skin for the maximum stroke of 2.4 mm is shown
in Fig. 7.13. The overall strain levels are quite low, and the strain in the vicinity of the
location of the strain gauge is in the range of 600 to 650 microstrain.

The strain due to skin bending is measured by a strain gauge attached to the top
skin in the chordwise direction. Figure 7.14 shows the response of the strain gauge at
0 RPM and 240 RPM. It indicates that the strains predicted by the numerical model are
quite close to the actual strains measured by the strain gauge. It also indicates that the
centrifugal force has no effect on the strain value. The strain gauge bonded on the skin
to measure the influence of the spanwise component of the centrifugal force does not
present any significant strains indicating that the effect of the centrifugal force is not
evident in the morphing skin used in this demonstrator. The strain due to centrifugal
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Figure 7.10: Input signal (140 V) at different RPM.

force is not present because the skin is very lightweight, and it is fixed at the top of the
aluminium frame.

Throughout the testing, the response of the triaxial accelerometer is monitored, and
no significant levels of vibrations are observed [1] as shown in Fig. 7.15 which indicates
that the whole test setup is balanced properly. In Fig. 7.15, z-axis considered normal to
the ground.

As mentioned earlier, a high-speed camera is used to capture the tip deflections. Fig-
ure 7.16 shows two images captured using the high-speed camera at the undeformed
position and maximum deflected position when the rotor blade is rotated at 240 RPM.

After post-processing of the images, the tip deflection with respect to the fixed point
(FP) indicated in the test setup in Chap. 6 are obtained. Figure 7.17 shows the tip de-
flection obtained at 240 RPM and compares the results to the tip deflection obtained
in FEA. The results show quite a good correlation between the two sets of data points
corresponding to various strokes when voltage is varied from 20 V to 140 V.

7.2.2. DYNAMIC TESTING
The purpose of the dynamic testing is to show the consistency of the movement of the
actuator and the corresponding flap tip deflection. Keeping in view a maximum RPM of
240 in perspective, the testing is carried out by gradually increasing the RPM from 60 to
240 with an interval of 60 RPM. The actuation frequencies are selected as 1/rev, 2/rev,
and 3/rev. Consequently, the flap actuation is carried out for all the selected frequencies
at 60, 120, 180 and 240 RPM. Input signals are generated using Eq. 7.1 for frequencies
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up to 12 Hz, corresponding to 3/rev for a rotational speed of 240 RPM. In addition, the
videos are recorded using the high-speed camera to validate the tip deflection during the
cyclic operation of the flap.

The response of the actuators is noted by recording the displacement of the DT. Fig-
ure 7.18 shows the actuator response at 3 Hz and 6 Hz for a period of 1 s when the blade
is rotated at 180 RPM. Similarly, Fig. 7.19 shows the response of the actuators at 240 RPM
when the flap is actuated at a frequency of 4 Hz, 8 Hz, and 12 Hz. The input cycle in



7

108 7. RESULTS AND VALIDATION

E, Max. In-Plane Principal

764E-06
694E-06
625E-06
556E-06
487E-06
417E-06
348E-06
279E-06
210E-06
140E-06
71E-06
2E-06
-66E-06

εμ
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all the aforementioned cases corresponds to an amplitude of 3 V and an offset of 2 V, as
shown in Fig. 7.5. The results of actuator stroke indicate that the actuators responded
consistently to the input signal under dynamic conditions. More importantly, the re-
sults demonstrate that the morphing flap is capable of operating at higher frequencies
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repeatedly. Although the testing is not carried out to determine the fatigue life, this en-
couraging outcome is of extreme importance for the potential applicability of the TRIC
morphing concept in a rotorcraft application. Further insight regarding the relationship
of the input and output signal can be obtained in future testing by using the input signal
as a reference signal in Testlab during the test and obtaining an FRF.

10 10.1 10.2 10.3 10.4 10.5 10.6 10.7 10.8 10.9 11
Time (s)

6

6.5

7

7.5

8
S

tr
ok

e 
(m

m
)

-2

0

2

4

6

V
ol

ta
ge

 (
V

)

180 RPM - 3 HzInput Signal

(a) Stroke at 1/rev.

10 10.1 10.2 10.3 10.4 10.5 10.6 10.7 10.8 10.9 11
Time (s)

6

6.5

7

7.5

8

S
tr

ok
e 

(m
m

)

-2

0

2

4

6

V
ol

ta
ge

 (
V

)

180 RPM - 6 HzInput Signal

(b) Stroke at 2/rev.

Figure 7.18: Measurement of actuator stroke at 180 RPM.

To validate the flap deflection during dynamic testing, the images are processed from
the videos captured using the high-speed camera. Due to the slight difference in the
rotational frequency of the demonstrator and the operating frequency of the flap, each
revolution (rev) resulted in recording a different tip deflection. It is ensured that at least
one cycle is captured during the whole recording phase to capture the flap response.
For each case shown in Fig. 7.18 and Fig. 7.19, the corresponding tip deflection is shown
in Fig. 7.20 and Fig. 7.21. In addition, the vertical axis in each plot indicates the actual
position of the flap from the FP.

