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Abstract 

Title: Design and Evaluation of a Variable Camber Morphing Wing with Compliant Flex 

Core and Retractable Wing Skin 

 

Author: Ferruccio Rossi  

 

Advisor: Razvan Rusovici, Ph.D.  

 

Wing morphing was investigated as an alternative to conventional discrete flight control 

surfaces to provide aircraft attitude control, performance, and to enhance wing aerodynamic 

efficiency. A variable camber morphing wing design with 100 cm span and 34 cm chord was 

proposed for small UAVs operated at low velocity. The proposed morphing wing design 

generated trailing edge deflections via the combined action of an inner complaint flex core 

structure and a retractable wing skin. Wing morphing was produced by linear servos that 

extended and retracted the upper and lower wing skin and produced a controlled deformation 

of the inner complaint flex core. Five servos actuated the upper wing skin, and five servos 

actuated the lower wing skin. The quantity of servos required to actuate the wing skin 

without inducing failure was determined using the maximum strain failure criteria for 

composites. The maximum power required by each servo was 1 W, the maximum force 

required by each servo was 70 N, and the maximum actuator stroke required by each servo 

was 7 mm. The morphing wing could maintain a quasi-seamless profile while in the morphed 

configuration and non-morphed configuration, except for a 1.5 mm step near the leading 

edge. The thickness of the compliant flex core structure and retractable wing skin was 

tailored to achieve trailing edge deflections from -50° to +50° via a multi-objective 

optimization study. The wing skin was found to be susceptible to buckling under actuation 

loading, with maximum deformations of 3 mm. The largest stress generated during wing 

morphing was 450 MPa at 50° trailing edge deflection. A comparative CFD analysis 

performed at velocities of 10 m/s, 20 m/s, and 30 m/s suggested that the morphing wing 

generated more lift compared to a non-morphing baseline wing with flap over a limited range 

of drag coefficients from 0.025 to 0.125. A limited aeroelastic analysis conducted via a one-

way fluid-structure interaction revealed that the optimized morphing wing structure 

experienced small uncommanded trailing edge deformations that did not exceed 2.25 mm 

and stress that did not exceed 110 MPa when subjected to air loads induced by velocities of 

10 m/s, 20 m/s, and 30 m/s. 
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Outline 

Chapter 1 presents the motivation behind this thesis and provides a literature review of wing 

morphing research. The objective of this thesis is described at the end of this chapter. 

Chapter 2 presents the design, working principle, and actuation of the proposed morphing 

wing. 

 

Chapter 3 covers the multi-objective optimization to determine the ideal thickness for the 

morphing wing compliant structure.  

 

Chapter 4 outlines the methodology used to determine the actuation force, actuator stroke, 

trailing edge displacement, actuation power, and quantity of actuators required by the 

morphing wing to achieve the target deflection angles.  

 

Chapter 5 studies the morphing wing aerodynamics via a comparative CFD evaluation with 

a NACA 0012 baseline wing with flap.  

 

Chapter 6 covers a limited aeroelastic analysis of the morphing wing conducted with the 

one-way fluid-structure interaction approach. 

 

Chapter 7 presents the conclusions and final evaluation of the proposed morphing wing 

design together with recommendations for future work. 
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Chapter 1 

Introduction 

 
This chapter presents the motivation behind this thesis and a literature review of wing 

morphing research. The thesis objective is presented at the end of this chapter.  

 

Motivation 

Discrete flight control surfaces provide a well-established method to achieve aircraft attitude 

control and performance requirements. The discrete geometry of conventional flight control 

surfaces generates spanwise gaps, discontinuities, and sharp corners which can limit wing 

aerodynamic efficiency. The current state of discrete flight control surfaces presents an 

opportunity to investigate new engineering designs to meet aircraft control and performance 

requirements while improving wing aerodynamics. Wing morphing is proposed in this thesis 

as a potential alternative to conventional discrete flight control surfaces. A morphing wing 

generates the aerodynamic forces necessary for aircraft attitude control and performance via 

a seamless, continuous shape change free of gaps and discontinuities. However, wing 

morphing presents a major engineering challenge for aerospace structures. A morphing wing 

requires an internal structure capable of producing controlled compliant deformations to 

accommodate wing shape change while maintaining enough rigidity to withstand 

aerodynamic loads. Structural compliance and structural rigidity are opposite design 

requirements that must be simultaneously satisfied in a morphing wing design. Due to this 

complexity, morphing wing applications are mostly limited to small UAVs. Advancements 

in the field of materials and compliant structures could eventually reach a state of maturity 

where morphing wing designs are integrated into larger manned aircraft. This thesis 

proposed and evaluated a variable camber morphing wing design to advance wing morphing 

as an alternative to discrete flight control surfaces to provide aircraft attitude control, 

performance, and improve wing aerodynamics.  
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Wing Morphing Literature Review 

Wing morphing is a current area of research in the field of aerospace structures. Patel et al. 

[33] defined wing morphing as a seamless, continuous change of the wing shape to provide 

some aerodynamic advantage during flight. A morphing wing is capable of changing its 

shape to produce a controlled effect on the aerodynamic forces. The concept of wing 

morphing is not a novelty and has been studied for more than a century. Culick et al. [11] 

stated that at the dawn of powered aviation, the Wright Brothers themselves relied on a 

rudimentary form of wing morphing to control their Wright Flyer, the first heavier than air 

powered aircraft. It is interesting to note that not only were the Wright Brothers the first in 

flight, but they also pioneered wing morphing. Morphing wings are structurally different 

from conventional wings. A morphing wing relies on a compliant internal wing structure 

capable of producing continuous shape changes via elastic deformations. On the other hand, 

a conventional wing structure is mostly rigid (designed to withstand only some degree of 

flexing) and it is equipped with discrete flight control surfaces. The deflection of the discrete 

flight control surfaces provides aircraft attitude control and the required performance for a 

conventional wing. Examples of flight control surfaces installed on conventional wings are 

ailerons, flaps, slats, spoilers, and trim tabs. For the empennage, the most common flight 

control surfaces are elevator, rudder, and trim tabs. The discrete nature of conventional flight 

control surfaces generates gaps, discontinuities, and sharp corners along the wingspan when 

the surfaces are deflected. Current research suggests that the aerodynamic inefficiencies 

generated by such gaps, discontinuities, and sharp corners could be reduced by implementing 

morphing wing designs capable of producing seamless, continuous wing shape changes. 

However, morphing wing designs are a modern engineering challenge due to the multiple 

tradeoffs that must be satisfied. A morphing wing structure must be flexible enough to 

produce the required shape change while at the same time it must maintain sufficient rigidity 

to withstand the aerodynamic loads experienced during flight. Both conditions must be met 

while the wing is in the morphed and non-morphed state. Flexibility and load bearing 

capabilities are opposite requirements that must be simultaneously satisfied in a morphing 

wing design, hence the engineering challenge.   

 

Montgomery et al. [31] found potential benefits for morphing wing designs capable of 

producing a camber change through trailing edge deflections. The authors compared the 

aerodynamic efficiency of morphing and non-morphing wings in terms of induced drag and 

total drag. The study revealed that continuous control surfaces with no gaps or discontinuities 

in the spanwise direction can reduce induced drag up to 5% when compared to traditional 

discrete control surfaces. Furthermore, the authors found that a morphing wing capable of 

producing a continuous parabolic trailing edge deflection in the spanwise direction can 

reduce total drag by 4.5% compared to a conventional wing with discrete, articulated control 

surfaces.  

 

Hunsaker et al. [19] presents a comparative study of conventional flaps and parabolic flaps 

based on ideal aerodynamics. The authors found that a parabolically shaped flap produced 

the same change in lift of a conventional articulated flap with only 65% to 80% of the 
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required deflection. Furthermore, the authors found that a parabolic flap produced pitching 

moments that are 5% to 50% superior to the ones of a conventional flap. The study promised 

potential aerodynamic benefits for a morphing wing capable of producing parabolic trailing 

edge deformations. 

Chae et al. [8] investigated a morphing wing with a sinusoidal trailing edge design to 

eliminate chordwise and spanwise gaps and discontinuities that cause vortices and flow 

separation. The proposed trailing edge design was found to outperform the lift to drag ratio 

of a conventional wing for a limited angle of attack range and for lift coefficients higher than 

0.8. 

Wing morphing can be achieved via different morphing modes. Barbarino et al. [3] reviewed 

different wing morphing modes and grouped them in three categories: planform wing 

morphing, out of plane wing morphing, and airfoil morphing. Planform wing morphing is 

generated via shape changes in the wing sweep, span, or chord. Out of plane wing morphing 

is produced by changes in the wing twist, dihedral, or by bending in the spanwise direction. 

Airfoil morphing relies on changes to the airfoil camber and thickness. The authors revealed 

that airfoil camber morphing is the most researched mode for morphing aircraft applications, 

while conventional actuators were found to be the most used actuation systems to produce 

this morphing mode. This is because conventional actuators promise to produce the actuation 

forces required to sustain subsonic flight applications. Other actuation systems presented by 

the authors to achieve airfoil camber morphing are based on smart materials such as Shape 

Memory Alloy (SMA) actuators and Piezoelectric (PZT) actuators. SMA actuators were 

found to be able to produce large strains, but the performance of such actuators can be 

hindered by complex systems required to tailor the activation temperature of the SMA. On 

the other hand, PZT actuators were found to be more suitable for small Unmanned Air 

Vehicles (UAVs) and Micro Air Vehicles (MAVs) applications. The authors conclude that 

while current wing morphing technology is not yet ready for integration into large aircraft, 

small UAVs offer a promising test bed for wing morphing in the present term.  

 

Martins [28] examined the morphing modes proposed by Barbarino et al. [3] (planform wing 

morphing, out of plane wing morphing, and airfoil morphing) to reduce fuel consumption in 

commercial aircraft. Planform morphing modes were evaluated by means of variable sweep 

and variable span. The author found that the advantages of variable sweep are negated by 

the additional weight required to reinforce the wing-fuselage interface, while variable span 

was found to provide no meaningful advantage for commercial applications, where large 

spans are preferred to reduce induced drag, which is approximately 30% of the total drag for 

the average commercial aircraft. The author analyzed out of plane morphing in terms of wing 

twist and variable dihedral. In theory, wing twist can produce a continuous smooth surface 

and reduce drag by eliminating gaps and discontinuities typical of conventional control 

surfaces. In practice, wing twist presents a structural tradeoff problem: the flexibility 

required to morph the wing shape is opposed by the rigidity required to withstand 

aerodynamic loads. As a result, adverse aeroelastic phenomena can be induced. The author 

reported that variable dihedral is mostly overlooked because it provided minimal effects on 

aerodynamic performance. Other potential applications for the wing twist concept mentioned 
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by the author included aircraft control, gust load alleviation, and maneuver load alleviation. 

The author presented airfoil camber control by means of trailing edge morphing as the 

simplest morphing design achievable, since a morphing trailing edge can be integrated into 

the wing without affecting the wing box. The simplicity of the morphing trailing edge design 

validated the findings by Barbarino et al. [3], who presented airfoil morphing as the most 

researched morphing mode. Martins [28] stated that morphing trailing edges capable of 

producing a smooth, continuous morphed surface offer drag reductions and could potentially 

replace conventional hinged ailerons. However, morphing designs were found to be unable 

to replace modern high lift devices such as slats and flaps. Overall, the author estimated that 

commercial aircraft could reduce fuel consumption from 3% to 10% by implementing a 

successful morphing trailing edge design. This study shows that wing morphing can produce 

potential aerodynamic benefits. However, such gains can be negated by the challenging 

design tradeoffs of a morphing wing design.  

 

Compliant structures play a major role in the design of a morphing wing. Every morphing 

wing design discussed in this literature presented some degree of structural compliance that 

was required to produce the morphed wing shape. Kota et al. [26] defined compliant 

mechanisms as hinge-less structures capable of deforming or transmitting a force through 

elastic deformation.  The authors proposed compliant mechanisms for applications in wings 

with variable leading edge and trailing edge geometry. Such compliant mechanisms shall 

retain structural integrity and rigidity under aerodynamic loads, but at the same be complaint 

enough to deform under reasonable actuation energy. In simple terms, the compliant 

structure needs to “give” to produce tolerable elastic deformations while maintaining rigidity 

to withstand aerodynamic loads. The authors theorized that compliant mechanisms offer a 

series of advantages over hinged structures such as low complexity, no mechanical backlash, 

no wear, simpler manufacturing, potential weight savings, and increased fatigue resistance. 

The authors justified he study of compliant structures for wing morphing by comparing 

experimental wind tunnel test results for a compliant airfoil to a traditional flapped airfoil. 

The results showed that an airfoil with a conventional flap at the 20% chord location 

experienced a larger drag due to flow separation induced by the sharp curvature produced 

on the top airfoil surface when the flap is deflected downward. On the other hand, the 

morphing airfoil produced a smoother curvature that kept the flow attached to the airfoil 

surface for longer, resulting in reduced separation and lower drag.  

 

While most of the literature presented in this thesis explored wing morphing designs based 

on conventional actuators, examples of wing morphing designs via smart materials actuation 

were also explored. Kamila [23] defined smart materials as a set of materials “activated” by 

an external stimulus that produces a change in the physical properties of the material. After 

the external stimulus is removed, smart materials return to their original state. The author 

listed examples of external stimuli that can produce smart material response such as 

mechanical strain, voltage, magnetic field, temperature, and pressure. If the external stimulus 

is purposely induced in a controlled fashion, smart materials become suitable for engineering 

applications such as actuators, dampers, and sensing devices. Piezoelectric (PZT) materials 

and Shape Memory Alloy (SMA) materials were both classified as smart materials.  
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Piezoelectric materials produce a voltage when the material undergoes a strain. Reversely, 

piezoelectric materials strain when a voltage is applied. When used for wing morphing 

applications, piezoelectric materials are commonly used in the Macro Fiber Composite 

(MFC) configuration. Kimaru et al. [25] described the composition and functioning of 

piezoelectric MFC patches. The MFC is a flexible sheet consisting of a layer of piezoelectric 

rods enclosed in sheets of epoxy and polyamide films containing electrodes. The thin, flat 

nature of the MFC makes it suitable for bonding to surfaces such as the wing skin, to which 

the MFC can conform seamlessly. MFC patches can induce bending, torsion, expansion, and 

contractions in the underlying structure to which they are bonded, providing the structure is 

flexible enough to produce the strains induced by the MFC. This limits the use of MFC 

patches to thin, flexible surfaces only. 

 

Bilgen et al. [5] found that the greatest challenge for morphing wings actuated by smart 

materials was the need for thin structures to provide sufficient morphing to control the 

aerodynamic forces while also withstanding air loads and adverse effects such as divergence 

and flutter. Furthermore, the authors identified two flaws of piezoelectric actuation: high 

voltage input required and hysteretic behavior during actuation. The authors proposed a 

Novel, Bi-Directional, Variable Camber Airfoil actuated by the combined action of four 

MFC patches and a compliant box structure. The airfoil skin was made of thin stainless-steel 

sheets. The MFC patches were sandwiched on the top and bottom airfoil skins in a bimorph 

configuration to produce the airfoil shape change, while the movement of the compliant box 

allowed the wing skin to comply with the deformation by traveling forward and aft. A 

concept airfoil model was fabricated and tested. The authors obtained trailing edge 

displacements in the order of 15 mm during bench testing of the prototype. Aerodynamic 

analysis conducted on the morphing airfoil at low airspeed with input voltages up to 1,400 

V found that a voltage of 700 V was required to obtain a lift to drag ratio of 26.7, the 

maximum recorded for this morphing airfoil.  

Henry et. al. [17] conducted a structural optimization study of a morphing wing to maximize 

flutter speed and wing rolling moment. The wing considered for the analysis was a piezo 

actuated compliant morphing wing for a small aircraft model with a speed of 30 m/s. Wing 

morphing was induced by piezo patches in a bimorph configurations on the upper and lower 

wing skin with an operational voltage range from -500 to +1,500 V. The wing structure was 

composed of a rigid composite leading edge and a set of compliant ribs with an internal 

network of flexible trusses. The wing skin in the lower trailing edge area was a corrugated 

glass fiber reinforced polymer. The study revealed that flutter speed and rolling moment 

were conflicting design parameters, as higher flutter speed required greater structural 

rigidity. However, rigidity reduced the compliance of the structure, thus limiting the rolling 

moment produced by the wing. This study showed that aeroelastic effects such as flutter are 

a major limitation in the design of morphing wings, regardless of the type of actuation used 

to produce wing morphing. 

Shape Memory Alloys (SMAs) were analyzed for wing morphing applications. Stellito et al. 

[37] defined SMAs as metallic alloys that revert to their original shape when subjected to a 

temperature change that causes the crystal structure of the material to change from 
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martensitic to austenitic. The material is said to “remember” its original shape; hence, the 

term “shape memory”. The authors presented NiTiNOL (Nickel Titanium Naval Ordnance 

Laboratory) alloy as one of the most widely used SMAs. Examples of morphing wing 

designs actuated by SMAs are presented next.  

Campos de Almeida et al. [7] studied the feasibility of using a NiTi wire to produce camber 

morphing in a compliant wing rib. The NiTi wire was connected to a compliant trailing edge 

on one end and to a rigid structure on the other end. The morphing trailing edge proposed by 

the authors could achieve downward deflections up to 6.4°. The authors found that the 

morphing airfoil produced superior lift to drag ratios compared to a conventional flapped 

airfoil for small angles of attack (less than 1.5°). For angles of attack greater than 1.5°, the 

morphing airfoil was found to perform similarity to the flapped airfoil. 

Kang et al. [24] designed a morphing wing using SMA wires to induce trailing edge 

deflections. The objective of the study was to propose seamless wing morphing to minimize 

the aerodynamic inefficiencies caused by the discontinuities of conventional flaps. In the 

proposed design, trailing edge deflections were produced by an internal mechanism 

consisting of a quadrilateral frame connected to the wing skin and 6 SMA wires oriented in 

a U-configuration. The activation of the SMA wires applied a force to the quadrilateral 

frame. The displacement of the quadrilateral frame generated a downward trailing edge 

deflection. A single SMA wire reached a peak load of 25 N with 0.7 A current for 1.47 W 

power. When current exceeded 0.8 A, the single SMA wire became overheated, and the 

maximum force output decreased. The morphing wing prototype built by the authors 

demonstrated a nonlinear increase in deflection angle as applied current increased, with a 

maximum deflection of 21° at 3.3 A total current (0.25 A-0.55 A per wire). Comparative 

aerodynamic analysis found that the proposed airfoil could produce a lift to drag ratio of 

14.05 with a 15.8° deflection at 20 m/s versus a 12.81 lift to drag ratio produced by the 

undeformed airfoil.   

