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Resumo

Nos últimos anos, há um crescente interesse em tecnologias de morphing. Muitos designs
têm vindo a ser desenvolvidos, com diferentes níveis de complexidade no que diz respeito à
fabricação. O principal objetivo desta dissertação é apresentar o desenvolvimento de uma
asa com bordo de fuga deformável, de fácil fabrico e controlo, e que permita a execução
de estudos aerodinâmicos em túnel de vento de forma viável. Utilizando ferramentas de
desenho computacional e impressão 3D, uma asa controlada de forma simples através de
componentes básicos é desenvolvida, fabricada e estudada recorrendo a visualização do es-
coamento emedição de forças. Todo os passos de desenvolvimento são descritos em detalhe,
bem como toda a calibração dos equipamentos necessários para reprodução do resultado fi-
nal, de forma a permitir que outros procedam com uma investigação mais aprofundada da
matéria recorrendo ao design apresentado. Considerando alguns estudos iniciais, a visuali-
zação do escoamento mostrou que a presença da curvatura retarda a ocorrência de perda
quando comparada à configuração simétrica, onde a separação começa logo no bordo de
ataque. Além disso, o aumento da deflexão traduz-se num aumento do tamanho da esteira
produzida, apesar de esta não ter uma reflexão significativa na posição onde o escoamento
separa. Relativamente à medição de forças, verifica-se que a curvatura desempenha um pa-
pel importante no aumento da sustentação, bem como atrasa substancialmente a entrada em
perda da asa, quando se combina ângulo de ataque inicial com deflexão do bordo de fuga.
Este design permitirá realizar uma ampla gama de estudos, tais como comparar com con-
figurações convencionais de flaps para verificar o desempenho de ambos os sistemas, mas
também o estudo de condições dinâmicas, incluindo movimentos repetitivos de deflexão do
bordo de fuga, que poderão oferecer uma nova configuração no design de superfícies aero-
dinâmicas.

Palavras-chave

Morphing, Asa impressa em 3D, Deflexão do bordo de fuga, Design, Visualização, Medição
de forças, Perda aerodinâmica.
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Abstract

In recent years, the interest in morphing technologies has been continuously growing. Many
designs have been developed, but some are very complex to manufacture. The main goal of
this dissertation is to present the development of a wing designwith amorphing trailing edge
that is easy to manufacture and control while allowing the execution of appropriate aerody-
namic studies in a wind tunnel. Using computer-aided design and 3D (Three-dimensional)
printing, a wing that is simply controlled with easy-to-use hardware is developed, manu-
factured, and studied using flow visualization and force acquisition. The whole developing
steps are described in detail, as well as all the calibration processes of the required equipment
to reproduce the final result, in order to enable others to proceed with further investigation
using the present design. Considering initial studies, flow visualization showed that the pres-
ence of curvature delays stall when compared to the non-deflected configuration, where flow
separation starts right at the leading edge. Also, the increase in deflection translates into an
increase in the size of the wake, but not having a significant impact on the location of flow
separation. In terms of force measurements, curvature plays an important role regarding
lift enhancement, as well as substantially delaying wing stall when combining angle of at-
tack with no flap deflection with trailing edge deflection. This design will allow for a wide
range of studies to be performed, such as comparisons with conventional flap configurations
to verify the performance of both systems, but also the study of unsteady conditions, includ-
ing the dynamic motion of the trailing edge deflection, which can offer insights concerning
aerodynamic surfaces design.

Keywords

Morphing, 3D-printed wing, Trailing edge deflection, Design, Visualization, Force measure-
ment, Stall.
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Chapter 1

Introduction

1.1 Motivation

The human being had the desire of flying since the beginning of time. Observing the natural
world that surrounded it, many pioneers invented flying mechanisms throughout history,
such as the kite [1] in 1200 a.C. Further in history, through the observation of birds’ motion
and wings, Leonardo da Vinci paved the way for the first construction of a flying machine
[2]. Later in 1903, the Wright Brothers, taking inspiration from eagle wings, performed the
first successful human flight in a powered airplane [3]. Although being from different eras,
the work from both pioneers are excellent examples of the influence of biomimicry applied
to aeronautics, stimulating the development of the modern aircraft.

The term ”Biomimetics” derives from the Greek, being the junction of the words life (Bios)
and imitation (mimesis) [3], meaning that it is an area of investigation whose main objective
is the study and development of innovative technologies that imitate nature and biological
systems. Those can be applied in various fields of investigation, such as physics, biology,
chemistry, engineering, computer, and material sciences, as seen in Figure 1.1. Through the
years, the interest in the study of biomimetics has been growing exponentially [4], match-
ing the increase in the number of publications on this subject, as seen in Figure 1.2. This
increasing interest resulted in the evolution of the concept from simple imitation of natural
organisms to integration and combination with modern science and engineering in order to
create new structures, materials, and applications [3].
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Figure 1.1: Published documents by subject area with
the keyword ”Biomimetics”.

Year

D
oc

um
en

ts

Documents by year

1945 1952 1959 1966 1973 1980 1987 1994 2001 2008 2015 2022

0

1k

2k

3k

4k

5k

6k

Copyright © 2022 Elsevier B.V. All rights reserved. Scopus® is a registered trademark of Elsevier B.V.

Figure 1.2: Published documents by year with the
keyword ”Biomimetics”.

From a biomimetic perspective, avian morphology had a big influence on past and current
research in the aeronautical fields related to aerodynamic efficiency. The wings of a bird
are composed by several consecutive rows of flexible covering feathers that act as an array
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of movable flaps to manage the resultant aerodynamic force during flying. Birds can also
reduce wing drag while flying through the deployment of a few feathers [5]. The observation
of this continuous change in shape and size of the wings has been more and more studied
by designers through the years with the main goal of increasing aerodynamic performance
[1, 6]. Despite aircraft not flapping their wings, birds serve as inspiration for aircraft and
wing design.

The idea of changing the wing shape is not a recent innovation. The Wright’s Flyer had flex-
ible wings that would adapt depending on the flight phase to successfully control the aircraft
while performing different maneuvers [7]. However, since the current market is quite con-
servative, new technologies take many years before being commercially applied. Aircrafts
are designed with a specific mission profile and have to compromise their performance in
off-design flight conditions [1], and require movable devices to improve flight control, such
as flaps and ailerons.

Morphing aircraft can be defined as an aircraft that significantly changes its configuration
in order to maximize its performance in distinct flight conditions and in flight. These ad-
justments can be performed in various parts of the vehicle, such as the fuselage, wings, en-
gines, or tail [8]. Conventionally, ”morphing” is a term that refers to technologies to improve
performance via alternating wing geometry, obtaining an optimized wing shape [9]. These
changes can be in sweep, aspect ratio, twist, thickness, and camber. This dissertationmainly
focuses on the latter.

It is commonly agreed by most authors that the idea of changing the wing shape or geometry
is far from new, but there is not an exact definition or agreement on the type or extent of
the changes necessary to qualify an aircraft or aerodynamic surface as ”morphed”. Morph
is short for metamorphose, which can be defined as changes in physical form, structure, or
substance, but also as a striking alteration in appearance. Considering the first definition,
validated technologies such as flaps and slats can be considered as morphing mechanisms.
However, the concept of striking alteration imposes the connotation of radical shape-changes
in the aerodynamic surface, and this is what causes disagreement between authors when it
comes to conventional control surfaces [10].

For the remainder of this dissertation, shape change through control surfaces such as flaps
and slats will be considered as conventional high-lift mechanisms while, otherwise, morph-
ing technologies adapt to the flow conditions through structural deformation instead of rigid
body movements, leading to conformal systems and smooth structural surfaces [11].
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1.2 Literature Review

Throughout the years, many techniques have been developed and studied to improve perfor-
mance in aerodynamic surfaces. One of those surfaces are flaps, which have been the most
commonly used technology to increase lift in airplane wings in different flight conditions
[12].

During take-off, the extended flaps are used to reach thenecessary lift at the lowest speedpos-
sible. Similarly, on landing, they are used to minimize the aircraft’s speed without stalling.
While the aircraft is on cruise, these are not required.

To do so, flaps should be retracted so that only the necessary amount of lift is generated.
These changes in lift are reflected in changes in drag. Therefore, it is necessary to find the
solution that best balances both forces for each phase of flight [13].

One common problem in conventional flaps is the discontinuous curvature that these aero-
dynamic surfaces have in the hinge point of the camber line [14]. The discontinuity results in
an adverse gradient in the upper and lower surfaces of the wing. On the upper surface, this
gradient may result in boundary layer separation, which can be followed by reattachment.
Meanwhile, on the lower surface, a recirculation bubble is generated in the hinge zone [15].
These effects have a significant impact on the wings’ aerodynamic drag, so solutions have
been studied to minimize it.

The most basic structures are the plain flap and the split flap. In the plain flap, the rear
portion of the wing airfoil rotates downwards on a simple hinge arrangementmounted at the
front of the flap. Flow separation easily occurs when in slightly larger deflections, resulting
in losses in lift and increases in drag [16]. Since this is the simplest mechanism, it is also
the lightest and has the easiest maintainability when compared to others due to less movable
parts and less complexity [17]. However, the amount of lift they can create is somewhat
limited. That is why it is currently less used in modern civil aircraft due to more advanced
and efficient options being available. As the name suggests, in the split flap, the system is
divided into two parts in which only the lower portion can deflect outwards, while the upper
surface remains immobile [15]. Similarly to the plain flap, the deflection of the aerodynamic
surface results in an increase in lift, but the consequent significant increase in drag and the
influence in longitudinal stability make them uncommon these days [18].

A slotted flap is similar to the plain flap, but to further augment lift, it has an air passage
between the wing and the flap that reduces the possibility of flow detachment [19]. The gap
forces high-pressure air from below the wing over the upper surface of the flap, helping to
reduce boundary layer separation and allowing the airflow over the flap to remain less tur-
bulent.

Yet, the most commonly used configuration for mainstream civil aircraft is the Fowler flap
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and its derivations due to its good lift increment and reliability. Fowlermotion can be defined
as the increase in developed wing chord. This is obtained by initially translating a split flap
rearward, resulting in an increase in the surface area of the wing [20], succeeded by the
rotation of the flap, which results in an increment in camber. Most large aircraft use this
system or its variations due to the capability of changing airfoil camber for optimization of
performance in both take-off, with partial extension for optimal lift, and landing, with full
extension for optimal lift and drag. The double-slotted Fowler flap improves the performance
of the Fowler flap by delaying even more the flow separation due to the addition of a level
of boundary-layer control not possible with the single-slotted one. It is possible to deflect
the flap at even higher angles before flow becomes excessively separated with the addition of
extra slots [21].

The different types of flaps previously presented are shown in Figure 1.3.

Figure 1.3: Representation of different flap types.

Nomatter howmany solutions for improvement have been developed, there is still necessary
to continue developing passive and active flow control technologies that are simple, effective,
and low-noise designs so that new-generation aircraft can be even safer, more comfortable,
and environmentally friendly. Researchers developedmicro vortex generators to control flow
detachment by producing controlled vortices that sweepuncontrolled airflow separation over
the wings and flaps. The use of these small micro vortex generators has proven to be prac-
tical and effective in restraining flow separation on flaps, but the additional drag cannot be
neglected [22].
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Solutions that provide a smoother camber line curvature combined with a continuous outer
surface are in development. However, it is important that these do not compromise the safe
and correct handling of the control surfaces. As already stated, to obtain a smoother curva-
ture in the camber line, solutions have been studied, such asDouble-Slotted Fowler Flap [23],
but also Parabolic Trailing-Edge Flaps with sufficient elasticity so that the trailing edge can
be continuous. A continuous trailing edge would eliminate big uncontrolled vortices which
otherwise would be formed with the use of conventional flaps due to its discontinuity. The
elimination or, at least, reduction of this vortex formation would reduce viscous drag, and
acoustic emissions from turbulence could be attenuated [24].

For this reason, the interest in studyingmorphing technologies for aerodynamic surfaces has
been continuously growing. Some authors define morphing wing as an aerodynamic surface
that changes its configuration in order to maximize its performance in different flight con-
ditions [25]. Numerical studies show that to produce the same change in lift, a smaller flap
deflection is required for parabolic flaps than traditional flaps [26]. A parabolic flap deflects
with the camber line conforming to a curved parabolic shape rather than the single-joint ar-
ticulation of a traditional flap. At the same time, parabolic flaps can reduce up to 50% of the
drag when compared to a traditional flap. However, this significant drag reduction happens
at high flap-chord fractions. In low flap-chord fractions, the reduction is less noticeable and,
in some cases, can even be worse than traditional ones [27].

Combining this airfoil geometry with the use of flexible compliant materials for the skins
makes it possible to achieve fully morphed trailing edge sections. Continuous progress has
been made on the structural aspects of morphing devices over the last decade, but there is
a shortcoming of information regarding the aerodynamic performance of these structures
[28].

The biggest challenge in developing morphing wings is to conciliate high load-bearing ca-
pacity with the structural flexibility required [29]. A structure consisting of corrugated com-
ponents can be a feasible solution for this challenge [30]. If the corrugation direction aligns
with the wing chord direction, chord-wise morphing would be possible with high stiffness in
the span direction [31].