Figure 7.20 and Fig. 7.21 show the data indicating the response of the flap when it is
operated at different frequencies and RPM. A summary of the flap deflections obtained
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(b) Stroke at 2/rev.
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Figure 7.19: Measurement of actuator stroke at 240 RPM.
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Figure 7.20: Measurement dynamic response through high speed camera at 180 RPM.
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(b) Tip deflections at 2/rev.
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Figure 7.21: Measurement dynamic response through high speed camera at 240 RPM.

from this data is shown in Tab. 7.2. It is evident from Tab. 7.2 that the tip displacement
of 6.6 mm observed in Fig. 7.17 for the quasi-static case corresponds to the dynamic
case under consideration with a maximum variation of about 7%. This variation mainly
results from the freeplay present in the system. The plots can not be directly linked to
the actual frequency of the flap because of the way the data is acquired. Nevertheless,
it serves to validate the input signal given for the actuation by presenting a shape in the
form of a sine wave. The missing points in Fig. 7.20 and Fig. 7.21 represent those frames
that missed one or two stationary points and are excluded from the post-processing due
to this reason.

Based on the whirl tower testing of the active morphing system, it can be concluded
that the active system is able to operate under the influence of the apparent centrifugal
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Table 7.2: Summary of flap deflection at 180 and 240 RPM.

Rotor RPM Flap Frequency Flap Deflection (mm)
180 1/rev 6.36
180 2/rev 6.61
240 1/rev 6.61
240 2/rev 6.19
240 3/rev 6.12

forces. This is demonstrated using a whirl tower setup that is able to test the active sys-
tem to a maximum value of 50 g’s. One set of APA is used for this system which has a flap
span equal to 200 mm. The actuation frequencies achieved during the dynamic testing
range from 1/rev to 3/rev. During the quasi-static test and dynamic test, the kinemat-
ics of the active system is able to consistently provide the required stroke with minimal
degradation. This is validated by acquiring the tip deflections of the flap using a high-
speed camera.

7.3. PASSIVE SYSTEM WHIRL TOWER TESTING
The passive morphing experiment is conducted mainly to validate the concept presented
in Chap. 5. As mentioned in Chap. 6, five springs are selected based on the maximum al-
lowable RPM permitted on the whirl tower setup. The experiment is conducted with
all the springs having some variation in preload and the spring constant Ks . The main
objective of this test campaign is to develop an understanding of the behaviour of the
passive system and to monitor the spring deflections and the corresponding flap tip de-
flections. By using different springs in the process, the consistency of the passive system
can be demonstrated.

Before using the springs in the passive system, all the springs are tested for the preload
and Ks using a tensile test machine. The deflection of each spring against the applied
force is shown in Fig. 7.22. From the deflection curves shown in Fig. 7.22, the consoli-
dated data is provided in Tab. 7.3 including the specification of each spring provided by
the original equipment manufacturer (OEM).

Table 7.3: Specification of springs.

Measured OEM
ID Mass (g) preload (N) Ks (N/mm) preload (N) Ks (N/mm)

T42602D 132.95 20 0.92 22.66 0.82
T32361F 80.97 25 1.1 25.66 1.22
T42361E 65.38 22.7 1.31 22 1.18
T42361F 71.58 18 1.14 22 1.05
T42361G 80.65 10 1.13 22 0.94

It can be observed from Fig. 7.22 that all the springs show a non-linear region till the
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Figure 7.22: Measurement of spring extension for different springs.

spring preload is overcome. This behaviour can be attributed to the deflection of the
end loops [2]. The spring exhibits a linear response once the preload is completely over-
come.9 The spring constants shown in Tab. 7.3 are obtained by taking the linear portion
of the curves in Fig. 7.22 between the extensions of 3 mm and 9 mm and then taking the
slope of these curves. Figure 7.22 also shows that for all the springs, it is not possible
to precisely specify the value of preload. The reason for not having a specific value of
preload is because the deflection is not exactly zero for a particular value of force; rather,
it has an approximate value of 0.5 mm, after which the linear portion of the curve starts.
The measured preload mentioned in Tab. 7.3 is calculated against the deflection of 0.5
mm for all the cases. It must be noted that T42602D shows more non-linear behaviour
at the beginning, and the linear part of the curve starts at 2 mm of deflection approxi-
mately. The aforementioned discussion concerning the spring data is important as the
passive system is also expected to behave in a similar way. For instance, let us consider
that two identical springs are selected on the basis of preload and spring stiffness. The
first spring shows a higher nonlinearity in terms of its stiffness than the second spring at
the beginning of its extension. This would mean achieving the required deflection with
the first spring; more force would be required to overcome the spring force. On the other
hand, the spring which shows a relatively linear stiffness from the start would attain the
desired deflection with a lesser applied force. For a passive system, this means employ-
ing a different maximum RPM value in both the aforementioned cases to have a similar
flap deflection.

