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Abstract: This paper presents the development of a novel polymorphing wing capable of Active
Span morphing And Passive Pitching (ASAPP) for small UAVs. The span of an ASAPP wing can be
actively extended by up to 25% to enhance aerodynamic efficiency, whilst its pitch near the wingtip
can be passively adjusted to alleviate gust loads. To integrate these two morphing mechanisms into
one single wing design, each side of the wing is split into two segments (e.g., inboard and outboard
segments). The inboard segment is used for span extension whilst the outboard segment is used
for passive pitch. The inboard segment consists of a main spar that can translate in the spanwise
direction. Flexible skin is used to cover the inboard segment and maintain its aerodynamic shape.
The skin transfers the aerodynamic loads to the main spar through a number of ribs that can slide
on the main spar through linear plain bearings. A linear actuator located within the fuselage is
used for span morphing. The inboard and outboard segments are connected by an overlapping spar
surrounded by a torsional spring. The overlapping spar is located ahead of the aerodynamic center of
the outboard segment to facilitate passive pitch. The aero-structural design, analysis, and sizing of the
ASAPP wing are detailed here. The study shows that the ASAPP wing can be superior to the baseline
wing (without morphing) in terms of aerodynamic efficiency, especially when the deformation of the
flexible skin is minimal. Moreover, the passive pitching near the wingtip can reduce the root loads
significantly, minimizing the weight penalty usually associated with morphing.

Keywords: span morphing; variable pitch; flexible skin; UAVs

1. Introduction

The Advisory Council for Aeronautics Research in Europe (ACARE) FlightPath 2050 re-
port urged a 75% reduction in CO, emissions per passenger kilometer, a 90% reduction in
NOx emissions, and a 65% reduction in the perceived noise emission of flying aircraft [1].
Morphing aircraft is a promising technology that can help in mitigating the adverse effects
of flight and meet the FlightPath 2050 goals. In addition, morphing wings can increase
maximum lift, reduce drag [2,3] and vibrations, improve flight performance within a certain
airspeed range [4], and enhance aeroelastic performance [5,6] and aircraft maneuverabil-
ity [7,8]. By definition, a morphing aircraft continuously adjusts its geometry to enhance
flight performance, control authority, and multi-mission capability. In the last decade,
extensive reviews of morphing technologies, and methods and tools used for modeling and
analyzing morphing aircraft have been presented [9]. It is apparent from the literature that
most of the morphing technologies have focused on wings with single morphing degrees
of freedom. However, it is anticipated that the full potential of morphing technologies can
be further achieved when multiple morphing degrees of freedom are combined (polymor-
phing). This paper develops a polymorphing wing capable of active span extension and
passive pitch/twist variation. In what follows, several representative examples of span
morphing wings and twist/pitch morphing concepts are highlighted.
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1.1. Span Morphing Literature

Aircraft with high aspect ratio wings have some advantages, such as increased fuel
efficiency and extended range, and some disadvantages, such as relatively low cruise
speeds and lack of agility /maneuverability. Aircraft with low aspect ratio wings, on the
other hand, have high margins of agility and can fly faster but show poor aerodynamic
efficiency [10]. Integrating the benefits of both designs, an aircraft with a span morphing
wing can effectively perform at various flight missions, making this emerging technology
attractive for multi-mission UAVs. The first aircraft with a span morphing wing, the
MAK-10, which flew in 1931, was developed by Ivan Makhonine. The MAK-10 was
capable of achieving span extensions up to 62% using a pneumatically powered telescopic
mechanism [11]. Figure 1 shows a number of aircraft with span morphing wings that have
been built and flown in past [5].

»

Aircraft

Transformer UAV
MFX-1 *
=

MAK-10

o
>

1931 1947 1972 1993 2003 2006 2018 Year

Figure 1. Aircraft that flew with span morphing wings. Reprinted/adapted with permission from
Ref. [5]. 2020, Elsevier Ltd.

Most of the span morphing concepts are based on the telescopic mechanism. For
instance, the Transformer UAV [12] used a rack and pinion mechanism driven by stepper
motors to achieve symmetric and asymmetric span extensions of up to 50%. Wind-tunnel
and flight tests were conducted to confirm the enhanced aerodynamic efficiency of the
proposed concept.

Another example of telescopic span morphing wings was developed by Blondeau
and Pines [13]. It was a three-segmented telescopic wing, in which hollow fiberglass was
used to preserve the airfoil geometry and ensure the deployment of the telescopic wing. To
reduce the wing weight, the rigid wing spars were replaced by inflatable telescopic spars,
which could support the aerodynamic loads. The spars consisted of concentric circular
tubes of decreasing diameter and increasing length, ended by pistons. The extension of
the spar was achieved by air pressure input at the root, while retraction was obtained by
reverse pressure at different locations on the spar. The benefits of the proposed concept
were confirmed through a series of wind-tunnel tests.

On the other hand, a number of compliant span morphing concepts have also been
proposed. For example, Ajaj et al. [14] introduced a concept called Zigzag wingbox, which
consisted of morphing and rigid parts, and was able to increase the wingspan by 44% (22%
extension and 22% retraction). The rigid part accommodates the fuel tank and transfers the
aerodynamic loads from the morphing part to the fuselage. The morphing part is divided
into different segments and each one consists of two beams hinged together, which act
as a spar. Varying the angle between the two beams allows for the change in span. The
study suggested the use of a Zero-Poisson’s ratio cellular core reinforced elastomeric matrix
composite (EMC) skin to restrict bending deformations and maintain the aerodynamic
shape of the airfoil. Moreover, Ajaj et al. [15] introduced a novel gear-driven autonomous
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twin-spar (GNATSpar) morphing concept for a mini-UAV that can achieve span extension
up to 20%. A rack and pinion mechanism was used to achieve symmetric span morphing.
The GNATSpar was connected to two racks, which moved upon actuation, to a number of
ribs that were covered by elastomeric skin to allow span variations. In contrast to other
telescopic span morphing wings, the GNATSpar used the space available on the opposite
side of the wing to accommodate the rack during the retracted position. Wind-tunnel
testing showed that the aerodynamic efficiency of the UAV increased with span extension.