In 2011, Vale et al. [32] performed a numerical study of optimization and performance eval-
uation of a morphing wing with variable span and camber. They refer to the main problem
as the augmentation of drag caused by the discontinuities in the airfoil shape, in the case of
flaps. It is stated that increasing the airfoil camber can be beneficial when higher CL values
are required, not only because that higher CL value before stall is achieved but also because
of a higher lift-to-drag ratio. Meanwhile, the presence of a flap generally increases CL but
decreases the lift-to-drag ratio. Camber change without loss of performance would allow for
an improved adaptation of the wing for both high and low speeds, using a symmetrical or
cambered airfoil configuration, respectively.
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The idealized concept consists in actuating a shell with the shape of one airfoil and a specific
thickness distribution that deforms into the other airfoil shape. When cambered, the length
of the upper surface is larger than the lower one. Therefore, a NACA0012 (National Advisory
Committee for Aeronautics) airfoil was slightly modified, resulting in a maximum camber of
less than 0.4%, and the aerodynamic differences to the original NACA0012 are expected to be
very low. This camber is caused by a discontinuity, visible in Figure 1.4, in the trailing edge,
where the boundary layer is thicker, so the geometrical changes should not be important to
aerodynamics.

Figure 1.4: Modified NACA0012 airfoil used in [32].

In this CFD (Computational Fluid Dynamics) study, four span configurations were analyzed,
with each having four different cambers. These sixteen configurations were analyzed for six
different angles of attack at a speed of 30m/s. Each of these configurations is then compared
with an optimum fixed wing with 4.2% camber. It was considered as reference a wing area of
0.8129m2. The comparison showed that the most significant penalties of the morphing wing
are a reduction in the rate of climb and a slight increase in drag at 30m/s, which is the speed
for which the fixed wing is optimized. The greatest benefits are a reduction in stall speed
and a decrease in the glide angle. In general, the morphing wing outperforms the optimum
fixed wing, but it is established that further studies are essential to fully assess the morphing
benefits.

Later, in 2014, Yokozeki et al. [31] developed and wind tunnel tested a variable camber mor-
phing wing. They developed a wing based on the Wortmann FX63-137 airfoil, with c =

800mm and b = 800mm, with the morphing section being defined as the trailing edge af-
ter 69% chord position of the airfoil. Relatively to the structure, the core of the morphing
section is made of a corrugated structure of which the overall envelope coincides with the
shape of the airfoil. In Figure 1.5, a schematic of the corrugated morphing section is shown.

Figure 1.5: Mechanism of the morphing wing used in [31].

It is also visible that a wire is attached to the trailing edge region, passing through the cor-
rugated structure near the lower surface, and then hooked to a servo motor inside the wing.
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The rotation of the servo shaft tensions the wire, resulting in downward deflection. This can
be achieved by only two actuating systems for the whole 800mm span. It should be noted that
deformation can be accomplished only downwards using the presentmechanism, meaning it
cannot be efficiently applied for roll maneuvers. This concept was compared with a reference
wingmodel with a single-hinge aileron at 77% chord position. Themanufactured wings were
then tested in wind tunnel to determine the aerodynamic forces using a balance underneath
the struts. Both wings were tested for deflections between 0◦ and 40◦, for Reynolds up to
1.5×106, with the developed design achieving smooth morphing without any system failure.

Results show that the aerodynamic characteristics of the morphing wing are superior to the
hinged one. When α is small, the lift coefficients of the morphing wing are high compared
to the reference. When θ increases, the polar curve of the morphing airfoil exhibits superior
characteristics, in the range prior to stall, when compared to the hinged airfoil. The linear re-
gion inCL−θ curve is wide in the case of themorphing wing compared to the reference wing,
indicating a wide active aileron range and less flow separation in the case of the morphing
wing.

Meanwhile, anothermorphingwing based on compliant structureswas being designed,man-
ufactured, and tested by De Gaspari et al. [33], this time with mechanisms to change camber
in both leading and trailing edges. A completely new design was developed using PHORMA
software to identify the optimal morphing shape to be used as the airfoil. The leading edge
has amaximumdownward angle equal to 7◦ and themaximumupward and downward droop
angle for the TE (Trailing edge) equal to 10◦. The resulting wing has a chord of 418mm and
span of 930mm, being limited by wind tunnel dimensions, andwas tested for a single velocity
of 40m/s.

The leading edge structural model is characterized by two clamps at the upper and lower
connections with the structural interface points, while a horizontal actuation force pushed in
the left direction tries to deflect the leading edge downward. A similar procedure was imple-
mented in the trailing edge, but with a much more flexible architecture to allow for upward
and downward deflection. The thickness of the surface was defined based on computational
stress analyses. As seen in Figure 1.6, both sections are 3D-printed individually and then
attached to a wing box that acts as a rigid support for the whole wing, and accommodates the
measuring and actuating devices.

Figure 1.6: Leading and trailing edge models used in [33].

Tests were performed for four configurations: undeformed airfoil, morphing leading edge,
morphing trailing edge, and combined morphing leading and trailing edge. Pressure taps
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were added in the middle span of the model, where a 2D (Two-dimensional) flow is likely to
occur, in order to obtain the pressure coefficient around the airfoil and, consequently, the
value of CL.

The lowering of LE (Leading edge) moves the center of gravity towards the rear, changing
the pitching moment, while the deflection of TE increases the maximum value of the suction
peak and the area of the curve, thus increasing the generated lift. The combined effect of the
two morphing surfaces globally enhances the aerodynamic performance when compared to
the reference undeformed shape. For higher incidence angles and speed, the effect of the
leading edge is less noticeable. The leading edge causes a small reduction in the amount of
generated lift when compared to the undeformed airfoil, but in return it delays stall. On the
other hand, the effect of the morphing trailing edge is to substantially increase lift, with a
combination of the two resulting in a maximum CL occurring for a higher value of α, with
the leading edge having a bigger influence in stall delay rather than in the previous case. The
obtained values were validated with CFD analyses, showing coherent and valid results.

In 2016, Ai et al. [11] conducted an experimental investigation of an airfoil based on the
NACA0012 in which they fitted diverse morphing trailing edges having various camber pro-
files with the same trailing edge tip deflection. The wing, with a chord length of 0.2m and
a span of 0.45m was manufactured in polyurethane, with the final 30% of chord length de-
signed to allow for multiple interchangeable trailing edges with the required camber profile
and deflection angle to be attached. Deflections of 5% and 10% were tested, for a range of
Reynolds between 3.5 × 105 and 5.6 × 105 and angles of attack from −5◦ to 20◦. In this ex-
periment, the aerodynamic forces were obtained using a force platformmounted at the base
of the setup. The studied configurations are represented in Figure 1.7.

Figure 1.7: Scheme of the different trailing edges fitted in the wing used in [11].

Experimental results show an increase in the maximum value of CL of up to 13% in the case
of a highly cambered profile compared to the hinged flap profile just before entering stall
at α = 13◦. However, for low angles of attack, the best performance was achieved with a
slightly less cambered trailing edge. The overall CD behavior of the morphing trailing edge
increases with the increase in trailing edge camber profile. The angle of attack in which stall
happens does not change as a result of morphing trailing edge profiles and further studies
are necessary for understanding the post-stall properties and flow behavior. Results suggest
that the effect of morphing profile will be even more important for larger deflection angles,
requiring more investigation.
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Detailed flow field measurements at downstream wake locations were performed using hot-
wire anemometry and then compared with CFD results. Data showed that the highly cam-
bered case had a larger flow deflection angle and slightly higher velocity deficit. This flow
behavior corresponds to the separation and recirculation observed on the pressure side of
the highly cambered case. Results also have shown a favorable delayed separation on the
suction side of the highly cambered configuration, but an unfavorable early separation on
the pressure side, which is not present when having a simple hinge flap.

It was concluded that, in order to achieve optimum aerodynamic performance with delayed
flow separation on both sides, the camber of both the upper and lower surface would have to
be morphed independently of each other.

The same experimental setup was used by Jawahar et al. [28, 34, 35] in a collaborative work
regarding the same topic. A series of papers were published using the same wing and con-
cept, in which diverse experiments are described. These were used to further understand the
aerodynamic, aeroacoustic, and wake turbulence characteristics.

Lift and drag were measured using a force platform. It was observed a better overall lift
performance for the morphed airfoil compared to the hinged one, showing an increase of
up to 14%. The stall angle of both airfoils remains unchanged, which is consistent with the
results in the literature. The drag coefficient values show a trend for lower results in the case
of the hinged flap. The lift-to-drag coefficient ratio results show a large difference between
the hinged andmorphed airfoil at low angles of attack, showing an improvement of up to 6%
for the morphed airfoil, with this difference in performance decreasing as the angle of attack
increases, with an insignificant benefit when α > 7◦.

The pressure distribution measurements around the airfoil were performed with pressure
ports distributed over the surface of thewing. For angles of attack lesser than 4◦, a prominent
difference is visible between the hinged and morphed configuration, however, it subsides as
the angle of attack is increased. Prominent differences in the pressure coefficient between the
two configurations can also be observed around the flap region, more notably on the suction
side. Results show that even a slight change of the flap camber shapewith the same deflection
can substantially change the pressure distribution and the suction peak at the leading edge
of the airfoil, especially at low values of α.

Surface flow visualization was achieved with an oil-flow visualization technique on both the
suction and pressure sides of the airfoil to visualize the boundary layer behavior and flow
separation point on the airfoil flap surfaces. Results on the pressure side did not present
relevant conclusions. In contrast, on the suction side, the trailing edge flap clearly indicates
that the boundary layer flowon the suction surface separates at the hinge point for every angle
of attack. Meanwhile, in the morphed configuration, flow separation gradually transitions
upstream from the trailing edge location towards the hinge.
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The flow behavior around the airfoil and in the wake region was captured using Particle Im-
age Velocimetry. Mean velocity results showed increasedwake deficit for themorphed airfoil
when compared to the hinged airfoil at the near-wake locations.

With these studies, it was concluded that the increased drag at low angles of attack can be
attributed to the recirculation and increasedunsteady flowbehavior observed on the pressure
side of the morphed airfoil that was absent in the hinged airfoil. This study demonstrates
that the changes in the camber profile of the flap with the same deflection angles can have a
significant impact on the aerodynamic performance of airfoils. This study also shows that an
additional degree of freedom, in the form of independent movement of the upper and lower
surfaces, may lead to a better aerodynamic performance of the airfoil.

In 2019, Communier et al. [36] presented another design, shown in Figure 1.8, for a morph-
ing trailing edge wing, and compared its performance with a rigid aileron. It was intended
to convert a NACA0012 airfoil into a NACA4412, attaining a significant increase in lift while
incurring a small impact on drag, obtaining a higher lift-to-drag ratio. One of the main goals
was to develop a mechanism that could improve aerodynamic performance without increas-
ing the weight. The concept uses vertical incisions to enable the deformation of the trailing
edge. The length, number, andwidth of these incisions influence the amplitude of deflection.
A servo motor acts directly on the trailing edge, pulling it downwards or upwards.

Figure 1.8: Deformed rib in the design used in [36].

Initial computational analyses were performed in order to verify the effectiveness of the con-
cept. A rigid aileron was compared to the morphing trailing edge, both with a vertical dis-
placement corresponding to 6.8% of the chord. The chosen calculation method does not al-
low for the aerodynamic coefficients to be computed after the stall, stopping calculations at
α = 14◦. Regarding drag, morphing generates less drag than the deployment of the aileron
for the same displacement, but mainly due to the deformation of the camber taking place
for a larger portion of the wing chord than the aileron. The wing with an inclined aileron
generates more lift but incurs in more drag, while the morphed one generates less drag but
also less lift. An evaluation of the L/D ratio shows that the inclined aileron has better per-
formance for α < −5◦, with the morphed trailing edge presenting itself as more adequate for
higher angles. These initial results provided the motivation to continue with experimental
studies.

The manufactured wing has a chord of 254mm and span of 292mm, being limited by the
dimensions of a NACA0012 reference wing, which was compared to the developed one and
was tested for a range of speeds. The angle of attack of the wing was changed from −10◦ to
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20◦ and forcemeasurements were carried out with an aerodynamic scale equipped with force
sensors. An initial test with no deformation was performed to compare both wings, showing
an increase in drag for the developed wing, due to the discontinuities as slits on the surface
of the wing. Another wing was developed based on the reference wing, but this time with an
aileron with 25% of the wing chord and 241mm of span.

The results obtained in this paper have shown an improvement in the effectiveness of the
morphed trailing edge on the wing drag, especially in the sections where the ailerons are
located. This comparative study between the morphed and the rigid aileron has verified that
both had the same behavior regarding the increase of lift with the angle of attack. However,
drag analysis showed more drag being produced by the aileron. Analyses of the L/D have
shown that the morphed trailing edge gave a lower drag for the same lift as an aileron, which
led to less fuel consumption. As a bonus, both developed wing use the same components, a
rib, and an actuator, and thus does not increase the weight of the final wing.

In the same year, Ullah et al. [37] performed a numerical and experimental evaluation of
the performance of Parabolic flaps. The base of the study was a NACA0015 airfoil with five
parabolic deflections, ranging from 0◦, or symmetrical, to 20◦, with the hinge position at 60%
of the aerodynamic chord. In order to better compare the obtained results from both numer-
ical and experimental studies, the conditions in which both were conducted were similar,
resulting in a Reynolds number of 3.25× 105.