The available wing morphing literature was examined to evaluate other means of actuation 

other than smart materials and conventional actuators. The literature search revealed that 

Rubber Muscles Actuators (RMAs) have been studied as potential actuators for morphing 

wings. RMAs are flexible elastomers actuated by air pressure that can be used to generate 

the loads required for wing morphing. A morphing wing actuated by RMAs is presented by 

Peel et al. [34]. The design consisted of a rigid central wing box connected to a composite 

skin. The upper wing skin had a hinged connection to the central wing box. The upper and 

lower trailing edge skins were not continuous and could slide relative to each other at the 

trailing edge aft-most point. The relative sliding decreased the load experienced by the wing 

skin to prevent skin wrinkling and buckling. The prototype built by the authors could achieve 

deflections of 23° for the leading edge and 15° for the trailing edge with the RMAs actuated 

at a pressure of 45 psi. The authors had to refine the RMA fabrication to resolve leaks that 

rendered the RMAs inoperable. This study showed that RMAs can produce large loads for 

wing morphing applications (up to 406 lbs) but they are prone to leakages if not fabricated 

correctly and can result in a safety hazard due to the high operating pressures. While the 
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failure of a conventional actuator doesn’t cause damage to the surrounding wing structure, 

the burst pressure failure of RMAs can potentially damage the surrounding components.   

 

Wing morphing designs by means of conventional actuators are presented next. Most designs 

investigated in the literature were found to rely on linear actuators for trailing edge morphing, 

which was found to be the most studied morphing mode. This confirmed the findings by 

Barbarino et al. [3] and Martins [28]. Woods et al. [41] conducted wing tunnel testing on a 

morphing wing denominated Fish Bone Active Camber (FishBAC). The FishBAC concept 

was proposed by the authors as a mean to achieve seamless camber change for applications 

ranging from aircraft wings to helicopter blades. The FishBAC was inspired to a fish 

skeleton: a compliant central beam in the chord-wise direction resembled the fish spine, 

while a series of stringers attached to the central beam resembled fish ribs. The spine and 

ribs made up the compliant element of the FishBAC. A tensioned elastomer was used as the 

wing skin. The FishBAC was actuated by tendons connected to the trailing edge and to a 

pulley located in the leading edge. The pulley rotation generated a force that deflected the 

trailing edge. The leading edge was a hollow, rigid structure that absorbed the loads while 

housing the pulley. Comparative wind tunnel testing with a traditional flapped airfoil showed 

potential improvements in the lift to drag ratio. The authors found that the FishBAC could 

maintain 95% of its maximum lift-to-drag ratio over an angle of attack range of 9.05°, while 

the range of the flapped airfoil was only 3.6°. Overall, the FishBAC outperformed the flapped 

airfoil by producing a lift to drag ratio increase from 20% to 25% for an angle of attack range 

from 5° to 10°. 

 

Şahin et al. [36] investigated a novel compliant Scissor-Structural Mechanism (SSM) to 

generate trailing edge deflections in a morphing wing. The SSM was designed to operate 

like a four-bar-mechanism composed of six hinged links denominated Scissor-Like Elements 

(SLEs). The torque required to actuate the SSM was found to be minimal in in vacuo 

conditions, but it increased significantly when the trailing edge was subjected to 

aerodynamic forces. As demonstrated by Henry et. al. [17], this finding showed that 

aeroelastic effects are a major parameter in a morphing wing design. The authors concluded 

that a characterization of the aerodynamic loading experienced by the structure was 

necessary to define the actuator requirements and links requirements for the SSM design. 

Nie et al. [32] proposed an Active Compliant Trailing Edge (ACTE) concept where 

morphing was induced by the relative sliding of the upper and lower trailing edge skin. This 

design divided the wing skin in two separate surfaces that were not continuous. This allowed 

the upper and lower skin to slide relative to each other at the trailing edge. A set of internal 

ribs and stringers was used to maintain the shape of the trailing edge and withstand out of 

plane loads. The trailing edge was connected to a rigid, hollow leading edge wing box. 

Aerodynamic analysis of the ACTE revealed potential benefits in low subsonic regimes 

(Mach 0.2). For low subsonic flight at different angles of attack, the ACTE showed a 14.3% 

increase in the maximum lift to drag ratio compared to a standard NACA 0012 airfoil, and 

an increase of 24.5% compared to a conventional flapped airfoil.  
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Communier et al. [10] compared a Morphing Trailing Edge (MTE) design with vertical slits 

to a conventional aileron. This concept used the vertical slits as pivots to induce a deflection 

in the trailing edge when a torque was applied by a servo motor. Deeper slits produced larger 

trailing edge deflections, but had negative effects of the stress generated in the structure. A 

prototype was built and wind tunnel tested. The MET was found to produce less drag but 

also less lift compared to a conventional aileron. When considering the lift to drag ratio, the 

MTE was found to outperform the conventional aileron for angles of attack from -10° to 10° 
at an airspeed of 15 m/s. The authors concluded that the current required to operate the MTE 

(up to 70 mA) far exceeded the current requirements of the conventional aileron (3.5 mA). 

This showed that the potential aerodynamic benefits of morphing wing designs can be 

negated by the power requirements needed to actuate morphing structures.  

Chanzy et. al. [9] designed and flight tested a wing with morphing trailing edge for a small 

UAV with maximum takeoff weight of 15 kg and a cruise speed of 30 m/s. Trailing edge 

morphing was produced by two Nylon caps connected to a Polystyrene wing skin and 

controlled by a servo. The relative sliding of the two Nylon caps enabled the trailing edge 

deflection, in a similar fashion to the design proposed by Nie et. al [32]. The proposed 

morphing wing was flight tested on a small UAV. The authors found that the UAV equipped 

with the morphing wing showed an inferior roll rate and inferior roll response time compared 

to the same UAV equipped with a conventional aileron configuration. However, the 

morphing wing maintained an acceptable maneuverability. 

Di Palma et al. [13] classified uncommented chordwise deflections as one of the main 

challenges in the development of a camber morphing wing. The authors stated that the 

pressure differential between the bottom and top of the airfoil can induce uncommanded 

trailing edge deflection, resulting in adverse aeroelastic effects. The authors’ objective was 

to reduce adverse aeroelastic effects by means of an internal, rigid cantilever beam connected 

to the main spar. The beam extended through the morphing trailing edge in the chordwise 

direction and conformed to the deflected trailing edge profile. This enabled downward 

deflections and prevented uncommanded upward deflections. The authors determined that 

the length of the cantilever beam needed to be tailored to meet the desired deflection 

requirements: a longer cantilever beam allowed smaller downward deflections, but was most 

effective at preventing unwanted upward deflections. On the other hand, a shorter cantilever 

beam allowed larger downward deflections, but was less effective at preventing 

uncommanded upward deflections. The cantilever beam design proposed by the authors 

could only be applied to morphing wings that aim to achieve downward deflections. This is 

because the fixed nature of the cantilever beam did not allow upward deflections. 

Monner et al. [30] studied a seamless adaptive leading edge concept for high lift applications. 

This concept was intended to operate similarly to droop nose found on the A380 leading 

edge. The design objective was to eliminate the gaps of conventional slat devices. The 

authors claimed that such slat gaps are responsible for inducing aerodynamic inefficiencies 

and noise. A basic concept model was proposed. The basic model consisted of a composite 

skin connected to an internal system of beams. The concept revealed that leading edge 

deflection of 20° could be achieved. The wing skin was a composite laminate of carbon fiber 
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and glass fiber capable of withstanding the large strains and stresses during morphing. The 

downward deflection of the structure was found to induce simultaneous tensile and 

compressive stresses of 350 MPa in and 250 MPa in the wing skin. The conceptual study 

showed promise for a morphing leading edge design capable of achieving large. 

Furthermore, the authors presented composite laminates for wing skin applications were 

large strains and stresses are induced during morphing.  

The designs investigated so far relied on either leading edge or trailing edge morphing to 

produce camber change. The literature presented next investigated designs that relied on a 

combination of trailing edge and leading edge morphing to produce camber change. De 

Gaspari et al. [12] designed a compliant wing structure with morphing leading edge and 

trailing edge. Wing morphing was produced by linear actuators that induced a shape change 

through a compliant network of flexible nodes located in the leading and trailing edge. 

Leading edge deformation was induced by a force applied to the internal compliant network 

that then transmitted the force to the wing skin. Trailing edge deformation was induced by a 

push-pull force applied to the lower wing skin, which was free to slide forward and aft along 

the wing contour, while the upper wing skin remained anchored. The actuation force was 

distributed from the inner compliant links to trailing edge skin, which could achieve both 

downward and upward deflections. Using CFD analysis and wind tunnel testing the authors 

showed that a combination of leading edge and trailing edge morphing provided a larger lift 

coefficient compared to the baseline airfoil under the same test conditions. The authors 

classified aeroelastic deformations as a major impact factor in the analysis of morphing 

wings. 

Zhang et al. [46] proposed a morphing wing conceptually similar to the one by De Gaspari 

et al. [12]. The design consisted of a leading edge and trailing edge capable of independent 

morphing via an internal network of compliant trusses. Leading edge morphing was induced 

by a linear actuator that applied a force to the inner compliant mechanism. The compliant 

mechanism transferred the force to the wing skin inducing a downward leading edge 

deflection. On the other hand, the trailing edge deflection was induced by the coupled action 

of an inner compliant mechanism and skin sliding. Two linear actuators were required to 

produce this effect: a first linear actuator applied a force to the inner trailing edge compliant 

mechanism that then transferred it to the upper trailing edge skin. At the same time, a second 

linear actuator retracted the lower trailing edge skin. The downward force applied by the 

compliant mechanism combined with the retraction of the lower trailing edge skin resulted 

in a net downward deflection of the trailing edge. The prototype built by the authors was 

able to achieve leading edge deflections up to 27° and a trailing edge deflections up to 40°. 
 

Joo et al. [22] expressed the need for more fuel-efficient wing designs to reduce the Air 

Force’s fuel expenses, which the authors found to account for 8% of the Air Force’s total 

budget. The authors estimated that a morphing camber promised superior lift to drag ratios 

compared to a flap at low deflection angles. The authors propose the Variable Camber 

Compliant Wing (VCCW) developed by the Air Force Research Laboratory (AFRL) to 

address the adverse aerodynamic effects produced by gaps and discontinuities in 

conventional flight control surfaces. The VCCW was capable of both chordwise and 
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spanwise camber control via inner compliant mechanisms located in the leading edge and 

trailing edge. The skin was made of a continuous composite material. The undeformed 

VCCW resembled a NACA 2410 airfoil, which could morph to resemble a NACA 4410, 

NACA6410, and NACA 8410. Aerodynamic analysis revealed that the VCCW had a 

maximum lift to drag ratio inferior to the target wing geometries. Wind tunnel tests aimed at 

calculating the out of plane deformation of the VCCW under air loads found leading edge 

deformations of 1 mm, while the deformations observed in the trailing edge were in excess 

of 3 mm.  

 

The literature revealed that camber control via a combination of trailing edge and leading-

edge morphing can produce potential aerodynamic benefits (De Gaspari et al. [12]) and 

achieve relatively large deflections (Zhang et al. [46]). However, the inner compliant 

mechanisms required to achieve such deflections were found to be complex.  

The potential benefits of wing morphing in the spanwise direction are investigated by 

Montgomery et al. [31]. The authors found that spanwise continuous control surfaces can 

reduce induced drag up to 5% when compared to conventional control surfaces with 

spanwise gaps and discontinuities. Furthermore, the authors stated that a morphing wing 

capable of producing a continuous parabolic trailing edge deflection in the spanwise 

direction can reduce total drag by 4.5% compared to a conventional wing with discrete, 

articulated control surfaces.  

Chae et al. [8] investigated the aerodynamic performance of a Spanwise Morphing Trailing 

Edge (SMTE) design capable of producing a continuous, sinusoidal trailing edge shape. The 

design was proposed as a potential solution to eliminate chordwise and spanwise trailing 

edge gaps and discontinuities that generate vortices and separation. The authors used CFD 

simulations to compare a NACA 0012 morphing wing to a conventional NACA 0012 in 

terms of lift to drag ratio over a range of angles of attack and lift coefficients. The wing 

model used for the simulations had a 0.31 m chord, 1 m span, and was tested at 10 m/s 

airspeed with a k-ω Shear Stress Transport (SST) turbulence model. The simulations 

revealed that the morphing wing outperformed the lift to drag ratio of the conventional wing 

for limited angles of attack. When comparing the lift to drag ratio over a range of lift 

coefficients, the morphing wing achieved superior lift to drag ratios for lift coefficients 

higher than 0.8.  

The studies by Montgomery et al. [31] and Chae et al. [8] suggested potential benefits for 

spanwise continuous wing morphing. However, the different sections of a morphing trailing 

edge must remain seamlessly connected to produce this advantage. This can be challenging 

since the different morphing sections must be connected by a transition able to passively 

deform following the morphing surfaces. To address this concern, Woods et al. [42] 

proposed a compliant wing transition to reduce the adverse aerodynamic effects induced by 

trailing edge gaps that originate when flight control surfaces are deflected. The proposed 

design was a smooth, flexible transition denominated MELD (Morphing, Elastically LofteD) 

able to passively morph its shape to accommodate the deflections of a morphing camber 

wing. In a passive morphing device like the MELD, morphing is induced by the deflection 
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of neighboring flight control surfaces rather than internal actuation. As the neighboring flight 

control surfaces are deflected, a series of inner compliant skewed corrugations generated a 

combination of bending and twisting in the MELD that sealed the gaps with a seamless, 

continuous transition. A flexible elastomeric material was used for the outer skin of the 

MELD. CFD analysis of a MELD-like model showed reduced vorticity and a 7% 

improvement in lift to drag ratio compared to a conventional wing with trailing edge gaps 

and discontinuities. 

The need for a wing skin able to withstand out plane loads while maintaining sufficient 

flexibility to comply with morphing was identified as a key parameter by Barbarino et al. 

[3]. Morphing wing designs analyzed so far relied on a bulk material skin that did not have 

any morphing property. Rather, it complied with the morphed shaped of the internal 

structure, and generated stresses and strains in the process. At times, the stresses could be 

significant, as demonstrated by Monner et al. [30]. The literature presented next analyzed 

morphing skin designs as an alternative to bulk material skins. In a morphing skin design, 

the skin itself becomes a morphing element. In most cases, this requires the skin to be 

designed as a network of small, compliant units. The design requirements for a morphing 

skin were explored by You et al. [43]. First, the skin shall have enough flexibility to allow 

in plane morphing to comply with the deformations required to achieve the morphed shape. 

Second, the skin shall have sufficient rigidity to withstand out of plane deformations induced 

by the aerodynamic forces. The authors investigated lattice structures as candidates for 

morphing skin structures. The authors identified five design criteria that must be satisfied by 

a lattice structure morphing skin: 1) the lattice structure shall withstand the stresses and 

strains produced by shear loads, 2) minimize out of plane deformations induced by 

aerodynamic forces, 3) minimize surface wrinkles that produce stress concentrations and 

hinder aerodynamic efficiency, 4) required low actuation force, and 5) have low material 

density to minimize weight. The authors used FEA to evaluate different lattice structures 

against the five requirements listed above. The lattice structures were honeycomb, auxetic 

honeycomb, chiral, and zero Poisson honeycomb. Finite element analysis showed that all the 

proposed lattice structure failed to meet the required stresses and experienced plastic 

deformation. Furthermore, the proposed lattice structures experienced out of plane 

deformation when subjected to aerodynamic loading.  

 

In a follow up study, You et al. [44] proposed a novel morphing wing skin consisting of a 

series of interconnected gripper pins. The gripper pins could slide forward and aft in the 

chordwise direction to produce compliant wing morphing. Finite element analysis was 

performed to compare the stress generated in the gripper pins skin versus the stress in a 

conventional bulk material wing skin. Aluminum was used for both test samples. The authors 

found the von Mises stress in the gripper skin to be 100 times lower compared to the bulk 

material wing skin, with a factor of safety of 6.98. Furthermore, the bulk material skin 

exceeded the yield strength of aluminum. While this study showed potential benefits for the 

implementation of the gripper pins concept, the study did not take into account the 

complexity required to manufacture such a morphing skin structure.  
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Yu et al. [45] presented a morphing skin concept based on segmented rigid panels. The 

panels were organized in telescopic pairs and were connected to rigid ribs located at both 

ends of the wing span. A total of 21 panels were used in the proposed design. Relative sliding 

of the panels allowed the skin to conform to multiple morphing modes: span morphing, 

dihedral morphing, sweep morphing, and twist morphing. While the authors demonstrated 

the feasibility of a morphing skin design that could enable different morphing modes, the 

relative sliding of the rigid panels generates gaps and stepped discontinuities in the wing skin 

that could degrade the aerodynamic performance. Furthermore, the design was complex. 

Telescopic or segmented wing skin designs like the one proposed by Yu et al. [45] produce 

a “stepped” wing skin geometry in the locations where the different wing skin segments 

overlap. The effects of step depth and step angle on a wing skin were studied by Mishriky et 

al. [29]. The authors found that stepped airfoil profiles generated a turbulent boundary layer 

at the step location that induced additional drag and degraded the lift to drag ratio. This effect 

could be minimized by reducing the step depth. On the other hand, the authors found that 

step angle had no influence on the airfoil aerodynamics.  

All designs presented so far involved some form of airfoil camber morphing. This morphing 

mode was classified as the most researched (Barbarino et al. [3]) and the most promising 

(Martins [28]) to provide aerodynamic benefits. However, it is worth mentioning that 

research is also being conducted to investigate other morphing modes. Some examples of 

alternative wing morphing modes are described next.  

 

Wang et al. [40] developed a morphing wingtip capable of changing its dihedral angle to 

minimize aerodynamic loads in low speed flight regimes. Corrugated panels formed the 

morphing structure, while flexible honeycomb was used to maintain the shape of the leading 

edge and trailing edge. A silicon rubber elastomer was used for the flexible wing skin, while 

linear actuators were used to change the winglet dihedral. Wind tunnel tests revealed a 12% 

in lift coefficient and a 15% change in rolling moment coefficient when the wingtip was in 

the morphed configuration, showing potential benefits for aerodynamic load reduction. 

 

Bishay et al. [6] proposed a morphing wing span design to combine the favorable lift 

characteristics of a high aspect ratio wing with the maneuverability of a low aspect ratio 

wing. This could also provide roll control. Span morphing was produced by linear actuators 

acting on a compliant network of chevrons connected to rigid ribs and two telescoping spars. 