Vocke Il et al. [16] utilized a zero-Poisson’s ratio airfoil-like compliant core for contin-
uous span morphing, which consisted of a series of ‘rows’ or ‘ribs” of constant length that
were connected by ‘V-shaped’ bending elements. The honeycomb/core was covered by
fiber-reinforced EMC skin with a nearly zero in-plane Poisson ratio [17]. Carbon fibers were
aligned and sandwiched between two Rhodorsil elastomer sheets to shape the EMC skin.
Wind-tunnel tests were conducted to confirm the out-of-plane stiffness of the manufactured
wing segment. Moreover, Woods and Friswell [18,19] developed an Adaptive Aspect Ratio
(AdAR) wing, which coupled a compliant skin with a mechanism-based internal structure
to enable a significant change in the wingspan and aspect ratio. The AdAR wing consisted
of an EMC skin, a telescopic rectangular box spar, sliding ribs, and a strap drive system. The
actuation system connects the inner moving portion of the telescopic spar to the outer fixed
portion by a high strength strap, which facilitates the span morphing using the tension
in the strap by moving it around redirection pulleys. Simulations were carried out to
optimize the skin and study the design parameters affecting it. The optimization study
provided a good insight into the mechanics of this highly coupled design problem. Recently,
Bishay et al. [20] introduced a new design for the core of a span-morphing UAV capable
of 50% continuous span morphing. The wing comprised multiple partitions built with
three main components: a zero Poisson’s ratio honeycomb substructure, telescoping carbon
fiber spars, and a linear actuator. The zero Poisson’s ratio honeycomb substructure was
assembled using flexible chevrons and internal ribs. The ribs and chevrons were 3D printed
separately from different materials. The wing design allowed for maintaining the airfoil
shape and cross-sectional area due to its spanwise compliance and transverse rigidity. The
telescoping carbon fiber spars allowed for morphing while providing structural support
throughout the wing. Finite element simulations were carried out to estimate the actuation
force required for span extension and to investigate the structural rigidity of the spars
and honeycomb substructure. In addition, the manufactured wing segment was tested for
estimating the actuation force required. Suggested future works included optimization
studies using stretchable skin, wind tunnel tests, and reliability and failure analyses.

In contrast to both telescopic and compliant span morphing concepts, Geva et al. [21]
used a folding mechanism for a polymorphing aircraft capable of span extension and
camber changes. The wing consisted of two segments, in which the outbound segment
can be mechanically folded by means of a hinge and tucked underneath the inbound
segment. This mechanism facilitated the span morphing, while the resulting airfoil of
the folded plane, which consisted of the inbound airfoil and the inverse outbound airfoil,
contributed to camber changes. Firstly, an analysis was performed to study the additional
endurance gained by the morphing capabilities compared to standard aircraft. A suggested
folding algorithm was then outlined. Finally, the airfoil selection process was detailed,
followed by the wind-tunnel test phase. The study showed that the morphing concept, in
theory, improved endurance by up to 50% compared to the standard counterparts. The
wind-tunnel tests on the wing model showed that the ClarkY 9% airfoil had a superior lift
to drag ratio compared to other airfoils.

1.2. Twist/Pitch Morphing Literature

Varying the twist distribution can be used to improve control authority, flight perfor-
mance, and load alleviation. Twist morphing is considered as the oldest form of morphing
as it has been adopted since the earliest days of heavier-than-air aviation.
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A number of studies utilized twist morphing to improve aerodynamic performance.
For example, Vos et al. [22] utilized a warp-controlled concept for the active twisting of
a wing. The twist was achieved by warping displacement of the upper and lower wing
surfaces made of CFRP, which had a split at the trailing edge to make an open section airfoil.
This was achieved by an internal screw mechanism. The study proved both numerically
and experimentally (wind-tunnel tests) that the proposed concept could maximize the
lift-to-drag during various flight conditions.

In addition, Rodrigue et al. [23] proposed a novel active twist-morphing concept
and studied the effect of twisting on the aerodynamic performance of a UAV wing. The
wing consisted of an inner fixed segment and an outer morphing segment, which was
actuated to obtain tip twisting. The morphing segment had a polylactic acid (PLA) structure,
polydimethylsiloxane (PDMS) matrix, and shape memory alloy (SMA) wires. The PLA
structure and SMA wires were embedded in the PDMS. The SMA wires crossed the PDMS
matrix in opposite directions and were positioned at opposite eccentricities [24]. This
allowed for a smooth actuation of PLA structure using SMA wires. The actuation test
showed that the wing was capable of achieving a twist angle of 6.25°. In addition, wind-
tunnel tests were conducted to confirm the aerodynamic performance improvement of this
concept. Schlup et al. [25] presented a morphing UAV called MetaMorph 2 (XM-2) capable
of wing twist-morphing and camber morphing of the tail-stabilizer that could perform all
required maneuvers without any discrete control surfaces. The main wing, capable of £15°
range of twisting motion, had three segments. The root and tip segments were laminated
using composite skin sections and the middle twisting section was made of polyurethane
foam covered by a smooth flexible skin. The wing structure was designed using balsa wood.
Twisting in the morphing middle segment was achieved by means of a motor gearbox
mechanism that was accommodated inside the fuselage. The tail stabilizer consisted of a
rigid leading-edge section and a camber morphing corrugated trailing edge section, which
actuated using a servomotor and Carbitex CX6 ribbons. Finite element analysis was carried
out to investigate the deflection in the skin, which showed a maximum of 0.4 mm deflection.
CFD simulations also showed that the continuous wing surface had improved the overall
aircraft efficiency. Mechanical testing was conducted on different components to confirm
the structural integrity.

Rea et al. [26] presented the preliminary design of a full-scale composite multifunc-
tional and twistable trailing edge, retrofitting the outboard morphing fowler flap of a
regional turboprop aircraft. The flap tab/trailing edge device could activate two modes of
functionalities when the fowler flap was stowed in the wing during different flight condi-
tions: rigid downward/upward deflections of the Fowler flap tip segment (mode A) and
continuous span-wise twist with a maximum differential twist-angle of 10° between the tip
and root sections of the flap (up to £5° at the root and tip sections respectively) (mode B).
The torsional deformation of the flap tab for continuous span-wise twist was achieved using
distributed actuators (brushless motors). The study showed that the proposed concept was
a promising one to balance the conflicting requirements between load-carrying capability
and shape adaptability. An increment of 3.52% in weight of the outboard flap tip segment
was produced while retrofitting such a device on a regional aircraft. Finally, high-fidelity
aerodynamic analysis using the ONERA elsA code [27] showed that the wing retrofitted
with this device improved the airplane aerodynamic efficiency during high-speed climb
conditions. In addition, Bishay and Aguilar [28] conducted a parametric study of a com-
posite skin for a twist morphing wing. The skin consisted of periodic laminated composite
sections called “Twistkins”, integrated with an elastomeric outer skin, which facilitated
localized twisting deformation between the Twistkins. The study considered the number of
plies in the composite Twiskins, fiber orientation angle of plies, number of elastomeric sec-
tions, the torsional rigidity of the elastomer, and the width ratio as design parameters. The
effects of these parameters on torsional compliance and out-of-plane stiffness were studied
with the aid of CFD and FEA analyses. The study showed that the maximum strain in the
skin at the most compliant configuration was observed to be 9.97% (<10%). The out-of-plane
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stiffness was increased by a factor of 17.5 by changing the fiber orientation angle from 90° to
0°. In addition, the stiffness was significantly increased by adding one extra ply.