Another critical aspect of passive morphing testing is the amount of friction observed
in the manufactured prototype. During the initial bench tests of the setup mentioned in
Chap. 6, it is observed that the amount of static and kinetic friction present in the system
is so high that no flap movement is observed in the region of interest where the RPM is
dropped from 100% to 90% as discussed in Chap. 5. This behaviour is shown in Fig. 7.23
where the loading and unloading cycles are plotted for the case when the system is in-
tegrated with T42361E spring, and no mechanical refinement is carried out. The plots
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represent the movement of the spanwise shaft against the applied load. The spanwise
movement of the shaft is measured by having a displacement transducer (DT) attached
underneath in a similar way as in the case of the active morphing system. It can be seen
in Fig. 7.23 that even after removing the load below the 90% RPM mark, the applied force
exerted by the spring is less than the maximum static force of friction. Similar behaviour
is seen at the start of the loading curve, where the onset of deflection is delayed con-
siderably. After observing the issue, considerable effort is put to reduce the excessive
amount of friction by using suitable lubricants and adjusting the bearing supports of the
two shafts by using very thin shims to improve the shaft alignment. Although the friction
is not completely removed from the system in the end, the mechanical refinements im-
proved the functionality of the passive system considerably, as shown in Fig. 7.23. After
the mechanical refinements, the unloading cycle caused the flap to deflect downwards
within the range of interest, indicating the working of the passive concept.
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Figure 7.23: Effect of mechanical refinement on kinetic friction.

To demonstrate the role of friction and for the sake of comparison, the ideal response
of a passive system is also shown in Fig. 7.23 where the preload of T42361E is considered
at zero deflection, and no friction is assumed in the system. Based on the formulations
presented in Chap. 5, the ideal response of the system shows considerable deflection
of the spring in the region of interest for the same force range as shown in Fig. 7.23.
However, it must be noted that practically, the current passive system would behave in
a region between the two extremes discussed thus far as neither friction can be ignored
in a system nor is it expected to be too high in an industrialized manufacturing scenario.
The geometrical discrepancies and shaft misalignment are issues that are expected in a
proof-of-concept demonstrator and can be improved in future models.

Before carrying out the experiments of the complete passive system on the whirl
tower setup, tests with each spring are performed on the setup with flap disengaged.

The results corresponding to each spring are plotted in Fig. 7.24 and show a similar
trend for each spring when compared to the curves in Fig. 7.22. In Fig. 7.24, however, the
influence of friction in the system even with a single shaft is prominent in all the cases,
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emphasizing the importance of location, alignment, concentricity, surface finish, bear-
ing selection, and geometrical tolerances. All these factors have to be addressed during
the future design, manufacturing, and integration of the passive system to improve its
performance.
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Figure 7.24: Measurement of spanwise displacement without flap under centrifugal load.

With reference to the plots in Fig. 7.24, spring T32361F shows slightly different be-
haviour at the onset of deflection. This behaviour is attributed to the small freeplay
present at the point of connection of the spring and the spanwise shaft Fig. 7.25. The
corresponding load extension curve shows a slightly larger offset at the beginning, which
is due to the small displacement that occurs between 15 N and 20 N due to the freeplay.
Afterwards, the curve is flattened due to the preload of the spring till the point where the
spring starts to deflect. This indicates that any freeplay present in the system can affect
the behaviour of the passive system.

Figure 7.25: Closeup of the freeplay in the spring and connecting pin.

Also, for the case of spring T42602D shown in Fig. 7.24, the system under centrifugal
loads shows a similar behaviour as shown in Fig. 7.22. The onset of the linear portion of
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the load deflection curve is delayed more due to the higher non-linear region at the start.
The relatively linear portion of the loading cycle is observed around 2 mm of deflection.

After doing the initial tests, the complete passive system is tested with all the springs
on the whirl tower test setup. The 100% RPM mark is varied based on the preload of each
individual spring till a spring extension of approximately 6 mm is achieved for each case.
As a sixth case, a small trimming mass is attached in front of the spanwise shaft, and the
test is performed with one spring, i.e., T32361F to observe the effect of added mass in
the system. Based on the space and attachment constraints, the weight of the resulting
mass turned out to be 57 g. Since the whirl tower is operated independently of the data
acquisition system, it is not possible to automatically synchronize the spring deflection
and the RPM. For this reason, tests are performed initially for all the spring cases, and
the region of the desired flap deflection is observed. This resulted in determining the
particular RPM value, which brought the springs to their mean positions and enabled
establishing the 90% and 100% RPM mark for each case. Afterwards, the data is recorded
for this RPM range, where the overall deflection of the spring is captured using the DT,
and the tip deflection of the flap is recorded using the high-speed camera.

