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            1 INVESTIGATING THE BENEFITS OF MORPHING WING TIP DEVICES - A CASE STUDY Chen Wang 1 , Hamed Haddad Khodaparast 2 , Michael I Friswell 3 1 College of Engineering, Swansea University Singleton Park, Swansea, UK [email protected] 2 College of Engineering, Swansea University Singleton Park, Swansea, UK [email protected] 3 College of Engineering, Swansea University Singleton Park, Swansea, UK [email protected] Keywords: Morphing Aircraft, Morphing Winglet, Compliant Structure, Static Aeroelasticity Abstract: Numerous wing tip devices have been installed on commercial jets to reduce fuel consumption and provide more mission flexibility. Since these wing tip devices are in a fixed geometry and mainly designed for a specific mission segment, it is still possible to enhance their overall performance by introducing morphing technologies. Research on morphing aircraft has shown its potential by providing the capabilities of adapting the aircraft geometry to the changing flight condition. This paper will describe a morphing winglet for a typical narrow body airliner. Four morphing variables are considered in two flight conditions. The vortex lattice method is used to calculate the performance criteria which leads to aerodynamic benefits compared to the fixed winglet. This paper also proposes a compliant structure to realize the required spanwise morphing. The structure uses unsymmetrical stiffness to transfer the linear actuation into rotation. By using multiple units of the compliant structure a substantial rotation change can be achieved. The compliance of the structure is also constrained by the requirement of carrying aerodynamic loads. Thus a simple static aeroelastic analysis is conducted to find the real dihedral angle during flight. The work shown in this paper describes the pursuit of a practical morphing winglet. Although a moderate aerodynamic benefit has been found, the overall performance may not improve due to the implementation of the compliant structure, which will be addressed in future work. 1 INTRODUCTION The pursuit of better performance has continued since the dream of powered flight came true. The concept of a morphing aircraft or an adaptive wing [1] is one of the promising candidates which may change the way that the aircraft is designed and operated. The shape of the conventional aircraft is only optimized for one flight condition while the morphing aircraft allows for active shape change under different flight conditions, which can provide additional aerodynamic benefits to the overall performance. Numerous morphing projects have been 
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1
 INVESTIGATING THE BENEFITS OF MORPHING WING TIP
 DEVICES - A CASE STUDY
 Chen Wang1, Hamed Haddad Khodaparast
 2, Michael I Friswell
 3
 1 College of Engineering, Swansea University
 Singleton Park, Swansea, UK
 [email protected]
 2 College of Engineering, Swansea University
 Singleton Park, Swansea, UK
 [email protected]
 3 College of Engineering, Swansea University
 Singleton Park, Swansea, UK
 [email protected]
 Keywords: Morphing Aircraft, Morphing Winglet, Compliant Structure, Static Aeroelasticity
 Abstract: Numerous wing tip devices have been installed on commercial jets to reduce fuel
 consumption and provide more mission flexibility. Since these wing tip devices are in a fixed
 geometry and mainly designed for a specific mission segment, it is still possible to enhance
 their overall performance by introducing morphing technologies.
 Research on morphing aircraft has shown its potential by providing the capabilities of
 adapting the aircraft geometry to the changing flight condition. This paper will describe a
 morphing winglet for a typical narrow body airliner. Four morphing variables are considered
 in two flight conditions. The vortex lattice method is used to calculate the performance
 criteria which leads to aerodynamic benefits compared to the fixed winglet.
 This paper also proposes a compliant structure to realize the required spanwise morphing. The
 structure uses unsymmetrical stiffness to transfer the linear actuation into rotation. By using
 multiple units of the compliant structure a substantial rotation change can be achieved. The
 compliance of the structure is also constrained by the requirement of carrying aerodynamic
 loads. Thus a simple static aeroelastic analysis is conducted to find the real dihedral angle
 during flight.
 The work shown in this paper describes the pursuit of a practical morphing winglet. Although
 a moderate aerodynamic benefit has been found, the overall performance may not improve
 due to the implementation of the compliant structure, which will be addressed in future work.
 1 INTRODUCTION
 The pursuit of better performance has continued since the dream of powered flight came true.