In the experimental studies, the five rigid wings presented in Figure 1.9 were 3D printed
with a chord of 0.2m and span of 0.3m, limited by wind tunnel dimensions. To properly
evaluate the geometries, each wing was first tested with a load cell attached to at 1/4 chord,
to determine the aerodynamic forces with small increments of the angle of attack. Then, a
PIV campaign was undertaken to obtain the flow field velocity in various regions. This set
allows for symmetric and cambered configurations to be examined at a baseline angle and
near stall angles.

CFD analyses were performed for the same five airfoils based on theNACA0015 in conditions
modeled to mimic the wind tunnel setup. NASA’s FUND3D was the solver used for the anal-
ysis. A hybrid mesh was chosen so that the airfoil and surrounding mesh could be scripted
to rotate to the appropriate angle of attack. The tunnel walls on top and bottom are modeled
as viscous walls as well as the airfoil.

To compare the performance of the parabolic and articulated flap, a script was used to run
XFOIL on this airfoil for a range of angles of attack and flap deflections, for both flap types.
In terms of lift, it was shown that a parabolic flap is typically better than the articulated
flap, meaning that it takes less deflection than the articulated flap to produce the same lift.
Regarding drag, the obtained graphs were difficult to read, but a conclusion that was taken
is that there is a region of lift coefficients where the parabolic flap has less drag and another
region where the articulated flap has less drag.
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Figure 1.9: Airfoil models 3D printed used in [37].

Comparing the experimental results with the CFD results, a pattern shows that by increas-
ing trailing edge deflection and angle of attack, the lift increases, the general shape of the
drag coefficient is consistently increasing with α, and the moment coefficient also follows
the expected trends, with higher deflection resulting in higher values of CM .

Regarding flow field velocity, results demonstrate slightly higher velocity contour levels of
PIV. However, the results compare favorably in all regions with the CFD. The most notable
differences are being detected for the cases of high angles of attack. Important conclusions
regarding the benefit of parabolic flaps are still being studied by the authors.

Alulema et al. [38] performed a study to evaluate the power consumption of the morphing
wing when compared to a rigid-linked one. The base of their work was a NACA0012 wing
with a compliant mechanism similar to the one presented in Figure 1.8. The numerical study
consisted on the design of the wing and mechanism. Wind tunnel tests were carried out
to explore the morphing capabilities and the power consumption of compliant and rigid-
linked morphing wings under the effect of the aerodynamic loads, with the power required
to maintain the deformed configuration also determined experimentally.

The first conclusion achieved through visualization is that both compliant and rigid-link
mechanisms can produce large camber deformations, however, the first one is smoother
when compared to the sharp airfoil shapes caused by abrupt surface transitions of the sec-
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ond one. However, a significant difference in power consumption was encountered when
comparing the power requirements. The compliant wing requires more power to deform the
airfoil camber because they need energy to overcome the material resistance to deform and
to overcome the aerodynamic loads, while the rigid-linked wing only requires power to over-
come the aerodynamic loads. It is stated that a fatigue failure test should also be performed
to evaluate the capability of the compliant mechanism.

A numerical study by Dhileep et al. [14] compares static aerodynamic characteristics of a
NACA0012 airfoil that has been morphed using the single and double corrugated variable
camber morphing concepts. Corrugated structures withstand large spanwise lift loads and
exhibit high flexibility. The single and double corrugated structures are represented in Figure
1.10.

Figure 1.10: Morphing airfoil configuration used in [14].

Numerical simulations to determine the stress and deformation of both configurations were
performed using the commercial finite element solver ABAQUS. In the single corrugated
design, themorphing angle varies from 2◦ to 12◦, while in the double configuration, the angle
varies from 1◦ to 5◦. The latter is restricted due to the wrinkling induced in the skin. To
determine the aerodynamic characteristics, two CFD solvers were employed. The free stream
velocity is set at 14.6m/s corresponding to a Reynolds number of 106.

When low CL values are required, a non-morphed airfoil performs better than morphed air-
foils. When the CL requirements become progressively higher, the morphed airfoils exhibit
superior performance when compared to the baseline airfoil. Another conclusion is that
single and double-corrugated variable camber airfoils demonstrate almost identical aero-
dynamic characteristics for a certain morphing angle, showing that the chosen mechanism
depends on the constraints and requirements of the project.

13



As the deflection angle increases, the suction pressure over the airfoil also correspondingly
increases. This results in larger lift generation along with an increase in L/D. However, the
L/D reaches a peak when the morphing angle is 8◦, and then starts decreasing with an in-
crease in morphing angle. A small recirculation region begins to develop near the trailing
edge of the airfoil due to flow separation. Increasing the morphing angle displaces the sep-
aration point further upstream resulting in a larger recirculation region. This shows that an
ideal value of camber may exist that maximizes the aerodynamic efficiency for any angle of
attack since higher morphing angles induce flow separation that can offset the gain in lift
when compared to lesser morphing angles.

Another numerical study was performed in 2021 by Majid and Jo [39]. Their main goal
was to validate the aerodynamic performance and benefits of variable camber rate morphing
wingswhen compared to conventional flapped ones. The used software to assess the behavior
of the fluid around a 2D airfoil was ANSYS Fluent, in order to obtain the values of lift and
drag. The velocity, fluid density, and parameters of viscosity were selected so that a Reynolds
number of 7.7×104 was used, in order to compare the performance of camber morphing and
conventional flaps in actual flight conditions of a small Unmanned Aerial Vehicle.

The studied airfoils were based on theNACA4-digit series. The position ofmaximumcamber
was fixed at 40% of the chord and various rateswere analyzed. In consequence, a correspond-
ing NACA0012 airfoil with a flap joint at 70% of the chord was constantly deflected in order
to equate the curvature of the morphing airfoil and allow for the comparison of both. CFD
simulations were run for a range of angles of attack of 0◦ < α < 15◦, with the plots of CL and
CD being obtained.

The first conclusion was that the morphing wing results in less drag than the conventional
wing while maintaining other aerodynamic parameters such as lift, that directly relate to
L/D. The equivalent amount of lift generated between similar configurations is visible for
every case before stall happens. However, the plots of drag show lower values for the mor-
phing case, being more notable for higher values of camber. Furthermore, it has been found
that variable camber wings equivalent to conventional aircraft wings with varying deflection
flap have an improved L/D of up to 18.7%.

Whereas all morphed configurations stall at a higher angle of attack than the baseline config-
uration, flapped airfoils have the stall angle at lower values than the baseline configuration,
meaning that morphing wings improvemaneuverability and agility due to achieving a higher
stall angle. This trend of a decreasing stall angle as the camber rate increases is to be expected
since as the camber of the airfoil increases, the geometric change creates a suction peak on
the upper surface near the leading edge that leads to an easier onset of boundary layer sepa-
ration.

An experimental study conducted by Li et al. [40] was performed in order to design and eval-
uate a leading edge of variable camber with concentrated flexibility. The developed wing has
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a chord of 410mm and span of 3000mm, with mechanisms every 500mm. The leading-edge
skin is crimped into an original airfoil which is then deformed to the target state under the
internal mechanism’s action, meaning it needs to be very flexible and robust. The bending
angle is defined as the angle between the wing spar’s midpoint and the maximum skin cur-
vature point before and after the deformation. In the drivingmechanism of the leading edge,
each driving rib is composed of a geared five-bar mechanism. The mechanism is shown in
Figure 1.11. The deformation of the leading edge can be accurately achieved by controlling
the rotations of the motor.

Figure 1.11: Model of variable camber leading edge used in [40].

Initially, deformation experiments were performed to visualize if the obtained shapewith the
deformation, as well as the final shape after, correspond to the estimated numerical results.
A motion capture system is applied to collect the shape data of the skin. It can be seen that
the final shape is close to the theoretical curve but the shape of the tip and lower skin is subtly
different from the target airfoil.

Regarding aerodynamic characteristics, for angles of attack greater than −3◦, the morphed
airfoil’s lift coefficient is significantly greater than that of the original airfoil. The original
airfoil also shows higher values of drag than the morphed one. With these results, is it also
visible that CL/CD of the morphed airfoil is higher and achieved for a smaller α than for the
case of the original rigid airfoil.

Furthermore, an investigation of the airflow around the airfoil was performed. For low an-
gles of attack, the two airfoils’ surface airflow distribution is similar, with a smooth flow in
the upper surface of the wing in both cases. When the angle of attack increases, the two air-
foils’ pressure does not change significantly, but airflow separation begins to appear in the
unmorphed case. For angles greater than 20◦, the pressure distribution is uneven, flow sep-
aration increases, and moves upstream. However, at the same angle of attack, the pressure
and airflow distribution on the flexible airfoil suction surface are relatively uniform, show-
ing that this leading-edge design can inhibit flow separation and vortex formation, delay the
transition of the boundary layer and also stall.
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A variable camber morphing wing using a deployable scissor structure was proposed by Choi
and Yun [41]. This internal mechanism is designed using the deployable structure to form
various airfoil shapes through an optimization process to form the targeted airfoils with var-
ious cambers. All the airfoils have the same length of chord line and are based on the NACA
4-digit series with the position of maximum camber at 40% of the chord. Their design is
presented in Figure 1.12.

Figure 1.12: Design and parts of the variable camber morphing wing rib used in [41].

The designed morphing wing is manufactured with stainless wrench bolts, plywood, and a
servomotor operating as the rotating actuator. The thickness and width of scissorsmembers
were set to the minimum value that can insert a rotary joint so that it can be manufactured
lightly and operated without much effort. The developed wing is composed of ten ribs and
has a span of 1.1m.

This paper concludes that the ribs and morphing mechanism can accurately achieve the tar-
geted airfoil shapes with different cambers and constant chord lengths, resulting in a mor-
phing wing with a single control variable, angle, which is defined by the position of the servo
shaft. As the wing structure was performed successfully, the skin to cover the wing will be
planned, designed, and fabricated in the future, using a suitable material or a structural
method for deformation. Further studies for optimization of the structure and aerodynamic
evaluation of the same will also be conducted.

The Fish Bone Active Camber (FishBAC) device is one of the most promising concepts in
terms of both manufacturability and aerodynamic performance. The first generation was
mainly 3D printed with ABS (Acrylonitrile Butadiene Styrene) plastic, and a silicone pre-
tensioned elastomer skin was then bonded to the central structure [42]. The second genera-
tion incorporated carbon fiber composites in the spine, improving material properties when
compared to 3D-printed plastics [43]. Rivero et al. have been studying the concept through-
out the years [44], in which they designed, manufactured and wind tunnel tested a modular
FishBAC wing with Novel 3D Printed skins. Figure 1.13 shows the second generation of the
proposed concept, as well as the incorporated mechanisms for it to properly morph.

A NACA23012 airfoil with 270mm of chord was selected, in which the FishBAC device is
located in the rear 25% of the airfoil section, meaning that the front section is rigid and robust
enough to withstand the maximum test speed. The desired tests are quasi-2D, meaning that
the wing span coincides with the tunnel test section width. The five main components of the
wing are: a carbon fiber reinforced composite spine, a series of spanwise stingers, two skin
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Figure 1.13: 2D profile of FishBAC wind tunnel wing model used in [44].

surfaces, a tendon anchor made of two aluminum alloy parts, and a trailing-edge tab. The
actuation is provided by a high torque brushless digital servo motor in which an excellent
stiffness and strength rope used as a tendon is attached. A series of support structures are
developed in the rigid section of the airfoil in order to allocate every component and assure
its correct operation. The motion of the servo is then reflected in upward and downward
motion of the trailing edge. A series of tests were performed in order to evaluate thematerials
used in the construction of the wing. The benchtop proof load and static actuation tests
demonstrated the robustness of both the morphing device and the actuation mechanism.

This design is very complex and time-consuming, making it difficult to replicate. However,
after some comprehensive wind tunnel tests performed with this design, aerodynamic ben-
efits were obtained.

The main goal of the wind tunnel tests was to verify if the FishBAC wing can resist the differ-
ent aerodynamic loads and also to evaluate its performance and ability to generate changes in
lift with a varying camber. Two 6-axis force sensors were used to measure the aerodynamic
forces and moments acting on the wing, with two load cells being required to fix the demon-
strator at both ends of the wing and obtain 2D aerodynamic coefficients. All measurements
were conducted at Re ≈ 5.4× 105, with trailing edge deflection ranging from −20◦ to 40◦.

Analyzing the results, each increment in the actuation input angle generates a substantial
change in the lift coefficient. For angles of attack less than 10◦, an increment up to 0.55 in the
lift coefficient is measured and about 0.4 at around stall when compared to an unmorphed
wing condition. The point ofminimumdrag shifts with the increase in camber, but it is worth
noting that these drag coefficient results vary significantly with the angle of attack, which
suggest that 3D effects might have been introduced in the measurements. Two-dimensional
drag coefficients should remain relatively unchanged with increasing pitch angle and then
abruptly change as the flow starts to separate and stall. Nevertheless, the minimum value
of CD is constant, meaning that the change in camber is essentially shifting the drag curves
left and right by a consistent offset in the angle of attack. Regarding pitching moment coef-
ficients, its variation along all tests is about 0.10, which shows the potential that the concept
has for use in moment-driven control surfaces.
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1.3 Objectives and Outline

There are many studies being made in the biomimetics field, more specifically in the morph-
ing area. Despite embracing an immense number of possible study cases, researchers have
been focusing their attention on continuous camber line morphing. To do so, they have been
performing both numerical and experimental studies to verify the improvements in aerody-
namic performance when compared to conventional airfoils and wings. However, experi-
mental studies have been shown complex to execute due to limitations on the available ma-
terials and technologies.