On the other hand, some studies utilized twist morphing for load alleviation purposes.
For example, Guo et al. [29] studied the influence of a passive twist wingtip (PTWT) for
gust and load alleviation on a 200-seater baseline aircraft. Dynamic response analysis to
discrete (one-cosine) gusts was performed. The analysis results showed that the PTWT
reduced the gust-induced wingtip deflection by 21% and the wing root bending moment by
14% in the most critical flight phases. The PTWT reduced the rolling control effectiveness
by reducing the rolling moment by up to 20.5%.

As an extension of the author’s previous work [30], this paper presents the design,
modeling, manufacturing, and mechanical testing of a polymorphing wing capable of
Active Span morphing And Passive Pitching (ASAPP) suitable for small UAVs with low al-
titude mapping and surveying missions. The wing consists of two segments for integrating
two morphing degrees of freedom independently on a single wing. The span extension
in the inboard segment is facilitated using a linear actuator, while the outboard segment
pitches/rotate around an overlapping spar passively to reduce the root loads. A torsional
spring that connects two segments is used to limit the pitch. Aerodynamic analysis using
XFLR5 is carried out to find the possible pitch angles and angle of attacks during the cruise
for different span extensions and to determine the maximum span extension. Aeroelastic
analysis is carried out to size the torsional spring and structural sizing and analysis are carried
out using Femap with NX Nastran. Moreover, aerodynamic analysis is conducted to evaluate
the effect of the deformed elastomeric skin on the aerodynamic efficiency for different span
extensions. Finally, the ASAPP wing is manufactured and mechanically tested.

2. The Polymorphing Concept
2.1. The ASAPP Wing

A small UAV with a rectangular, un-swept, and un-tapered wing is considered as the
basis for this study. The baseline wing of the UAV has a chord length of 0.25 m and a span
of 1.25 m. It utilizes a NACA 0012 airfoil, and it has a maximum takeoff weight of 4 kg and
cruises at 20 m/s. The baseline wing (non-morphing) is replaced with the ASAPP wing.
It should be noted that the ASAPP wing (before morphing) has the same dimensions as
the baseline wing. To integrate active span morphing and passive pitching into a single
wing, each side of the wing is split into two main segments: an inboard segment for span
extension and an outboard segment for variable pitch, as shown in Figure 2.

The inboard segment consists of a main spar that can translate in the spanwise direc-
tion. The segment is covered by flexible elastomeric skin (latex) to maintain the aerodynamic
profile of the wing. To minimize the out-of-plane deformation of the skin, three ribs along
with two riblets are used to support the skin (as shown in Figure 3). Before morphing, the
span of the inboard segment is 312.5 mm, whilst that of the outboard segment is 212.5 mm,
as shown in Figure 2. Keeping a larger segment for inboard span extension induces less
strain in the latex skin at maximum extension compared with when using a smaller seg-
ment. The root rib is fixed to the walls of the fuselage whilst the middle rib and the riblets
can slide on the main spar to allow the skin to stretch uniformly using linear plain bearings.
The tip rib (of the inboard segment) is fixed to the end of the main spar, and the flexible
skin is attached to it. As the spar translates in the spanwise direction, the tip rib moves with
it, causing the skin to stretch. The main spars are made from Aluminum and are connected
to the fuselage using Aluminum rails. They are located at 30% of the chord and they have a
hollow square cross-section to prevent sliding ribs from rotating around them (Figure 3).
Rails are used to transfer the loads from the spars to the fuselage; in addition, they prevent
chordwise movement of the main spars. Span extension actuation is achieved by a linear
actuator placed in the fuselage along its longitudinal direction. The actuator is connected
to the main spars using levers, hinges, and a hinge block, as shown in Figures 2 and 3. It
should be noted that only one linear actuator is required because ASAPP is capable only of
symmetric span extension.
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Figure 2. Schematic (top-view) of the ASAPP wing concept: (a) Before span extension. (b) After
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Figure 3. Detailed cad model of the ASAPP wing: (a) ASAPP wing. (b) Actuation mechanism.
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On the other hand, the outboard segment is connected to the inboard one using an
overlapping hollow circular spar made from Aluminum and located at 15% of the chord (as
shown in Figure 2). The overlapping spar is the main loading bearing structural component
in the outboard segment. It should be noted that the portion of the overlapping spar,
located in the inboard segment, is always attached to two ribs (tip and middle) of the
inboard segment, regardless of the span extension to maximize load transfer between the
two segments, as shown in Figure 3. The overlapping spar translates relative to these two
ribs using linear slide bearings with a circular cross-section.

The outboard segment is covered by MonoKote lightweight plastic wrap film to
maintain the aerodynamic profile. The skin is supported by three ribs (in each outboard
segment) to minimize out-of-plane deformations and transfer the aerodynamic loads to
the overlapping spar. It should be noted that the three ribs (and the MonoKote skin) can
rotate/pitch around the overlapping spar using ball bearings. A CFRP solid circular rear
spar at 60% chord is attached to the outboard segment to ensure that the three ribs rotate
together around the overlapping spar. Pitch variations occur passively whenever the lift is
generated by the outboard segment, mainly because the overlapping spar (at 15% chord)
is ahead of the aerodynamic center (around 25% of the chord) of the segment. To limit
the amount of pitch, a torsional spring surrounds the overlapping spar and connects the
inboard and outboard segments together (Figure 3a).