 The concept of a morphing aircraft or an adaptive wing [1] is one of the promising candidates
 which may change the way that the aircraft is designed and operated. The shape of the
 conventional aircraft is only optimized for one flight condition while the morphing aircraft
 allows for active shape change under different flight conditions, which can provide additional
 aerodynamic benefits to the overall performance. Numerous morphing projects have been
 mailto:[email protected]
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 proposed, and the aircraft shape change may be used to categorize morphing concepts into
 wing span morphing [2, 3], camber morphing [4, 5], variable sweep morphing [6, 7], etc.
 The development of wing tip devices can be traced to Lanchester’s patent in 1897. But the
 early wing tip end plates were only useful at very high lift coefficient until Whitcomb
 proposed the winglet, a wing like surface at the wing tip [8]. The winglet can be seen as a
 small wing which also has an aerodynamic cross section and produces lift and drag. Installing
 the winglet can reduce the induced drag and weaken the wing tip vortex. A fixed winglet can
 only be optimized to meet the requirements of a specific flight condition, which motivates the
 application of morphing technologies to the wing tip device.
 The potential benefits of morphing technologies in the design of wing tip devices have
 aroused the attention of researchers. There exist different ways to classify morphing wing tip
 devices, e.g. by the motivation, the application scenario, or the technology applied, and these
 are summarized in Table 1.
 Classification
 Method Examples
 Motivation Performance
 enhancement [9, 10]
 Novel control method
 [11, 12]
 Pollution reduction
 [13]
 Application
 scenario Unmanned Aerial Vehicle [10] Commercial airliner [9, 13, 14]
 Actuation
 system
 Smart
 materials, e.g.
 shape memory
 alloy [15]
 Multi-Stable
 structures
 [16, 17]
 Inflatable system
 [13]
 Conventional
 servo motors
 [10, 18]
 Morphing
 Strategy
 (Geometry
 variables to
 change)
 Relative location to the
 wing [10, 18] Camber morphing
 Geometry
 variables as a wing
 Dihedral
 angle Toe angle
 Static
 [19]
 Active
 oscillation[20]
 Sweep angle [21],
 span [15]
 Table 1: Classification of the morphing wing tip devices
 Although changing the shape of the winglet adaptively can bring aerodynamic benefits to the
 aircraft, the accompanying morphing structure, together with the actuation system and the
 skin, will cause difficulties in its design and manufacture. In a poor design, the benefits of
 morphing will not compensate for the cost of implementing the system, making the morphing
 technology unacceptable. Moreover the morphing structure increases the flexibility of the
 wing making the phenomenon of aeroelasticity more important. Thus the interaction of the
 aerodynamic and structural analysis becomes critical. Figure 1 describes schematically the
 interactions and their relationship with the performance.
 In this paper conceptual analysis will be used to investigate the potential benefits of a
 morphing winglet. A typical case is selected and both aerodynamic and structure models are
 built to show the effects of the morphing approaches. The vortex lattice method will be used
 for the aerodynamic analysis; although the detailed study of a winglet requires high-fidelity
 analysis and wind tunnel tests, the vortex lattice method can provide reasonable results for a
 conceptual study. In terms of the structure analysis a novel compliant structure is proposed
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 and investigated using the commercial finite element software (Abaqus 6.13, [22]). The
 aerodynamic and structure models are then coupled to conduct a static aeroelastic analysis.
 Figure 1: Schematic of the aero-structure interaction
 2 AERODYNAMIC ANALYSIS
 2.1 Definition of the Model
 A typical case is selected first. The selected case should be representative and the geometry
 and weight data should be readily available. A single-aisle commercial airliner is chosen since
 this kind of airliner is very common and their span is usually constrained by airport
 restrictions. Table 1 provides the main parameters of the airliner, which were obtained from
 open websites [23, 24]. While the specific values may differ from those of the real-world,
 they can still provide a reasonable baseline to demonstrate the effects of the morphing winglet,
 since the main interest is the change in performance caused by the morphing winglet. The
 reference geometry used in the aerodynamic analysis corresponds to the planar wing
 configuration when the winglet dihedral angle is 0 degrees.