Many researchers are focusing on the development of new elasticmaterials capable of stretch
and shrink to be applied in future fully morphing wings. Other researchers’ main focus has
been the development of the internal structures to withstand the forces created on the sur-
faces while being compliant enough to change the shape of the shell.

However, themain focus of this dissertation is to present the design, development, andman-
ufacture of a cheap and simple Morphing Trailing Edge Wing through FDM (Fused Deposi-
tionModeling) techniques to enable aerodynamic studies inwind tunnel at AEROGandDEM
(Departamento de EngenhariaMecânica) of UC (Universidade de Coimbra). The final design
was then tested, in which studies of the concept’s aerodynamic performance andmechanism
reliability were analyzed. Furthermore, a range of trailing edge deflections and angles of at-
tack was implemented and the data was obtained and reviewed to visualize the variations in
the vortex formation and in the wake of the wing, to understand the best combinations of
both variables that reduce those same vortices, as well the measurement of the aerodynamic
forces that are applied on the wing.

This study also reflects the continuous interest of the AEROG research group and its mem-
bers in expanding the knowledge and investigation in diverse areas of biomimetics and tran-
sient aerodynamic [45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56].

This dissertation is divided into five chapters, being them the Introduction, Design Process,
Methodology, Results and Discussion, and finally, the Conclusions and Future Work.

The first chapter was mainly focused on introducing the concepts of biomimetics and mor-
phing based on the literature review. Besides, themotivation and objectives that nourish this
research are also made known.

In the following chapter, a detailed description of the design and development process to
obtain the morphing wing is given, taking into account the entire iterative process to reach
the final solution with comments on why each prototype failed and how it was revised and
refined to execute its purpose correctly.

The third chapter is dedicated to the presentation and detailed description of all the exper-
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imental rig components used for the study of the developed wings. In addition, the code
for controlling the wing is presented with commentaries on the behavior of each function,
as well as the calibration graphs for the servo position, deflection angle, flow velocity, and
strain-gauge balance. Finally, the results acquisition and wind tunnel specifications are ex-
plained, as well as the post-processing algorithm.

The fourth chapter includes the obtained results and their discussion. The different condi-
tions are compiled and shown in various arrangements for different combinations of angle
of attack and trailing edge deflection.

In the last chapter, the conclusions of the dissertation are presented, as well as recommen-
dations for possible future studies that can be performed with the proposed wing.
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Chapter 2

Design Process

The airfoil that served as the starting point for the design process is the NACA0012, in which
some minor shape changes have been made in order to allow it to morph properly. Many
configurations, thicknesses, and structure placements were tested until an acceptable and
functional configuration was reached.

2.1 Continuous Surface Design

In this section, the evolution of the continuous surface designs is presented and described.

2.1.1 MK1

The first prototype (MK1), shown in Figure 2.1, was handmade with cardboard and wood
toothpicks with a cover made of sponge. This prototype was the first approach to the concept
of morphing in the AEROG lab. It aimed for leading and trailing edge morphing, having a
moving part on both edges and a rigid section in between. This prototype is just a proof of
concept and was never considered a plausible solution due to the massive irregularity in the
surface of the airfoil and the sharp angles in the hinge sections.

Figure 2.1: Lateral view of the MK1 design.

2.1.2 MK2

The second prototype (MK2) was an iteration of the first one but using FDM, in which a 3D
model of the external surface with a 1.2mm thickness of the wing was designed using the
SolidWorks software.

Most prototypes were initially tested at a smaller scale, so that time and material could be
saved in each prototype’s printing. Both the leading and trailing edges had a small semi-
circumference, as represented in Figure 2.2, in which an actuator arm would be attached.
This armwas connected to a servo in themiddle of thewing that would pull the edges towards
themiddle to deflect themdownwards. This designwas discarded due towarping of the lower
surface of the wing.
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Figure 2.2: Lateral view of the MK2 design.

2.1.3 MK3

In the third prototype (MK3), which can be seen in Figure 2.3, a similar approach was used,
but instead of 3D printing with PLA (Polylactic acid) filament, the material used was Ny-
lon due to its greater flexibility. However, Nylon proved itself to be a tricky material to 3D
print, and the results were unsuccessful since bumps kept appearing on the outer skin due
to warping in the lower camber.

Figure 2.3: Lateral view of the MK3 design.

Therefore, the use of Nylon was discarded for the subsequent developments, returning to
PLA. Another method for leading and trailing edge rotation was also tried. After some tests,
a cut was performed on the skin, creating a small gap in which the excess material could slide
through to the interior of the airfoil, as shown in the following subsection. After this small
adjustment, a smoother curvature in both the upper and lower camber could be achieved
since the problems created by warping were reduced.

All the following developments were designed and developed considering this small gap in
the lower surface. Another detail that was considered for the rest of the development phase
was that, in order to allocate the servomotors and actuatormechanisms inside the final wing,
the airfoil chord should be around 20 cm.
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2.2 Sliding Surface Design

In this section, the evolution of the sliding surface designs is presented and described.

2.2.1 MK4

The fourth prototype (MK4) was the first of the developments to be thought and designed
considering the discontinuity in the lower surface of the wing and it is represented in Figure
2.4.

As stated previously, this discontinuity is essential for the wing to morph properly with a
smooth surface without warping, which would interfere with the flow. Another consider-
ation that was taken into account was only to morph the trailing edge, which reduces the
complexity of a double-morphing wing. Although it is a simpler design, there are still in-
teresting studies to be performed, such as the comparison between a standard flapped wing
versus a morphing trailing edge wing.

Figure 2.4: Lateral view of the MK4 design.

In this design, the wing morphs by the action of a sliding tongue that is pushed to a cavity
inside the wing through a small ramp created on the skin where the discontinuity is located.
So, a pull on the sliding tongue is translated into a downward deflection of the trailing edge
with a smooth camber in the lower surface of the wing. However, the discontinuity in the
surface might have an influence on the flow around the wing. Therefore, research for an
elastic material to act as the outer skin was made in order to enable a smooth, plain, and
continuous surface of the wing, regardless of the deflection imposed on the trailing edge.

The chosen material was high-density lycra that is applied on the wing when deflection is
maximum. Tests show us that this extensible material allows for continuous surface mor-
phing without bumps or gaps in the surface. Later on, it was discovered that the gap in the
lower surface does not have a significant impact on the visualization of the flow around the
wing, so the outer skin was discarded.

This design was discarded due to the simplicity of the interior structures of the wing not
allowing for a uniform morphing of the trailing edge. The same deflection imposed on the
trailing edge could result in different deformations of the airfoil, and the relative thickness
was very irregular too. Therefore, new updates and structures inside the wing needed to be
reconsidered.
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2.2.2 MK5

As shown in Figure 2.5, the fifth design (MK5) brought the addition of a trailing edge struc-
ture similar to the ARCS (Airfoil Recambering Compliant System) geometry used in [57] to
allow a parabolic deflection and uniformity across the various tests.

Figure 2.5: Lateral view of the MK5 design.

Two structureswere added in the front part of thewing to ensure that the leading edge retains
its form independently of the deflection but also to allow for stabilization and fixation of the
wing once the wind tunnel tests begin.

The rear structure was placed in the desired hinge point for morphing and shaped taking
into account the sliding action of the trailing edge. The front structure is placed at a distance
that allows for the servo to be inserted inside the wing and between structures. Both of them
have a hole where the fixation stringers will pass through, holding the wing in place while
the experimental tests are performed.

The ramp structure in the lower camber was replaced by a small gap. To perform the sliding
movements of the trailing edge lower camber, an L-shaped actuator was added so that the
rotatingmovements of the servo could be converted into push andpullmovements of the skin
and consequently in deflections of the trailing edge. To allow the actuator to move forward,
a slot was created, through which it smoothly slides while forcing the lower surface against
the structure to ensure both the fixed and moving parts are at the same vertical position.

2.2.3 MK6

A radical change was attempted in the following design (MK6), in which a simplification of
the sliding mechanism was made, represented in Figure 2.6.

Figure 2.6: Lateral view of the MK6 design.

The actuator would not pass through the rear structure but instead, lean against a rail created
between both structures. However, this mechanism did not prove itself to be robust enough
to handle all the loads created by the moving section of the wing since the structure did not
retain its shape, which resulted in inaccurate sliding movements of the trailing edge.

In this design, the thickness of the shell was slightly increased to guarantee the structural in-
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tegrity of the leading edge. This change camewith the disadvantage that the trailing edge also
got stiffer and harder to morph, requiring a bigger load to deflect properly. Another draw-
back this change evidenced was that the arcs in the trailing edge do not allow the deflection
to be uniformly distributed along this section of the wing since all the curvature is created in
the section nearest to the hinge while the others retained the unmorphed NACA0012 shape.

2.2.4 MK7

The seventh design (MK7) returned to a similar concept to the MK5. As seen in Figure 2.7,
some definitive changes were made, such as the arc geometries in the trailing edge being re-
placed by a spring-like structure similar to the one in [57], allowing for a distributed parabolic
deflection of the trailing edge.

Figure 2.7: Three-dimensional view of the MK7 design.

On the lower surface, the gap was increased so that a greater section of the surface could be
pulled, resulting in higher deflections of the trailing edge, increasing the range of tests that
can be performed with this design. Another design change was the placement of the hinge at
50% of the chord of the airfoil, equally dividing it into a fixed front section and a rearmovable
one. This change was essential to allow the placement of actuators and servos inside the wing
due to its dimensions.

Other changes were performed, such as a reduction of the shell’s thickness to 0.8mm to de-
crease the required load to morph but also the use of a different filament during printing.

The actuator also suffered some small adjustments. Firstly, a small hole was created in it
from where a thin thread goes through and subsequently attaches to the servo arm so that
motion can be applied to the actuator. Since the servo arm performs a rotary movement
around the servo’s center axis, the thread also passes in a small structure located inside of
the lower surface, near the point where the servo arm touches the shell.

2.2.5 MK8

In the eighth design (MK8), a new mechanical design was implemented to move the lower
surface of the trailing edge. Such design is shown in Figure 2.8. In order to eliminate any
possible losses caused by the threads, a decision was made to create a linear actuator to pull
and push the trailing edge, as shown in Figure 2.9.

To do so, a toothed gear, represented in Figure 2.10, was designed to be fitted in the servo
shaft, and its rotational movement is transferred to a toothed linear actuator that is attached
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Figure 2.8: Three-dimensional view of the MK8 design.

to the surface by a structure, which is the same length of the gap in the lower surface.

Figure 2.9: Actuator designed for the MK8 design. Figure 2.10: Gear designed for the MK8 design.

Maximum deflection is reached when the actuator is fully pulled, coinciding with a 180◦ ro-
tation of the servo. In the non-toothed section of the actuator, a hole is located to allow for
a screw to pass through and attach the actuator to the trailing edge strut. That strut has an
ellipse-shaped hole to allow small vertical movements of the screw in order to ensure the
correct distance between the fixed structure and the sliding surface while avoiding the accu-
mulation of tensions and plastic deformation of it. This way, the trailing edge deflection is
repeatable, with a smooth and continuous structure.

2.2.6 MK9

When it comes to the ninth design (MK9), which is shown in Figure 2.11, the most notable
change implemented was the variable shell thickness in the front and rear sections of the
wing.

Figure 2.11: Three-dimensional view of the MK9 design.

The front section kept the 1.2mm shell thickness, but the rear one was once again reduced
to 0.8mm due to being the mobile part, and a thinner shell requires less torque to morph
correctly.

Thus, we get a rigid front section and a more flexible rear one, balancing the necessities of
both parts of the wing. During testing of the previous designs, it was noticed that high torque
servos would be essential for the morphing of the trailing edge since regular micro servos do
not have enough torque to pull the actuator for the planned span. These high torque servos
fit tight in the front section of the wing with not much space left.
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This fact demanded a readjustment of the toothed linear actuator due to the servo’s shaft
position being restricted to a certain point. To solve this problem, the toothed section of
the actuator was 3mm lowered, and the gear radius was reduced to enable the mechanism
to work. To compensate for the step created on the actuator, this was enlarged in order to
better withstand the loads, as seen in Figs. 2.12 and 2.12. Some extra vertical stringers were
added to reinforce the front section and ensure its format.

Figure 2.12: Actuator designed for the MK9 design. Figure 2.13: Gear designed for the MK9 design.

TheMK9 was put under mechanical testing to validate the structural integrity of the system.
The prototype was submitted to 2000 cycles of maximum deflection followed by a return to
the original position at a 1Hz frequency. However, while testing, it was noticed that the lower
surface of the rear section was cracking near the structure where the actuator is attached due
to the strains caused by the movement of the actuator and morphing of the trailing edge.

2.2.7 MK10.A

This region had to be reinforced in the tenth design (MK10.A), and to do it, instead of using
a small screw to attach the structure to the actuator, more attaching points were added along
the span, and a segment of threaded rod was used to distribute the loads of the actuator
through the different structures, as seen in Figure 2.14. Furthermore, the shell thickness in
that region was somewhat increased along the span. This prototype was also submitted to a
stress test, having completed 4000 cycles at the same 1Hz frequency without showing any
indicators of cracks or defects.