2.2. Modes of Operation

The ASAPP wing facilitates multi-mission capability by allowing a short wingspan
configuration for missions that require agility and maneuverability and a long wingspan
configuration for missions that require extended range/endurance. It should be noted that,
as the wingspan extends to enhance the aerodynamic efficiency, the outboard segment
pitches down, off-loading the wingtip and shifting the lift distribution inboard, further
enhancing aerodynamic efficiency and reducing root loads. Regardless of the mission
and the UAV configuration, in case the UAV faces turbulence and/or gust, the outboard
segment passively pitches down, alleviating the root loads. Under normal flight conditions,
the torsional spring limits the nose-down pitch of the outboard segment with respect to the
inboard segment [30].

3. Aerodynamic Analysis

The aim of this section is to determine the optimal span extension and pitch angle to
maximize the aerodynamic efficiency by reducing the drag during the 1-g flight. XFLR5, an
aerodynamic solver that uses XFOIL as its computation kernel with 3D wing capability,
is used for aerodynamic predictions for the complete wing (inboard and outboard sec-
tion) [15]. It incorporates the vortex lattice method (VLM). The profile drag is determined
by interpolating the XFOIL drag polar with the angle of attack (x) and Reynolds num-
ber [31]. The baseline (non-morphing) wing, cruising at 20 m/s with a 6.88° angle of attack
(coefficient of lift (Cy) is 0.5) is modeled in XFLR5. Then, various configurations of the
ASAPP wing are analyzed (corresponding to 0%, 25%, 37.5%, and 50% span extensions and
2.5°,5°,7.5°, and 10° nose-down pitch angles).

3.1. Aerodynamic Mesh Convergence

To ensure the accuracy and robustness of the aerodynamic results from XFLR5, a mesh
convergence study is carried out. The analysis is performed for both 2D airfoil and 3D
wing. The analysis on the 2D airfoil is to determine the required number of panel nodes,
while the study on the 3D baseline wing (non-morphing) is to determine the required mesh
density (number of mesh elements per unit area). Different angles of attack are considered
at a velocity of 20 m/s. The study shows that 150 panel nodes are sufficient for 2D analysis
and for the 3D baseline wing; mesh convergence occurs when the mesh density exceeds
12,800 elements/m? regardless of a. Convergence is achieved once the change in the lift to
drag ratio is less than 0.5%.
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3.2. Aerodynamic Results

To ensure consistency when comparing the aerodynamic results of the baseline wing
and the ASAPP wing (at various configurations), all coefficients are normalized using
the baseline wing area, span, and mean aerodynamic chord. The aerodynamic results are
presented in the form of carpet plots. Figure 4 shows the variation of root bending moment
(RBM) and drag coefficient (Cp) with respect to the pitch angle for different « and Cy, at
different span extensions. It is evident from Figure 4 that there are several combinations
of & and pitch angles that generate a C;, of 0.5 for various span extensions. For instance,
Figure 4a,b shows that, at 0% span extension, the ASAPP wing generates a Cy, of 0.5, when
operating at & = 7° and 0.5° nose-down pitch angle (of the outboard segment), resulting
in a 1.3% reduction in RBM and 1.1% reduction in drag when compared with the baseline
wing (non-morphing). It should be noted that all comparisons are made for a fixed Cr.
of 0.5. This is mainly determined by the weight of the air vehicle and the flight speed,
regardless of the span extension. Similarly, Figure 4c,d shows that, at 25% span extension,
the ASAPP generates a C; of 0.5 when operating at « = 6° and a 3.5° nose-down pitch angle,
resulting in a 13% drag reduction and 13.5% increase in the RBM relative to the baseline
(non-morphing) wing. On the other hand, for the 37.5% and 50% span extension cases, the
ASAPP wing can still generate the required lift coefficient; however, the drag and RBM
increase significantly for a practical range of « and pitch angle. To illustrate, Table 1 lists the
RBM and Cp at different span extensions for the cruise C;. It is clear from Table 1 that the
37.5% and 50% span extensions increase the RBM significantly (above 20%). For instance,
at 37.5% span extension, the RBM increases by 29.81% for a = 5° and 1.9° pitch angle,
whilst the drag decreases by 18.8%. Similarly, for 50% span extension, the RBM increases
by 29.63% at a 5° angle of attack and 5° pitch angle, whilst the drag decreases by 17.81%.
As the encountered loads from 37.5% span extension and 50% span extension conditions
significantly increase the RBM (above 20%), for the purpose of this study, the maximum
span extension is restrained to 25%. It should be noted that these are only discrete values
of span extensions because it is anticipated that the UAV will operate between two states
only at 20 m/s. State 1 has a 0% span extension, whilst State 2 has 25% span extension.

a=4 ——q=35 ——a=20 a=7

a=28 ——q=9 a=10 ——qa=11

a=12 CL=02 -=s-CL=03 -=-CL=04

CL=05 CL=06 -=-CL=0.7 -=-CL=0.38
-s-CL=09 -=-CL=1

23 1

—_
)

Root Bending Moment (N.m)

0.1

Pitch down angle (degree) Pitch down angle (degree)

(a) (b)

Figure 4. Cont.
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Figure 4. Variations of RBM and Cp, at different span extensions: (a) RBM vs. pitch down angle

at 0% span extension. (b) Cp vs. pitch down angle at 0% span extension. (c) RBM vs. pitch down

angle at 25% span extension. (d) Cp vs. pitch down angle at 25% span extension. (e) RBM vs. pitch

down angle at 37.5% span extension. (f) Cp vs. pitch down angle at 37.5% span extension. (g) RBM

vs. pitch down angle at 50% span extension. (h) Cp vs. pitch down angle at 50% span extension.

Reprinted /adapted with permission from Ref. [30]. 2021, American Institute of Aeronautics and

Astronautics, Inc.
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Table 1. RBM and Cp, for different span extensions at Cy = 0.5. Reprinted /adapted with permission
from Ref. [30]. 2021, American Institute of Aeronautics and Astronautics, Inc.