Figure 7.26 shows the overall response of the system with the first spring T32361F,
including the tip deflection. The centrifugal force plotted on the x-axis, corresponds to a
particular RPM value, and it is calculated using F = mrω2, where m is the total mass of
the spring and the shaft, and r is the distance of the centre of gravity of m from the centre
of rotation and accounts for the deflection of the spring while calculating the centrifugal
force. The value of r is estimated from the CAD model of the passive system for each
case. In Fig. 7.26a, the spanwise movement of the system is plotted for the four phases
of the movement of the spanwise shaft connected to the extension spring. This division
in four phases is important to establish since it is related to the operational scenario of
the passive system and serves to show its complete functional cycle. In the first phase
(shown as black curve), the RPM is increased from 150 to 240, and the corresponding
displacement is recorded at steps of 5 RPM. The increase in RPM is accomplished man-
ually with steps of 1 RPM due to the limitation of the whirl tower setup. In the second
phase (shown as dark blue curve), the speed is reduced gradually to 216 RPM, which is
the 90% mark. In the third phase, the speed is again increased to 100% RPM (shown as
the green curve) and then dropped to 150 RPM (shown as the cyan curve) in the fourth
phase. At the beginning and end of each phase, the flap tip deflection is captured using a
high-speed camera, giving in total five stages to capture based on the four phases men-
tioned above. The recorded images are post-processed to show the position of the flap
tip with reference to the LED, which is fixed to the ground. The four points attached to
the aluminium structure are also plotted for each case to capture any torsional deforma-
tions of the demonstrator, as shown in Fig. 7.26b. The vertical axis in Fig. 7.26b shows
the position of the flap with respect to the FP for each stage of the operation. The hor-
izontal axis shows the position of the LEDs in the chordwise direction. Similar tests are
performed for the remaining springs and shown in Fig. 7.27 to Fig. 7.30.

Due to the difference in specifications, the RPM limits are different for each spring,
and thus the operating range is also different. However, having an approximately similar
displacement of the spanwise shaft, the data plotted in Fig. 7.26 to Fig. 7.30 gives some
important insight into the response of the passive system. From the measurements pre-



7

118 7. RESULTS AND VALIDATION

15 20 25 30 35 40 45 50 55
Force (N)

0

1

2

3

4

5

6

7

S
pa

nw
is

e 
D

is
pl

ac
em

en
t (

m
m

)

90
%

 R
P

M

10
0%

 R
P

MLoading Cycle:Increasing to 100%RPM
UnLoading Cycle:(100 - 90)%RPM
Loading Cycle:(90 - 100)%RPM
UnLoading Cycle:Decreasing from 100%RPM

1
5

3

2
4

(a) Spanwise displacement.

-150 -100 -50 0 50 100 150
Chordwise Position (mm)

80

85

90

95

100

105

V
er

tic
al

 D
is

pl
ac

em
en

t (
m

m
)

Stage 1 (150 RPM)
Stage 2 (240 RPM)
Stage 3 (216 RPM)
Stage 4 (240 RPM)
Stage 5 (150 RPM)

Tip at 90% RPM

Tip at 100% RPM

110

Tip at 150 RPM (Stage 1 and 5)

Points of LEDs on rigid structure

(b) Flap tip deflection.

Figure 7.26: Measurements with T32361F with RPM variation from 150 to 240.
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Figure 7.27: Measurements with T42602D with RPM variation from 130 to 225.
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Figure 7.28: Measurements with T42361E with RPM variation from 150 to 230.

sented for each spring, it can be observed that the response of the passive system is
directly linked to the preload and stiffness of the individual springs. Furthermore, the
available force in the window of operation defined by the 90% RPM and 100% RPM is
critical for the desired flap deflection, and it is influenced by the combined mass of the
spanwise shaft and the spring. In addition, it can also be observed from the plots that
more net force is available to the spring between 90% RPM and 100% RPM window if the
maximum value of RPM is higher.

Figure. 7.26a indicates that the spring T32361F, which has the highest value of the
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Figure 7.29: Measurements with T42361F with RPM variation from 125 to 205.
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Figure 7.30: Measurements with T42361G with RPM variation from 95 to 175.

preload, shows the highest value of extension in the 90% RPM to 100% RPM range. Con-
sequently the flap tip deflection shown in Fig. 7.26b is also the highest. The delay in
the onset of the linear portion of the unloading cycle shown in Fig. 7.26a indicates the
amount of static friction present in the system that must be overcome before the move-
ment starts.

In the case of spring T42602D, the maximum value of RPM is observed, which sub-
sequently gives rise to the maximum centrifugal force. The main reason for the higher
centrifugal force in the case of spring T42602D observed in Fig. 7.27a is due to the nonlin-
earity of the spring discussed earlier. Due to the higher stiffness value at the initial stage,
more force is required to extend the spring to the desired value, resulting in a higher
RPM value in the end. The deflection measured for the spring T42602D is very close to
the spring T32361F, as shown in Fig. 7.27b.