Figure 2.14: Three-dimensional view of the MK10.A design.

2.2.8 MK10.B

In order to implement this concept in the DEM-UC’s wind tunnel, some adaptations were
necessary to be performed on the latter design, resulting in the eleventh iteration of the con-
cept (MK10.B).

As seen in Figure 2.15, the changes implemented on the left andmid sectionswere quite small
compared to the MK10.A design. We can just point out that this wing section was mirrored
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in order to ease the implementation of the wing in the wind tunnel, but also that a bigger gap
was created in the front structure for cable management.

Figure 2.15: Three-dimensional view of the left and mid sections of the MK10.B design.

However, in the right section of the wing, bigger changes had to be performed, besides the
ones previously described for the left and middle sections. Since the aerodynamic scale is
mounted on the right of the tunnel, and its fixation to the wing is accomplished by a single
12mm circular axle, a structure inside the wing was developed to fixate this axle. This section
is located in the aerodynamic center of the airfoil, at 1/4 of the chord, i.e., 50mm from the
leading edge of the wing. We can visualize in Figure 2.16 that a structure with thick walls is
located in the furthest most right part of both this section and has a 12mm hole inside that
is 40mm deep in which the axle tight fits.

Figure 2.16: Three-dimensional view of the right section of the MK10.B design.

Having the axle on the right side of the wing was the reason why the sections had to be mir-
rored because, in previous designs, the servos were mounted in this part of the section. In
this design, they are implemented in the left part of each section, near the gap for cable man-
agement.

Furthermore, a small cover, represented in Figure 2.17, was developed to fit in the front part
of each end of the wing.

Figure 2.17: Three-dimensional view of the cover placed at each end of the wing.
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Chapter 3

Methodology

The main purpose of this chapter is to present and explain detailed information about the
designed wings and experimental rigs in which each was implemented.

3.1 Flow Visualization

This first subsection is referent to the wing and rig used in the AEROG lab to perform the
flow visualization tests.

3.1.1 Wing MK10.A

The manufactured wing uses the NACA0012 airfoil with a 20 cm chord. The hinge point is
located at 50% of the chord. The mounting points are positioned 20mm and 90mm from the
leading edge having a diameter of 6mm to allow for the mounting beams to be settled. It is
possible to see in Figure 3.1 that the front point is centered, but the rear one is 6mm above
the centerline to allow for the moving components to slide correctly.

In the morphing section of the wing, a spring-shaped structure is placed 140mm away from
the leading edge, connecting the upper and lower surfaces. This spring provides elastic con-
nections which constrain deflections to conform the camber line to a parabolic shape while
maintaining local thickness [57].

At half span, the structures for the linear actuator to slide and attach to both the servo and
the trailing edge were placed. The structure for placement of the servo inside the wing was
designed according to its geometry, and the location is defined by the constraint of both the
airfoil and output shaft. In the rear section, as well as the center structure where the linear
actuator is attached, two more were added 55mm apart for both sides to assure structural
integrity and uniform deflection, as depicted in Figure 3.2.

It can be seen in Figure 3.3 that additional supports were added in the non-morphing section
of the wing to ensure the relative thickness of the airfoil at all moments. Small mounting
supports were also placed on both leading and trailing edges to facilitate the joint of multiple
sections to increase the final span if needed. However, analyzing the resources available at
AEROG, the wing tested is composed of two sections, resulting in a wingspan of 30 cm. These
sections were held together by aluminum rods.

To manufacture the wing, a Prusa i3 MK3S+ 3D printer available at the lab was used. The
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Figure 3.1: Lateral view of the final MK10.A design.
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Figure 3.2: Top view of the final MK10.A design.

Figure 3.3: Three-dimensional view of the final MK10.A design.
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chosen filament was Prusament PLA, with each section needing 20 h to complete the printing
process, both shown in Figure 3.4.

Figure 3.4: Prusa i3 MK3S+ and PLA filament.

3.1.1.1 Linear Actuator and Gear

The actuator is 57mm long by 8mm wide. The toothed section has a length of 17mm and is
3mm lower than the rest of the component due to restrictions on the positioning of the servo
shaft located inside the wing. The length of the actuator was also delimited by the dimension
and positioning of the support structures of the front section of the wing. A longer actuator
could not be inserted inside the wing, and a shorter actuator could not fully push the lower
surface forward, resulting in less trailing edge deflection.

The gear has a diameter of 14mm and is composed of 11 identical and equally distributed
teeth. The center section has an 8mm cavity in which a universal servo adapter is glued, thus
enabling the correct assembly of the gear on the servo shaft. A small screw is then used to
ensure the proper fitting. Both these components were also 3D-printed in PLA in the Prusa
i3 MK3S+ printer with 100% infill.

3.1.1.2 Servo Motor

The servo, shown in Figure 3.5, is an SRTDL3017whose dimensions are 40.7×20.5×39.5mm,
weighing 63 g and producing a 15.5 kg cm torque when powered by a 4.8V voltage source,
meaning it can be powered by the output pins of an Arduino board or similar.

Figure 3.5: Servo SRT DL3017.
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Each span section of the wing requires an individual servo to morph it. Having two sections
in the final wing resulted in two servos being used for this assembly. Both of them actuate at
the same time and speed and are connected to the same board.

Assuming plain-flap deflection, the following graph that correlates the servo position, δ, with
the deflection of the trailing edge, θ, was obtained and is shown in Figure 3.6. The final
wing design deflection values were measured with the combination of a set square, ruler,
and protractor.
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Figure 3.6: Measured trailing-edge deflection as a function of servo position for visualization tests.

The angle of attack of the airfoil can be calculated using a mathematical approximation to a
plain-flap configuration. The obtained equation is:

α ≈ α0 + arctan

(
sin θ

1 + cos θ

)
≈ α0 + arctan

(
sin(−0, 2δ + 35)

1 + cos(−0, 2δ + 35)

)
, (3.1)

where α0 is the angle of attack when the trailing edge has no deflection, θ is the trailing-edge
deflection angle relative to the hinge point, and α is the angle of attack.

The comparison made in Figure 3.7 shows that the values obtained with Equation 3.1, as-
suming α0 = 0◦, are quite similar to the ones measured with the combination of a set square,
ruler, and protractor.
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Figure 3.7: Angle of attack as a function of trailing-edge deflection for visualization tests.

These were essential in order to enable the correct programming of the microcontroller and
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the repeatability of the mechanism so that the given inputs are converted in the desired de-
flection for each study case.

From here, it became possible to perform and compare tests for a range of angles of attack,
considering only the dependency on the applied pitching angle and cases, which depends on
the deflection induced in the trailing edge.

3.1.1.3 ELEGOOMega 2560 Board

The chosen single-boardmicrocontroller for controlling the servos is anELEGOOMega 2560
Arduino-compatible board that controls both servos through inputs defined by the user in a
suitable 16-digit membrane keypad. Both parts are represented in Figures 3.8 and 3.9.

Figure 3.8: ELEGOOMega 2560. Figure 3.9: 16-digit membrane keypad.

The code presented in Appendix A.1 was then developed, compiled, and sent to the board.

3.1.2 Supporting Structure

As illustrated in Figure 3.10, a metal structure was developed and built to which the wing
is attached. The metal structure slides on a set of rails, allowing the wing to move closer or
further from the wind tunnel exit. The structure is composed of two sets of vertical compo-
nents: the height of the rear one is fixed, setting the position of the rear beam of the wing
at the middle of the tunnel exit; while the height of the front one is variable, using a plastic
support attached to a 12mm threaded rod that is screwed in a nut soldered to the base of the
structure, in which the front beam is fitted. This way, it is possible to regulate the angle of
attack of the wing through minor adjustments of the height of the rod, increasing the range
of tests that can be performed with this structure.
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Figure 3.10: Structure used in the experimental setup.

3.1.3 Wind Tunnel

For the purpose of this study, the sliding structure was placed in a position where the leading
edge of the wing is located at 2 cm of the tunnel exit.

Presented in Figure 3.11, the wind tunnel, developed and built in AEROG, is an open section,
open circuit, and blower with a 200mm x 300mm exit section. It has a 15 kW fan that allows
for a maximum flow of 3000m3h−1. The flow velocity is controlled by combining the opening
of a guillotine located upstream and the motor frequency.

Figure 3.11: AEROG’s wind tunnel.
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3.1.3.1 Anemometer

In order to determine and control the flowvelocity, theTSIAirflowTA410 thermal anemome-
ter, shown in Figure 3.12, was used. The guillotine was then opened and closed according to
the measured and desired velocities.

Figure 3.12: TSI Airflow TA410 thermal anemometer.

3.1.4 Smoke System

To visualize the flow around and after thewing, a smoke dispenser systemwas used to release
particles inside the wind tunnel.

The system is composed of a TECHNO-FOG Jem thermal smoke machine, represented in
Figure 3.13, vaporizing Jem Regular DJ Fluid, a water-glycerol mixture which condensates
into small particles. These are then released in a controlled way through a tube located inside
the tunnel so that it does not disturb the flow in a significant way.

Figure 3.13: TECHNO-FOG Jem smoke machine.

3.1.5 High-Speed Camera

Image acquisition is essential in this study, providing a better analysis of the flow around the
wing and consequent wake.

To do so, a Photron FASTCAM mini UX50 high-speed camera was used. This camera pro-
vides high-resolution images (1280x1024) with frame rates of up to 2000fps. The camera
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was positioned at approximately 90◦ with the flow. Opposite the camera and parallel to the
flow is installed a panel of LED (Light Emitting Diode) lights, shown in Figure 3.14, with an-
other one located above the wind tunnel’s exit to brighten and highlight the smoke particles,
improving the quality of the obtained images and data. The high-speed camera is illustrated
in Figure 3.15.

Figure 3.14: Panel of LED lights.

Figure 3.15: Photron FASTCAMmini UX50
high-speed camera.

This camera has a software to control and save the collected data, the PFV4 Photron FAST-
CAM Viewer.

3.1.6 Experimental Rig

All the previously mentioned elements are put together in the following way to enable the
study to be performed:

1. A section of the MK10.A is 3D-printed. Inside support structures are then removed,
and the outside is sanded. The actuator is inserted in the respective cavity, followed by
the insertion of the servo and gear set. Respective wiring is connected to the servo, and
the opposite end is placed in the cable management space inside the leading edge. The
latter is repeated due to the necessity of a second section;

2. Both sections are attached together, and the aluminum rods are inserted through the
defined holes. The threaded rod is then inserted through the wing structures and actu-
ator holes, enabling the motion of the wing.

3. Wires are then connected to the microcontroller. They are connected to the port de-
fined in the previously presented code, with VCC (Voltage Common Collector) wire
connected to the 5V ports and GND (Electrical Ground) to the board Ground. The
same is powered through the onboard barrel jack connector using an external power
supply;

4. Thewing is placed in front of the tunnel exit, inserting the rods through the holes drilled
in the metal structure. The pitch angle was then adjusted for the desired position;
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5. The LED light panels are placed. The camera is also positioned and connected to a
computer. The quality of the image is then adjusted in the software;

6. The wind tunnel is turned on. Depending on the current and desired velocity, the guil-
lotine is opened or closed. The process is constantly repeated until the desired velocity
is assured. After that, the wing can return to the initial position;

7. The smoke machine trigger is adjusted so that an ideal quantity of smoke is released;

8. The deflection of the trailing edge is selected in the keypad, and the pitch angle is ad-
justed with the rotation of the 12mm threaded rod of the structure for the desired case.
After all the previous steps, tests can start to be performed;

9. In order to correctly record the images, it is important that the camera trigger is acti-
vated only when the flow is fully developed and smoke particles are equally distributed
in it. The clip is saved in the computer for further analysis;

10. Steps 8 and 9 are then repeated until every case study is performed for a certain flow
velocity.
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3.2 Force Measurements

This subsection is referent to the wing and rig used in the DEM-UC lab to perform the force
measurement tests.

3.2.1 Wing MK10.B

The described process for the wing is similar to the one presented in Section 3.1.

The most notable change was that the new wing is composed of three sections of 15 cm each
since the used tunnel has a cross-section that measures 45.7 cm.

The manufactured wing is based on the NACA0012 airfoil with a 20 cm chord. To properly
morph the airfoil, several components are added to the inner part of it, as shown in Figure
3.16.

The wing has two main spars with a diameter of 6mm, positioned 20mm and 90mm from
the leading edge. The back spar is placed slightly above the centerline so the linear actuator
can slide inside the airfoil with no obstruction. In the back part of the wing, a spring-shaped
structure is placed 140mm away from the leading edge, connecting the upper and lower sur-
faces. This spring provides elastic connections which constrain deflections to conform the
camber line to a parabolic shape while maintaining local thickness [57].

Figure 3.16: Lateral view of the final MK10.B design.

Morphingwas achieved through a hinge point located at 50%of the chord,making it the pivot
point of the trailing edge flap. A discontinuity in the lower surface of the wing is created so
that when the trailing-edge flap is deflected, it easily sides, obtaining a smooth curvature in
both the upper and lower camber. To do so, a 15mm gap was created in the lower surface
near the hinge point. The shell thickness in the fixed part of thewing is 1.2mm, being reduced
to 0.8mm in the movable part, reducing the required load to deform the airfoil.