The compression and extension of the flexible chevrons produced span morphing. The 

telescopic spars combined with the extension and contraction of the chevrons allowed the 

span to extend and retract in a seamless way. This eliminated the need for a stepped wing 

skin typically associated with telescopic wing designs. Tensioned latex was used for the wing 

skin. When fully extended, the morphed design produced span changes up to 50%. 

Gamboa et al. [15] designed a variable span telescopic wing for a 25 kg UAV with a dash 

speed below 40 m/s and loiter speeds in the order of 20 m/s. The proposed design had a 0.6 

m chord and a variable span from 3.2 m to 4 m, with a maximum half-span variation of 0.4 

m. The span was designed to be retracted for dash configuration and extended for loiter 
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configuration. The variable span was actuated by a DC motor. The motor was connected to 

a pinion gear which extended and retracted the telescopic span via a guide track that traveled 

inside the wing box. The wing box was the main load bearing element of the design and was 

composed of a polymeric foam sandwiched in a carbon fiber epoxy laminate. The authors 

calculated the mass of the actuation system to be 13% of the total mass, while the structure 

was 87% of the total mass. Finite element analysis and experimental analysis on a fabricated 

prototype were used to study the deflection of the telescopic design under loading. While the 

authors found the deflections induced by the simulated air loads to be acceptable, they 

reported that the deformed structure experienced an increase in the required actuation energy 

from a low of 65 J/cycle to a maximum of 120 J/cycle. The study revealed that large 

aerodynamic loads hindered the performance of the telescopic wing design by deforming the 

structure at the telescopic interface. This deformation generated friction between the sliding 

telescopic parts. This increased the required actuator power. 

 

Geva et al. [16] presented a foldable morphing wing concept for span control on UAVs to 

unify the efficiency of high aspect ratio wings with the maneuverability of low aspect ratio 

wings. The outboard wing section folded through a hinged connection and was “tucked” 

under the fixed inboard wing section. The result was a net span reduction that morphed the 

wing from a high aspect ratio wing into a low aspect ratio wing. However, the folded 

configuration produced a leading edge gap between the two folded airfoils. This gap caused 

adverse aerodynamic effects and hindered the performance of the wing in the folded 

configuration.  

Ivanco et al. [21] evaluated the aeroelastic response of a large scale wing model (9.3 ft span) 

developed by Lockheed Martin as part of the Phase II Morphing Aircraft Structures (MAS) 

program initiated by the Defense Advanced Research Projects Agency (DARPA). The 

design proposed by Lockheed Martin consisted of a wing capable of morphing its span by 

folding itself into a loiter, intermediate, and dash configuration via a double hinge system. 

The foldable regions were covered with a flexible skin material. Wing tunnel tests revealed 

that the model could withstand aerodynamic loads of 1 g when actively morphing, while the 

folded wing configurations could be predicted and reproduced consistently. While the study 

did not reveal any major negative aeroelastic effects, some flutter conditions were observed. 

 

Most of the morphing wing designs examined so far were intended for small unmanned 

aircraft applications. To conclude the literature search, a morphing trailing edge concept 

integrated and flight tested on a large manned aircraft is presented. The morphing trailing 

edge was developed by FlexSys Inc., a company working to advance compliant control 

surfaces in aviation. 

 

Preliminary work done by FlexSys Inc. was documented in the study by Hetrick et al. [18]. 

The authors presented the flight test results of the Mission Adaptive Compliant Wing 

(MACW), a compliant morphing flap developed by FlexSys Inc. The MACW prototype 

designed by the authors could reduce separated flow and drag for different lift envelopes 

through smooth, continuous trailing edge deflections generated by a servo acting on the inner 

compliant structure of the wing. This allowed MACW to achieve superior lift to drag ratios 
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compared to a conventional flap. Flight tests performed at high velocity, high altitude 

conditions (up to 0.55 Mach and 40,000 ft) revealed that the MACW concept offered benefits 

for endurance flight applications. Also, MACW demonstrated a 30° per second trailing edge 

morphing rate under large aerodynamic loads (Mach 0.4). The authors estimated that fuel 

reductions up to 15% could be achieved for aircraft equipped with a MACW-like wing that 

operates with large fuel loads (45% to 55% of the total aircraft weight). Furthermore, the 

authors presented potential benefits in terms of actuation energy. A comparative study found 

that the MACW concept could produce the same deflections of a conventional flap in high 

G maneuvers with 30% less actuation force and 17% less actuator power. MACW’s high 

morphing rate under aerodynamic loading combined with reduced actuator power and force 

showed promise for a morphing wing concept as an alternative to conventional control 

surfaces.   

 

Subsequent work by FlexSys Inc. led to the development of FlexFoil™, a morphing control 

surface capable of generating large deflections from -9° to + 40° via distributed compliance 

via a proprietary internal mechanism. The company claims that a long-range aircraft 

equipped with FlexFoil™ can reduce drag from 5% to 12% offering potential fuel savings. 

Furthermore, FlexFoil™ maintains a gapless continuous transition with the rest of the rest 

of the wing even when deflected [14].  

 

FlexSys technology was installed and flight tested on NASA’s Gulfstream-III Subsonic 

Research Aircraft Testbed (SCRAT) for the Adaptive Compliant Trailing Edge (ACTE) 

project.  The SCRAT was flown with FlexSys morphing trailing edge installed instead of the 

standard aircraft flaps. The objective was to evaluate the compliant morphing trailing edge 

in terms of aerodynamic efficiency and noise reduction [4] [2]. 

 

The relevant findings discussed by the authors were analyzed to identify the key 

requirements for a successful morphing wing design. Airfoil camber morphing was defined 

as the most researched morphing mode by Barbarino et al. [3]. Furthermore, Martins [28] 

identified airfoil camber control as the most promising morphing mode in terms of drag 

reduction. Aerodynamic studies by Montgomery et al. [31], Hunsaker et al. [19], and Chae 

et al. [8] showed potential aerodynamic benefits for morphing wings capable of producing 

smooth, continuous trailing edge morphing. Kota et al. [26] presented compliant structures 

as a key requirement for wing morphing. A morphing wing shall retain structural integrity 

and rigidity under aerodynamic loads, while being able to elastically deform to produce the 

morphed shape change. Reasonable actuation energy is required. Henry et al. [17] showed 

that structural compliance is inversely correlated to air load bearing capabilities. As a result, 

compliant wings structures were found to be more susceptible to adverse aeroelastic effects 

such as flutter compared to traditional wings. Smart materials were investigated for actuation 

applications in morphing wings. Designs actuated by piezoelectric MFCs were proposed by 

Bilgen et al. [5] and Henry et. al. [17]. The studies showed that piezoelectric MFCs could 

conform seamlessly to wing structures, showing potential applications for small UAVs and 

MAVs. However, piezoelectric MFCs required high input power.  Morphing designs 

actuated by SMAs were investigated by Campos de Almeida et al. [7], Kang et al. [24]. 

While SMAs can produce large strains and forces with relatively low power, temperature 
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control of the SMA could increase the design complexity. Morphing trailing edge designs 

by means of conventional actuators were found to be capable of producing relatively large 

deflections (up to 40°), as shown by Zhang et al. [46]. Montgomery et al. [31] and Chae et 

al. [8] suggested potential benefits for spanwise continuous wing morphing in a trailing edge 

with no gaps and discontinuities. A practical solution to trailing edge gaps was proposed by 

Woods et al. [42], who studied a seamless transition to produce a continuous trailing edge 

surface. Barbarino et al. [3] and You et al. [43] [44] discussed the role of the wing skin in a 

morphing wing desing: the skin shall be able to withstand out plane loads while maintaining 

sufficient flexibility to comply with morphing. Wing skin sliding was shown to provide large 

trailing edge deflections and reduce skin stress in the designs by Peel et al. [34], Nie et al. 

[32], Chanzy et. al. [9], De Gaspari et al. [12], and Zhang et al. [46]. Most designs discussed 

in the literature relied on wing skins composed of bulk material such as metals (Bilgen et al. 

[5], Henry et. al. [17]), composites (Peel et al. [34], Nie et al. [32], Monner et al. [30], Zhang 

et al. [46], Joo et al. [22]) or polymers (Kang et al. [24], Chanzy et. al. [9], Di Palma et al. 

[13], Woods et al. [41]). In some instances, bulk material skins were shown to experience 

large stresses during morphing, as demonstrated by Monner et al. [30]. Morphing wing skins 

were evaluated as an alternative to bulk material skins by You et al. [43] [44]. The literature 

revealed that morphing wing skins could potentially withstand higher stresses compared to 

bulk material skins. However, the fabrication of such morphing skins can be complex. 

Furthermore, morphing skins can generate a “stepped” wing geometry which was found to 

reduce aerodynamic performance as shown by Mishriky et al. [29]. The literature presented 

examples of alternative wing morphing designs such as wingtip morphing (Wang et al. [40]), 

span morphing (Bishay et al. [6], Gamboa et al. [15]), and foldable wings (Geva et al. [16], 

Ivanco et al. [21]). Overall, the wing morphing designs presented in the literature were found 

to be not yet ready to be integrated on large scale manned aircraft. However, a morphing 

trailing edge developed by FlexSys Inc. was flight tested on NASA’s manned Gulfstream-

III Subsonic Research Aircraft Testbed (SCRAT) [4] [2]. The FlexFoil™ morphing design 

proposed by FlexSys Inc. is able to achieve large deflections from -9° to + 40° via a 

compliant internal mechanism, and is estimated to offer drag reductions from 5% to 12% for 

long range aircraft [14].  
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Objective 

Wing morphing was proposed in this thesis as an alternative to discrete flight control surfaces 

operated on conventional wings. Small UAVs operated at low velocity are the most used 

testbed for morphing wing designs. The literature showed that that a successful morphing 

wing design for small UAVs must satisfy the following requirements:  

1. The morphing wing shall be designed with an inner compliant structure to produce 

the morphed wing shape.  

2. Wing morphing shall be produced by the controlled deformation of the inner 

compliant structure. 

3. The morphed wing shape shall be achievable with reasonable actuation power and 

reasonable actuation force.  

4. The wing skin shall be seamless and continuous while the wing is in the morphed 

configuration and non-morphed configuration. 

5. The morphing wing shall provide aircraft attitude control and performance, and it 

shall provide some aerodynamic advantage compared to a conventional wing 

equipped with discrete flight control surfaces.  

6. The morphing wing structure shall retain enough rigidity to avoid uncommanded 

deformations and adverse aeroelastic effects induced by air loads. 

 

The objective of this thesis was to generate a morphing wing design for small UAVs operated 

at low velocity and to evaluate the characteristics of the proposed design against the 

morphing wing requirements extracted from the literature.  
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Chapter 2 

Morphing Wing Design and Actuation 

This chapter presents the design, working principle, and actuation of a morphing wing 

proposed for small UAVs operated at low velocity. 

 

Morphing Wing Design 

A variable camber morphing wing design for small UAVs operated at low velocity is 

proposed. The airfoil profile is based on the NACA 0012 airfoil. The NACA 0012 airfoil 

was selected for its symmetrical properties. A symmetrical morphing airfoil can produce 

equal upward and downward trailing edge deflection angles with the same actuation force. 

The symmetrical airfoil design was preferred to the cambered airfoil design. This is because 

the structural asymmetry of cambered airfoils would have required different actuation force 

inputs and additional internal components to produce equal upward and downward trailing 

edge deflections. This would have increased the complexity of the design. Furthermore, the 

NACA 0012 airfoil data is extensively available in the literature. The NACA 0012 airfoil 

coordinates used to generate the morphing wing CAD model were retrieved from the UIUC 

Applied Aerodynamics Group website [39]. The proposed morphing wing design is shown 

in Figure 1-3. The morphing wing CAD model was generated using Creo Parametric 6.0.0.0 

and SpaceClaim in ANSYS Workbench 2020. 

 

 

 

 

 

 

 

 

 

Figure 1 – Morphing Wing Design 
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Figure 2 – Morphing Wing Components 
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Figure 3 – Morphing Wing Dimensions 
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Figure 4 – Morphing Wing Structural Elements to Withstand Air Loads  

The proposed morphing wing design has a chord length of 34 cm and a maximum airfoil 

thickness of 4 cm. The design consists of three main assemblies: leading edge box, 

retractable skin, and flex core. The leading edge box is an aluminum non-morphing structure 

that connects the morphing wing to the fuselage. Guide vanes in the upper and lower section 

of the leading edge box allow the skin to retract and extend as shown in Figure 5 and Figure 

6. The main spar was based on the design by Woods et al. [41]. The main spar serves as the 

attachment point for the flex spine and provides rigidity to the assembly. The flex core and 

the retractable skin are the compliant elements of the proposed design. Both the flex core 

and the retractable skin are made of a carbon fiber epoxy composite. The flex core was 

designed following the FishBAC concept proposed by Woods et al. [41]. The flex core 

consists of a central flex spine connected to 32 flex spars. The flex spine is located at the 

center of the wing box. It is connected to the main spar and to the trailing edge cap. The flex 

spars are connected to the flex spine and to the wing skin. The role of the flex spars is to 

preserve the wing shape during morphing and to prevent out of plane deformations of the 

wing skin induced by air loads. The retractable skin is composed of an upper and lower skin, 

both connected to the trailing edge cap.  De Gaspari et al. [12] and Zhang et al. [46] showed 

that trailing edge deflections could be induced by the retraction and extension of the lower 

wing skin paired with a force applied to the upper skin through a compliant structure. Bilgen 

et al. [5] demonstrated that a compliant box allowed the wing skin to comply with induced 

deformations by traveling forward and aft. In the design presented in this thesis, wing 

morphing is produced by combining the designs elements proposed by Woods et al. [41], 

De Gaspari et al. [12], Zhang et al. [46], and Bilgen et al. [5]. The upper and lower wing 

skins are free to travel inside guide vanes in the leading edge box. The combined extension 

and retraction of the wing skin produces a smooth, continuous trailing edge deflection. The 

trailing edge deflection is limited by the flex spine, which is anchored to the main spar and 

to the trailing edge cap. The flex spine acts as a compliant hinge. Figure 5 and Figure 6 show 

the working principle of the morphing wing. Downward deflection is produced when the 

upper wing skin moves outside the leading edge box (+X travel) and the lower skin moves 

inside the leading edge box (-X travel). Upward deflection is produced when the upper skin 

moves inside the leading edge box (-X travel) and the lower skin moves outside the leading 

edge box (-X travel). The structural elements of the morphing wing are designed to withstand 

the pitching moments, rolling moments, and yawing moments generated about the wing root 

during flight. The function of each structural element is shown in Figure 4. 
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Figure 5 – Morphed Shape with Downward Deflection 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 – Morphed Shape with Upward Deflection 
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Morphing Wing Actuation 

The literature research revealed that the most effective morphing wing designs relied on 

conventional linear actuators as opposed to smart materials to produce the morphed wing 

shape. For the design proposed in this thesis, wing morphing is produced by linear actuators 

and structural compliance without relying on hinged connections. Any linear actuator 

capable of being integrated into the morphing wing and capable of producing the necessary 

force magnitude can be used to actuate the proposed morphing wing design. Morphing wing 

actuation was accomplished with a set of linear servos connected to the retractable skin. The 

servos are integrated into the morphing wing as shown in Figure 7. The servos are installed 

in pairs in the spanwise direction. Slots are extruded in the main spar and in the flex core to 

create space to install the servos. The servos are installed in pairs. Each servo pair is defined 

as an actuator station. Each actuator station consists of an upper skin servo (connected to the 

upper wing skin) and a lower skin servo (connected to the lower wing skin). Each servo is 

connected to the wing skin with brackets attached to the actuator’s rod. The brackets transfer 

the actuation force from the servo to the upper and lower wing skin. The servos at each 

actuator station operate simultaneously in an antagonistic configuration by applying an equal 

force magnitude in opposite directions. As one servo in the actuator station extends the upper 

wing skin, the other servo retracts the lower wing skin and vice versa. The antagonistic 

operation of each servo couple ensures that the actuation force is distributed equally in the 

spanwise direction.  The symmetrical nature of the airfoil allows the morphing wing to 

achieve equal upward and downward trailing edge deflection angles with the same actuation 

force. This allows the morphing wing to operate in a flap and aileron configuration, thus 

eliminating the need for multiple discrete flight control surfaces. The direction and 

magnitude of the actuation force can be controlled to achieve the desired trailing edge 

deflection angle. Increasing the actuation forces produces larger deflections, while reversing 

the direction of the actuation forces produces upward or downward deflections. Multiple 

actuator stations can be used in this morphing wing design. The quantity of servos installed 

in the morphing wing shall be tailored depending on the force required to actuate the wing 

skin. At a minimum, two servos are required: one servo to control the upper wing skin and 

one servo to control the lower wing skin. 
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The servo selected to validate the proposed morphing wing design was the L16-R Miniature 

Linear Servo for RC & Arduino by Actuonix Motion Devices Inc. [1], shown in Figure 8. 

The L16-R is part of the L16 linear actuator series developed by Actuonix Motion Devices 

Inc. [1]. The L16-R is available in different gear ratios and stroke lengths and requires 6 V 

DC current to be operated. The different configurations for the L16-R are shown in Table 1, 

while the Load Curves and Current Curves are presented in Figure 9. The L16-R 

configuration selected for this application was the 150:1 gear ratio with the 50 mm stroke 

option (red curve in Figure 9). In this configuration the L16-R can produce a maximum force 

of 200 N and a maximum stroke of 50 mm. The complete technical specifications of the L16-

R servo can be found in Appendix A.  
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Figure 7 – Morphing Wing with Actuator Stations 

Figure 8 – L16-R Retracted (Left) and Extended (Right) 
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Figure 9 – L16-R Load Curves (Left) and Current Curves (Right) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Table 1 – L16-R Configurations  

(Courtesy of Actuonix Motion Devices Inc.) 
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Discussion 

This chapter presented the design, working principle, and actuation of a variable camber 

morphing wing for small UAVs operated at low velocity. The morphing wing structural 

elements were the leading edge box, retractable skin, and flex core. The wing structure was 

designed to sustain air loads and simultaneously produce the morphed wing shape via 

controlled flex core deformations combined with extension and retraction of the wing skin. 

The force necessary to generate wing morphing was provided by a set of linear servos 

integrated into the wing box and connected to the wing skin. A symmetrical airfoil profile 

was used to achieve equal upward and downward trailing edge deflections with equal 

actuation force. This allows the morphing wing to operate in a flap and aileron configuration 

and eliminates the need for multiple flight control surfaces. The chord length was initially 

intended to be under 30 cm. However, it was later increased by inserting a 5 cm “flat” skin 

section aft of the leading edge box. This added skin section increased the total chord length 

to 34 cm and produced a deviation from the original NACA 0012 airfoil profile. The added 

flat skin section is visible in Figure 3. This flat skin section was required to connect the 

actuator brackets to the wing skin to allow the servos to retract and extend the wing skin: 

since the servos actuate the wing skin via linear motion, the wing skin attachment point to 

the actuator rod must be parallel to the plane of motion of the rod. A step was generated at 

the interface of the leading edge box with the upper and lower wing skin. This step has a 

height of 1.5 mm, and it is required to allow the wing skin to travel inside the guide vanes. 