For the remaining springs, the response of the system is mainly dictated by the preload
as shown in Fig. 7.28, Fig. 7.29 and Fig. 7.30. It can be observed from Fig. 7.30a that
spring T42361G has the least amount of net force available within the 10% RPM range to
deflect. This is because this particular spring has the lowest preload. Consequently, the
amount of tip deflection is also minimum, as shown in Fig. 7.30b. The role of preload
is noticeable in all the cases due to the difference in values mentioned in Tab. 7.3. On
the contrary, the effect of stiffness cannot be detected in this study due to approximately
similar values of stiffness of all the springs.
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For the last case, the effect of increasing the weight of the spanwise shaft is estimated
by attaching a trimming weight resulting in an increase of 35% in the effective mass. The
trimming weight is attached in the form of a rod which is screwed at the end of the span-
wise shaft. The corresponding result of the passive system with the new configuration is
shown in Fig. 7.31. It can be seen that the RPM for similar deflection is reduced consid-
erably by the addition of the trimming mass. The net force between 90% and 100% for
spring T32361F is approximately the same with and without the trimming mass. How-
ever, the RPM range for the two cases is considerably different. Due to this reason, reduc-
tion in the 100% RPM by 5 RPM accounts for a greater force with the trimming mass than
for the same amount of RPM reduction without the trimming mass. The aforementioned
trend is noticeable in the unloading curves for both the cases shown in Fig. 7.26a and
Fig. 7.31a. Any other conclusion with the additional mass is hard to determine because
the difference in the flap deflections is very small between the two cases (0.32 mm), and
such a test is performed with only one spring. The tip deflections corresponding to all
the cases are shown in Fig. 7.32.
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Figure 7.31: Measurements with T32361F & trimming weight and with RPM variation from 100 to 190.

As discussed in Chap. 5, the contribution of the flap is also apparent in all the mea-
surements when compared to Fig. 7.24. This is also important since the aerodynamic
loads on the flap are expected to be considerably low because of the size of the flap, the
radius of the demonstrator and the maximum allowable RPM. It can be noticed that, ef-
fectively, spring preload reduces with the introduction of the flap for all the cases. This
indicates that the net force on the flap acts in the direction of the centrifugal force.

From the measurements for each spring, the maximum spanwise displacement is
converted to the chordwise displacement by using Eq. 5.18 mentioned in Chap. 5. This
chordwise movement is then used in the FEA to note the corresponding tip deflections
for each case. The data for the two cases is plotted in Fig. 7.32.

The difference in the two curves is approximately constant and is larger than the ac-
tive case presented in Fig. 7.17. The reason for the higher difference is due to the fact that
more mechanical parts and links are present in the system as compared to the active sys-
tem, which can potentially reduce the mechanical efficiency of the system. Secondly, the
shaft angle ϕ is taken as precisely 20◦ for calculating the chordwise movement, and the
shafts are assumed completely orthogonal to each other. Any change due to the inte-
gration and actual value ofϕ in the system can affect the chordwise movement resulting
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Figure 7.32: Comparison of experimental and numerical tip deflection.

in a different tip deflection. Nevertheless, the test campaign with the passive concept
demonstrates the working of the passive morphing concept satisfactorily. The testing
has shown that even with manufacturing and integration complexities in the prototype,
the demonstrator has shown the operation of the passive concept in the desired range of
RPM.

Based on the whirl tower testing of the passive morphing system, it can be concluded
that the novel passive system is able to actuate within the prescribed RPM range of 10%.
The mechanical efficiency of the system is lower because of the friction observed in
the mechanical parts. The experiment is repeated with various springs having different
preloads and stiffness values.

7.4. SUMMARY
In this chapter, the results of the experiments are presented related to both the active
and passive morphing systems. Three test campaigns are conducted, each with its own
test setup and objectives.

The first test campaign was conducted in a low-speed wind tunnel facility to observe
the response of the active system by measuring the actuator strokes and the morphed
shapes. The test was performed by changing the angle of attack to a maximum value of
10◦ with the aerodynamic loads corresponding to 15 m/s. The results indicated a good
comparison for morphed shapes. The measurements of the actuators at the top and
bottom represented deviations due to the non-uniform bending stiffness of the skin po-
tentially caused by the manufacturing issues. In the end, a validation of the FSI scheme
was also presented.

In the second test campaign, the active concept was tested in a whirl tower setup, and
the system was subjected to a maximum centrifugal load of approximately 50 g’s. A high-
speed camera was used to capture the tip deflections of the flap both in the quasi-static
case and also in the dynamic case. It was shown that the response of the active system
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was consistent, and the potential degradation in the actuator stroke was also minimal
up to the maximum allowable RPM imposed by the whirl tower setup. The results of the
tip deflection and the actuator stroke presented a good correlation with the numerical
prediction.

In the final test campaign, the novel passive concept was tested under the centrifugal
loads using the same whirl tower setup as that used for the active system. The passive
system was tested with the five different springs and a configuration where additional
mass is attached to see its effect. Overall, the demonstrator showed that the passive con-
cept operated within the bounds of the 10% RPM set by the operational requirements.
The effect of friction was obvious in the demonstrator being the first prototype, due to
which the deflections in the region of interest are limited. However, the testing had in-
dicated that the passive system operated under the given operating conditions as con-
ceived.
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It’s more fun to arrive at a conclusion than to justify it.
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Before discussing the conclusions, it is important to reemphasize the main objec-
tives of the present work. The present research aimed to design and explore the feasi-
bility of a camber morphing flap for rotorcraft. The design process looked at the possi-
bilities of morphing the trailing edge flap with active means. Moreover, ideas to morph
the flap passively by using centrifugal force were also explored. The research focused on
the feasibility study of the overall morphing system(s) by developing and testing specific
demonstrators. The main research question of the thesis was:

How can an active and passive morphing system be envisaged with a camber morph-
ing technique for rotorcraft blades?