The deflection of the trailing edge is enabled by a toothed linear actuator and a gear attached
to the servo shaft located at the half span of the section. The rotational movement is trans-
ferred to the actuator that is attached to the surface by a central structure located on the
lower surface of the trailing edge. Twomore were added 55mm apart for both sides to assure
structural integrity and uniform deflection, as depicted in Figure 3.17.

Additional supports were added in the non-morphing section of the wing to ensure the rel-
ative thickness of the airfoil at all moments. A three-dimensional perspective of the final
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Figure 3.17: Top view of the final MK10.B design.

design is shown in Figure 3.18.

Figure 3.18: Three-dimensional view of the final MK10.B design.

The manufacturing process of the wing uses a Prusa i3 MK3S+ 3D printer with Prusament
PLA filament, with each section needing approximately 20 h to complete the printing process.

3.2.1.1 Actuator and Gear

The actuator and gear used in this assembly are exactly the same as the ones described in
Section 3.1.

3.2.1.2 Servo Motor

Once again, the used servo is an SRT DL3017 powered by the output pins of the microcon-
troller board. Due to each span section of the wing requiring an individual servo to morph
it, the final wing resulted in three servos being used for this assembly. All of them act at the
same time and speed and are connected to the same board.
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The proposedmorphingmechanismwas put to test to directly link the servo shaft angle with
the trailing-edge-flap deflection. In Figure 3.19, the relationship between the servo position
and flap deflection is presented, assuming plain-flap deflection. The final wing design de-
flection values were measured with the combination of a set square, ruler, and protractor.
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Figure 3.19: Measured trailing-edge deflection as a function of servo position for force measurement tests.

Comparing this image to the one presented in 3.1, it can be clearly seen that this slope is
increasing instead of decreasing, but with the same intensity. This is due to the sections
beingmirrored when compared to the previous design, meaning that the rotating way is now
inverted.

Similarly to what was done for the case of visualization, a mathematical approximation to a
plain-flap configuration can be used to determine the angle of attack of the airfoil. This is an
approximation that assumes ideal deflection. The obtained equation is:

α ≈ α0 + arctan

(
sin θ

1 + cos θ

)
≈ α0 + arctan

(
sin(0.2δ)

1 + cos(0.2δ)

)
. (3.2)

The comparison made in Figure 3.20 shows that the values obtained with Equation 3.2, as-
suming α0 = 0◦, are quite similar to the ones measured with the combination of a set square,
ruler, and protractor.
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Figure 3.20: Angle of attack as a function of trailing-edge deflection for force measurement tests.
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Although the slope presented in Figure 3.19 is inverted, the relation between trailing-edge
deflection and angle of attack remains the same.

With these results, the correct programming of themicrocontroller proceeded, with an initial
verification to guarantee that the given inputs are converted in the desired deflection for each
study case.

3.2.1.3 ELEGOOMega 2560 Board

Similar to what was presented in Section 3.1, the ELEGOO Mega 2560 Arduino-compatible
board and 16-digit Membrane Keypad were used to control the servos. The code had to be
slightly changed before being compiled and sent to the board in order to correctly perform
the new desired trailing-edge positions. The same is presented in Appendix A.2.

3.2.2 Wind Tunnel

For the purpose of this study, the wing was placed inside the closed-section testing area of
the wind tunnel.

Presented in Figure 3.21, the wind tunnel in which force measurement tests are conducted is
located in the FluidMechanics Laboratory at theMechanical Engineering Department of the
University of Coimbra. The tunnel is fabricated by Plint & Partners, having a 457 × 457mm

cross-section area in which experiments are performed. The fan is powered by a 14.7 kW

motor whose frequency can be regulated between 0Hz and 50Hz, blowing the flow up until
a maximum of 30m/s.

Figure 3.21: Fluid Mechanics Laboratory’s wind tunnel.
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Being an open circuit wind tunnel, it can be assumed that the static pressure in the test sec-
tion is the same as atmospheric pressure. The contraction nozzle before the test section con-
tributes to a stable and uniform flow inside it due to a negative pressure gradient in the con-
traction cone, inhibiting the separation of the flow near the walls [58].

On the right side of the wind tunnel, a strain-gauge balance is coupled to enable aerodynamic
force measurement.

3.2.2.1 Pitot Tube

A pitot tube was used to obtain the flow velocity for different motor frequencies through the
measurement of the dynamic pressure of the undisturbed flow, the density of the fluid, and
Bernoulli’s equation:

U =

√
2q

ρ
(3.3)

where U is equivalent airspeed, q is the dynamic pressure, and ρ is the fluid’s density.

The basic pitot is a slender tube that has two holes in it. The front hole is placed in the
airstream to measure what is called stagnation pressure. The side hole measures the static
pressure. By measuring the difference between these pressures, you get the dynamic pres-
sure, which can be used to calculate airspeed. Placing the pitot in the tunnel exit, as shown
in Figure 3.22, it can measure the dynamic pressure of the undisturbed stream that is going
through the tunnel and present it in the digital manometer represented in Figure 3.23.

Figure 3.22: Pitot tube. Figure 3.23: Digital manometer.

3.2.2.2 Calibration

The main goal of the calibration of the wind tunnel is to determine the relation between the
motor frequency and the flow velocity. To do so, a series of frequencies were selected in the
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motor control system, represented in Figure 3.24, and the corresponding dynamic pressure
value was read in the manometer.

Figure 3.24: Motor frequency control system.

Considering the pressure and temperature values measured in the moment of testing, the
fluid density was determined, and the flow velocity was obtained using Equation 3.3. The
flow velocity, U , was then converted to true velocity, V .

The graph in Figure 3.25 was obtained:
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Figure 3.25: Correlation between motor frequency and flow velocity.

3.2.3 Strain-Gauge Balance

A strain gauge, represented in Figure 3.26, is a sensor whose resistance varies with the ap-
plication of an external force through tensile and compressive strain, which is converted into
electric resistance that can then be measured. If these gauges are allocated in carefully se-
lected and designed locations, they can be used to correctly measure the strain produced by
the aerodynamic loads. The linear characteristic of these sensors allows the use of a linear
calibration slope that considerably simplifies the conversion of data provided by the sensors
and its processing, using simple software.

In Figure 3.27, it can be seen the available strain-gauge balance. It has the ability to deter-
mine the horizontal and vertical components of the forces applied in the wing, as well as
the moment around its axis, through the measurements in three gauges. The first gauge is
responsible for the determination of the horizontal component, being then converted into
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Figure 3.26: Strain-gauge sensors.

drag. The remaining two measure the values of the vertical components, being then con-
verted into lift and moment. It is important to guarantee that all rods and springs of the
balance are slightly strained and undisturbed, as well as correctly leveled, in order to obtain
the best possible results.

Each sensor was connected to the analog-to-digital signal converter shown below in Figure
3.28, whose output is transmitted to a laptop via a USB cable.

Figure 3.27: Available strain-gauge balance.

Figure 3.28: Signal converter.

3.2.3.1 Acquisition Software

The data acquisition softwarewas developed by theMechanical EngineeringDepartment and
was coded in LabView.

For each measurement, the program would run for 10 seconds, acquiring a total of 10000
samples and retrieving the average read value and standard deviation of each one of the
three sensors, besides showing the instantaneous measured value. All the values are pre-
sented with three decimal places. Themain goal of the high amount of points was to decrease
the inconsistencies and errors of the signals measured in the gauges and transmitted to the
software. The values presented on the screen are then transcribed to an Excel sheet. The
program interface is shown in Figure 3.29.
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Figure 3.29: Interface of the data acquisition program.

3.2.3.2 Calibration and Data Processing

The calibration of the software was essential to establish a relation between the voltages of
the strain gauges and the aerodynamic forces in the wing. To do so, in order to obtain the
slope that correlates both values, a calibration rod was inserted in the balance, in which a
thread of negligible mass was tied. It should be noted that during the calibration process,
the wind tunnel motor was switched off.

Initially, the calibration of the two gauges of the vertical component was performed. The
softwarewas run to obtain the voltage values equivalent to no load. After that, a set of weights
was used to successively increment the load in the gauges and the equivalent value in the
software was registered, resulting in the calibration slopes presented in Figure 3.30.
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Figure 3.30: Calibration of the vertical sensors.

The slopes presented in the figure above mean that, in the sensor responsible for measuring
the first element of the vertical componentFy1, a difference of 1mV in the software translates
into a force of 0.083N being applied in the wing; and in the sensor responsible for measur-
ing the second element of the vertical component Fy2, a difference of 1mV in the software
translates in a force of 0.097N.
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The same process was then executed for the horizontal component. The main difference is
that there is only one element in this component. It was important to ensure that the thread
was perfectly aligned with the tunnel exit in order to guarantee that the forces applied were
solely horizontal. The calibration slope for the horizontal component is presented in Figure
3.31.
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Figure 3.31: Calibration of the horizontal sensor.

The slope presented in the figure above means that, in the sensor responsible for measuring
the horizontal component Fx, a difference of 1mV in the software translates into a force of
0.049N being applied in the wing.

It is important to refer that the presented slopes are not perfect linear equations, but all three
have a coefficient of determination, R2, above 0.9998.

In order to correctly determine the aerodynamic coefficients, the obtained values in each test
need to be refined. To do so, before switching on the wind tunnel motor, it is necessary to
acquire the value of the forces measured in the sensors to work as a tare weight for the values
obtained with the motor working. This eliminates the effects of the own weight of the wing,
as well as variation of the effects of resistance of the strain gauges.

As a result, the aerodynamic forces are calculated using the following expressions:

L = (Fy1 − Fy1,0) + (Fy2 − Fy2,0), (3.4)

D = (Fx − Fx0), (3.5)

M = [(Fy1 − Fy1,0)− (Fy2 − Fy2,0)]× d, (3.6)

where L, D, and M are the lift, drag, and moment, respectively, Fy1, Fy2, and Fx are the
values measured for each study case, Fy1,0, Fy2,0, and Fx0 are the tare values obtained with
no flow in the tunnel section, and d is the distance between the balance axis and the fixation
points of the vertical strain gauges.
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3.2.4 Experimental Rig

All the previously mentioned elements are put together in the following way to enable the
study to be performed:

1. A left, middle, and right sections of theMK10.B design are 3D-printed. Inside, support
structures are then removed, and the outside is sanded. The actuator is inserted in the
respective cavity, followed by the insertion of the servo and gear set. Respective wiring
is connected to the servo, and the opposite end is placed in the cablemanagement space
inside the leading edge.

2. The three sections are attached together and the aluminum rods are inserted through
the defined holes. The threaded rod is then inserted through the wing structures and
actuator holes, enabling the motion of the wing.

3. The 12mm axle is then inserted and glued in the respective hole in the right section to
enable wing placement in the balance.

4. Wires are then connected to the ELEGOO board. Signal wires are connected to the
port defined in the previously presented code, with VCC wire connected to the 5V ports
and GND to the board Ground. The same is powered through the onboard barrel jack
connector using an external power supply;

5. The wing is fitted and tightened to the strain-gauge balance inside the wind tunnel.

6. The balance wiring is connected to the signal converter and then to a computer. The
acquisition software is then launched, and a quick test is performed in order to verify
that everything is well connected and correctly working;

7. The angle of attack was then adjusted for the desired position, as well as the deflection
of the trailing edge, the latter being selected in the keypad;

8. The software is run with the tunnel off, in order to obtain the tare weight for that wing
configuration. Measured values are then registered in an Excel sheet.

9. The tunnel is turned on. Themotor frequency is adjusted for the desired value through
the respective calibration slope.

10. After waiting for the flow to stabilize, the software is once again run in order to obtain
the forces for that respective test. Measured values are then registered in an Excel
sheet.

11. Steps 7 to 10 are then repeated until every case study is performed.
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3.2.5 Experimental Rig Validation

In this section, the results of the lift and drag coefficients obtained for the developed wing
in a NACA0012 configuration were compared with two other experimental studies for a 2D
NACA0012 airfoil. The first test was performed in the samewind tunnel used in this thesis by
André Bernardo, in which a solid NACA0012 wood wing was evaluated [58]. The second test
was performed by EastmanN. Jacobs andAlbert Sherman at LangleyMemorial Aeronautical
Laboratory [59]. Figures 3.32 and 3.33 show the obtained results.
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Figure 3.32: Lift coefficient comparison for a NACA0012 with infinite aspect ratio.
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Figure 3.33: Drag coefficient comparison for a NACA0012 with infinite aspect ratio.

It can be concluded that the magnitude of the values obtained in the experimental tests con-
curs with the ones verified by previous sources and can be considered valid.

Although the obtained values ofCD are smaller, it is shown that the tendency of all the values
compared is the same. There are a lot of reasons that can result in the differences between
these values. For instance, the low loads that were measured due to the Reynolds in which
tests were performed can increase measurement uncertainty. A small variation of tempera-
ture in the sensors can also affect its sensibility and result in values that are not accurate.
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Chapter 4

Results

In this chapter, the experimental results obtained are presented. The chapter is divided into
two sub-chapters, the first regarding visualization results and the second for force measure-
ment results.

4.1 Flow Visualization

The following studies were performed regarding flow visualization. An enormous quantity
of images was acquired for a wide range of possible wing configurations, which were then
filtered and systematized to simplify their analysis and presentation.