Span Extension  a(Degree)

Pitch Angle (Degree) RBM (Nm) % Change in RBM Cp % Change in Cp

0%

6.88

0 54 0.00 0.02596 0.00

7

0.5 5.33 —1.30 0.02568 —1.10

3.6 4.96 —8.15 0.02641 1.74

7 4.58 -15.19 0.02897 11.60

25%

3.5 6.13 13.52 0.02257 —13.06

8.2 5.41 0.19 0.02501 —3.66

37.50%

1.9 7.01 29.81 0.02109 —18.76

50%

QG| 3| | O |

5 7 29.63 0.02134 —17.81

Mhinge: npbz

4. Structural Design and Sizing
4.1. Torsional Spring

As stressed above, the inboard and outboard wing segments are connected using a
torsional spring. It is important to choose a torsional spring stiffness that reduces root
bending moment (RBM) and root shear force (RSF) for high loading scenarios, while also
keeping pitching angle to an acceptable value and minimizing structural discontinuity at
1-g cruise flight condition. To assist in selecting a suitable torsion stiffness, a simplified
aeroelastic model is developed. The model assumes that the inboard segment of the wing
is relatively rigid due to the presence of the main spar and rail, minimizing out-of-plane
deformation, allowing the outboard segment to be modeled as a 2D airfoil with the ability
to rotate as a rigid body. Based on the above criteria, the one degree-of-freedom model is
deemed appropriate to study the model dynamics. The unsteady aerodynamic forces are
calculated using Theodorsen’s model [32], which accounts for amplitude attenuation and
phase lag due to flow unsteadiness. The underlying assumptions of Theodorsen’s model
include the presence of attached flow, a flat plate airfoil, and a flat wake, which are in
consonance with the conditions of the developed model, due to selected design constraints,
such as restricting motion to small angles, which validates the use of Theodorsen’s model
for this case. The equation of motion can be expressed as:

10 +ko6 = Mhinge 1)

where [ is the moment of inertia of the outboard segment around the hinge (overlapping
spar), 8 is the pitch angle (of the outboard segment with respect to the inboard segment), kg
is the stiffness of the torsional spring, and Mj;,¢, is the aerodynamic moment around the
hinge, calculated from Theodorsen’s theorem, given as:

1 " 2 1 N 2 A 1 y 1 N
[Vb(z—a)G—b <2+g)9:|+27fpVb <a+2>V9+b9<2—a>C(k) (2

where p is the air density, b is half-chord, V is velocity, 4 is normalized pitch axis
location (hinge location), k is reduced frequency, and C (k) is Theodorsen’s transfer function.
The first term in the equation is the non-circulatory or inertial term, whereas the second
term is the circulatory term, which includes Theodorsen'’s function C (k). Theodorsen’s
function accounts for the unsteadiness level of the flow. A gust load analysis is carried
out using discrete 1-cosine gusts to determine an optimal torsional spring stiffness to limit
outboard spring pitching to an acceptable value for the most critical (highest loading) case.
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A maximum gust velocity of 2.5 m/s is considered, with a gust gradient (H) of
12.5 times the mean aerodynamic chord, similar to the work of Gavrilovic et al. [32], as
shown in Figure 5. Gust velocity, wy, is defined as:

we(t) = W(l—eog(?)) @)

where H is the gust gradient and wy,,,,. is the maximum vertical gust velocity, chosen to be 25 m/s.

25

0 5 10 15 20 25
Number of chords travelled (¢)
Figure 5. Vertical gust velocity profile for 1-cosine gust vs. gust gradient (H) in terms of number of

chords travelled.

The developed model is solved using the 4th order Runge Kutta method, for 1-g
loading condition, and gust load is applied for the specified gust gradient for varying
torsional rigidity, kg. The gust is assumed to be encountered during 1-g flight, for both
pre-morphing (0%) and 25% span extension cases.

The torsional spring stiffness is selected, which constrains the maximum pitching
angle to —6° in the case of design gust gradient, to simulate the worst-case loading scenario,
and so a torsional stiffness of 20 Nm/rad is chosen, as shown in Figure 6. The chosen
torsional stiffness minimizes structural discontinuity for the encountered gust load while
also significantly reducing root loads.

0 (degree)

10 15 20 25 30
ko (Nm/radian)

Figure 6. Maximum torsional spring pitching angle vs. torsional spring rigidity. (Solid blue: Pre-
morphing (0% span extension), Solid red: Post-morphing (25% span extension), Dashed black: Cutoff

value of pitch angle).
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To estimate the effectiveness of the passive pitching mechanism, the polymorphing
wing is compared with two non-morphing wings (one has a span equal to the baseline
wing and one has a span equal to 1.25 the span of the baseline wing). The RBM is estimated
using XFLRS5 at different flight conditions (1 g (fixed Cr) and discrete gust) for different
span extensions with a spring torsional stiffness of 20 Nm/rad. The results are summarized
in Table 2. For the gust case, the outboard passive pitch mechanism reduces RBM and RSF
by 28.5% and 18.3% for 0% span extension, and 23.7% and 16.5% for 25% span extension,
respectively. For the 1-g case, RBM and RSF loads are only slightly reduced by 1.85% and
1.64% for 0% span extension, and 2.81% and 1.99% for 25% span extension, respectively, for
the wing equipped with the passive pitching mechanism. It is evident from the results that
the outboard passive pitch mechanism can significantly reduce root loads due to gust. For
the 1-g loading conditions, the reduction in root loads is not as significant; however, a low
pitching angle, 6, ensures minimal structural discontinuity for the steady flight condition.

Table 2. Variation in RBM due to passive pitching mechanism.

With Passive Pitching Without Passive Pitching
Span « (deg) 0 (deg) 1-g Loading During Gust 1-g Loading During Gust
RBM (Nm) RSF (N) RBM (Nm) RSF (N) RBM (Nm) RSF (N) RBM (Nm) RSF (N)
0% span 6.93 —0.26 5.42 18.3 9.04 32.3 5.52 18.6 11.62 38.2
25% span 6.09 —04 7.83 211 14.56 407 8.05 2152 18.01 474

(constant Cyp)

4.2. Spars

The ASAPP wing must be capable of withstanding the ultimate aerodynamic loads
and actuation loads (to overcome skin stiffness). Femap with NX Nastran is used to size
the spars. The spars are modeled using beam elements (CBEAM) with the properties of
aluminum, and a factor of safety (FOS) of 1.5 is considered. The aerodynamic loads acting
on the spars are taken from XFLR5 for the 1-g and 2-g loading scenarios. The aerodynamic
loads associated with the 25% span extension condition with a small pitch down angle
of 0.4° are applied on the spars as they will contribute more to loading than from 0%
span extension, as shown in Table 2. The connecting ribs between the main spar and the
overlapping spars are modeled using massless rigid body elements in Femap and are
connected to the spars using rigid elements. Aerodynamic loads from XFLR5 are extracted
and converted to nodal forces and applied on nodes at the aerodynamic center (at 25% of
the chord). The actuation force is applied at the tip of the main spar in the root direction to
simulate the reaction force from the latex skin, as shown in Figure 7a.