 Geometry data Weight data
 Leading edge sweep angle 28° Max take-off weight 79000 kg
 Reference span 36.56 m Max zero fuel weight 62000 kg
 Reference wing area 131.61 m2 Max landing weight 66000 kg
 Wing root chord 6.06 m Max payload 20000 kg
 Wing tip chord 1.68 m Fuel Capacity 21000 kg
 Table 2: Main parameters of the baseline aircraft

Page 4
						

IFASD-2015-018
 4
 The winglet has the same leading edge sweep angle as the wing and its chord and half span
 are the same as the wing tip chord. Since the winglet can be regarded as a wing, any state-of-
 the-art morphing wing technology could theoretically be used on the winglet. However, too
 many morphing variables will make the winglet too complicated, and thus four variables are
 proposed in the current paper, as shown in Figure 1, namely, the winglet dihedral angle d ,
 the winglet toe angle t , the winglet twist angle w and the deflection angle of the winglet
 control surface c . The control surface is modeled as a flap starting from 80% of the chord,
 while a compliant camber morphing structure could be used in the future.
 Figure 2: Morphing variables of the winglet
 The open software AVL [25] is used and integrated with Matlab [26] for the parametric
 modelling. AVL is based on the vortex lattice method and thus the results can be obtained
 within a short calculation time and an acceptable accuracy for the conceptual study. Also the
 aerodynamic tool used here is able to provide the loads for the structural analysis. The
 fuselage is simplified to a vertical plate generating no forces and a convergence study was
 performed to determine a suitable number of vortices. A transition surface is added in the
 model so that the twist angle of the wing can transit to the toe angle of the winglet and this
 transition region may also be used to install the morphing structure and actuation system.
 Figure 2 shows the geometry of the AVL model and the normalized aerodynamic loads
 calculated in AVL but plotted in Matlab.
 Figure 3: AVL geometry model (Left) and normalized aerodynamic loads (Right)
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 2.2 Parametric Analysis
 The flight envelope of an airliner consists of different phases, e.g. take-off, climbing, cruise,
 descending, holding and landing. Different performance criteria are chosen for these phases,
 as shown in Table 3.
 Phase Take-off Cruise Holding
 Flight
 conditions
 Altitude: 0
 AOA: 12°
 Weight: 78000 kg
 Altitude:12500 m
 Velocity:236.1 m/s
 Weight: 70000 kg
 Altitude: 4572 m
 Velocity: 102.8 m/s
 Weight: 61000 kg
 Performance
 criterion
 Lift Coefficient
 (CL )
 Lift to Drag ratio
 ( /L D )
 Drag Coefficient
 (CD )
 Table 3: Performance criteria
 During take-off a larger lift coefficient will help to reduce the take-off distance and increase
 the airport capacity [5]. A parametric study is conducted to show the effects of morphing
 variables. The winglet dihedral angle is fixed at 90 degrees to reduce the total wing span since
 the airliner is still in the region of the airport during take-off. A representative angle of attack
 (AOA) is selected at 12 degrees and the flap is deployed.
 Figure 4 shows the relationship between the lift coefficient and the morphing variables. The
 relationship is quite linear since increases in the toe and twist angles will lead to an increase
 in the incidence angle of the winglet which generates a higher lift coefficient. The deflection
 of the winglet control surface can also make a difference to the lift coefficient, in which a
 positive deflection angle works like a high lift system.
 Figure 4: Lift Coefficient vs morphing variables during take-off
 While a larger lift coefficient usually leads to a larger bending moment on the wing root, the
 wing root bending moment is normalized by the dynamic pressure, the reference span and the
 reference wing area. Figure 5 shows that the morphing variables have a similar relationship
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 with the bending moment or lift, which means the maximum bending moment occurs at the
 maximum lift. Furthermore the negative deflection angle of the winglet control surface can
 give a smaller bending moment, which may provide a meaningful approach to alleviating the
 aerodynamic loads on the wing structure.
 Figure 5: Normalized wing root bending moment vs morphing variables during take-off
 For an airliner, one of the most important potential benefits is saving fuel, most of which is
 consumed during cruise and holding. The following parametric analysis demonstrates the
 effects of the morphing variables when the airliner flight is trimmed to maintain steady level
 flight. Only trimming for the cruise phase is shown as the trend will be identical for the
 holding phase since the same trimmed flight equations are used. The deflection angle of the
 winglet control surface will remain at zero in this analysis because deploying the control
 surface will cause additional drag.
 Figure 6: Lift to drag ratio vs morphing variables during cruise
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 Figure 6 shows that the dihedral angle plays an important role in determining L/D. It is
 straightforward to understand this effect by considering the wing span increase when the
 dihedral varies from 90° to 0°. The maximum lift to drag ratio is obtained when the toe angle
 is 2 degrees and the twist angle is -6 degrees.