It is expected that turbulence will be induced at the step locations producing an increase in 

drag, as demonstrated by Mishriky et al. [29].  
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Chapter 3 

Morphing Wing Compliant Structure Optimization 

This chapter presents the multi-objective optimization study to determine the ideal thickness 

for the morphing wing flex core and retractable skin. 

 

Mesh and Boundary Conditions 

The range of trailing edge deflection angles achievable by the proposed morphing wing 

design is dependent on the rigidity of the flex core and retractable wing skin. To achieve the 

desired trailing edge deflection angles, it was necessary to tailor the rigidity of the structural 

elements by optimizing the structure thickness. The optimization was performed using 

structural FEA in ANSYS Workbench 2020. The model used for the optimization study was 

a morphing wing section with 34 cm chord and a reduced span of 50 cm. The wing span was 

limited to 50 cm to reduce mesh element count and increase simulation efficiency. The 

leading edge box was not considered for this analysis since it is a non-morphing assembly, 

and thus it doesn’t provide insight into the morphing capabilities of the design. To further 

simplify the analysis, the servos and the flex core slots necessary to install the servos were 

excluded. The flex core and retractable skin were meshed using shell elements, while the 

trailing edge cap was meshed with solid elements. Shell elements are the preferred 

formulation when meshing thin structures such as wings. A shared mesh topology 

formulation was used instead of manually defined contacts. Shared mesh topology simplified 

the contact problem by connecting the bodies at a mesh level without the need to specify the 

contacts manually. The final grid was defined through a mesh refinement sensitivity study 

consisting of 17 mesh iterations. The element count was increased for each mesh iteration 

by refining the elements in the critical areas. The critical areas were the retractable skin, flex 

spine, and flex spars. The model’s sensitivity to mesh refinement was evaluated in terms of 

trailing edge displacement and stress. An arbitrary force value was applied to the wing skin 

to simulate the force applied by servos and generate a trailing edge deflection. The model’s 

response was considered mesh independent once the change in the parameters of interest 

(trailing edge displacement and stress) became negligible through the successive mesh 

iterations. The mesh sensitivity study revealed that iteration 13 produced the ideal grid. This 

grid consisted of 40,893 elements and 119,916 nodes. It produced a change in trailing edge 

displacement of less than 0.20% from the most refined mesh, and a change in equivalent 

stress, maximum principal stress, and minimum principal stress of less than 2.50% from the 

most refined mesh. These changes were considered negligible, and thus the physics of the 

model were mesh independent. Thus, mesh iteration 13 was used as the selected grid for the 

optimization study. The total simulation run time for the selected grid was 0.2 hours, a 

reasonable run time for this study. The results of the mesh sensitivity study are shown in 

Figure 10-14.   
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Figure 10 – Trailing Edge Displacement Sensitivity to Mesh (Compliant Structure 

Optimization) 

 

Figure 11 – Equivalent Stress Sensitivity to Mesh (Compliant Structure Optimization) 
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Figure 12 – Maximum Principal Stress Sensitivity to Mesh (Compliant Structure 

Optimization) 

 

 

Figure 13 – Minimum Principal Stress Sensitivity to Mesh (Compliant Structure 

Optimization) 
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Figure 15 – Mesh (Compliant Structure Optimization) 

 

 

 

 

 

 

  

 

 

 

 

The grid selected for the optimization study is shown in Figure 15. The quality of the mesh 

was evaluated in terms of element skewness and element quality. Figure 16 shows that 

element skewness was mostly below 0.1 at the critical locations, indicating an excellent 

skewness for most of the model. Figure 17 shows that element quality was mostly equal to 

1 at the critical locations, indicating optimal element quality for most of the model. 
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Figure 14 – Simulation Run Time Sensitivity to Mesh (Compliant Structure Optimization) 
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Figure 16 – Mesh Element Skewness (Compliant Structure Optimization) 

Figure 17 – Mesh Element Quality (Compliant Structure Optimization) 
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Figure 18 – Analytical Boundary Conditions (Compliant Structure Optimization) 

 

Figure 19 – Model Boundary Conditions (Compliant Structure Optimization) 

The boundary conditions for the morphing wing model are shown in Figure 18-20. The 

forward sections of the upper and lower wing skin were modeled as frictionless supports to 

simulate skin sliding inside the guide vanes in the leading edge box. The frictionless support 

boundary condition allowed the skin to travel forward and aft in the plane direction and 

prevented any deformation in the normal direction. The flex spine attachment to the main 

spar was modeled using a fixed support to simulate the attachment point to the main spar. 

Two forces with equal magnitude and opposite direction were applied to the upper and lower 

wing skin to simulate the actuation forces applied by the servos. To simplify the analysis, 

the actuator forces were applied directly to the wing skin. The brackets that connect the 

servos to the wing skin were not included in the model.     
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Multi-Objective Optimization 

After the grid and boundary conditions were defined, an optimization study was performed 

to determine the ideal thickness of the compliant morphing wing structure. The range of 

trailing edge deflection angles achievable by the proposed morphing wing design is a 

function of actuator force, actuator stroke, wing geometry, material properties, and structure 

thickness.  

 
𝐷𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑓(𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝐹𝑜𝑟𝑐𝑒, 𝐴𝑐𝑡𝑢𝑎𝑡𝑜𝑟 𝑆𝑡𝑟𝑜𝑘𝑒, 𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑦, 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙, 𝑆𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) 

 

If these parameters are known, the range of trailing edge deflection angles achievable by the 

morphing wing can be mapped. Once the range of trailing edge deflections is mapped, it can 

be used to evaluate the necessary aerodynamic forces for aircraft attitude control and flight 

performance. Actuator force and actuator stroke are known parameters defined by the 

characteristics of the L16-R servo (200 N maximum force and 50 mm maximum stroke for 

150:1 gear option as per Table 1 and Figure 9). The wing geometry was defined during the 

design phase in Chapter 1. The material used for the morphing wing flex core and retractable 

skin was a carbon fiber epoxy composite selected from the default materials library in 

ANSYS. However, the thickness of the structure was not defined. Structural thickness is a 

trade-off problem; a thick structure provides stiffness to withstand aerodynamic loads and 

adverse aeroelastic effects, but limits wing morphing. On the other hand, a thin structure 

provides greater morphing compliance, but it is less suited to withstand aerodynamic loads 

and can induce adverse aeroelastic effects. To solve the trade-off problem, an optimization 

study was performed to determine the ideal thickness to provide structural rigidity and 

morphing compliance while limiting the stress generated in the morphing wing structure. 

The method used was the multi-objective optimization approach. This method is more 

efficient and reliable compared to a trial-and-error approach, which can be time consuming 

and inaccurate. The multi-objective optimization was conducted using the Parameter 

Correlation tool and Response Surface Optimization tool in ANSYS Workbench 2020. The 

ANSYS project schematic used to conduct the multi-objective optimization is shown in 

Figure 21. 

Figure 20 – Model Boundary Conditions Detailed View (Compliant Structure Optimization) 
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The parameters considered for the optimization study were actuator force, skin thickness, 

flex spine thickness, flex spar thickness, trailing edge deflection angle, trailing edge 

downward travel, actuator stroke, and stress. These parameters were divided into input 

parameters (actuator force, skin thickness, flex spine thickness, and flex spar thickness) and 

output parameters (trailing edge deflection angle, trailing edge downward travel, actuator 

stroke, and stress). The input parameters were specified by the designer. The output 

parameters were the result of different combinations of the input parameters within the 

design space. The list of parameters used for the optimization study is summarized in Table 

2.  

 

Table 2 – Input and Output Parameters (Compliant Structure Optimization) 

Input Parameters (User Defined)  Output Parameters 

Actuator Force  Trailing Edge Deflection Angle 

Skin Thickness  Trailing Edge Downward Travel 

Flex Spine Thickness  Actuator Stroke 

Flex Spar Thickness  Stress 

Figure 21 – ANSYS Workbench Project Schematic (Compliant Structure Optimization) 
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The input parameters and output parameters were defined inside the Static Structural Setup 

component shown in the schematic in Figure 21. Then, the parameters were fed to the 

Parameter Correlation component to study the effect of the input parameters on the output 

parameters. The impact of input parameters on output parameters is shown by the parameter 

correlation matrix in Figure 22 and by the parameter sensitivity plot in Figure 23. Actuator 

force, skin thickness, and flex spine thickness had a significant impact on the output 

parameters (correlation equal or close to 1 or -1). On the other hand, flex spar thickness had 

a negligible impact on the output parameters (correlation close to 0). Therefore, flex spar 

thickness was a non-relevant parameter, and thus it was excluded from the next steps of the 

optimization study to increase simulation efficiency.  
 

 

 

 
 

 

 

Figure 22 – Parameters Correlation Matrix 
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The relevant input parameters (actuator force, skin thickness, and flex spine thickness) were 

fed to the Response Surface Optimization component shown in the schematic in Figure 21. 

The design space for the optimization study was defined by limiting the skin thickness and 

flex spine thickness between 0.305 mm and 0.400 mm. These values were chosen arbitrarily 

based on a reasoned assumption. A total of 100 design points was generated. The ANSYS 

software interpolated the design points to form 3D response surfaces. The response surfaces 

described the response of any output parameter (Z axis) for any combination of two input 

parameters (X axis and Y axis) within the specified design space. The response surface of 

deflection angle versus skin thickness and actuator force is shown in Figure 24 as an 

example. A large quantity of design points (100 design points) was used so that the response 

surface interpolation could be as accurate as possible. The design points (shown in Figure 

24 as grey dots) are spread across the entire design space. The spread of the design points 

indicated that the resulting response surfaces were interpolated accurately. 

Figure 23 – Parameters Sensitivity Plot 

 

 



35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The next step was to define the optimization objectives. The following objectives were 

specified: the trailing edge shall achieve deflection angles of at least 50° to replicate the 

deflections achievable by most aircraft ailerons and flaps; the structure thickness shall be 

maximized to have sufficient rigidity to withstand air loads; the required actuator force shall 

be minimized; the stress generated in the structure shall be minimized. After the optimization 

objectives were specified, the ANSYS software searched the design space for the three 

candidate points that best satisfied the optimization objectives described above. The three 

design points selected by the ANSYS software are listed in Table 3.  

 

Table 3 – Candidate Points from Multi-Objective Optimization  

  

 

Figure 24 – Response Surface of Deflection vs. Actuator Force & Skin Thickness 
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Candidate point 1 was selected as the preferred design point. This design point called for a 

skin thickness of 0.33 mm, a flex spine thickness of 0.34 mm, and a flex spar thickness of 

0.32 mm. Per candidate point 1, a force of 172 N was required to achieve 50° trailing edge 

deflection angle. This force value was acceptable since it is lower than the 200 N maximum 

force output of the L16-R servo. Furthermore, candidate point 1 offered the greatest 

thickness for both wing skin and flex spine, thus providing greater structural rigidity while 

also achieving a deflection angle of 50°. The optimized thickness for the morphing wing 

compliant structure is shown in Figure 25. This chapter concludes the morphing wing design. 

 

 

 

 

 

 

 

 

 

 

Figure 25 – Morphing Wing Optimized Thickness 
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Discussion 

This chapter presented the multi-objective optimization study to determine the ideal 

thickness for the morphing wing skin and flex core. Structure thickness was demonstrated to 

be of major importance to map the trailing edge deflection angles achievable by the proposed 

morphing wing design. The ideal structure thickness was successfully determined via a 

multi-objective optimization study consisting of parameter correlation analysis and response 

surface optimization analysis. The optimized thickness was 0.33 mm for the wing skin, 0.34 

mm for the flex spine, and 0.32 mm for the flex spars. This optimized structure allowed the 

morphing wing section to achieve deflection angles from -50° to +50° using one servo for 

each wing skin. Each servo required a maximum force of 172 N. The required force was well 

within the limits of the L16-r servo. No major limitations were encountered during the 

optimization study. However, the flex spars quantity and spacing were not considered as 

input parameters for the optimization study. Future design iterations could be expanded upon 

by tailoring the flex spars quantity and spacing to increase the optimization design space. 

Also, future design iterations could investigate the impact of using different materials to 

model the flex core.  
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Chapter 4 

Morphing Wing Deflection Analysis 

This chapter defined the actuation force, actuator stroke, trailing edge displacement, 

actuation power, and quantity of actuators required by the morphing wing to achieve 

deflection angles from +50° to -50°.  

 

Mesh and Boundary Conditions 

The optimized structure thickness determined in Chapter 3 was added to the model used to 

define the actuator force, actuator stroke, trailing edge displacement, actuation power, and 

quantity of actuators required by the morphing wing to achieve deflection angles from +50° 

to -50°. The model used for this deflection analysis was a morphing wing with 34 cm chord 

and 100 cm span. The wing span was increased from 50 cm (used in Chapter 3) to 100 cm 

to replicate a realistic span for a small UAV. The study was performed using structural FEA 

in ANSYS Workbench 2020. The ANSYS project schematic used for the deflection analysis 

is shown in Figure 26. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The model mesh, boundary conditions, and material were the same used in Chapter 3. The 

grid used for the deflection analysis is shown in Figure 27. The model was meshed with the 

same formulations and sizing options used in Chapter 3. However, the grid used for the 

deflection analysis in this chapter had 78,255 elements and 228,876 nodes, compared to 

40,893 elements and 119,916 nodes used in Chapter 3. The higher element count and node 

count was due to the span increase from 50 cm to 100 cm. No mesh sensitivity study and no 

mesh quality study were performed in this chapter since the mesh formulations and sizing 

options were already validated in Chapter 3. 

Figure 26 – ANSYS Workbench Project Schematic (Actuator Bracket Analysis) 
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Figure 28 – Model Boundary Conditions (Deflection Analysis) 

 

 

 

 

 

 

 

Figure 27 – Mesh (Deflection Analysis) 

The boundary conditions used for the deflection analysis are shown in Figure 28 and Figure 

29. The boundary conditions are identical to Chapter 3, with the only difference being the 

quantity of servos used: a one-servo configuration was used for the optimization study in 

Chapter 3 (one servo for the upper skin and one servo for the lower skin) while a two-servos 

configuration was used for the deflection analysis presented in this chapter (two servos for 

the upper skin and two servos for the lower skin). The additional two servos were added 

because the wing span was doubled from 50 cm (Chapter 3) to 100 cm. The leading edge 

box was not considered. To further simplify the analysis, the actuator forces were applied 

directly to the wing skin. The servos and the flex core slots necessary to install the servos 

were excluded. The brackets that connect the servos to the wing skin were excluded. 
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Figure 29 – Model Boundary Conditions Detailed View (Deflection Analysis) 

 

 

 

 

 

 

 

 

 

 

 

 

Deflection Evaluation 

Structural FEA was used to determine the wing morphed shapes under different actuation 

forces. A range of forces was applied to the upper and lower wing skin using the two-servos 

configuration shown in Figure 28 and Figure 29. The forces simulated the load applied by 

the servos. The upper and lower forces were equal in magnitude but opposite in direction. 

The simulated force magnitude for each servo ranged from 5 N to 175 N at increments of 5 

N, where 175 N was the maximum force required to achieve a 50° trailing edge deflection 

angle per the optimization study performed in Chapter 3 (the required actuation force from 

Chapter 3 was 172 N, but it was approximated to 175 N to allow increments of 5 N). A 

simulation was run for each force increment. Each simulation produced the morphed shape 

corresponding to the force input. A total of 35 FEA simulations were performed, one for 

each force increment. Since the morphing wing was designed with a symmetrical airfoil 

profile, the same actuation force allowed the morphing wing to achieve equal upward and 

downward deflection angles. As expected, the trailing edge deflection angle increased as the 

actuation force increased. Figure 30 and Figure 31 show the morphed wing shape for an 

arbitrary force input. Figure 32 shows the morphed wing shape for sample deflections of 5°, 
15°, and 30°. The morphing wing profile remained seamless and continuous for all deflection 

angles, as shown in Figure 32. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 30 – Morphed Shape (Deflection Analysis) 
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The FEA simulation results were used to generate the plots that describe actuator force, 

actuator stroke, trailing edge displacement, and power required by the morphing wing to 

achieve deflection angles from +50° to -50°. The two-servos configuration used to conduct 

this analysis showed that each servo required a maximum force of 175 N to produce a 

deflection angle of 50°. The maximum total force required to actuate the upper and lower 

skin was equal to the sum of the forces applied by the servos to each skin. Therefore, the 

upper skin and lower skin required a maximum force of 350 N each to achieve 50° deflection. 

This is shown in the plot of deflection angle versus total actuation force in Figure 33. This 

figure shows the total actuation force required to actuate the upper and lower skin to achieve 

deflection angles up to 50°. Figure 34 shows the plot of actuator stroke versus actuator force 

for one actuator. Figure 35 shows the plot of deflection angle versus trailing edge 

displacement.   

Figure 31 – Morphed Shape Cross-Section (Deflection Analysis) 

Seamless and continuous skin is 

maintained for all morphed shapes  

 

Figure 32 – Sample Morphed Shapes at 5°, 30°, and 45° Deflection 
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Figure 33 – Deflection Angle vs. Total Actuation Force (Deflection Analysis) 

 
 

 

 

Figure 34 – Actuator Stroke vs. Actuation Force for QTY 1 Actuator 
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Figure 35 – Deflection Angle vs. Trailing Edge Displacement (Deflection Analysis) 

 

The L16-R servo current curves from Figure 9 were digitized using the online tool 

WebPlotDigitizer [35]. This tool converted the L16-R current versus force curves from 

Figure 9 into editable tabulated data. The tabulated data was then plotted in Figure 36 to 

replicate the 150:1 gear ratio current curve from Figure 9 (red curve). The equation that 

described actuation current as a function of actuation force was obtained by applying a linear 

curve fit to the data points in Figure 36. Since the L16-R requires a constant voltage of 6 V, 

equation (1) was used to calculate the power required by one L16-R servo to produce the 

required actuation force. The symbol P is Power, I is current, and V is voltage. 