Root Rigid elements

Overl i
verlapping spar Direction of

aerodynamic force
Main spar

Spanwise Tip

direction

Direction of

actuation force Chordwise
direction
(a)

Figure 7. Cont.
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Figure 7. FEM models of main and overlapping spars: (a) Schematic of spar analysis. (b) Spars before
deformations. (c) Spars after deformations (shows combined stresses in Pascal).

Two objectives are set when sizing the spars. The first objective is to maintain the
stress below the ultimate allowable stress under 2-g loading conditions and under actuation
force. The second objective is to maintain the wingtip out-of-plane deflection at less than
10% of the wing semi-span under the 1-g loading condition [15]. Figure 7b,c shows the
spars before and after applying loads under the 2-g condition and actuation force.

The FEM analysis indicates that the main spar with a hollow square cross-section
with a depth of 7.5 mm and thickness of 1.25 mm and the overlapping spar of circular
cross-section with a diameter of 8 mm and thickness of 1 mm can withstand the applied
loads with a FOS of 1.66 (ultimate strength considered is 310 MPa). The rear spar of the
outboard segment is subject to very lower loads and therefore a solid circular beam of
6 mm diameter is used.

4.3. Ribs

To size the ribs, a root rib (which is subject to the highest loads) is used. Femap analysis
is used to size the rib. Aerodynamic loads are applied as the RSF at the location of the main
spar. The RSF is obtained from the spar analysis (Section 4.2) at 2-g loading conditions. The
loads from the skin due to actuation are applied as nodal forces in the spanwise direction
on the outer surface of the rib. The rib is clamped at the leading-edge and trailing edge
sections to simulate the fixing of the rib on the fuselage, as shown in Figure 8a. The rib is
modeled using plate elements (CQUAD) with the properties of ABS material. The analysis
is carried out with the consideration of a FOS of 1.5. The independent node at the location
of the main spar is connected to the rib using massless rigid elements.

Direction of
applied

actuation

Spanwise Direction of force

. “/@;4.:>

Fixed
constraint

Fixed
constraint

Chordwise location of
main spar

Figure 8. Cont.
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(b)
Figure 8. FEM model of rib: (a) Schematic of rib analysis. (b) VonMises stress on loaded rib (in Pascal).

The FEM analysis (Figure 8b) indicates that a rib with 10 mm thickness can withstand
the applied loads with a FOS of 7.14 (with an ultimate strength of 40 MPa).

4.4. Actuation Force and Skin

The latex sheet, acting as the skin for the inboard segment, has a 0.25 mm thickness.
Latex exhibits a nonlinear elastic behavior, making the estimation of the actuation force
required to stretch the skin a tedious task. The stress-strain curve for latex obtained
from Ref. [15] is used in a nonlinear FEM analysis to predict the required actuation force.
Poisson’s ratio for the latex sheet is assumed to be 0.49. As the maximum span extension is
25%, larger deformations are not considered.

An FEM model of the inboard segment with three ribs covered by a 0.25 mm latex sheet
is used for analysis. A glued connection is used to simulate the attachment between the ribs
and the skin. The ribs are made from ABS plastic with Young’s modulus of 1.94 GPa and
Poisson’s ratio of 0.35 [33]. The ribs and skin are modeled using plate (CQUAD) elements.
Figure 9 shows the FEM model (using Femap with NX Nastran) of the inboard segment
before and after 25% span extension (in meters).

(b)

Figure 9. Femap model of inboard segment pre- and post-25% span extension (in meters): (a) Before

span extension. (b) After span extension.

A mesh convergence study is carried out to ensure the accuracy of the FEM analysis.
The study is conducted by varying the quadrilateral-type mesh (CQUAD) size from 0.009 m
to 0.002 m to estimate the actuation force required for a 25% span extension. It can be seen
from Figure 10 that mesh convergence occurs when the mesh size is below 0.003 m.
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Figure 10. Mesh convergence for actuation force required at 25% span extension in Femap analysis.

It is anticipated that skin pre-tensioning is required to minimize out-of-plane deforma-
tion of the skin and eliminate wrinkles. To determine the sensitivity of the actuation force
to pre-tensioning and aerodynamics loads, an FEM analysis is carried out. Skin pre-tension
is simulated by applying enforced displacement to the inboard tip rib in addition to the
span extension. The aerodynamic loads are applied as surface pressure normal to the lower
and upper surfaces of the skin.

Figure 11 shows the actuation force required for different span extensions with and
without pre-tensioning in the skin and with and without applied aerodynamic pressure.
The aerodynamic pressure values are obtained from the XFLR5 analysis. It can be noticed
that the required force to extend the span by 25% is 67.2 N at zero pre-tension (equivalent
to 52% strain) and 80.6 N at 5% pre-tension (equivalent to 60% strain). Latex skin can
undergo very large deformation (=500% strain) [34] and, therefore, the pre-tensioned skin
can easily achieve the maximum span extension without tearing or experiencing other
types of failures. Figure 11 clearly shows that skin pre-tensioning can have a significant
effect on the actuation force. On the contrary, the presence of aerodynamic pressure on the
skin does not have a considerable effect on the actuation force.

20 »~NL-0% pretension-without Pressure
30 1 —#—NL-0% pretension-with Pressure
NL-5% pretension-without Pressure
70 NL-5% pretension-with Pressure
Z 60
c
=]
£ 501
=
g
40 1
@
2
S 30 1
=~
20 A /
10 A
0 T T T T T
0 5 10 15 20 25 30

Span Extension (%)

Figure 11. Actuation force for different span extensions at 0% and 5% pre-tensioning.

Figure 12 shows the sensitivity of the skin’s out-of-plane deformation to skin pre-
tension at different span extensions when subject to aerodynamic loads.
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Out-of-plane dispalcement in thicknesswise
direction (mm)
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—o—NL-0% pretension-with Pressure

NL-5% pretension-with Pressure

5 10 15

20 25 30

Span Extension (%)

Figure 12. Out-of-plane skin deformation in thicknesswise direction.

From Figure 12, it is clear that a significant reduction in out-of-plane deformation
can be achieved by pre-tensioning the skin. For instance, at 0% span extension, 5% pre-
tensioned skin reduced the out-of-plane deformation by 66%. Similarly, at 25% span exten-
sion, a 25% reduction in the out-of-plane deformation is observed by 5% pre-tensioning.
Therefore, it is decided to apply 5% pre-tension to the skin for the ASAPP wing. However,
even with 5% pre-tensioned skin, the out-of-plane deformations are still significant, as
shown in Figure 12, which might have a negative effect on the aerodynamic performance of
the wing. To reduce the out-of-plane deformation, an FEM analysis is carried out to study
the influence of adding more ribs and riblets (as shown in Figure 13).