 The relationship between the wing root bending moment and the morphing variables is still
 quite linear, as shown in Figure 7. The largest bending moments are generated when the toe
 and twist angle are maximum, corresponding to the largest angle of incidence of the winglet.
 Figure 7: Normalized wing root bending moment vs morphing variables during cruise
 2.3 Aerodynamic Benefits from Morphing
 This section compares the fixed shape winglet and the morphing winglet to demonstrate the
 potential aerodynamic benefits. The shape of the fixed winglet is usually based on a high-
 fidelity aerodynamic analysis and wind tunnel tests. However, in this paper, only a conceptual
 analysis is conducted, with a low-fidelity aerodynamic tool. The selection of the fixed winglet
 depends on the airport constraints and the previous analysis. Thus a fixed winglet has the
 winglet diheral, toe, twist angle and deflection angle set equal to 90, 2, -6 and 0 respectively.
 With respect to the morphing winglet it can be seen that the largest wing root bending
 moment occurs in the take-off phase. Thus the dihedral angle can be set to zero when the
 airliner enters the cruise phase, to maximise the aerodynamic benefit while satisfying the
 structural constraints. The optimum morphing winglet parameters during the different phases
 are summarized in Table 4.
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 Phase Take-off Cruise Holding
 Winglet Dihedral Angle (°) 90 0 0
 Winglet Toe Angle (°) 6 2 2
 Winglet Twist Angle (°) 6 -6 -6
 Winglet control surface
 deflection angle (°) 20 0 0
 Table 4：Optimum morphing variables during different flight phases
 The aerodynamic benefit on the range (or alternatively the fuel consumption for a given range)
 is calculated as [27]
 1
 ln
 f
 i
 W
 i
 fW
 V LdR dW
 C D W
 WV LR dR
 C D W
 (1)
 Here W, V, C are the weight, velocity and the specific fuel consumption. The range R is
 obtained by integrating from the initial weight ( iW ) to the final weight ( fW ). The results are
 summarized in Table 5, in comparison to those of the fixed winglet. The weight starts from
 78000 kg and ends at 62000 kg and five points are used to calculate the integral.
 Phase Take-off Cruise Holding
 Criterion CL /L D /L D
 Weight (kg) 78000 78000 74000 70000 66000 62000 61000
 Morphing winglet 1.6560 17.8921 17.7582 17.5663 17.3145 16.9910 16.6100
 Fixed winglet 1.6435 17.2959 17.2035 17.0594 16.8515 16.5721 15.6638
 Table 5: Morphing winglet performance compared to a fixed winglet
 The range can be increased by about 2.97% compared to the fixed winglet or 2.88% of fuel
 can be saved for the same range. The benefit is only calculated for the cruise phase; for a
 more complicated flight envelope, where the holding and take-off phases are also taken into
 account, the overall benefits will be definitely higher and more comprehensive.
 3 WING STRUCTURE
 3.1 Compliant Structure - Morphing due to Unsymmetrical Stiffness
 The structure of a morphing aircraft is required to carry aerodynamic loads and change the
 shape simultaneously. This becomes more difficult when morphing occurs spanwise since the
 spar is the primary structure. One solution is the use of active-controlled stiffness, for
 example using shape memory alloys. Another conventional yet direct approach is a
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 sophisticated structural design which takes the conflicting requirements into account and
 compromises between the requirements of compliance and stiffness.
 In this paper a novel compliant structure is proposed to transfer linear actuation to rotation of
 the structure. Figure 8 shows a 2D model that represents one unit of the structure, and consists
 of the upper, lower and middle beams numbered 1, 2 and 3.
 Figure 8: Schematic of the compliant structure under actuation (Left) and aerodynamic load (Right)
 In this model the compliant structure is regarded as a frame under the actuation force F or
 aerodynamic load P. Since the structure is static indeterminate, the deflection can be
 calculated according to the force method [28]. X1, X2 and X3 are the internal forces and
 moment applied to the basic static-determinate structure. The frame should satisfy the
 deformation compatibility conditions at the imaginary cut m as
 3
 0 ( 1, 2,3)ij j iF
 j
 X i (2)
 where Xj is the jth unknown internal load caused by making the structure statically-
 determinate, ij is the deformation due to Xj = 1, iF is the deformation due to the external
 load F or P.