  

P = I ∙ V   (1)  

 

Figure 37 shows the plot of power required versus actuation force for one servo. The overall 

actuation power required is obtained by multiplying the power required for one servo from 

Figure 37 times the total quantity of servos installed on the morphing wing. 
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Figure 37 – Power Required vs. Actuation Force for QTY 1 Actuator 
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The stress experienced by the morphing wing for deflection angles up to 50° is presented in 

terms of equivalent stress, maximum principal stress, and minimum principal stress. The 

typical stress distribution for the proposed morphing wing design is presented in Figure 38-

40. The largest stress concentrations were found at the flex spine attachment point with the 

main spar and at the wing skin locations where skin bending occurred. The stress 

concentration is distributed in the spanwise direction from the wing root to the wing tip. 

Bending experienced by the morphing wing surfaces generated tensile and compressive 

stress on the opposite faces of the flex spine and wing skin, as shown in Figure 39 (tensile 

stress) and Figure 40 (compressive stress). The stress generated in the wing skin was always 

less than the stress generated in the flex spine for each deflection angle. The largest stresses 

experienced by the morphing wing at each deflection angle is shown in Figure 41-43. The 

stress presented in these plots corresponds to the flex spine stress.  

 

 

 

 

 

 

 

 

Figure 38 – Equivalent Stress Distribution (Deflection Analysis) 
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Figure 39 – Maximum Principal Stress Distribution (Deflection Analysis) 

Figure 40 – Minimum Principal Stress Distribution (Deflection Analysis) 
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Figure 41 – Equivalent Stress vs. Deflection Angle (Deflection Analysis) 

 

 

Figure 42 – Maximum Principal Stress vs. Deflection Angle (Deflection Analysis) 
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Figure 43 – Minimum Principal Stress vs. Deflection Angle (Deflection Analysis) 
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Wing Skin Analysis Under Actuation Loading 

The behavior of the wing skin under actuation loading is evaluated in this section. The goal 

of this analysis was to determine the quantity of servos required to actuate the wing skin 

without inducing skin failure. The study was performed using structural FEA in ANSYS 

Workbench 2020. The ANSYS project schematic used for the wing skin analysis is shown 

in Figure 44. 

 

 

 

 

 

 

 

 

 

The actuator bracket and the wing skin section used for the analysis are shown in Figure 45. 

The dimensions of the wing skin section were 9 cm by 10 cm. The dimensions of the actuator 

bracket base were 3 cm by 4 cm. A relatively large bracket base was used to transfer the 

actuation force over a large wing skin area. 

 

 

 

 Figure 45 – Lower Skin Actuator Bracket Detailed View 

Figure 44 – ANSYS Workbench Project Schematic (Wing Skin Analysis) 
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The grid used for the actuator bracket analysis is shown in Figure 46. The mesh consisted of 

12,057 elements and 27,177 nodes. The skin section was meshed using shell elements, while 

the bracket was meshed using solid elements. A bonded contact formulation was used to 

connect the bracket to the skin. The bracket was modeled using Structural Steel, while the 

skin was modeled using the same carbon fiber epoxy composite used in Chapter 3 and 

Chapter 4.  

 

 

 

 

 

 

 

 

The boundary conditions used for the wing skin analysis are shown in Figure 47. The edges 

of the wing skin section were modeled with a fixed support boundary condition. This was 

done so that the deformation and strain of the skin adjacent to the bracket could be evaluated. 

A force was applied to the bracket holes to simulate the actuation force applied by the servo. 

The magnitude of the applied actuation force ranged from 5 N to 175 N at increments of 5 

N to simulate the force range necessary to achieve deflections up to 50° per the deflection 

analysis performed earlier in this chapter. 

 

 

 

 

 

 

 

 

Figure 46 – Mesh (Wing Skin Analysis) 

 

Figure 47 – Model Boundary Conditions (Wing Skin Analysis) 
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The behavior of the wing skin section under actuation loading was evaluated in terms of skin 

deformation and strain. Figure 48 shows the typical deformation of the wing skin adjacent 

to the bracket under an arbitrary actuation load. The force applied to the bracket caused the 

skin to buckle. The deformation experienced by the wing skin increased with actuation force. 

The magnitude of the deformation experienced by the wing skin under actuation loading is 

shown in Figure 49. 

 

 

 

 

 

 

 

 

 

A failure analysis was conducted to determine the quantity of servos and the force required 

by each servo to achieve 50° trailing edge deflection angle without causing the wing skin to 
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Figure 49 – Deformation vs. Actuation Force (Wing Skin Analysis) 

 

 

Figure 48 – Deformation (Wing Skin Analysis) 
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fail. Since the wing skin was modeled using a carbon fiber epoxy composite, wing skin 

failure was assessed using the maximum strain limit criteria for lamina failure presented by 

Irhirane et al. [20] and Sun et al. [38]. The maximum strain criteria were selected for this 

analysis because it was the most used method to assess composite failure according to an 

AAIA Failure Criteria Survey presented by Sun et al. [38]. According to this survey, 30% 

of the survey respondents used the maximum strain criteria. Irhirane et al. [20] described the 

maximum strain failure criteria as “non-interactive”. This is because the lamina strains with 

respect to the fiber direction are evaluated independently from one another. Furthermore, the 

maximum strain criteria assume the material to behave linearly. In the maximum strain 

criteria, lamina failure occurs when the ratio of the strains experienced by the material and 

the failure strains of the material reaches unity. Sun et al. [38] presented the formulas for the 

maximum strain criteria for a 2D state. The authors only considered the strain in the fiber 

direction (𝑋) and the strain in the transverse direction to the fiber (𝑌). In this chapter, the 

analysis was extended to a 3D state for both tensile and compressive strain by including the 

strain in the third direction (𝑍). The tensile and compressive strains experienced by the 

material were 𝜀𝑥,𝑡, 𝜀𝑦,𝑡, 𝜀𝑧,𝑡 and 𝜀𝑥,𝑐, 𝜀𝑦,𝑐, 𝜀𝑧,𝑐. The tensile failure strains of the material were 

𝑋𝜀 , 𝑌𝜀, 𝑍𝜀. The compressive failure strains of the material were 𝑋𝜀
′ , 𝑌𝜀

′, 𝑍𝜀
′ . The shear strains 

experienced by the material were 𝛾𝑥𝑦, 𝛾𝑦𝑧, 𝛾𝑥𝑧. The shear failure strains of the material were 

𝑆𝜀,𝑥𝑦, 𝑆𝜀,𝑦𝑧, 𝑆𝜀,𝑥𝑧. The maximum strain criteria formulas used for the analysis are listed in 

equation (2) through equation (7).  

 
𝜀𝑥

𝑋𝜀
= 1        ;        

𝜀𝑥

𝑋𝜀
′ = 1   (2) 

 
𝜀𝑦

𝑌𝜀
= 1        ;        

𝜀𝑦

𝑌𝜀
′ = 1   (3) 

 
𝜀𝑧

𝑍𝜀
= 1        ;        

𝜀𝑧

𝑍𝜀
′ = 1   (4) 

 
𝛾𝑥𝑦

𝑆𝜀,𝑥𝑦
= 1                             (5) 

 
𝛾𝑦𝑧

𝑆𝜀,𝑦𝑧
= 1                             (6) 

 
𝛾𝑥𝑧

𝑆𝜀,𝑥𝑧
= 1                             (7)  

 
The tensile, compressive, and shear strains generated in the wing skin under actuation 

loading were calculated with ANSYS FEA using the same model mesh and boundary 

conditions presented in Figure 46 and Figure 47. The wing skin carbon fiber epoxy 

composite was assumed to be a unidirectional lamina. The strains 𝜀𝑥,𝑡 , 𝜀𝑦,𝑡 , 𝜀𝑧,𝑡 and 𝜀𝑥,𝑐 , 

𝜀𝑦,𝑐, 𝜀𝑧,𝑐 were determined by calculating the normal tensile strains and normal compressive 

strains in ANSYS in the X, Y, and Z directions. The X direction was assumed to be the fiber 

direction; the Y direction was assumed to be the transverse direction to the fiber; and the Z 
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direction was assumed to be the third planar direction. The strains 𝛾𝑥𝑦 , 𝛾𝑦𝑧 , 𝛾𝑥𝑧  were 

determined by calculating the shear strains in the XY, YZ, and XZ directions, also in 

ANSYS. The tensile, compressive, and shear failure strains of the carbon fiber epoxy 

composite material used to model the wing skin were extracted from the ANSYS material 

library shown in Figure 50. The largest skin strains were generated at the locations of 

maximum deformation presented in Figure 48. The strains experienced by the wing skin 

under actuation loading are shown in Figure 51-53. Per the maximum strain criteria, the 

earliest strain failure experienced by the wing skin under actuation loading occurred at an 

actuation force of 85 N. This is shown by the plot in Figure 51, where the ratio of tensile 

normal strain and material failure strain reaches unity at 85 N; and by the plot in Figure 52, 

where the ratio of compressive normal strain and material failure strain also reaches unity at 

85 N. The plots in Figure 51 and Figure 52 showed that actuation force must be kept below 

85 N to prevent wing skin failure during actuation. However, the deflection analysis 

performed in this chapter revealed that the morphing wing required a total actuation force of 

350 N for both the upper and lower wing skin to achieve 50° deflection. For the two-servos 

configuration shown in Figure 28 and Figure 29, each servo required a force of 175 N to 

achieve the required total actuation force of 350 N. However, a force of 175 N was well 

above the 85 N that caused wing skin failure per the maximum strain criteria. Therefore, the 

quantity of servos installed in the morphing wing shall be increased to reduce the actuation 

force required by each servo. Five servos shall be used to actuate the upper wing skin, and 

five servos shall be used to actuate the lower wing skin. In this five-servos configuration, 

each of the five servos requires a maximum force of 70 N to achieve 350 N total actuation 

force for 50° deflection. The wing skin strains generated by a 70 N actuation force were 

shown to be acceptable per the maximum strain criteria in Figure 51 and Figure 52. 

Therefore, the proposed morphing wing design requires five servos to actuate the upper wing 

skin and five servos to actuate the lower wing skin and achieve deflections up to 50° without 

skin failure. Using the plot of power required versus actuation force from Figure 37, it results 

that each servo requires 1 W power to produce a force of 70 N. By multiplying the power 

Figure 50 – Failure Strains of carbon fiber epoxy composite 
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required by one servo times the total amount of servos installed, it results that 10 W is the 

maximum power required by the morphing wing to achieve 50° using 10 servos producing a 

maximum force of 70 N each. 
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Figure 51 – Tensile Normal Strain vs. Actuator Force (Wing Skin Analysis) 

Figure 52 – Compressive Normal Strain vs. Actuator Force (Wing Skin Analysis) 
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Discussion  

This chapter evaluated the actuator force, actuator stroke, trailing edge displacement, 

actuation power, and quantity of servos required by the morphing wing to achieve a range 

of trailing edge deflection angles from -50° to +50° and a vertical displacement of 16 cm.  

The proposed morphing wing design could achieve the target deflection angles with 

reasonable actuator power and reasonable actuation force using a five-servos configuration. 

In this configuration, five servos are used to actuate the upper wing skin, and five servos are 

used to actuate the lower wing skin. The maximum power required by each servo was 1 W, 

the maximum force required by each servo was 70 N, and the maximum actuator stroke 

required by each servo was 7 mm. The quantity of servos required to actuate the morphing 

wing was determined via a failure analysis of the composite wing skin using the maximum 

strain criteria for composite failure. The analysis of the wing skin under actuation loading 

showed that the skin buckled when the actuation force was applied, with maximum 

deformations of 3 mm experienced under the maximum actuation force of 70 N. Skin 

buckling and strain increased with actuation force. The areas of maximum strain 

corresponded to the areas of maximum skin deformation. The symmetrical airfoil 

configuration allowed the morphing wing to achieve equal upward and downward trailing 
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edge deflections with the same actuation force. Furthermore, the morphing wing could 

maintain a seamless and continuous profile for any deflection angle. The only wing profile 

discontinuity was the 1.5 mm step at the skin interface with the leading edge box. A study 

of the morphed trailing edge shapes revealed that the servos used in the proposed design 

would not fit inside the morphed wing shapes. This was because the length of the servos 

exceeded the available space inside the morphed trailing edge when deflections were 

produced. The simulations were not affected by this limitation because the servos were not 

modeled into the deflection simulations. This limitation became apparent at the end of the 

deflection analysis once all the morphed shapes were obtained. This limitation can be 

addressed in future design iterations by increasing the chord length or by reducing the length 

of the servos to ensure a good fit inside the wing box. Alternatively, this limitation could 

also be addressed by tailoring the flex spars quantity and spacing to initiate the trailing edge 

deflection further aft. The morphed shapes revealed that trailing edge deflection was 

produced by skin bending at the wing skin locations with no flex spars. Therefore, sufficient 

space shall be maintained between the actuator brackets and the flex spars to allow the wing 

skin to bend. This finding is in contrast with Figure 3, where the actuator brackets are located 

adjacent to the flex spars. No deflection would be produced in a fabricated prototype with 

this configuration, as more spacing must be added between the actuator brackets and the flex 

spars to allow the wing skin to bend. However, since the servos and the actuator brackets 

were not modeled into the deflection simulations, the impact of actuator brackets location 

on deflection was not considered in this study. However, this parameter shall be considered 

in future design iterations. In a fabricated prototype, the travel of the upper and lower wing 

skin should follow a curved path inside the leading edge box guide vanes as shown in Figure 

2 detailed view. This sliding motion of the wing skin inside the curved guide vanes should 

generate friction. In the model used for the simulations, the curved frictional guide vanes 

were replaced with planar frictionless supports. The frictionless support approximation 

allowed the skin to travel in the planar direction, but not in the normal direction. Thus, the 

frictional curved path of the wing skin inside the guide vanes was not simulated. This 

simplification was required to reduce the complexity of the contact problem so that a 

converged solution could be obtained. The morphed wing shapes did not resemble the 

parabolic shape proposed by Montgomery et al. [31] and Hunsaker et al. [19]. The inability 

to produce a parabolic shape was due to the presence of the inner flex spars which provided 

rigidity to the structure. The flex spine was the structural component which experienced the 

largest stress. The stress generated in the flex spine was distributed in the spanwise direction 

and found to increase with deflection angle. The largest flex spine stress was approximately 

450 MPa for 50° deflection angle. Elastomeric materials could be studied in future design 

iterations to increase the flex core elasticity.  
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Chapter 5 

Morphing Wing Aerodynamic Analysis 

This chapter presents the CFD analysis used to assess the aerodynamics of the morphing 

wing by means of a comparative evaluation with a NACA 0012 baseline wing.  

 

 

Mesh and Boundary Conditions 

The aerodynamic evaluation of the morphing wing was performed with CFD analysis in 

ANSYS Workbench 2020. The CFD physics solver used for this analysis was ANSYS 

Fluent. The ANSYS project schematic used for the aerodynamic analysis is shown in Figure 

54. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The size of the fluid domain used for the CFD analysis is shown in Figure 55. The fluid 

domain size had a length of 58.8 chords (2,000 cm), a height of 35.2 chords (1,200 cm), and 

a width of 17.6 chords (600 cm). This fluid domain was sufficiently large to solve the wing 

aerodynamics without being affected by wall proximity.  

 

 

 

 

 

Figure 54 – ANSYS Workbench Project Schematic (Aerodynamic Analysis) 
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The initial conditions for the CFD simulations are described below. The fluid was air with a 

constant density of 1.225 kg/m³ and a constant dynamic viscosity of 1.7894E-05 kg/m-s. The 

operating pressure was set at 101,325 Pa (sea-level pressure). The turbulence model used for 

the simulation was the k-ω Shear Stress Transport (k-ω SST), the same turbulence model 

used by Chae et al. [8]. All simulations were run at steady-state conditions for a maximum 

of 500 iterations. The parameters monitored during the simulation were lift force, drag force, 

and mass flow rate imbalance throughout the fluid domain. The angle of attack was kept 

constant at 0° for all simulations. The fluid domain boundary conditions are shown in Figure 

56. 
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Figure 56 – Fluid Domain Boundary Conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

The ideal CFD grid was selected via a sensitivity study to mesh refinement. The sensitivity 

study was performed using the morphed wing shape at 15° deflection. This morphed shape 

was selected arbitrarily. The sensitivity study consisted of 11 grid iterations. The grid 

element count was increased for each mesh iteration by refining the fluid domain elements 

adjacent to the wing. Minor mesh refinements were also applied to the fluid domain far field. 

For each grid iteration, a preliminary mesh consisting of tetrahedral elements was generated. 

The preliminary tetrahedral mesh is shown in Figure 60. Then, the tetrahedral mesh was 

imported into ANSYS Fluent where it was converted into a polyhedral elements mesh, as 

shown in Figure 61. The conversion to polyhedral elements reduced element count and 

produced converged solutions. Thus, the polyhedral mesh formulation was used for the 

aerodynamic analysis performed in this chapter. The physics sensitivity to mesh refinement 

was evaluated by comparing the change in the parameter of interest (lift force, drag force, 

and mass flow rate imbalance) over successive grid iterations. The fluid domain physics 

were mesh independent once the change in the parameters of interest through successive 

mesh iterations became negligible. The sensitivity study revealed that grid iteration 6 

produced the ideal fluid domain mesh. This is shown in Figure 57-59. The selected fluid 

domain mesh consisted of 1,100,128 polyhedral elements and 2,247,814 nodes. A total of 

25 inflation layers was used to capture the near-wall physics of the flow around the wing. 

The first layer thickness was set at 1.83E-02 mm and the thickness of the adjacent layers was 

defined by a 20% thickness increase for each successive inflation layer. The inflation layers 

are shown in the detailed view of Figure 61. Grid iteration 6 produced a maximum change 
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in lift force and drag force of 3.10% from the most refined mesh (iteration 11) and a mass 

flow rate imbalance of 5.19E-08%. The change in aerodynamic forces was considered 

negligible, and the mass flow rate imbalance indicated that mass was mostly conserved 

across the fluid domain. This indicated that the fluid domain physics of grid iteration 6 were 

mesh independent. The total simulation run time was less than 1 hour, a reasonable run time 

for this study.  

 

 

 

 

Figure 57 – Drag Force Sensitivity to Mesh (Aerodynamic Analysis) 
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Figure 58 – Lift Force Sensitivity to Mesh (Aerodynamic Analysis) 

 

 

 

Figure 59 – Mass Flow Rate Imbalance Sensitivity to Mesh (Aerodynamic Analysis) 
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Figure 60 – Fluid Domain Preliminary Tetrahedral Mesh 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Figure 61 – Fluid Domain Final Polyhedral Mesh with Inflation Layers Detail 
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Comparative Aerodynamic Evaluation 

The aerodynamics of the morphing wing were compared with a NACA 0012 wing with flap. 