Answers to the following sub-questions were required to answer the global research
question mentioned above

• What are the design considerations and requirements for developing a morphing
flap and the requisite actuation system?

• How can the feasibility study of active and passive morphing systems be carried
out to show the potential of both systems for rotorcraft?.

The dissertation discussed two morphing systems based on the (Translation Induced
Camber) TRIC morphing concept. The focus of the present work was to use conventional
structures and components to achieve morphing capability in rotorcraft and demon-
strated the functionality of both concepts by experiments. The active concept utilized
piezoelectric actuators for actuation, while the novel passive system operated under the
influence of centrifugal forces by varying the rotor revolution per minute (RPM).

The conclusions based on this dissertation are summarized in the following two main
sections. In the first section, the observations based on the design, manufacturing, inte-
gration, and experiments are summarized in relation to the active and passive morphing
systems. In the second section, future developments are proposed for the two systems
that can take the present work to the next level.

8.1. CONCLUSIONS
Morphing solutions for aircraft are aimed at increasing the overall performance by pro-
viding better flow quality and potentially lesser weight. However, the physical realization
and testing of a morphing concept have remained limited, especially for rotorcraft. This
is mainly because morphing is generally linked to the development of new materials
for flexible skins and actuation methods and fulfilling the requirements of light-weight,
strength, and flexibility becomes quite challenging. In this context, the camber morph-
ing technique has shown to be more feasible for morphing, especially when applied to
rotorcraft, where the volume available inside the blade structure is minimal because of
the small thickness to chord ratio. For this reason, trailing edge morphing flaps have
been a popular choice for rotorcraft as the proposed changes are primarily local and do
not affect the whole blade structure. The idea of using the TRIC morphing concept for
rotorcraft brings the possibility of utilizing conventional materials in the morphing per-
spective, which can potentially reduce the complexities of a morphing system. However,
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the challenge remains to use a proper actuation scheme to provide the required flap de-
flections at frequencies ranging from 1/rev for primary flight control and from 2/rev to
3/rev and more for noise and vibration mitigation.

The review of state of the art has provided an overview of the earlier work related to
the actuation of a morphing system based on the centrifugal forces. Such passive sys-
tems have been conceptualized and tested mainly for chord morphing and span mor-
phing. However, the author was unable to find any concept in the past that utilized cen-
trifugal forces for camber morphing. The development of such a morphing system is im-
portant as it has shown the potential to increase the performance of a rotorcraft mainly
by reducing the collective pitch requirements and increasing the pilot control authority.

8.1.1. MORPHING SKIN
In the present study, a design and analysis approach is presented for the characterization
of the morphing skin. The morphing skin design goal includes capturing the skin defor-
mation and estimating the required actuation forces. For this purpose, a Fluid Struc-
ture Interaction (FSI) scheme is developed that translates the aerodynamic forces from
Computational Fluid Dynamics (CFD) to Finite Element Analysis (FEA). Consequently,
the aeroelastic deformations of the TRIC morphing flap are captured accurately by the
implementation of this FSI scheme. In addition, it also enables actuator selection by
determining the reaction forces at the point of application of force.

In the morphing skin design, the choice of material plays a critical role in saving the
weight of the actuation system. It is shown during the present study that composite
materials with a carefully selected layup scheme tend to provide more weight savings as
compared to isotropic materials such as aluminium. More specifically, a carbon fibre
prepreg material like Thinpreg NTPT, which offers thin plies having a thickness of 0.05
mm, is a good choice for a morphing skin as it provides more freedom in terms of the
number of plies.

Another factor that influences the required actuation force is the flap chord length. A
25% chord length increases the aerodynamic efficiency and, at the same time, provides
enough volume to house the mechanics. In some cases, however, the volume available to
house the actuation mechanism can become a deciding factor for the flap chord length
as sufficient volume must be available to house the mechanics properly.

8.1.2. ACTIVE CAMBER MORPHING SYSTEM
The challenges in actuator selection for a rotor application increase due to volume con-
straints, centrifugal forces, and higher frequency requirements. Amplified Piezoelectric
Actuators (APA) provides an attractive option for the actuation of control surfaces in ro-
tor blades due to their compact size, rigidity, and relatively high operating frequencies
when compared to other off-the-shelf options. The limited stroke length associated with
the piezoelectric actuators is compensated to some extent by using APA in series. The
proposed actuation system is able to provide sufficient stroke for flap deflections rang-
ing from 5◦ to 8◦.