 E1, A1, I1, E2, A2, I2, E3, A3, I3 are the modulus, area and second moment of area of beams 1, 2
 and 3 respectively. Unsymmetrical stiffness is introduced to the beams 1 and 2,
 namely, 2 2 1 1( )E I k E I . Matlab [26] symbolic calculation is used to obtain the deflection
 under the actuation force or aerodynamic load.
 The relationship between the unsymmetrical stiffness and the deflection is shown in Figure 9.
 To represent the trend clearly the external load and length of the unit structure are set to 1. E1,
 E2 is in the order of 1010
 Pa and E3 1011
 Pa. From Figure 9 one can find the linear actuation
 applied at beam 3 is able to induce the rotation of the structure. While deflection under the
 actuation force is reduced the deformation under the aerodynamic load also descends when a
 higher degree of stiffness asymmetry is introduced. Only bending deformation is considered
 currently but a more accurate calculation will take the axial deformation into account. Also
 the equivalent model for the detailed upper and lower structure can be used to obtain the
 equivalent modulus of beams 1 and 2.
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 Figure 9: Trend of the deflection under actuation force (Left) and aerodynamic loads (Right) vs the degree of
 unsymmetrical stiffness
 From the above analysis one can conclude that the unsymmetrical stiffness of the upper and
 lower part of the compliant structure is not only able to introduce rotation of the structure with
 linear actuation but can also reduce the deflection of the structure under aerodynamic loads. It
 should also be noted that the middle beam is expected to be rigid and only undergoes rotation
 and translation as a rigid body without buckling.
 Another aspect of the unsymmetrical stiffness structure is the morphing capability which
 means the structure cannot fail during morphing. The morphing capability is determined by
 the stress distribution under actuation; the upper surface which will undergo a larger
 deformation should have a high deformation limit.
 A corrugated structure is selected to be the upper and lower surface as this kind of structure is
 able to undergo large in-plane deformation. There are many papers on the mechanical
 modeling and application of corrugated structures, e.g. [29] and [30]. Here the circular
 corrugated structure manufactured from carbon fiber reinforced composites is modeled. The
 winglet is constructed from 10 units of the compliant structure with unsymmetrical stiffness
 and each unit has a separate actuation system. By the use of multiple units and actuators the
 overall morphing capability can be increased. The material properties are obtained from the
 literature [31] and Tsai-Wu theory [32] is applied to predict the deformation limit. Using
 commercial finite element software (Abaqus, [22]) the distributed actuation and the morphing
 capability are simulated. Figure 10 shows the multi-unit unsymmetrical stiffness structure and
 the largest Tsai-Wu failure measure, which indicates that the composite fails if it exceeds one.
 The finite element method is also used to find the relationship between the unsymmetrical
 stiffness and the deflection. A 10-unit compliant structure is modeled and the stiffness
 asymmetry is achieved by changing the number of plies in the lower surface, while the upper
 surface has a fixed number of 10 plies. To simplify the model the composite ply angle is 0 or
 90 degrees in turn. The actuators are modeled as circular beams to carry part of the
 aerodynamic loads. As shown in Figure 11, the deflection under the fixed actuation force and
 aerodynamic loads has a similar trend to the symbolic calculation above. No deflection under
 actuation force can be obtained when the upper and lower surface have the same stiffness. A
 larger deflection can be obtained when the actuation force is applied until the compliant
 structure reaches its morphing capability, which also brings a critical point of the deflection.
 With the conservative parameters selected the compliant structure is capable of providing
 about 30 degrees angle change. While this angle seems relatively small, larger morphing
 capability can be obtained if better materials are used to avoid failure. Also the height of the
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 structure, together with the other geometry parameters, significantly affects the morphing
 capability which leaves the potential to improve this capability, together with the capability of
 carrying aerodynamic loads.
 Figure 10: The compliant corrugated structure with unsymmetrical stiffness
 Figure 11: Deflection under external loads vs lower surface ply number
 3.2 Wing Structure Model and Analysis
 The non-morphing part of the wing is also modeled. This structural model should be able to
 represent the main characteristics of the wing structure and be easily integrated with the

Page 12
						

IFASD-2015-018
 12
 compliant structure. Since the compliant structure is still under development a finite element
 model is created in Abaqus [22]. A python script was written to build the wing by inputting
 the main wing structure parameters.