The flapped NACA 0012 wing was used as baseline. The goal of this comparative study was 

to determine if the proposed morphing wing design offered any aerodynamic advantage 

compared to a conventional wing with a discrete flight control surface. Both wings had the 

same chord length (34 cm) and the same span (100 cm). The flap of the NACA 0012 wing 

was located at 40% chord location. This was the same flap location used by Montgomery et 

al. [31]. The comparative study was conducted with CFD simulations in ANSYS Fluent 

where both wing models were tested at deflection angles from 0° to 50° at 5° increments. 

The wings were tested at velocities of 10 m/s, 20 m/s, and 30 m/s at 0° angle of attack. The 

test velocities were selected to simulate typical velocities for small UAVs operated at low 

speed, as detailed in the works by Chanzy et al. [9], Gamboa et al. [15], and Henry et al. 

[17]. A total of 33 CFD simulations was conducted (one simulation for each deflection angle 

at each velocity). The morphing wing and the flapped NACA 0012 baseline are shown in 

Figure 62. Both wing models were tested under the same grid, boundary conditions, and 

initial conditions described in the earlier in this chapter. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

The morphing wing and NACA 0012 baseline wing were evaluated in terms of drag polar, 

lift versus deflection angle, drag versus deflection angle, and lift to drag ratio versus 

deflection angle. The drag polar plots in Figure 63-65 suggests that the morphing wing 

generated more lift than the baseline for a limited range of drag coefficients from 0.025 to 

0.125 for all test velocities. For every other drag coefficient, the performance of the 

morphing wing was equal or inferior to the performance of the baseline wing. The lift plots 

in Figure 66-68 show that the lift generated by the morphing wing is larger than the lift 

produced by the flapped wing at every deflection angle for all velocities. The drag plots in 

Figure 69-71 show that the drag produced by the morphing wing is also larger compared to 

the baseline wing drag at every deflection angle for all velocities. This result was expected 

since the morphing wing produced a greater camber change compared to the baseline wing, 

as shown in Figure 62. This greater camber change generated more lift but also more drag. 

Figure 62 – Morphing Wing (Left) and NACA 0012 with Flap (Right) 
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The lift to drag ratio of the morphing wing was equal or inferior to the lift to drag ratio of 

the baseline wing when considering the same deflection angle at all velocities. This is shown 

by the plots in Figure 72-74.  

 

 

Figure 63 – Drag Polar (30 m/s Velocity) 

 

Figure 64 – Drag Polar (20 m/s Velocity 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.00 0.03 0.05 0.08 0.10 0.13 0.15

C
L

CD

Drag Polar (30 m/s Velocity)

Aerodynamic Analysis

Morphing Wing NACA 0012 Flap

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.00 0.03 0.05 0.08 0.10 0.13 0.15

C
L

CD

Drag Polar (20 m/s Velocity)

Aerodynamic Analysis

Morphing Wing NACA 0012 Flap



65 

 

 

 

Figure 65 – Drag Polar (10 m/s Velocity) 

 

 

 

Figure 66 – Lift vs. Deflection Angle (30 m/s Velocity) 
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Figure 67 – Lift vs. Deflection Angle (20 m/s Velocity) 

 

 

 

Figure 68 – Lift vs. Deflection Angle (10 m/s Velocity) 
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Figure 69 – Drag vs. Deflection Angle (30 m/s Velocity) 

 

 

 

Figure 70 – Drag vs. Deflection Angle (20 m/s Velocity) 
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Figure 71 – Drag vs. Deflection Angle (10 m/s Velocity) 

 

 

 

Figure 72 – Lift to Drag Ratio vs. Deflection Angle (30 m/s Velocity) 
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Figure 73 – Lift to Drag Ratio vs. Deflection Angle (20 m/s Velocity) 

 

 

 

Figure 74 – Lift to Drag Ratio vs. Deflection Angle (10 m/s Velocity) 
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Discussion 

This chapter compared the aerodynamics of the proposed morphing wing design with a 

baseline NACA 0012 wing with flap. The drag polar plots suggested that the morphing wing 

generated more lift compared to the baseline for a limited range of drag coefficients from 

0.025 to 0.125. The morphing wing lift was equal or inferior to the baseline for every other 

drag coefficient value. The morphing wing generated greater lift and drag compared to the 

baseline wing. This caused the lift to drag ratio of the morphing wing to be equal or inferior 

to the lift to drag ratio of the baseline wing. The greatest limitation encountered during the 

aerodynamic evaluation was the failed convergence of some of the CFD simulations. The 

non-converged simulations produced wave-like oscillations in the lift force and drag force 

instead of converging to an exact value. Attempts were made to resolve these convergence 

issues with grid refinements, but the attempts were not successful. Whenever an exact 

convergence could not be obtained, the solution of the non-converged CFD simulation was 

approximated to the average lift force and drag force in the peak-to-peak amplitude of the 

non-converged wave-like solution. This resulted in arbitrary approximations that reduced 

the accuracy of the CFD results. The grid size was not fine enough to mesh the 1.5 mm steps 

located at the interface of the leading edge box and retractable skin. It is believed that failure 

to mesh the step locations reduced the accuracy of the results since the physics at the step 

locations could not be resolved accurately. The baseline wing did not produce the same 

camber change as the morphing wing. The baseline wing flap was located at 40% chord, 

while the deflection of the morphing wing occurred at a chord location greater than 40%. 

Therefore, the camber change produced by the morphing wing was greater than the camber 

change produced by the baseline wing. While this limitation prevented a comparison of the 

two wings under the same camber change, it did not prevent the overall aerodynamic 

comparison. The evaluation presented in this chapter only compared the seamless morphed 

shapes generated by the morphing wing versus the sharp flap deflections of the baseline. The 

effect of spanwise gaps was not evaluated and could be studied in future work. 
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Chapter 6 

Morphing Wing Aeroelastic Analysis 

This chapter presents a limited aeroelastic analysis of the proposed morphing wing design 

performed with the one-way fluid-structure interaction approach. 

 

Mesh and Boundary Conditions 

The uncommanded trailing edge deformations generated in the morphing wing structure 

under aerodynamic loading were evaluated with the one-way fluid-structure interaction (FSI) 

approach using FEA in ANSYS Workbench 2020. The one-way FSI analysis was performed 

by applying the CFD air loads calculated in Chapter 5 to the morphed wing shapes obtained 

in Chapter 4. The CFD results were extracted from the ANSYS Fluent Solution component 

and fed to the ANSYS Static Structural Setup component. The ANSYS project schematic 

used to conduct the one-way FSI analysis is shown in Figure 75. 

 

 

 

Figure 75 – ANSYS Workbench Project Schematic (Aeroelastic Analysis) 

 

The mesh used for the one-way FSI analysis is shown in Figure 76. The mesh consisted of 

196,522 elements and 567,389 nodes. The flex core, retractable skin, and leading edge box 

were meshed using shell elements, while the trailing edge cap was meshed with solid 

elements. The mesh was refined at the locations were the highest stresses and deformations 

were expected. These critical locations were the retractable skin, flex spine, and flex spars. 

The quality of the mesh was evaluated in terms of element skewness and element quality. 
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Figure 77 shows that element skewness was well below 0.1 at the critical locations, 

indicating an excellent element skewness for most of the model. Figure 78 shows that 

element quality was equal to one at all critical locations, indicating optimal element quality 

for most of the model. No mesh sensitivity study was performed for the one-way FSI analysis 

performed in this chapter, since the grid used was finer than the grid used in Chapter 3 and 

Chapter 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 77 – Mesh Element Skewness (Aeroelastic Analysis) 

 

Figure 76 – Mesh (Aeroelastic Analysis) 
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Figure 79 – Model Boundary Conditions (Aeroelastic Analysis) 

 

 

 

 

 

 

 

 

 

 

 

The leading edge box and the main spar were modeled with a fixed support boundary 

condition to simulate the wing root attachment point to the aircraft fuselage. The morphing 

assembly (flex core and retractable skin) was left unconstrained. This is shown in Figure 79. 

These boundary conditions allowed the morphing assembly to deform and stress under air 

loads so that the uncommanded deformations could be evaluated. The thickness of the 

morphing assembly was set to the optimized thickness defined in Chapter 3. The material 

used for the morphing assembly was the same carbon fiber epoxy composite used in the 

previous chapters. The thickness of the leading edge box and main spar was set to an arbitrary 

3 mm since the leading edge box was not the main subject of this analysis. The material used 

for the leading edge box and main spar was an aluminum alloy from the ANSYS default 

materials library. The retractable skin was connected to the leading edge box to simulate the 

condition where the actuators are locked at the desired stroke to maintain the target trailing 

edge deflection. All components in the model were connected using the shared mesh 

topology formulation. To simplify the analysis, the guide vanes in the leading edge box, the 

actuators slots in the main spar and flex core, the servos, and the actuator brackets were not 

included in the model. 

 

 

 

 

 

 

 

 

Figure 78 – Mesh Element Quality (Aeroelastic Analysis) 
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The CFD air loads from Chapter 5 were applied to the top and bottom surface of the 

morphing wing. Figure 80 and Figure 81 show the air loads pressure distribution for a sample 

morphing wing deflection angle. The morphing wing aeroelastic response was evaluated for 

deflection angles from 5° to 50° at 5° increments at velocities of 10 m/s, 20 m/s, and 30 m/s. 

This required a total of 30 one-way FSI simulations. The aeroelastic response was evaluated 

in terms of uncommanded trailing edge deformations and stress. The results are presented in 

the next section.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 80 – CFD Air Loads (Morphing Wing Top Surface) 

Figure 81 – CFD Air Loads (Morphing Wing Bottom Surface) 
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Morphing Wing Under Aerodynamic Loading 

The uncommanded trailing edge deformation under aerodynamic loading for a sample 

morphing wing deflection angle is visually presented in Figure 82 and Figure 83. The one-

way FSI simulations revealed that the entire morphing assembly (flex core and retractable 

skin) deformed under air loads as it pivots around the attachment points to the leading edge 

box. The largest displacement was found at the trailing edge cap (aft-most trailing edge 

point). This is because the trailing edge cap is the furthest point from the leading edge box 

attachment point and thus it experienced the greatest pitching moment. Skin buckling was 

observed in the flex spine and in the retractable skin regions adjacent to the leading edge 

box. Buckling was induced by reduced rigidity due to the absence of flex spars. The 

deformations experienced by the leading edge box were negligible. 

 

 

 

 

 

 

 

 

 

 

Figure 82 – Morphing Wing Deformation (Aeroelastic Analysis) 

Figure 83 – Morphing Wing Deformation Cross Section View (Aeroelastic Analysis) 
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The magnitude of the trailing edge cap displacement under air loads in presented in Figure 

84. The trailing edge cap was used as reference to quantify the morphing wing uncommanded 

deformation under air loads because it is the body that experiences the largest displacement, 

as shown in Figure 82. The displacement of the trailing edge cap is presented for velocities 

of 10 m/s, 20 m/s, and 30 m/s. The plot in Figure 84 shows that uncommanded trailing edge 

displacement increased with velocity and deflection angle. This result was expected, as 

greater velocities combined with greater deflection angles produced larger air loads on the 

morphing wing lower skin. The displacements for 10 m/s and 20 m/s velocity were less than 

1 mm for each deflection angle. The largest displacement was roughly 2.25 mm at 30 m/s 

velocity and 50° deflection angle. Overall, the displacements remained relatively small, 

indicating that the morphing assembly had enough rigidity to withstand air loads without 

experiencing excessive uncommanded deformations while in the morphed shape.  
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The stress experienced by the morphing wing under aerodynamic loading is presented in 

terms of equivalent stress, maximum principal stress, and minimum principal stress. The 

typical stress distribution for a sample morphing wing deflection angle is visually presented 

in Figure 85-87. The largest stress concentrations are found at the flex spine attachment point 

to the main spar. The stress concentration is distributed in the spanwise direction from the 

wing root to the wing tip. The bending experienced by the flex spine generated tensile and 

compressive stress on the opposite faces of the flex spine, as shown in Figure 86 (tensile 

stress) and Figure 87 (compressive stress). The stress generated in the wing skin was always 

lower than the stress generated in the flex spine for each deflection angle. The stress 

generated in the leading edge box was negligible. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 85 – Equivalent Stress Distribution (Aeroelastic Analysis) 



78 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 86 – Maximum Principal Stress Distribution (Aeroelastic Analysis) 

Figure 87 – Minimum Principal Stress Distribution (Aeroelastic Analysis) 
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The stress magnitude experienced by the morphing wing is shown in Figure 88-90. The stress 

was computed for velocities of 10 m/s, 20 m/s, and 30 m/s. Stress increased with airspeed 

and deflection angle. This result was expected, as greater velocities combined with greater 

deflection angles generated larger air loads. The equivalent stress, maximum principal stress, 

and minimum principal stress for 10 m/s and 20 m/s velocity is less than 50 MPa for each 

deflection angle. The largest stress was roughly 110 MPa recoded at 30 m/s velocity and 50° 
deflection angle.  
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Figure 90 – Minimum Principal Stress vs. Deflection Angle (Aeroelastic Analysis) 
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Discussion 

The limited aeroelastic analysis presented in this chapter described the morphing wing 

behavior in terms of uncommanded trailing edge deformation and stress under aerodynamic 

loading. The morphing wing structure was found capable of withstanding air loads at 

velocities of 10 m/s, 20 m/s and 30 m/s with uncommanded trailing edge deformations that 

never exceeded 2.25 mm and stress magnitudes that never exceeded 110 MPa. The largest 

uncommanded deformation and largest stress both occurred at the flex spine attachment 

point to the main spar. Minor skin buckling was observed in the upper and lower skin areas 

adjacent to the leading edge box. However, the deformation and stress due to skin buckling 

were always inferior to the deformation and stress at the flex spine. The limited aeroelastic 

analysis performed in this chapter did not consider adverse aeroelastic effects such as flutter. 

Future design iterations could be tested with a more comprehensive analysis to consider 

aeroelastic instabilities such as flutter. The force required by the servos to maintain the wing 

at the target deflection angles was not evaluated. The simulations were performed assuming 

that the wing skin was “locked” at each deflection angle by the servos. Therefore, the wing 

skin was free to deform under air loads but was not free to retract or extend. In a fabricated 

prototype, the servos shall be tested to verify that they can generate enough force to maintain 

the skin at the target deflection angle and prevent uncommanded skin retraction or extension.   
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Chapter 7 

Conclusions and Future Work 

Conclusions 

Wing morphing was investigated as an alternative to discrete flight control surfaces operated 

on conventional wings. A literature research was conducted to study several morphing wing 

designs and to identify the requirements for successful wing morphing. The information 

gathered from the literature was used to generate a variable camber morphing wing design 

with 100 cm span and 34 cm chord for small UAVs operated at low velocity. The proposed 

morphing wing design was then evaluated against the morphing wing requirements 

identified in the literature: 

 

1. The morphing wing shall be designed with an inner compliant structure to produce 

the morphed wing shape.  

2. Wing morphing shall be produced by the controlled deformation of the inner 

compliant structure. 

3. The morphed wing shape shall be achievable with reasonable actuation power and 

reasonable actuation force.  

4. The wing skin shall be seamless and continuous while the wing is in the morphed 

configuration and non-morphed configuration. 

5. The morphing wing shall provide aircraft attitude control and performance, and it 

shall provide some aerodynamic advantage compared to a conventional wing 

equipped with discrete flight control surfaces.  

6. The morphing wing structure shall retain enough rigidity to avoid uncommanded 

deformations and adverse aeroelastic effects induced by air loads.  

 

The proposed morphing wing design was presented in Chapter 1. The design consisted of a 

non-morphing leading edge box that served as the wing attachment point to the fuselage, a 

retractable wing skin which could extend and retract inside the leading edge box, and a 

compliant flex core consisting of a flex spine and a series of flex spars. The leading edge 

box was designed using aluminum, while the flex core and the retractable wing skin were 

designed using a carbon fiber epoxy composite. The morphing wing structure was designed 

to withstand the rolling moments, yawing moments, and pitching moments generated about 

the wing root while simultaneously allowing the compliant structure to produce the morphed 

wing shape. Linear servos were used to actuate the upper and lower wing skin. The force 

applied to the wing skin induced a compliant deformation in the flex core and deflected the 

trailing edge upward or downward. Tailoring the actuation force magnitude and force 

direction allowed the morphing wing to achieve a range of trailing edge deflection angles 

from -50° to +50°. The symmetrical airfoil configuration allowed the morphing wing to 

achieve upward and downward trailing edge deflections with the same actuation force. This 
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enabled the morphing wing to operate in a flap and aileron configuration, thus eliminating 

the need for multiple discrete flight control surfaces. Structural compliance was provided by 

the extension and retraction of the upper and lower wing skin combined with the flex core 

deflection. Because structural compliance was successfully integrated into the morphing 

design, the first wing morphing requirement was satisfied. The deflection analysis conducted 

in Chapter 4 demonstrated that the proposed morphing wing design could achieve upward 

and downward trailing edge deflections from -50° to +50° and vertical trailing edge 

displacements up to 16 cm with ten linear servos requiring a maximum power of 1 W each, 

a maximum actuation force of 70 N each, and a maximum actuator stroke of 7 mm. The 

servos were operated in a five-servos configuration, where five servos actuated the upper 

wing skin, and five servos actuated the lower wing skin. The quantity of servos required to 

actuate the wing skin without inducing failure was defined via a failure analysis of the 

composite wing skin using the maximum strain criteria. Chapter 4 demonstrated that the 

proposed morphing wing design could achieve the target morphed shapes by means of 

controlled deformations of the compliant structure induced by linear servos requiring 

reasonable actuation power and reasonable actuation force. Thus, the second and third wing 

morphing requirements were satisfied. The largest stress generated during wing morphing 

occurred in the flex spine. Flex spine stress was induced by bending, and it increased with 

trailing edge deflection angle. The largest flex spine stress was 450 MPa at 50° deflection 

and occurred at the flex spine attachment point with the main spar. The wing skin buckled 

under actuation force producing deformations in the area surrounding the actuator bracket, 

with a maximum deformation of 3 mm. The proposed morphing wing design could maintain 

a seamless and continuous wing skin along most of the wing profile while in the morphed 

and non-morphed configuration. However, a 1.5 mm step was created at the upper and lower 

wing skin interface with the leading edge box. This step was required to allow the wing skin 

to travel inside the guide vanes in the leading edge box. Due to the presence of the step, the 

fourth wing morphing requirement was not satisfied. The aerodynamics of the proposed 

morphing wing design were evaluated in Chapter 5 by means of a comparative aerodynamic 

study between the morphing wing and a NACA 0012 baseline wing with sharp flap 

deflection. Both wings were tested at velocities of 10 m/s, 20 m/s, and 30 m/s with a constant 

0° angle of attack and deflection angles from -50° to +50°. The CFD analysis suggested that 

the morphing wing provided greater lift compared to the baseline wing for a limited range 

of drag coefficients from 0.025 to 0.125 for all test velocities. However, the morphing wing 

was equal or inferior to the baseline wing when comparing the lift to drag ratio generated at 

each deflection angle. Since the range of trailing edge deflection angles achievable by the 

morphing wing ranged from -50° to +50°, the morphing wing could generate the necessary 

aerodynamic forces for aircraft attitude control and performance requirements. Therefore, 

the fifth requirement for wing morphing was satisfied. A limited aeroelastic analysis of the 

morphing wing design was conducted in Chapter 6. The wing response to air loads was 

evaluated in terms of uncommanded trailing edge deformations and stress at velocities of 10 

m/s, 20 m/s, and 30 m/s. The maximum uncommanded trailing edge deformation 

experienced by the morphing wing never exceeded 2.25 mm, while the maximum stress was 

110 MPa and occurred at the flex spine attachment point with the main spar. Minor buckling 

was observed in the upper and lower wing skin area adjacent to the leading edge box. Since 
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the uncommanded deformations experienced by the morphing wing under air loads were 

small, the sixth morphing wing requirement was satisfied. This was possible in part thanks 

to the compliant structure optimization conducted in Chapter 3. The optimization study was 

performed by means of a multi-objective optimization using parameter correlation and 

response surface optimization. The optimized compliant wing structure thickness was 0.34 

mm for the flex spine, 0.33 mm for the retractable wing skin, and 0.32 mm for the flex spars. 