A wind tunnel experiment is performed in a low-speed open jet wind tunnel with an
exit section of 60 cm x 60 cm, having a velocity of 15 m/s. The aims of this test included
the measurement of the stroke of the actuators and the tip displacement of the flap at
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various aerodynamic conditions. In addition, the deformed shapes of the flap are also
recorded. To actuate the flap having a length of 990 mm, two sets of actuators are used
and placed farthest apart. When the required actuation forces for the deflection of the
flap are measured at these two points, a difference is observed. The main reason for this
difference is the warping issue observed during the manufacturing of the skin. In addi-
tion, the absence of jigs and fixtures to join the upper and lower halves and to integrate
the actuators with the skin contributed to this behaviour. This results in a non-uniform
bending stiffness of the skin throughout the span, resulting in different strokes measured
by the two sets of actuators placed at a particular distance from each other. It is evident
that manufacturing of the skin and integration process can significantly affect the overall
stiffness of the end product, especially if the flap requires two actuators to achieve the
desired deflection angles. In any case, to achieve a consistent behaviour, these actuators
should be used in closed-loop configurations to ensure consistent actuation strokes.

To validate the numerical model, the difference in the required actuation forces ob-
tained from the numerical model and the experiment is also observed. It is shown through
the wind tunnel test that the overall FSI scheme works well and predicts the effect of
aerodynamic load on the flap actuation force with a difference of 10% compared to the
experimental results. Moreover, the deformed shapes obtained using the digital image
correlation and finite element analysis also present a close correlation where the maxi-
mum deviation between two remains within 0.25 mm throughout the measured range.

The second test is conducted on a whirl tower setup which provides the opportunity
to test the demonstrator under a centrifugal force of 50 g’s approximately. This test is
conducted mainly to observe the response of the actuation system under the influence
of centrifugal forces. The actuator stroke and tip deflections are recorded both for the
quasi-static testing and also for the dynamic testing, where the flap is actuated at differ-
ent frequencies corresponding to 1/rev to 3/rev. The results present a good comparison
between the numerical study and the experimental campaign and show that the active
system with piezoelectric actuators performs as expected under centrifugal forces. The
degradation in the stroke is less than 4% for the maximum flap deflection at 240 RPM.
The measured strains in the top skin are also observed using a strain gauge and com-
pared to the numerical result. The levels of the strain are found to be relatively low and
match the numerical strains. For the dynamic case, the response of the flap at different
frequencies is also consistent and shows that the flap provides the required deflection at
the desired frequencies. The effectiveness of support blades is prominent, which adds
rigidity to the system without a significant penalty in stroke. The results indicate that
the TRIC concept initially envisaged for the fixed-wing aircraft has the potential to be
used for the rotorcraft applications demanding operating frequencies of 1/rev to 3/rev
as shown in the present study. The images captured using a high-speed camera serve as
a good validation method to show that the flap actually moves to the required position
when operated quasi-statically or dynamically.

8.1.3. PASSIVE CAMBER MORPHING SYSTEM

For a variable speed rotorcraft (VSR), trailing edge camber morphing without an exter-
nal energy source can potentially increase the overall flight performance. To achieve
this, a novel passive system is envisaged for VSR and introduced in this dissertation. The
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concept is designed by having an extension spring to store the energy when the RPM
is increased to 100% and which is able to release it when the flap is required to deflect
downwards by a 10% reduction in RPM. In this context, an analytical tool is developed,
which can determine the required spring stiffness and preload. This is achieved by esti-
mating the force required to deflect the flap under the influence of both the elastic force
of the flap and hinge moment. For the estimation of the elastic force, it is shown that
based on FEA, a simple shape can be used to predict the elastic forces of the flap by uti-
lizing beam theory. However, the difference in actual boundary conditions and the use
of composite materials bring additional complexities. To overcome both these issues, it
is shown that individual correction factors can be obtained through correlation studies
in FEA that can result in reasonable accuracy of the elastic force. Similarly, the aero-
dynamic loads can also be predicted based on the blade element momentum theory.
Consequently, such a tool can quickly predict the required spring stiffness and preload
for a given set of requirement specifications. The final selection can be made by doing a
high fidelity analysis in which the aerodynamic loads are estimated from CFD.

The role of the net force on the morphing flap is also dominant in the passive system.
The net force on the flap takes into account both the elastic load and the aerodynamic
loads. It is shown that a component of the net force works in the direction of the ap-
plied centrifugal force. This results in effectively reducing the preload of the spring by an
amount equal to the component of the elastic force working in the spanwise direction.

The experiments conducted with the passive system indicate that the concept works
in the desired RPM range despite excessive friction and offers opportunities for further
investigations. The friction in the demonstrator signifies the importance of careful con-
siderations during the design, manufacturing, and integration stages. These considera-
tions include geometrical tolerances, design of jigs and fixtures for manufacturing and
integration, selection of proper bearings, surface finish, and choice of lubricants to re-
duce the amount of friction as much as possible. The importance of these considera-
tions is highlighted during the experiments, where it is noted that friction consumed a
significant amount of energy during the operation of the flap.

8.2. RECOMMENDATIONS FOR FUTURE WORK
The active and passive camber morphing systems presented in this dissertation are aimed
to improve the flight performance of rotorcraft. The active system has the potential to
increase flight quality by operating at frequencies required to mitigate noise and vibra-
tion. Furthermore, its applicability for primary control can also be explored. However,
in terms of power reduction, overall weight plays a critical role. At present, the electron-
ics (amplifier and strain gauge conditioner) associated with the piezoelectric actuators
is heavy and sizeable. To effectively use it in rotorcraft applications, the accompanied
electronics should be optimized in terms of weight and size so that the benefits of intro-
ducing a morphing flap can be achieved.