29 mm

87.3 mm

Figure 13. The riblet in Femap.

Three different FEM models of the inboard segment are considered. The first model
has three ribs to support the skin, the second has three ribs and two riblets, whilst the third
has five ribs. Figure 14 shows the actuation force required for the three FEM models.

920

80 4

0 =
S S
1 L

Force Required (N)
-
=]

NL-5% pretension-3ribs-Pressure applied
—-NL-5% pretension-3ribs+2riblets-Pressure applied

—4—NL-5% pretension-Sribs-Pressure applied

10 15 20
Span Extension (%)

25 30

Figure 14. Actuation force for different geometric models.
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It can be seen from Figure 14 that adding riblets and ribs slightly increases the actuation
force required. This is due to the restriction of the skin at the attached surfaces (where it is
glued to). Figure 15 shows the out-of-plane deformations in chordwise and thicknesswise
directions for the three models.

30

NL-5% pretension-P applied-3ribs

N

NL-5% pretension-P applied-3ribs

—#-NL-5% pretension-P applied-3ribs+2riblets
—=-NL-5% pretension-P applied-3ribs+2riblets

-
&

25 { —*—NL-5% pretension-P applied-5ribs
—+—NL-5% pretension-P applied-5ribs

I~

S
[
e

o

N

-
e

direction at LE(mm)
7
Out-of-plane dispalcement in
thicknesswise direction (mm)
£

Out-of-plane dispalcement in chordwise

N

0 0 T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Span Extension (%) Span Extension (%)
(a) (b)

Figure 15. Out-of-plane skin deformation for different models (a) Out-of-plane deformation in
chordwise direction. (b) Out-of-plane deformation in thicknesswise direction.

Figure 15 shows that adding riblets and/or ribs reduces the out-of-plane deformation
in both chordwise and thicknesswise directions significantly. In addition, the deformation
after adding the riblets or additional ribs is the same for chordwise out-of-plane deforma-
tion, as shown in Figure 15a. Similar trend exists for the out-of-plane deformation in the
thicknesswise direction beyond 10% span extension. It is clear from Figure 15 that after
adding the riblets, at maximum span extension with pre-tensioned skin, the chordwise
deformation is reduced by 52.8% and the thicknesswise deformation is reduced by 65.3%.

4.5. Aerodynamics of the Inboard Segment

It is essential to determine the influence of the skin deformations on the aerodynamic
efficiency of the inboard segment. Therefore, an aerodynamic analysis is carried out on
the inboard segment only. XFLR5 analysis is carried out by considering the deformation
in the skin due to the aerodynamic pressure during span extension. However, the full
coupling between the aerodynamic loads and the deformation in the skin is not considered.
The airfoil coordinates for modeling the wing in XFLR5 are obtained from the FEM model.
Three span extensions corresponding to 0%, 12.5%, and 25% with three different conditions
(three ribs, three ribs and two riblets, and five ribs) are considered. Figure 16 shows
the wing segment models in XFLR5 with a 25% span extension. Figure 17 presents the
aerodynamic results from the three conditions.

Figure 16. Cont.
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Figure 16. XFLR5 models for 25% span extension with three different geometric conditions. (a) With
three ribs. (b) With three ribs and two riblets. (c) With five ribs.
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Figure 17. Variations of Cy, Cp, L/D, and Cy; with a: (a) Cp vs. a. (b) Cp vs. a. (¢) L/D vs. a. (d) Cpy vs. a.
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The coefficient of lift, C;, for the ASAPP wing segment at 0% span extension with
three ribs and two riblets is higher than that with only three ribs or five ribs, as shown in
Figure 17a. Additionally, the curve matches with the baseline rigid wing segment below
« = 8°. For 12.5% span extension, the wing segment with three ribs and two riblets has the
same lift curve slope as that of the wing segment with five ribs alone, and that is higher
than the wing segment with three ribs alone. This is almost the same for the 25% span
extension wing segment as well. In addition, the curves for 25% span extension with
flexible skin (three ribs and two riblets, and five ribs) are very close to the curve of the rigid
wing segment with the 25% span extension.

The coefficient of drag, Cp, for the ASAPP wing segment at 0% span extension with
three ribs and two riblets and with five ribs alone is same as the baseline wing segment
below & = 7°. Beyond a = 7°, Cp is less than that of the baseline wing segment, as shown
in Figure 17b. In addition, 0% span extension with three ribs alone reduces Cp for above
« = 5° than that of the baseline wing segment. The Cp for 12.5% span extension with five
ribs alone, and three ribs and two riblets are lower than that of with three ribs alone. The
25% span extended wing segment with flexible skin (all conditions) has a reduced Cp
compared to the rigid wing segment with 25% span extension for above & = 4°. The 25%
span extension wing segment with three ribs alone has higher Cp than that of the rigid
wing segment below a = 4°. Below a = 4°, the 25% span extension wing segment with three
ribs and two riblets, and five ribs alone have almost the same Cp as the rigid wing segment.

From Figure 17¢, it is apparent that above a = 5° the 0% span extension wing segment
with three ribs and two riblets has higher aerodynamic efficiency than that of other wing
segments with 0% span extension and the baseline wing segment. However, irrespective
of a, the wing segment with three ribs and two riblets has higher efficiency than that with
three ribs alone and five ribs alone. On the other hand, the 12.5% span extended wing
segment with three ribs and two riblets and five ribs alone has almost the same efficiency
for all «. Above a = 5°, those wing segments have higher efficiency than that of the rigid
wing segment with the 25% span extension. For 25% span extension, the wing segment
with three ribs and two riblets is more efficient than that of the wing segment with five ribs
alone at below « = 4°, and vice versa for above a = 4°. Those are less efficient than the rigid
wing segment with a 25% span extension below a = 4°. The wing segment with three ribs
alone at the 25% span extension is less efficient than that of all other wing segments with
25% span extension. From the aerodynamic efficiency plot, it is clear that, for some cases,
wing segments with three ribs and two riblets are more efficient, while other cases have
similar results to those with five ribs alone. Therefore, having three ribs and two riblets on
the inboard segment of the ASAPP wing is the optimum choice from an aerodynamic point
of view.