 Figure 12 shows the structure model of the wing. Only ribs and spars are considered for
 simplification and the aerodynamic loads are applied directly to the connection of spars and
 loads as concentrated forces. The concentrated forces are obtained as equivalent nodal forces
 from those provided from AVL. The forces are multiplied by the safety factor (1.5) and then
 applied to the structure.
 The load case is chosen at the start of the cruise phase when the aircraft has the largest weight
 and gravity is also included in the loads. Since attention is paid to the compliant structure the
 conventional structure of the basic wing is not an optimized solution. Different sizes and spar
 locations have been tested to ensure that the stress and displacement of the baseline wing
 structure is acceptable as a basis for the morphing winglet. To simplify the baseline structure
 the wing is modeled with aluminum except for some steel strengthening. The actuation
 system of the morphing winglet is modeled as a beam that is able to carry some of the loads.
 The winglet will be too flexible if the stiffness of the beam is neglected or too small.
 Numerical tests have been performed to determine a suitable size for the beam, which turns
 out to be a flanged beam made of steel whose height is half of the compliant structure height.
 Figure 12: Wing structure and loads
 Since the aerodynamic analysis shows the importance of the dihedral angle, only the winglet
 dihedral angle is changed in the current paper and the winglet is modeled without a sweep
 angle to ease the modeling. The dihedral angle can be changed directly with the rotation of the
 unsymmetrical stiffness structure. The change of the toe angle will also be available if two
 compliant structures are applied and provide two different rotation angles.
 Although this will cause performance loss in the aerodynamics, the structural analysis will not
 suffer from it. Two unsymmetrical-stiffness compliant structures are modeled at the same
 location of the wing spars and connected at the centres which also play the role of ribs.
 Static aeroelastic analysis is conducted by integrating the Abaqus analysis with AVL in
 Matlab. The ‘restart’ method in Abaqus is used to extend the analysis from the previous step.
 The initial condition is provided when the dihedral angle is 0. The displacement of the wing
 structure is transferred to AVL for the new shape which generates the updated aerodynamic
 loads for the next step of the structural analysis. In the analysis the dihedral and twist angle of
 both the non-morphing and morphing part of the wing can be updated in the aeroelastic
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 analysis. Figure 13 shows the change of the angles and aerodynamic loads over the analysis
 steps, in which step 0 correspond to the initial condition. As shown in the figure, the winglet
 angle and aerodynamic loads converge quickly after 3 steps and the final dihedral angle turns
 out to be around 31 degrees.
 Figure 13: Winglet angle (Left) and normalized lift (Right) change over the analysis steps
 The maximum stress is found at the tip rib of the non-morphing part of the wing which is
 connected to the compliant structure. Figure 14 shows the deformation and stress distribution.
 The displacement under aerodynamic loads is too large to be neglected, thus actuation force is
 required to ensure the dihedral angle is 0, which is the optimal dihedral angle during cruise.
 Figure 14: Deformation and stress distribution of the wing
 4 CONCLUSIONS
 In this paper the potential aerodynamic benefits of morphing winglets are investigated. A
 typical case is selected first and the vortex lattice method is used to conduct a parametric
 analysis for the morphing variables of the winglet. A moderate range increase can be achieved
 by using the morphing winglet rather than a fixed one. Also, among the morphing variables,
 the winglet dihedral angle has the largest influence on the performance criteria, and more
 effort is applied to change the dihedral angle.
 A novel compliant structure is proposed to achieve the required deformations. The structure
 makes use of unsymmetrical stiffness which can transfer linear actuation into rotation of the
 structure. The increase of the asymmetry of the stiffness is also able to decrease the deflection
 under aerodynamic loads. A larger rotation angle can also be accumulated by using multiple
 units. A static aeroelastic analysis is conducted to find the deflection of the morphing winglet
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 under aerodynamic loads. Though some simplifications are assumed the results suggest that
 the proposed concept is a promising approach to achieve the change in the dihedral angle.
 Future work will concentrate on the detailed analysis of the compliant structure with
 unsymmetrical stiffness. The aerodynamic benefits and the penalties caused by introducing
 compliance and installing the actuation system will be investigated together, after optimizing
 the geometry of the compliant structure. Once the advantages and disadvantages are
 considered a system level choice can be made about the morphing winglet design.
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