Future work should be performed to validate the results presented in this thesis. Overall, 

wing morphing is considered a potentially viable alternative to discrete flight control 

surfaces to provide aircraft attitude control, performance, and improve wing aerodynamics. 

However, further research should be performed in the field of materials and compliant 

structures to demonstrate the advantages of wing morphing over discrete flight control 

surfaces. 

 

 

Future Work 

Future work shall be aimed at addressing the limitations encountered in this thesis. To this 

objective, the fabrication of a morphing wing prototype is fundamental for the validation of 

the proposed design. The deflection analysis performed in Chapter 4 should be validated 

using a fabricated prototype. The fabricated prototype could be used to validate the actuator 

force, actuator stroke, trailing edge displacement, actuation power, and quantity of actuators 

required by the morphing wing to achieve the target deflection angles. The wing chord 

should be adjusted to ensure good fit of the servos inside the morphing wing for all morphed 

shapes. Chapter 4 revealed that the servos used in the proposed design would not fit inside 

the morphed wing shapes. This limitation could be addressed by increasing the chord length 

or by reducing the length of the servos. Alternatively, the flex spars quantity and spacing 

could be adjusted to find a suitable chord location to initiate the trailing edge deflection 

further aft and increase the available space for the servos inside the wing box. The 

simulations presented in Chapter 4 did not study the impact of the actuator brackets location 

on the morphing wing deflections. In a fabricated prototype, the ideal location for the 

actuator brackets shall be studied to maintain sufficient space between the actuator brackets 

and flex spars to allow the wing skin to bend and achieve the desired trailing edge 

deflections. The effects of skin friction inside the leading edge box guide vanes should be 

evaluated in the fabricated prototype. Skin friction is expected to increase the force required 

by the servos to achieve the target deflections. The morphing structure optimization 

presented in Chapter 3 should be expanded upon by considering the impact of flex spars 

quantity, flex spars spacing, and material used. These parameters can significantly expand 

the design space of the compliant flex core structure, but they were not considered during 

the optimization study presented in Chapter 3. Tailoring the flex spars quantity and spacing 

should be investigated as a possible way to achieve a parabolic trailing edge deflection. 

Elastomeric materials could also be investigated to be used in the flex core to achieve 

parabolic deflections. The deflection analysis outlined in Chapter 4 showed that the flex 

spine stress increased with deflection angle. The largest stress experienced by the flex spine 
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was 450 MPa at 50° deflection. The flex core elasticity could be improved by using 

elastomeric materials in future design iterations. The wing skin of the proposed morphing 

wing design was found to experience buckling under actuation loading in the area adjacent 

to the actuator bracket, with maximum deformations of 3 mm under the maximum required 

actuation force of 70 N. Skin buckling could be reduced in future design iterations by further 

increasing the quantity of servos used to actuate the skin, so that the force transmitted from 

the actuator bracket to the wing skin is further reduced. Alternative means of connecting the 

wing skin to the servos could be explored to further reduce skin buckling. The morphing 

wing aerodynamics should be further investigated to validate the CFD results. To this point, 

more CFD analysis should be performed to resolve the convergence issues described in 

Chapter 5. Such convergence issues could not be resolved in this thesis. Since the 

aerodynamic results were subjected to approximation, further analysis is required to validate 

the CFD results presented in this thesis. It is also recommended to test the morphing wing 

under different angles of attack and a broader range of velocities to obtain a more 

comprehensive aerodynamic assessment. Furthermore, the effect of spanwise gaps could be 

studied by comparing the continuous morphing wing to a baseline wing with multiple control 

surfaces separated by spanwise gaps. The effects of the 1.5 mm steps at the interface between 

leading edge box and wing skin should be studied. It is believed that the flow disruption 

induced by the steps will generate turbulence and thus increase drag on the morphing wing, 

reducing aerodynamic efficiency. Overall, a combination of wind tunnel testing and CFD 

analysis is required to validate the results presented in this thesis. Future aerodynamic 

comparative studies between the morphing wing and the baseline wing could be conducted 

by comparing trailing edge deflections generated at the same chord locations. In this thesis, 

the trailing edge deflection of the baseline wing occurred at 40% chord location, while the 

trailing edge deflection of the morphing wing occurred at a chord location much closer to 

the leading edge box. Future aeroelastic work could be expanded upon by investigating the 

effects of dynamic instabilities such as flutter. Ideally, wind tunnel testing of a fabricated 

morphing wing prototype should be performed to validate the aeroelastic response of the 

design. The force required by the servos to maintain the wing skin at the target deflection 

angles under aerodynamic loading without uncommanded skin extension or retraction should 

be evaluated using a fabricated prototype. 
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Appendix 

Appendix A: L16-R Technical Specifications 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4 – L16 Specifications 
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Table 5 – L16-R Current vs. Force Curve Tabulated Data (Digitized Data) 

Current (mA) Force (N) Current (mA) Force (N)

54.4 9E-01 246.3 113.4

59.7 4.1 251.9 116.7

65.5 7.5 257.6 120.0

71.0 10.8 263.2 123.3

76.8 14.1 268.7 126.7

82.4 17.4 274.4 130.0

88.0 20.7 280.0 133.3

93.7 24.0 285.8 136.6

99.3 27.3 291.3 139.9

104.9 30.6 296.9 143.2

110.6 33.9 302.6 146.5

116.3 37.3 308.3 149.8

121.9 40.6 313.9 153.1

127.7 43.9 319.7 156.5

133.3 47.2 325.3 159.8

139.0 50.5 330.9 163.1

144.5 53.8 336.6 166.4

150.4 57.1 342.2 169.7

155.8 60.4 347.9 173.0

161.5 63.7 353.6 176.3

167.1 67.1 359.1 179.6

172.7 70.4 364.7 182.9

178.5 73.7 370.4 186.3

184.2 77.0 376.1 189.6

189.8 80.3 381.8 192.9

195.5 83.6 387.5 196.2

201.0 86.9 393.1 199.5

206.7 90.2 398.7 202.8

212.4 93.5 404.3 206.1

217.9 96.9 410.0 209.4

223.7 100.2 415.7 212.7

229.3 103.5 421.4 216.1

235.0 106.8 426.9 219.4

240.6 110.1 432.6 222.7

438.3 226.0

443.7 229.1

447.4 231.3



92 

 

 

Appendix B: Chapter 3 Tabulated Data 

 

 

 

 

 

 

Table 7 - Flex Core Sensitivity to Mesh Tabulated Data (continued) 

 

Table 6 – Flex Core Sensitivity to Mesh Tabulated Data 

Run Elements Tot Deform (mm) Equiv Stress (MPa) Trail Edge Displacement (mm) Top Actuator Stroke (mm)

1 3,019 179.80 337.24 -163.60 16.45

2 5,668 175.82 358.16 -160.74 16.00

3 6,387 178.00 380.67 -162.30 16.27

4 8,288 177.17 374.60 -161.72 16.14

5 10,506 178.32 418.16 -162.55 16.25

6 12,487 178.28 436.04 -162.51 16.27

7 17,504 176.95 433.76 -161.54 16.14

8 24,826 175.86 442.77 -160.75 16.01

9 35,209 177.27 455.92 -161.78 16.15

10 40,590 176.16 445.08 -160.98 16.05

11 55,527 175.81 447.09 -160.72 16.00

12 75,714 175.67 450.39 -160.62 15.99

13 88,415 175.86 449.58 -160.75 16.01

14 106,713 175.86 454.86 -160.74 16.03

15 129,833 175.81 454.05 -160.71 16.04

16 150,842 175.78 456.42 -160.68 16.03

17 185,766 175.76 452.56 -160.68 16.03

FLEX CORE SENSITIVITY TO MESH

Run Bot Actuator Stroke (mm) Max Princ Stress (Mpa) Mid Princ Stress (Mpa) Min Princ Stress (MPa) Time

1 -18.12 343.58 132.80 -343.75 52s

2 -17.66 384.37 68.22 -361.60 1m 50s

3 -17.88 417.98 110.50 -431.51 2m 0s

4 -17.82 373.96 90.44 -373.70 2m 40s

5 -17.95 416.47 133.41 -420.28 3m 31s

6 -17.93 433.79 108.47 -428.69 4m 7s

7 -17.80 431.66 103.81 -435.64 5m 41s

8 -17.67 440.55 131.33 -435.96 8m 31s

9 -17.84 453.51 119.93 -444.57 12m 16s

10 -17.70 443.08 101.36 -442.42 12m 26s

11 -17.66 445.23 107.87 -443.90 19m 49s

12 -17.64 448.66 113.80 -447.40 28m 3s

13 -17.66 448.91 154.48 -449.76 43m 32s

14 -17.64 453.02 188.84 -449.05 55m 36s

15 -17.62 452.33 148.72 -451.41 1h 19m

16 -17.62 455.00 228.09 -451.35 2h 3m

17 -17.62 450.93 129.98 -453.54 2h 31m

FLEX CORE SENSITIVITY TO MESH
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Appendix C: Chapter 4 Tabulated Data 

  

 

Table 8 – Morphing Wing Deflection Analysis Results Tabulated Data 

 

 

 

 

 

 

 

 

Actuator Force (N) Deflection Angle (deg) Trailing Edge Displacement (mm) Top Actuator Stroke (mm) Bot Actuator Stroke (mm)

5 -1.7 -6.20 5.6E-01 -5.6E-01

10 -3.4 -12.39 1.11 -1.12

15 -5.1 -18.56 1.66 -1.68

20 -6.8 -24.68 2.20 -2.24

25 -8.5 -30.76 2.74 -2.80

30 -10.2 -36.77 3.27 -3.37

35 -11.9 -42.71 3.79 -3.93

40 -13.5 -48.53 4.31 -4.48

45 -15.1 -54.32 4.82 -5.04

50 -16.8 -59.98 5.33 -5.59

55 -18.4 -65.53 5.82 -6.14

60 -19.9 -70.97 6.32 -6.68

65 -21.5 -76.29 6.80 -7.22

70 -23.0 -81.49 7.27 -7.76

75 -24.5 -86.57 7.75 -8.29

80 -26.0 -91.52 8.21 -8.81

85 -27.5 -96.34 8.67 -9.33

90 -29.0 -101.04 9.12 -9.85

95 -30.4 -105.62 9.56 -10.36

100 -31.8 -110.06 10.00 -10.86

105 -33.2 -114.38 10.44 -11.36

110 -34.5 -118.61 10.87 -11.86

115 -35.9 -122.69 11.30 -12.35

120 -37.2 -126.67 11.72 -12.84

125 -38.5 -130.53 12.14 -13.32

130 -39.8 -134.27 12.56 -13.80

135 -41.1 -137.91 12.98 -14.27

140 -42.4 -141.44 13.40 -14.74

145 -43.6 -144.83 13.81 -15.20

150 -44.8 -148.18 14.23 -15.67

155 -46.1 -151.39 14.64 -16.13

160 -47.3 -154.53 15.06 -16.59

165 -48.5 -157.58 15.48 -17.04

170 -49.6 -160.54 15.91 -17.49

175 -50.8 -163.42 16.34 -17.95

MORPHING WING DEFLECTIONS - DATA FOR 1 L16-R SERVO
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Table 9 – Morphing Wing Deflection Analysis Results Tabulated Data (continued 1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Actuator Force (N) Current Required (mA) Voltage Required (V) Power Required (W) Equiv Stress (Mpa) Max Princ Stress (MPa) Min Princ Stress (MPa)

5 61.3 6 3.7E-01 12.46 12.71 -12.71

10 69.8 6 4.2E-01 24.94 25.44 -25.44

15 78.3 6 4.7E-01 37.45 38.18 -38.19

20 86.9 6 5.2E-01 49.95 50.94 -50.94

25 95.4 6 5.7E-01 62.45 63.69 -63.69

30 103.9 6 6.2E-01 74.94 76.42 -76.43

35 112.4 6 6.7E-01 87.41 89.11 -89.15

40 121.0 6 7.3E-01 99.79 101.77 -101.77

45 129.5 6 7.8E-01 112.33 114.55 -114.49

50 138.0 6 8.3E-01 124.86 127.26 -127.11

55 146.6 6 8.8E-01 137.40 140.04 -139.71

60 155.1 6 9.3E-01 149.92 152.80 -152.37

65 163.6 6 9.8E-01 162.43 165.55 -165.01

70 172.2 6 1.03 174.91 178.28 -177.61

75 180.7 6 1.08 187.40 191.01 -190.22

80 189.2 6 1.14 199.86 203.72 -202.80

85 197.7 6 1.19 212.33 216.42 -215.38

90 206.3 6 1.24 224.77 229.11 -227.93

95 214.8 6 1.29 237.28 241.87 -240.55

100 223.3 6 1.34 249.72 254.55 -253.10

105 231.9 6 1.39 262.21 267.29 -265.72

110 240.4 6 1.44 274.78 280.10 -278.56

115 248.9 6 1.49 287.33 292.91 -291.39

120 257.5 6 1.54 299.94 305.76 -304.28

125 266.0 6 1.60 312.60 318.67 -317.25

130 274.5 6 1.65 325.29 331.61 -330.24

135 283.0 6 1.70 338.06 344.63 -343.33

140 291.6 6 1.75 350.90 357.72 -356.50

145 300.1 6 1.80 363.67 370.76 -369.62

150 308.6 6 1.85 376.74 384.08 -383.03

155 317.2 6 1.90 389.79 397.39 -396.44

160 325.7 6 1.95 403.02 410.88 -410.03

165 334.2 6 2.01 416.38 424.51 -423.77

170 342.7 6 2.06 429.89 438.29 -437.67

175 351.3 6 2.11 443.56 452.24 -451.75

MORPHING WING DEFLECTIONS - DATA FOR 1 L16-R SERVO
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Table 10 – Morphing Wing Deflection Analysis Results Tabulated Data (continued 2)  

Total Actuation Force (N) Deflection Angle (deg)

10 -1.7

20 -3.4

30 -5.1

40 -6.8

50 -8.5

60 -10.2

70 -11.9

80 -13.5

90 -15.1

100 -16.8

110 -18.4

120 -19.9

130 -21.5

140 -23.0

150 -24.5

160 -26.0

170 -27.5

180 -29.0

190 -30.4

200 -31.8

210 -33.2

220 -34.5

230 -35.9

240 -37.2

250 -38.5

260 -39.8

270 -41.1

280 -42.4

290 -43.6

300 -44.8

310 -46.1

320 -47.3

330 -48.5

340 -49.6

350 -50.8

TOTAL ACTUATION FORCE
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Table 11 – Wing Skin Analysis Results Tabulated Data 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Actuator Force (N) Normal Strain X Max Normal Strain X Min Normal Strain Y Max Normal Strain Y Min Normal Strain Z Max Normal Strain Z Min

5 5.648E-04 -5.104E-04 2.928E-04 -3.094E-04 4.253E-04 -4.264E-04

10 1.130E-03 -1.021E-03 5.855E-04 -6.188E-04 8.506E-04 -8.529E-04

15 1.694E-03 -1.531E-03 8.783E-04 -9.283E-04 1.276E-03 -1.279E-03

20 2.259E-03 -2.042E-03 1.171E-03 -1.238E-03 1.701E-03 -1.706E-03

25 2.824E-03 -2.552E-03 1.464E-03 -1.547E-03 2.127E-03 -2.132E-03

30 3.389E-03 -3.062E-03 1.757E-03 -1.857E-03 2.552E-03 -2.559E-03

35 3.954E-03 -3.573E-03 2.049E-03 -2.166E-03 2.977E-03 -2.985E-03

40 4.519E-03 -4.083E-03 2.342E-03 -2.475E-03 3.403E-03 -3.412E-03

45 5.083E-03 -4.593E-03 2.635E-03 -2.785E-03 3.828E-03 -3.838E-03

50 5.648E-03 -5.104E-03 2.928E-03 -3.094E-03 4.253E-03 -4.264E-03

55 6.213E-03 -5.614E-03 3.220E-03 -3.404E-03 4.679E-03 -4.691E-03

60 6.778E-03 -6.125E-03 3.513E-03 -3.713E-03 5.104E-03 -5.117E-03

65 7.343E-03 -6.635E-03 3.806E-03 -4.022E-03 5.529E-03 -5.544E-03

70 7.908E-03 -7.145E-03 4.099E-03 -4.332E-03 5.955E-03 -5.970E-03

75 8.472E-03 -7.656E-03 4.391E-03 -4.641E-03 6.380E-03 -6.397E-03

80 9.037E-03 -8.166E-03 4.684E-03 -4.951E-03 6.805E-03 -6.823E-03

85 9.602E-03 -8.676E-03 4.977E-03 -5.260E-03 7.230E-03 -7.250E-03

90 1.017E-02 -9.187E-03 5.270E-03 -5.570E-03 7.656E-03 -7.676E-03

95 1.073E-02 -9.697E-03 5.562E-03 -5.879E-03 8.081E-03 -8.102E-03

100 1.130E-02 -1.021E-02 5.855E-03 -6.188E-03 8.506E-03 -8.529E-03

105 1.186E-02 -1.072E-02 6.148E-03 -6.498E-03 8.932E-03 -8.955E-03

110 1.243E-02 -1.123E-02 6.441E-03 -6.807E-03 9.357E-03 -9.382E-03

115 1.299E-02 -1.174E-02 6.733E-03 -7.117E-03 9.782E-03 -9.808E-03

120 1.356E-02 -1.225E-02 7.026E-03 -7.426E-03 1.021E-02 -1.023E-02

125 1.412E-02 -1.276E-02 7.319E-03 -7.736E-03 1.063E-02 -1.066E-02

130 1.469E-02 -1.327E-02 7.612E-03 -8.045E-03 1.106E-02 -1.109E-02

135 1.525E-02 -1.378E-02 7.904E-03 -8.354E-03 1.148E-02 -1.151E-02

140 1.582E-02 -1.429E-02 8.197E-03 -8.664E-03 1.191E-02 -1.194E-02

145 1.638E-02 -1.480E-02 8.490E-03 -8.973E-03 1.233E-02 -1.237E-02

150 1.694E-02 -1.531E-02 8.783E-03 -9.283E-03 1.276E-02 -1.279E-02

155 1.751E-02 -1.582E-02 9.076E-03 -9.592E-03 1.318E-02 -1.322E-02

160 1.807E-02 -1.633E-02 9.368E-03 -9.901E-03 1.361E-02 -1.365E-02

165 1.864E-02 -1.684E-02 9.661E-03 -1.021E-02 1.404E-02 -1.407E-02

170 1.920E-02 -1.735E-02 9.954E-03 -1.052E-02 1.446E-02 -1.450E-02

175 1.977E-02 -1.786E-02 1.025E-02 -1.083E-02 1.489E-02 -1.493E-02

WING SKIN ANALYSIS - DATA FOR 1 ACTUATOR BRACKET
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Table 12 – Wing Skin Analysis Results Tabulated Data (continued 1) 