The presented data was collected in July 2022. The conditions in which the tests were per-
formed are characterized by ambient pressure P = 926 hPa and ambient temperature T =

28 ◦C. These are used to calculate the fluid density using the ideal gas law, ρ = P/RT . Dy-
namic viscosity, µ, was determined using tabulated values. Considering a Reynolds number
of Re ≈ 1× 104, the resulting equivalent airspeed is U = 0.79m/s. The true airspeed is then

determined using the formula V = U ×
√

1.225

ρ
.

The resulting true airspeed is V = 0.85m/s. The resulting data is then orderly presented for
the series of performed studies regarding relevant conclusions.

4.1.1 Interference of the gap in the lower surface

The first analysis that was done on the developed wing design consists of the observation of
the flow around it without any deflection or angle of attack, identical to a NACA0012 airfoil.
With this analysis is possible to understand the influence of the gap created in the lower
surface.

To do so, it was required to capture images of the flow around the wing in both its standard
configuration (with the gap towards the floor), and with the wing mounted on the support
frame inverted (with the gap towards the ceiling). This was performed in order to better
visualize the flow around that area due to the light conditions and camera positioning.

In these images is clearly visible the formation of the von Kármán vortex street in the trailing
edge of the wing, which is associated with the production of drag. Afterward, the vortices
produced in both upper and lower surfaces tend to mix in the wake.
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Comparing the images of the wing in its standard position, Figure 4.1, with the inverted one,
Figure 4.2, in the regionwhere the 15mm opening exists, the flowdoes not seem to be affected
by its existence.

Figure 4.1: Configuration: α0 = 0◦ & θ = 0◦. Figure 4.2: Configuration: α0 = 0◦ & θ = 0◦ -
Inverted wing.

4.1.2 Influence of trailing edge deflection for a constant α0

The second analysis that was performed consists of the observation of the flow around the
wing for a constant angle of attack with no flap deflection and multiple trailing edge deflec-
tions, so that it is possible to understand the influence of deflection in thewake. The obtained
results are shown in Figures 4.3, 4.4, 4.5, and 4.6.

In all the presented images in this subsection, the angle of attack with no flap deflection is
α0 = 0◦, with the trailing edge deflection being constantly increased for each image.

Figure 4.3: Configuration: α0 = 0◦ & θ = 0◦. Figure 4.4: Configuration: α0 = 0◦ & θ = 10◦.

Figure 4.5: Configuration: α0 = 0◦ & θ = 20◦. Figure 4.6: Configuration: α0 = 0◦ & θ = 30◦.

With the increase in trailing edge deflection, it is clearly visible the enlargement of the wake.
In that wake, the von Kármán vortex street is also visible in all conditions. In Figures 4.5
and 4.6, the von Kármán vortex street is less perceptible, with the vortices formed in the
maximum camber position being caused due to the Kelvin-Helmoltz instability. For lesser
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deflections, flow separation happens closer to the trailing edge, even occurring at 50% of the
chord for the case of θ = 30◦.

One phenomenon that was observed in most configurations is the formation and dissipation
of a recirculation bubble in the lower surface of the wing when deflection is imposed on the
wing. In Figure 4.7, it is presented the temporal evolution of that bubble, for an α0 = 0◦ and
θ = 30◦ configuration. In order to properly observe it, once again, the wing was placed in the
support structure inverted.

Figure 4.7: Recirculation bubble evolution - Configuration: α0 = 0◦ & θ = 30◦ - Inverted wing.

From left to right, in the first frame, it is visible a small whirl in the hinge section. That
same whirl continuously grows through time until it reaches a considerable dimension. At
this moment, the bubble is convected by the passing flow and is pushed through the trailing
edge, being then expelled in the edge by the form of a vortex. It is also visible in the last
frame that another bubble is being formed near the hinge, indicating that this phenomenon
is continuously happening.

It is important to notice that this bubble also forms for lesser deflections, but its dimensions
are more reduced than in this case. For the purpose of this thesis, only the presented config-
uration is shown due to being the most perceptible.

4.1.3 Influence of angle of attack with no flap deflection for a constant
θ

The third analysis that was performed consists of the observation of the flow around the wing
for a constant trailing edge deflection and various angles of attack with no flap deflection so
that it is possible to understand the influence of α0 in the wing wake. The obtained results
are shown in Figures 4.8, 4.10, 4.12, and 4.14, as well as the flow in the lower surface, visible
with the inverted wing configuration, in Figures 4.9, 4.11, 4.13, and 4.15.

In all the presented images in this subsection, the trailing edge deflection is θ = 20◦, with the
angle of attack with no flap deflection being constantly increased for each pair of images.

Analyzing the evolution of the flow, it is perceptible that, on the upper surface, separation
only occurs at 50% of the aerodynamic chord. However, on the lower surface, it is visible that
negative values of α0 contribute for separation to occur in the leading edge of the wing, with
the formation of vortices quite evident. With the increase in angle of attack, those vortices
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Figure 4.8: Configuration: α0 = −10◦ & θ = 20◦. Figure 4.9: Configuration: α0 = −10◦ & θ = 20◦ -
Inverted wing.

Figure 4.10: Configuration: α0 = −5◦ & θ = 20◦. Figure 4.11: Configuration: α0 = −5◦ & θ = 20◦ -
Inverted wing.

Figure 4.12: Configuration: α0 = 0◦ & θ = 20◦. Figure 4.13: Configuration: α0 = 0◦ & θ = 20◦ -
Inverted wing.

Figure 4.14: Configuration: α0 = 5◦ & θ = 20◦. Figure 4.15: Configuration: α0 = 5◦ & θ = 20◦ -
Inverted wing.
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reduce in size until no separation is visible, such as in the case of α0 = 5◦.

Also, the recirculation bubble describedpreviously in Figure 4.7 is present in the shown cases,
being more visible in the configurations with higher camber. Regarding the produced wake,
the same appears to not vary its dimension between the featured cases.

4.1.4 Influence of trailing edge deflection and angle of attack combina-
tion for a constant α

The fourth analysis that was performed consists of the observation of the flow around the
wing for a constant angle of attack and various combinations of α0+θ, so that it is possible to
understand the influence of each combination in the wing wake for a certain α. The obtained
results are shown in Figures 4.16, 4.17, 4.18, and 4.19.

In all the presented images in this subsection, the trailing edge deflection is α = 15◦, with the
angle of attack with no flap deflection being constantly increased and trailing edge deflection
correspondingly decreasing for each pair of images in order to obtain a constant angle of
attack.

Figure 4.16: Configuration: α0 = 0◦ & θ = 30◦. Figure 4.17: Configuration: α0 = 5◦ & θ = 20◦.

Figure 4.18: Configuration: α0 = 10◦ & θ = 10◦. Figure 4.19: Configuration: α0 = 15◦ & θ = 0◦.

Observing the images, it is clearly visible that the increase in α0 contributes for moving the
flow separation upstream. For instance, in Figure 4.16, separation occurs in the hinge region,
while in Figure 4.19, flow separates right in the leading edge. Also, as previously verified,
higher deflections reflect in more evident recirculation bubbles.

It is also interesting to comment that the configurations with higher deflection (θ = 30◦) or
higher angle of attack with no flap deflection (α0 = 15◦) are the ones that have massive flow
separation with larger wakes.
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4.2 Force Measurements

The presented results regard all the obtained data from the experimental studies of force
measurements. Values were acquired for a wide range of possible wing configurations, which
were then filtered and systematized in order to simplify their analysis and presentation.

The presented data was collected in November 2022. The conditions in which the tests were
performed are characterized by ambient pressure P = 1015 hPa and ambient temperature
T = 19 ◦C. These are used to calculate fluid density, ρ, and determine dynamic viscosity, µ.
Considering a Reynolds number of Re ≈ 2 × 105, the resulting equivalent airspeed is U =

14.98m/s and the true airspeed is V = 15.08m/s

In order to simplify its interpretation, the calculated forces in Equations 3.4, 3.5, and 3.6
were converted into coefficients using the following equations:

CL =
L

1
2ρV

2S
, (4.1)

CD =
D

1
2ρV

2S
, (4.2)

CM =
M

1
2ρV

2Sc
, (4.3)

where ρ is the fluid’s density, V is the true airspeed of the flow, S is the wing area, and c is
the aerodynamic chord.

For the purpose of this dissertation, in every studied wing configuration, the coefficients
are obtained assuming the airfoil’s non-deformed chord of c = 0.2m. When morphed, the
airfoil’s chord slightly reduces, but this reduction is not significant in the final results. In the
most extreme case, that is θ = 32◦, the chord decreases by 7mm, which translates into a 3.5%
error when comparing the real chord with the assumed one.

The resulting data is then presented in three different manners. Firstly, the study variable is
the trailing-edge deflection, θ, as a function of the angle of attack with no flap deflection, α0.
In the second subsection, the study variable is the angle of attack with no flap deflection, α0,
as a function of the trailing-edge deflection, θ. In a third instance, the study variable is the
trailing-edge deflection, θ, as a function of the angle of attack, α.

The data is presented in the form of graphs for easier understanding and evaluation.

4.2.1 Aerodynamic Performance as a function of α0

Figures 4.20, 4.21, and 4.22 show the resulting lift, drag, andmoment coefficients, for a range
of trailing edge deflections as a function of the angle of attack with no flap deflection. The
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moment is always determined at 1/4 chord of the wing.

Observing the curves in Figure 4.20, it can be noticed that, as expected, with the increase in
θ, higher values of CL can be achieved due to the bigger curvature of the airfoil. With that
increase in curvature, wing stall happens at lower values of α0. Stall can be clearly seen after
the wing reaches the maximum value of CL for each case.
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θ ≈ 24◦
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Figure 4.20: Experimental results of the lift coefficient as a function of θ.

Relatively to Figure 4.21, it can be observed that, as expected, bigger values of α0 tend to
reflect in higher values of drag coefficient. The exception happens in the cases of θ = 16◦, 24◦

and 32◦, for the smallest values of α0, in which the resultant curvature of the wing results in
an increase in CD.
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Figure 4.21: Experimental results of the drag coefficient as a function of θ.

Another observation that can be done is thatwith an increase in trailing edge deflection trans-
lates into an increment in drag for a certain angle of attack with no flap deflection.

Also, it is clearly visible that when wing stall happens, an abrupt increase in drag is seen,
especially for higher values of trailing edge deflection. These sudden variations appear in
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the same corresponding α0 in which stall is visible in Figure 4.20, for each value of θ.

Analyzing Figure 4.22, it can be seen that, with the increase in trailing edge deflection, there
is a clear tendency for the increase of the absolute value of CM . Also, in almost every wing
configuration, the moment coefficient value is negative, showing a nose-down behavior.
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Figure 4.22: Experimental results of the moment coefficient as a function of θ.

Another conclusion that can be withdrawn from this graph is that in the negative part of the
α0 axis, there is a tendency formore abrupt variations in the values of themoment coefficient,
clearly visible in the curves of θ = 24◦ and 32◦ when α0 < −10◦. This is due to the high
curvature induced in the wing in this configuration, both in leading-edge inclination and
trailing-edge deflection, which reflects in the drag increase.

Similarly to what was noticed in the analysis ofCD, wing stall is well visible through peaks in
the value ofCM , in the same values of α0 in which was observed in the analysis ofCL. For the
smaller values of θ, that peak can make the values of CM to invert the sign and become posi-
tive, imposing a nose-up tendency to the wing. However, stall causes a nose-down moment,
reestablishing the values of CM to the negative part of the vertical axis.

4.2.2 Aerodynamic Performance as a function of θ

Figures 4.23, 4.24, and 4.25 show the resulting lift, drag, and moment coefficients, for a
range of angles of attack as a function of the trailing edge deflections. These graphs indirectly
evaluate the influence of the curvature on the wings’ performance.

Observing the curves in Figure 4.23, the immediate conclusion that can be made is that the
increase in trailing edge deflection results in the rise of the lift coefficient in each α0 curve.
The only exceptions are visible in theα0 = 6◦ and 8◦, inwhich there are drops in theCL values
when θ = 28◦ and 16◦, respectively, due to wing stall. If values of θ > 32◦ were achievable
with this design, it might be possible to visualize this phenomenon in the curves of smaller
α0.
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Figure 4.23: Experimental results of the lift coefficient as a function of α0.

It is also visible that, for smaller values of the angle of attack, there is a sudden increase in the
value ofCL when 5◦ < θ < 10◦. The introduction of significant camber in the airfoil provides
a boost in lift in that region, having a bigger influence for smaller values of α0.

Another conclusion that is obtained from the graph is that the increase in α0 generally results
in greater values of CL, as expected. The only exception happens after wing stall occurs.

Since one of the benefits of morphing is the production of less drag for the same quantity
of generated lift, that fact can be observed in Figure 4.24. It is possible to see that greater
trailing edge deflection manifests in a minimal rise of the values of CD, with the exception
being after wing stall. In these cases, the increase in the drag coefficient is quite accentuated,
visible in the curves of α0 = 6◦ and 8◦.
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Figure 4.24: Experimental results of the drag coefficient as a function of α0.

Furthermore, negative and small positive values of α0 present drag coefficients virtually
equal for trailing edge deflection lesser than θ = 20◦. This is due to the resultant α being
small, and there is not much separation in these configurations.
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However, in general, the increase in angle of attack with no flap deflection reflects an incre-
ment in drag for a certain trailing edge deflection.