Figure 17d shows the coefficient of moment, Cy, for different span extensions and
geometric conditions. In some cases, Cy; varies drastically with &, especially for 12.5%
and 25% span extended wing segments with three ribs alone. In addition, for some wing
segments, Cy is far beyond zero. It is speculated that these variations in the Cy; for the
wing segments with flexible skin are due to the change in airfoil shapes in the spanwise
directions.

4.6. Fuselage

As mentioned earlier, the fuselage accommodates the span extension actuation system.
Moreover, the fuselage must have the structural integrity to withstand the actuation and
aerodynamic loads and provide strong support for spars. Therefore, a frame with a 10 mm
thick acrylic sheet is used to replicate the fuselage of the UAV. In addition, the fuselage
contains acrylic blocks for attaching the linear actuator and the rails, as shown in Figure 18.
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Figure 18. Fuselage frame of the ASAPP wing: (a) Front view. (b) Side view.

4.7. Linear Actuator

The linear actuator for span extension has a maximum thrust of 600 N, a stroke length
of 200 mm, and a weight of 1.04 kg. At the start of span extension, the linear actuator can
exert 131.4 N force on each wing, as shown in Figure 19. The main spar of the wing is
connected to the hinge block by means of hinges and levers.

Force =131.4 N Force =131.4 N
— —_—
1
a n A D
120.6° | 120.6° T
|
1% Lever Main spar
|
Hinge block

Thrust = 600 N

T

Figure 19. Layout of the actuation mechanism.

Linear
actuator

5. Manufacturing and Testing
A rig that replicates the ASAPP wing and the fuselage, is manufactured and assembled,
as shown in Figure 20.

™ain spar

attached to rail Rail

(a)

Figure 20. Cont.
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(b)

Figure 20. Assembled ASAPP wing: (a) Actuation system components. (b) ASAPP wing without
skin. (c) Latex and MonoKote film attached.

Figure 21 shows the ASAPP wing before and after span extension and before and after
pitch variation.

(a) (b)

Figure 21. ASAPP wing pre- and post-morphing: (a) Before and after span extension. (b) Before and

after pitching.

Figure 22 shows the close-up of the latex skin at maximum span extension without
and with one riblet between two ribs. It is clear that the addition of a riblet between ribs
reduces the chordwise Poisson’s contraction.
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(@) (b)

Figure 22. Poisson’s contraction in latex skin at 25% span extension: (a) Without riblet. (b) With riblet.

Then, mechanical testing is carried out to simulate 1-g and 2-g loading scenarios. Static
weight is applied at the wingtip, and the deflections are measured. At 0% span extension,
9.5 N is applied at the wingtip to simulate a 1-g loading case and 16.2 N to simulate a 2-g
loading case. At 1-g, the tip deflection is 3.8% semi-span and 6.7% semi-span at 2-g. At 25%
span extension, 9 N is applied at the wingtip to simulate a 1-g loading scenario and 18.2 N
to simulate a 2-g loading scenario. At 1-g loading, the tip deflection is 6.2% semi-span and
8.8% semi-span at 2-g loading.

6. Conclusions and Future Works

The development of a novel polymorphing wing capable of Active Span extension And
Passive Pitching (ASAPP) is presented. The ASAPP wing utilized active span extension
to enhance the aerodynamic efficiency and passive pitch to alleviate gust and maneuver
loads. A linear actuator, located in the fuselage, is used to actuate span extension. The
ASAPP wing outperformed the baseline (non-morphing wing) in terms of aerodynamic
efficiency without a significant increase in the root bending moment. At cruise, the ASAPP
wing with 0% span extension and 0.5° nose-down pitch angle reduces the RBM by 1.3%
and drag by 1.1% compared to the baseline (non-morphing), mainly due to passive pitch
offloading the tip and shifting the lift distribution inboard. Similarly, at 25% span extension,
a 3.5° nose-down pitch angle results in a drag reduction of 13% and an increment in RBM
by 13.5% when compared with the baseline wing. The gust analysis shows that a torsional
spring with a stiffness of 20 Nm/rad limits the passive pitching angle to a maximum of —6°
in the outboard segment, for the highest gust loading. For the highest gust loading case,
the outboard passive pitching reduces RBM by 28.5% for 0% span extension, and 23.7% for
25% span extension, respectively. Various methods to reduce the out-of-plane deformation
of the flexible skin are investigated, such as skin pre-tension and the addition of riblets. The
analysis of the skin shows that, at maximum span extension with pre-tensioned skin, adding
riblets between ribs reduces the skin deformation by 52.8% and 65.3% in the chordwise and
thicknesswise directions, respectively. An analysis using XFLR5 is carried out to investigate
the effect of skin deformation caused by actuation force and aerodynamic pressure in the
ASAPP wing at different numbers of ribs and riblets on the aerodynamic results at three
span extension conditions: 0%, 12.5%, and 25%. From the aerodynamic point of view, three
ribs and two riblets on the inboard segment of the ASAPP wing is an optimum choice as
it is superior to three ribs and five ribs at many angles of attacks. In addition, the ASAPP
wing with deformed skin exhibits higher aerodynamic efficiency than the rigid wing at
« above 5°. Finally, the manufacturing and integration of the ASAPP wing are detailed,
followed by mechanical testing to confirm structural integrity. The authors are planning to
extend this work by actively controlling the pitch using a flap on the outboard segment.
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Abbreviations

Acronyms

ACARE Adpvisory Council for Aeronautics Research in Europe
AdAR Adaptive Aspect Ratio

ASAPP Active Span morphing And Passive Pitching
EMC Elastomeric Matrix Composite

FOS Factor Of Safety

GNATSpar Gear-driveN Autonomous Twin-Spar
PDMS Polydimethylsiloxane

PLA Polylactic Acid

PTWT Passive Twist WingTip

RBM Root Bending Moment

RSF Root Shear Force

SMA Shape Memory Alloy

VLM Vortex Lattice Method
Nomenclature

Cr coefficient of lift

Cp coefficient of drag

Cum coefficient of moment

L/D lift/drag

o angle of attack

I moment of inertia about elastic axis
kg stiffness of torsional spring

0 nose-down pitch angle

Myinge moment around hinge connecting inboard and outboard wing section
P fluid density

b half chord

Vv velocity

a normalized pitch axis location

C (k) Theodorsen’s transfer function

k reduced frequency

wg gust load velocity

Weyas maximum gust load velocity

H gust gradient
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