Based on the work carried out for active and passive camber morphing, several areas
for potential future work are highlighted. The recommended future work can be under-
taken to improve the analysis framework for flexible skin. At present, the FSI scheme
mentioned in the dissertation takes into account simulations in CFD carried out for spe-
cific steady-state shapes generated in FEA. A Matlab code is used to translate the forces
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from the CFD to the FEA. This whole process can be automated by bridging the required
software and analysis methods, enabling a more robust and efficient method for over-
all analysis. By adopting this strategy, more cases can be analyzed in a given amount of
time. In the end, a summary of morphed shapes in the form of point data, the actuation
forces for each load case, and the aerodynamic coefficients including Cl , Cd , and Cm

can be obtained. During this process, the possibilities of using a dynamic mesh in CFD
can also be explored that can take into account the required morphing shape within the
CFD environment. This approach works to avoid re-meshing the computational domain
every time the airfoil geometry changes.

During the manufacturing of the flap for the wind tunnel demonstrator, warping of
the skin was noted because of the process adopted for the manufacturing of the skins
and joining upper and lower halves. The longer length of the flap contributed to the
complexities of joining the two halves properly. The issue can be addressed by having
proper jigs and fixtures for joining the skins and also for the integration of flap with the
actuators.

For the active concept, the signal to the actuators is provided through the data ac-
quisition system, which also gives the option for customization of the input signals. This
gives the opportunity to study the frequency response function of the response obtained
from the displacement transducer to various input signals. In this way, the actuators can
be given different types of input signals with higher frequencies than studied during the
present work. The said testing can be performed at the bench level first and later at a
whirl tower setup. The resulting measurements can help in better characterization of
the whole system and would also establish the operational limits of the APA.

The promising results obtained during the whirl tower test campaign of the active
morphing system encourage the design of a Mach-scaled rotor that has a similar ac-
tuation system and is subjected to higher centrifugal loads coupled with aerodynamic
loads. This is possible with a whirl tower setup that has higher limits of RPM and which
also allows the integration of a longer span blade. Such a test would be useful in es-
tablishing the performance of the active morphing system in actual flight. In addition,
the natural frequency and mode shapes of the system can also be determined during
such experiments. This is important as it would help to set the limits on the actuator
frequencies keeping in view the rotor blade natural frequency. After proper assessment
of control power requirements, it can also be established whether the present concept is
more suited for primary control, vibration and noise mitigation, or both. For the assess-
ment of the primary control, a flight dynamics model should be created with a model of
the active morphing system.

The novel passive system presented in this dissertation also opens up new avenues
for further research. For further understanding of the applicability and limitation of this
system, it is highly recommended to use a multibody dynamics tool to model and ana-
lyze the motion of the passive system. This would help to predict the effects of different
factors such as stiffness, friction, preload, and geometrical inaccuracies on the dynam-
ics of the overall system. In the present work, the stiffness of the springs used for the
experiments has relatively similar values while the preload varies. In future experiments,
springs with higher variation in preload and stiffness can be used, and the response of
the passive system can be investigated. Similarly, the effect of increasing and decreasing
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the spanwise shaft mass can also be explored. Another opportunity for characterization
of the passive system comes in the form of using a longer flap length. It is pertinent to
mention here that a longer flap length can introduce the requirement of connecting the
flap at two points of actuation, as in the case of the active system wind tunnel demon-
strator. It would be interesting to find a solution that can provide the necessary stroke
and rigidity with a single point of actuation for a particular flap length. On the contrary,
if two sets of passive actuation systems are used for a single flap, the overall system can
become more complex due to the dependence on the centrifugal force for actuation.
The two sets shall not be identical if uniform deflection is desired throughout the flap
span. However, if the need to twist the flap provides some benefits in performance, the
two sets can be made identical by careful considerations of centrifugal force.

In the current passive system, a simple tapered surface of the spanwise shaft is used
for the movement of the chordwise shaft resulting in the deflection of the flap. Options
of using different shapes of this spanwise shaft at various RPM can be explored in future.
In addition, extension springs in the passive system can also be replaced by a compliant
mechanism that acts in the same way as a spring but provides an opportunity for a uni-
form response during the loading and unloading cycle and possibly more control on its
design with respect to specific requirements. Such a compliant mechanism would also
be an alternative for a friction-free mechanism, avoiding the use of mechanical compo-
nents like shafts, bearings, and sleeves. Furthermore, this mechanism could be entirely
implemented in the flap itself without requiring any space in the main part of the blade
structure.

In the end, the passive morphing concept presented in the present research work also
gives the opportunity to look at the option of multiple morphing concepts with a single
actuation system. As shown in the experiments, the spanwise shaft is extended when
the system is at 100% RPM. This gives the possibility of increasing the span of the blade
when the RPM reaches the 100% mark, and the flap is deformed to its mean position.
If such a requirement is properly assessed and proved advantageous for the rotorcraft
operation, two morphing techniques could be coupled with one actuation system.
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