Similarly to what was seen in the drag coefficient graph, Figure 4.25 shows that, in gen-
eral, the increment in deflection translates into a smooth decrease in themoment coefficient,
meaning that the nose-down tendency increases. As seen previously, when stall happens, a
sudden nose-down moment appears.
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Figure 4.25: Experimental results of the moment coefficient as a function of α0.

As α0 increased, for a certain value of θ, the consequent value of CM also rises, resulting in
the curves of higher angles of attack being in the positive region of the vertical axis. This
means that the momentum on the wing tends to impose a nose-up tendency that eventually
starts decreasing when curvature is incremented, starting to lower the value of the moment
coefficient and eventually directing the leading edge of the wing downwards.

4.2.3 Aerodynamic Performance as a function of α

Figures 4.27, 4.28, and 4.29 show the resulting lift, drag, and moment coefficient graphs for
a small range of angles of attack as a function of the trailing edge deflections. It is important
to remember that α = α0 + θ. The main goal of this third study is to directly compare the
coefficients for the same resulting angle of attack α. The studied configurations, all with the
equivalent α = 10◦, are represented in Figure 4.26.

0 2 4 6 8 10 12 14 16 18 20

Chord [cm]

θ = 0◦

θ = 16◦

θ = 28◦

Figure 4.26: Representation of the studied combinations for α = 10◦.
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The first conclusion that can be obtained from Figure 4.27 is that for small angles of attack,
independently of the wing’s curvature, the quantity of produced lift is similar.
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Figure 4.27: Experimental results of the lift coefficient as a function of θ.

However, considering these configurations, stall happens sooner for lesser deflections. So it
can be concluded that increasing camber enables the airfoil to achieve higher values of CL

without stall taking effect.

Analyzing Figure 4.28, it can be perceived that the minimum value of drag benefits from the
increase in curvature with the evolution of the angle of attack. For instance, when −5◦ <

α < 5◦, minimum drag is achieved with no trailing edge deflection. As we move forward in
the horizontal axis, the drag increases abruptly with the latter configuration but continues at
lower values for θ = 16◦. It is important to remember that, according to Equation 3.2, until
α = 8◦, the leading edge of this configuration is pointing downwards. The curvature resultant
from this combination of α0 and θ proves to have better performance than the case of no
deflection, equivalent to a NACA 0012 airfoil, due to the values of CL previously presented
being identical. A similar occurrence appears when α = 14◦, but this time for θ = 28◦, in
which the value of drag is lower for the bigger deflection.
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Figure 4.28: Experimental results of the drag coefficient as a function of θ.
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With this fact, it is proved that, for a certain angle of attack, adequate camber does not max-
imize the amount of lift generated, but it does reduce the amount of drag. This means that
airfoil camber improves aerodynamic efficiency through the reduction of CD. Of course that
this is only comparable before the wing stalls.

Regarding Figure 4.29, as expected, the more curved a wing is, the bigger the absolute value
of its momentum. It is important to notice that, according to Equation 3.2, the bigger the
deflection, the lesser the angle of attack with no flap deflection to obtain the desired resultant
angle of attack.

−5.0 0.0 5.0 10.0 15.0 20.0

−0.20

−0.10

0.00

α [◦]

CM

θ = 0◦

θ = 16◦

θ = 28◦

Figure 4.29: Experimental results of the Moment Coefficient as a function of θ.

So, as seen in Figure 4.26, when α = 10◦, we have α0 > 0◦ for θ = 0◦ and 16◦, but the leading
edge is pointing downwards for θ = 28◦. This reflects on the values of CM being positive,
almost positive, and stably negative, respectively. As already stated, positive values of CM

promote a nose-up movement.

On the contrary, for small angles of attack, the moment coefficient is quite significant for the
bigger curvatures. This is why the combination of α0 + θ should be carefully selected so that
no unsuited forces are applied on the wing. But for the values of α mentioned above, the
nose-up tendency is not created for the α0 + θ combination with the lower value of CD.

60



Chapter 5

Conclusions and Future Work

This last chapter is divided into two sub-chapters, the first presenting a conclusion of all the
performed work, and the second focusing on future work and propositions to improve the
study of morphing.

5.1 Conclusions

Man is constantly trying to improve current technologies in order to make them more pro-
ductive, economical, powerful, sustainable, and profitable. To do so, bio-inspired concepts
have been heavily investigated and applied inmodern discoveries due to natural morphology
easing the development process due to having been optimized for thousands of years.

Morphing wings have the potential to control the aerodynamic forces of an aircraft in a more
efficient way. This dissertation mainly focuses on the process of developing a simple morph-
ing wing. The whole procedure had to be tested and constantly improved to surpass all the
challenges that have been encountered due to physical limitations, such as available space
inside the wing and material properties, but also the feasibility and effectiveness of the final
result.

The electronic part of the system also proved quite challenging due to difficulties coordi-
nating the required energy necessary for powering all components through a single power
source without overcharging any component, but also logic-board and servo movement lim-
itations. An important aspect that was taken into account while prototyping was the care to
not damage any electronic component to avoid e-waste, extra costs, and time loss.

The resulting wing has a morphing trailing edge able to deflect 32◦ with a hinge point at 50%
of the aerodynamic chord, being controlled with inexpensive and easy-to-use hardware. The
components seem sturdy after being submitted to an elevated number of cycles, withminimal
signs of wear. However, the actuator and gear are recommended to eventually be replaced
in order to ensure the proper behavior of the mechanism.

Regarding visualization, the experimental setup to visualize the aerodynamic performance
of the concept had to be developed ahead of testing. The mounting structure was computa-
tionally designed and then built, and it enables the wing to be moved across a 3-axis system,
as well as rotated in the spanwise direction, increasing the flexibility of the testing process.
Combining these capabilities with the resources in the AEROG lab, clear images of the flow
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around thewingwere obtained, enabling interesting studies of the influence of a certain wing
configuration in flow separation. This data allowed for a qualitative evaluation of the devel-
oped design.

In terms of force measurement, a wide range of tests was possible to perform at Departa-
mento de Engenharia Mecânica of the University of Coimbra. After some challenges with
wind tunnel and strain-gauge balance calibration, a substantial amount of relevant data was
possible to obtain. That data contributed to the enrichment of this dissertation considering
that it enabled the developed design to be quantitatively evaluated.

This evaluation resulted in interesting conclusions. In general, an increase in the curvature
results in higher values for both lift and drag coefficient, with the setback of stall happening
for smaller values of α0. Similarly, for a certain deflection, an increase in the angle of attack
with no flap deflection translates into bigger values of CD.

The increase in the curvature of the wing also contributes to the moment being negative,
meaning that no nose-up tendency happens. However, the bigger the curvature, the more
abrupt the variations in the value ofCM when varying the value ofα. Curvature is an essential
parameter that can dictate the nose-up to nose-down tendencies of the airfoil.

For a certain angle of attack, different combinations of α0 + θ produce identical amounts of
lift, with the difference being in configurations with bigger deflections stalling later. Cur-
vature does not influence the amount of generated lift for a certain α but has a significant
impact on drag reduction.

Small combinations of angle of attack with no flap deflection and trailing edge deflection
result in a small value of angle of attack, which means that there is not much separation in
these configurations.

Stall is clearly visible in the CL graphs, but it also reflects in the CD graphs as a sudden
increase in drag. In the graphs of CM , stall is represented as a sudden nose-down moment.

In the latest years, many researchers have been studyingmorphing surfaces, and designs are
constantly being improved mainly to maximize their performance. The latest developments
in bothmaterials and structures also contribute to the possibility of large-scale production of
components with continuous morphing surfaces, which will undoubtedly show its potential
in the near future.
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5.2 Future work

The concept ofmorphingwas introduced for the first time in the AEROG research unit via the
presented work. It is expected that investigation regarding this innovative, interesting, and
exciting topic to be continued in the near future. As already stated, the developed design was
conceived to enable aerodynamic studies to be performed as simply and cheaply as possible.

Regarding visualization, it would be interesting to check for a wider range of combinations
of angle of attack and trailing edge deflection in order to better associate force measurement
patterns with flow phenomena. Dynamic oscillations of the trailing edge can also be consid-
ered for future studies, in the pursuit of thrust production. To do so, a precise tuning of the
servo motion needs to be performed in order to obtain a sinusoidal oscillation of the trailing
edge deflection. The association of this concept with other biomimetic areas can result in a
step forward in the quest for bird-like technologies.

Further analysis can include wake measuring using Laser Doppler Velocimetry (LDV) to
measure the instantaneous velocity of a flow field after the wing, determining the value of
drag for each configuration, and then comparing it with the values obtained with the balance
in order to validate them.

Another proposed work could be the update of the designed wing in order to move the posi-
tion of the hinge closer or further from the leading edge in order to evaluate the effect of the
dimension of the morphing surface in the produced wake.

Of course that it would also be interesting to compare the obtained results for the morphing
surface with a plain-flapped wing for the same deflection in both wings in order to directly
visualize andmeasure the impact of the continuous surface designwhen compared to current
technologies. In addition, a wider range of Reynolds conditions could be tested in order to
check its impact on the developed wing.

The results obtained from this study will be compiled and presented at the 2023 AIAA Avia-
tion Forum & Exposition, as well as in a paper [60].
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Appendix A

Codes

A.1 For programming the MK10.A

1 #include <Keypad.h>
#include <Servo.h>

3

// ----------------- KEYPAD CONFIGURATION ---------------------------------------
5 const byte ROWS = 4;

const byte COLS = 4;
7 char keys[ROWS][COLS] = {

{'1','2','3', 'A'},
9 {'4','5','6', 'B'},

{'7','8','9', 'C'},
11 {'*','0','#', 'D'}

};
13

char numbers[10] = {'0','1','2','3','4','5','6', '7', '8','9'};
15

// ----------------- PINOUT -----------------------------------------------------
17 byte rowPins[ROWS] = {9, 8, 7, 6}; // Links the pinout of the Keypad to the

correspondant Arduino pin
byte colPins[COLS] = {5, 4, 3, 2}; // Links the pinout of the Keypad to the

correspondant Arduino pin
19

Keypad keypad = Keypad( makeKeymap(keys), rowPins, colPins, ROWS, COLS ); //
Defines the variable as a Keypad and assign the rows and columns

21

23 // ----------------- MOTOR DEFINITION -------------------------------------------
Servo servo; // Defines the variable as a servo motor

25

void setup() {
27 Serial.begin(9600);

29 // ----------------- MOTOR CONFIGURATION ----------------------------------------
servo.attach(13); // Links the pin 13 to the servo motor

31 }

33 void loop() {

35 char key;
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int pos;
37

// ----------------- GET KEY FROM KEYPAD ----------------------------------------
39 key = keypad.getKey();

41 pos = key-48; // Convert ASCII to integer
// -------------------------------------

43

// ----------------- EXECUTION --------------------------------------------------
45 if (key == '1')

{
47 Serial.print("Servo position: ");

Serial.println(pos);
49

servo.write(180); // Rotates the servo for the desired position - 180º = No
deflection

51 }
if (key == '2')

53 {
Serial.print("Servo position: ");

55 Serial.println(pos);

57 servo.write(130); // Rotates the servo for the desired position
}

59 if (key == '3')
{

61 Serial.print("Servo position: ");
Serial.println(pos);

63

servo.write(80); // Rotates the servo for the desired position
65 }

if (key == '4')
67 {

Serial.print("Servo position: ");
69 Serial.println(pos);

71 servo.write(30); // Rotates the servo for the desired position - 30º = Full
deflection

}
73 }

Servo_Controller_Code_Visualization.ino
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A.2 For programming the MK10.B
1 #include <Keypad.h>
#include <Servo.h>

3

// ----------------- KEYPAD CONFIGURATION ---------------------------------------
5 const byte ROWS = 4;

const byte COLS = 4;
7 char keys[ROWS][COLS] = {

{'1','2','3', 'A'},
9 {'4','5','6', 'B'},

{'7','8','9', 'C'},
11 {'*','0','#', 'D'}

};
13

char numbers[10] = {'0','1','2','3','4','5','6', '7', '8','9'};
15

// ----------------- PINOUT -----------------------------------------------------
17 byte rowPins[ROWS] = {9, 8, 7, 6}; // Links the pinout of the Keypad to the

correspondant Arduino pin
byte colPins[COLS] = {5, 4, 3, 2}; // Links the pinout of the Keypad to the

correspondant Arduino pin
19

Keypad keypad = Keypad( makeKeymap(keys), rowPins, colPins, ROWS, COLS ); //
Defines the variable as a Keypad and assign the rows and columns

21

23 // ----------------- MOTOR DEFINITION -------------------------------------------
Servo servo; // Defines the variable as a servo motor

25

void setup() {
27 Serial.begin(9600);

29 // ----------------- MOTOR CONFIGURATION ----------------------------------------
servo.attach(13); // Links the pin 13 to the servo motor

31 }

33 void loop() {

35 char key;
int pos;

37

// ----------------- GET KEY FROM KEYPAD ----------------------------------------
39 key = keypad.getKey();

41 pos = key-48; // Convert ASCII to integer

43 // -------------------------------------
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45 // ----------------- EXECUTION --------------------------------------------------

47 if (key >= '0' && key <= '8')
{

49 Serial.print("Servo position: ");
Serial.println(pos);

51

servo.write(20*pos); // Rotates the servo for the desired position
53 }

55

}

Servo_Controller_Code_ForceMeasurement.ino
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