 

 

 

 

 

 

 

 

 

 

 

 

Actuator Force (N) Shear Strain XY Max Shear Strain XY Min Shear Strain YZ Max Shear Strain YZ Min Shear Strain XZ Max Shear Strain XZ Min

5 3.849E-05 -4.211E-05 1.172E-05 -1.192E-05 5.676E-04 -5.670E-04

10 7.698E-05 -8.422E-05 2.344E-05 -2.384E-05 1.135E-03 -1.134E-03

15 1.155E-04 -1.263E-04 3.516E-05 -3.576E-05 1.703E-03 -1.701E-03

20 1.540E-04 -1.684E-04 4.687E-05 -4.768E-05 2.270E-03 -2.268E-03

25 1.924E-04 -2.106E-04 5.859E-05 -5.960E-05 2.838E-03 -2.835E-03

30 2.309E-04 -2.527E-04 7.031E-05 -7.152E-05 3.405E-03 -3.402E-03

35 2.694E-04 -2.948E-04 8.203E-05 -8.344E-05 3.973E-03 -3.969E-03

40 3.079E-04 -3.369E-04 9.375E-05 -9.535E-05 4.540E-03 -4.536E-03

45 3.464E-04 -3.790E-04 1.055E-04 -1.073E-04 5.108E-03 -5.103E-03

50 3.849E-04 -4.211E-04 1.172E-04 -1.192E-04 5.676E-03 -5.670E-03

55 4.234E-04 -4.632E-04 1.289E-04 -1.311E-04 6.243E-03 -6.237E-03

60 4.619E-04 -5.053E-04 1.406E-04 -1.430E-04 6.811E-03 -6.804E-03

65 5.003E-04 -5.475E-04 1.523E-04 -1.550E-04 7.378E-03 -7.371E-03

70 5.388E-04 -5.896E-04 1.641E-04 -1.669E-04 7.946E-03 -7.938E-03

75 5.773E-04 -6.317E-04 1.758E-04 -1.788E-04 8.513E-03 -8.505E-03

80 6.158E-04 -6.738E-04 1.875E-04 -1.907E-04 9.081E-03 -9.072E-03

85 6.543E-04 -7.159E-04 1.992E-04 -2.026E-04 9.648E-03 -9.639E-03

90 6.928E-04 -7.580E-04 2.109E-04 -2.145E-04 1.022E-02 -1.021E-02

95 7.313E-04 -8.001E-04 2.227E-04 -2.265E-04 1.078E-02 -1.077E-02

100 7.698E-04 -8.422E-04 2.344E-04 -2.384E-04 1.135E-02 -1.134E-02

105 8.082E-04 -8.844E-04 2.461E-04 -2.503E-04 1.192E-02 -1.191E-02

110 8.467E-04 -9.265E-04 2.578E-04 -2.622E-04 1.249E-02 -1.247E-02

115 8.852E-04 -9.686E-04 2.695E-04 -2.741E-04 1.305E-02 -1.304E-02

120 9.237E-04 -1.011E-03 2.812E-04 -2.861E-04 1.362E-02 -1.361E-02

125 9.622E-04 -1.053E-03 2.930E-04 -2.980E-04 1.419E-02 -1.417E-02

130 1.001E-03 -1.095E-03 3.047E-04 -3.099E-04 1.476E-02 -1.474E-02

135 1.039E-03 -1.137E-03 3.164E-04 -3.218E-04 1.532E-02 -1.531E-02

140 1.078E-03 -1.179E-03 3.281E-04 -3.337E-04 1.589E-02 -1.588E-02

145 1.116E-03 -1.221E-03 3.398E-04 -3.457E-04 1.646E-02 -1.644E-02

150 1.155E-03 -1.263E-03 3.516E-04 -3.576E-04 1.703E-02 -1.701E-02

155 1.193E-03 -1.305E-03 3.633E-04 -3.695E-04 1.759E-02 -1.758E-02

160 1.232E-03 -1.348E-03 3.750E-04 -3.814E-04 1.816E-02 -1.814E-02

165 1.270E-03 -1.390E-03 3.867E-04 -3.933E-04 1.873E-02 -1.871E-02

170 1.309E-03 -1.432E-03 3.984E-04 -4.053E-04 1.930E-02 -1.928E-02

175 1.347E-03 -1.474E-03 4.101E-04 -4.172E-04 1.986E-02 -1.984E-02

WING SKIN ANALYSIS - DATA FOR 1 ACTUATOR BRACKET
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Table 13 – Wing Skin Analysis Results Tabulated Data (continued 2) 

 Actuator Force (N) Deformation (mm)

5 2.2E-01

10 4.3E-01

15 6.5E-01

20 8.7E-01

25 1.09

30 1.30

35 1.52

40 1.74

45 1.95

50 2.17

55 2.39

60 2.61

65 2.82

70 3.04

75 3.26

80 3.47

85 3.69

90 3.91

95 4.13

100 4.34

105 4.56

110 4.78

115 4.99

120 5.21

125 5.43

130 5.65

135 5.86

140 6.08

145 6.30

150 6.51

155 6.73

160 6.95

165 7.17

170 7.38

175 7.60

SKIN DEFORMATION
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Appendix D: Chapter 5 Tabulated Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 14 – CFD Sensitivity to Mesh Tabulated Data 

Table 15 – CFD Sensitivity to Mesh Tabulated Data (continued) 

Run Tet Elements Poly Elements Velocity (m/s) Morphing Angle (deg) AOA (deg)

1 285,383 59,472 30 15 0

2 420,655 85,597 30 15 0

3 532,800 107,673 30 15 0

4 806,052 158,150 30 15 0

5 1,582,447 989,723 30 15 0

6 1,810,816 1,114,111 30 15 0

7 2,476,507 1,456,611 30 15 0

8 3,251,853 1,915,401 30 15 0

9 4,246,122 2,451,575 30 15 0

10 5,712,261 3,207,724 30 15 0

11 6,597,261 3,714,377 30 15 0

12 7,176,921 4,022,264 30 15 0

13 8,076,171 4,505,406 30 15 0

14 8,770,484 4,914,641 30 15 0

CFD SENSITIVITY TO MESH

Run Drag Force (N) Lift Force (N) Mass Flow Imbalance (kg/s) Iterations

1 16.26 183.77 5.41E-07 500

2 15.98 185.13 5.34E-09 500

3 15.71 184.52 1.76E-09 500

4 15.48 184.76 -3.47E-08 500

5 13.16 167.40 6.01E-08 500

6 13.98 176.15 -5.19E-08 500

7 13.70 177.74 4.78E-10 500

8 13.48 177.70 -3.27E-08 500

9 13.27 177.05 1.02E-09 500

10 13.60 180.77 2.75E-09 500

11 13.64 180.51 4.80E-08 500

12 13.61 180.54 1.83E-09 500

13 13.57 180.57 -2.39E-07 500

14 13.55 180.68 -1.05E-06 500

CFD SENSITIVITY TO MESH
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Table 16 – Morphing Wing CFD Results Tabulated Data 

Morphing Angle (deg) Velocity (m/s) AOA (deg) Drag Force (N) Drag Coeff Lift Force (N) Lift Coeff L/D Iterations

0 30 0 2.52 6.46E-03 3E-02 8.00E-05 1E-02 500

5 30 0 3.71 9.50E-03 57.56 1.48E-01 15.53 500

10 30 0 7.86 2.01E-02 124.53 3.19E-01 15.85 500

15 30 0 13.98 3.58E-02 176.23 4.52E-01 12.61 500

20 30 0 25.00 6.41E-02 195.00 5.00E-01 7.80 500

25 30 0 34.00 8.72E-02 205.00 5.26E-01 6.03 500

30 30 0 46.29 1.19E-01 213.99 5.49E-01 4.62 500

35 30 0 52.69 1.35E-01 213.33 5.47E-01 4.05 500

40 30 0 66.96 1.72E-01 230.35 5.91E-01 3.44 500

45 30 0 72.47 1.86E-01 223.42 5.73E-01 3.08 500

50 30 0 90.00 2.31E-01 225.00 5.77E-01 2.50 500

Morphing Angle (deg) Velocity (m/s) AOA (deg) Drag Force (N) Drag Coeff Lift Force (N) Lift Coeff L/D Iterations

0 20 0 1.20 6.90E-03 1E-02 7.57E-05 1E-02 500

5 20 0 1.72 9.95E-03 25.63 1.48E-01 14.86 500

10 20 0 3.54 2.05E-02 54.87 3.17E-01 15.48 500

15 20 0 6.26 3.61E-02 77.44 4.47E-01 12.36 500

20 20 0 11.00 6.35E-02 90.00 5.19E-01 8.18 500

25 20 0 15.00 8.65E-02 90.00 5.19E-01 6.00 500

30 20 0 20.53 1.18E-01 94.06 5.43E-01 4.58 500

35 20 0 23.43 1.35E-01 94.06 5.43E-01 4.01 500

40 20 0 29.75 1.72E-01 101.70 5.87E-01 3.42 500

45 20 0 32.24 1.86E-01 98.88 5.70E-01 3.07 500

50 20 0 42.00 2.42E-01 100.00 5.77E-01 2.38 500

Morphing Angle (deg) Velocity (m/s) AOA (deg) Drag Force (N) Drag Coeff Lift Force (N) Lift Coeff L/D Iterations

0 10 0 3.4E-01 7.77E-03 4E-03 9.69E-05 1E-02 500

5 10 0 4.7E-01 1.08E-02 6.42 1.48E-01 13.66 500

10 10 0 9.1E-01 2.11E-02 13.47 3.11E-01 14.74 500

15 10 0 1.60 3.70E-02 18.85 4.35E-01 11.77 500

20 10 0 3.00 6.92E-02 20.00 4.62E-01 6.67 500

25 10 0 4.00 9.23E-02 22.00 5.08E-01 5.50 500

30 10 0 5.14 1.19E-01 22.93 5.29E-01 4.46 500

35 10 0 5.88 1.36E-01 23.15 5.34E-01 3.94 500

40 10 0 7.44 1.72E-01 25.07 5.79E-01 3.37 500

45 10 0 8.09 1.87E-01 24.48 5.65E-01 3.03 500

50 10 0 10.00 2.31E-01 24.27 5.60E-01 2.43 500

MORPHING WING (30 m/s)

MORPHING WING (20 m/s)

MORPHING WING (10 m/s)
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Table 17 – NACA 0012 Wing CFD Results Tabulated Data 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flap Angle (deg) Velocity (m/s) AOA (deg) Drag Force (N) Drag Coeff Lift Force (N) Lift Coeff L/D Iterations

0 30 0 2.37 6.07E-03 4E-02 1.14E-04 2E-02 500

5 30 0 3.25 8.33E-03 51.43 1.32E-01 15.84 500

10 30 0 5.99 1.54E-02 102.99 2.64E-01 17.19 500

15 30 0 11.10 2.85E-02 143.00 3.67E-01 12.88 500

20 30 0 18.62 4.78E-02 158.50 4.06E-01 8.51 500

25 30 0 24.30 6.23E-02 163.50 4.19E-01 6.73 500

30 30 0 31.07 7.97E-02 180.58 4.63E-01 5.81 500

35 30 0 37.98 9.74E-02 197.50 5.06E-01 5.20 500

40 30 0 44.62 1.14E-01 210.98 5.41E-01 4.73 500

45 30 0 51.52 1.32E-01 220.08 5.64E-01 4.27 500

50 30 0 58.03 1.49E-01 227.90 5.84E-01 3.93 500

Flap Angle (deg) Velocity (m/s) AOA (deg) Drag Force (N) Drag Coeff Lift Force (N) Lift Coeff L/D Iterations

0 20 0 1.12 6.49E-03 3E-02 1.54E-04 2E-02 500

5 20 0 1.51 8.73E-03 22.64 1.31E-01 14.96 500

10 20 0 2.73 1.57E-02 45.24 2.61E-01 16.59 500

15 20 0 5.04 2.91E-02 61.00 3.52E-01 12.11 500

20 20 0 8.20 4.73E-02 68.62 3.96E-01 8.37 500

25 20 0 10.83 6.25E-02 71.74 4.14E-01 6.63 500

30 20 0 13.83 7.98E-02 79.69 4.60E-01 5.76 500

35 20 0 16.90 9.75E-02 86.99 5.02E-01 5.15 500

40 20 0 19.85 1.15E-01 92.93 5.36E-01 4.68 500

45 20 0 22.91 1.32E-01 97.08 5.60E-01 4.24 500

50 20 0 25.81 1.49E-01 100.58 5.80E-01 3.90 500

Flap Angle (deg) Velocity (m/s) AOA (deg) Drag Force (N) Drag Coeff Lift Force (N) Lift Coeff L/D Iterations

0 10 0 3.2E-01 7.33E-03 8E-03 1.89E-04 3E-02 500

5 10 0 4.1E-01 9.54E-03 5.55 1.28E-01 13.41 500

10 10 0 7.1E-01 1.65E-02 11.03 2.55E-01 15.43 500

15 10 0 1.41 3.24E-02 14.70 3.39E-01 10.46 500

20 10 0 2.05 4.73E-02 16.29 3.76E-01 7.95 500

25 10 0 2.73 6.31E-02 17.73 4.09E-01 6.49 500

30 10 0 3.47 8.00E-02 19.64 4.53E-01 5.66 500

35 10 0 4.23 9.77E-02 21.40 4.94E-01 5.05 500

40 10 0 4.97 1.15E-01 22.88 5.28E-01 4.60 500

45 10 0 5.74 1.32E-01 23.96 5.53E-01 4.18 500

50 10 0 6.46 1.49E-01 24.83 5.73E-01 3.84 500

NACA 0012 (30 m/s)

NACA 0012 (20 m/s)

NACA 0012 (10 m/s)
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Appendix E: Chapter 6 Tabulated Data 

 

 

Table 18 – Morphing Wing Aeroelastic Response Results Tabulated Data 

 

 

Morphing Angle (deg) Velocity (m/s) AOA (deg) Total Deformation (mm) Equiv Stress (MPa) Trailing Edge Deformation (mm) Max Princ Stress (MPa) Min Princ Stress (MPa)

5 30 0 2.8E-01 19.38 2.6E-01 17.12 -19.38

10 30 0 5.2E-01 41.56 5.0E-01 38.12 -41.45

15 30 0 7.5E-01 55.99 7.3E-01 53.12 -57.21

20 30 0 1.25 83.49 1.22 70.70 -82.79

25 30 0 1.40 79.76 1.35 79.22 -82.26

30 30 0 1.68 82.47 1.56 77.47 -81.49

35 30 0 1.81 84.13 1.62 76.02 -83.09

40 30 0 2.29 80.00 1.93 79.18 -81.34

45 30 0 2.60 82.78 2.03 72.58 -82.42

50 30 0 2.98 110.95 2.16 91.52 -109.78

Morphing Angle (deg) Velocity (m/s) AOA (deg) Total Deformation (mm) Equiv Stress (MPa) Trailing Edge Deformation (mm) Max Princ Stress (MPa) Min Princ Stress (MPa)

5 20 0 1.2E-01 8.64 1.2E-01 7.63 -8.63

10 20 0 2.3E-01 18.28 2.2E-01 16.77 -18.23

15 20 0 3.3E-01 24.56 3.2E-01 23.30 -25.09

20 20 0 5.5E-01 37.22 5.4E-01 31.23 -36.91

25 20 0 6.1E-01 34.62 5.8E-01 34.35 -35.67

30 20 0 7.4E-01 36.45 6.8E-01 33.90 -36.02

35 20 0 8.0E-01 37.34 7.1E-01 33.42 -36.88

40 20 0 1.01 35.26 8.5E-01 34.90 -35.99

45 20 0 1.15 36.81 9.0E-01 32.28 -36.65

50 20 0 1.31 49.27 9.5E-01 40.76 -48.74

Morphing Angle (deg) Velocity (m/s) AOA (deg) Total Deformation (mm) Equiv Stress (MPa) Trailing Edge Deformation (mm) Max Princ Stress (MPa) Min Princ Stress (MPa)

5 10 0 3E-02 2.17 3E-02 1.91 -2.16

10 10 0 6E-02 4.47 5E-02 4.10 -4.46

15 10 0 4E-02 5.96 8E-02 5.65 -6.08

20 10 0 1.3E-01 8.60 1.3E-01 7.45 -8.53

25 10 0 1.5E-01 8.50 1.4E-01 8.46 -8.78

30 10 0 1.8E-01 9.04 1.7E-01 8.28 -8.93

35 10 0 2.0E-01 9.31 1.8E-01 8.20 -9.19

40 10 0 2.5E-01 8.76 2.1E-01 8.59 -8.96

45 10 0 2.9E-01 9.21 2.2E-01 8.08 -9.17

50 10 0 3.2E-01 12.22 2.4E-01 10.10 -12.09

AEROELASTIC RESPONSE (30 m/s)

AEROELASTIC RESPONSE (20 m/s)

AEROELASTIC RESPONSE (10 m/s)


