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            Design of a Morphing Wing : Modeling and Experiments Manoranjan Majji * , Othon K. Rediniotis † and John L. Junkins ‡ Texas A& M University, College Station, TX, 77843-3141, United States This paper details the design and modeling of a novel morphing wing developed at Texas A & M University. Twistable sections with an elastomeric skin characterize the wing as a distinct actuator in aerospace vehicles. Aerodynamic models of the wing were developed using Prandtl’s Lifting Line Theory. 1 These models were validated using wind tunnel tests conducted at the low speed wind tunnel at Texas A& M University. It was found that the operating envelope of the angle of attack of the wing was enhanced by the twistable sections. Nomenclature AOA Angle of Attack A n Coeﬃcients of fourier series a n planform contribution to the coeﬃcients in the lifting line series solution b Wing Span b n Twist Contribution to the coeﬃcients ˜ C L,α Airfoil section lift slope c Local wing section chord length p dimensionless rolling rate pb/2V ∞ R A Wing Aspect Ratio V ∞ magnitude of Free stream velocity y spanwise coordinate from mid span Δ Modiﬁer indicating incremental change α spanwise variation of the local geometric angle of attack relative to the free stream δ total or maximum control surface deﬂection angle α i spanwise variation in induced angle of attack α L0 spanwise variation of the zero lift angle of attack Γ spanwise circulation distribution Ω maximum total symmetric twist angle ω spanwise symmetric twist distribution function I. Introduction DARPA 2 and NASA LaRC 3 have been pioneers in the research of morphing wing designs and applica- tions. They have also used advances in smart materials for their actuator development and control. Many novel applications of the use of morphing technology are being realized recently (formations by Frommer 4 ). A survey on latest Morphing aircraft technology is presented by Rodriguez. 5 * Graduate Student, Department of Aerospace Engineering, Student Member, AIAA. † Professor, Department of Aerospace Engineering, Associate Fellow, AIAA. ‡ Distinguished Professor, Holder of Royce E. Wisenbaker Chair in Engineering, Regents Professor, Department of Aerospace Engineering, Fellow, AIAA. 1 of 9 American Institute of Aeronautics and Astronautics 
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Design of a Morphing Wing : Modeling and
 Experiments
 Manoranjan Majji ∗, Othon K. Rediniotis † and John L. Junkins ‡
 Texas A& M University, College Station, TX, 77843-3141, United States
 This paper details the design and modeling of a novel morphing wing developed at Texas
 A & M University. Twistable sections with an elastomeric skin characterize the wing as a
 distinct actuator in aerospace vehicles. Aerodynamic models of the wing were developed
 using Prandtl’s Lifting Line Theory.1 These models were validated using wind tunnel tests
 conducted at the low speed wind tunnel at Texas A& M University. It was found that
 the operating envelope of the angle of attack of the wing was enhanced by the twistable
 sections.
 Nomenclature
 AOA Angle of AttackAn Coefficients of fourier seriesan planform contribution to the coefficients in the lifting line series solutionb Wing Spanbn Twist Contribution to the coefficients
 CL,α Airfoil section lift slopec Local wing section chord lengthp dimensionless rolling rate pb/2V∞
 RA Wing Aspect RatioV∞ magnitude of Free stream velocityy spanwise coordinate from mid span∆ Modifier indicating incremental changeα spanwise variation of the local geometric angle of attack relative to the free streamδ total or maximum control surface deflection angleαi spanwise variation in induced angle of attackαL0 spanwise variation of the zero lift angle of attackΓ spanwise circulation distributionΩ maximum total symmetric twist angleω spanwise symmetric twist distribution function
 I. Introduction
 DARPA2 and NASA LaRC3 have been pioneers in the research of morphing wing designs and applica-tions. They have also used advances in smart materials for their actuator development and control. Manynovel applications of the use of morphing technology are being realized recently (formations by Frommer4).A survey on latest Morphing aircraft technology is presented by Rodriguez.5
 ∗Graduate Student, Department of Aerospace Engineering, Student Member, AIAA.†Professor, Department of Aerospace Engineering, Associate Fellow, AIAA.‡Distinguished Professor, Holder of Royce E. Wisenbaker Chair in Engineering, Regents Professor, Department of Aerospace
 Engineering, Fellow, AIAA.
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Current work is in general aimed at bringing these technologies to maturity and to understand theunderlying physics of flight. Guiler et al6 studied the aerodynamic response of small control surfaces likeelevons and trailing edge control surfaces and reported excellent controllability via such control surfaces. Rollcontrol using twist actuation of micro air vehicles was demonstrated and explored by Garcia et al.7 Flightperformance characteristics of a Biologically inspired morphing aircraft was discussed by Abdulrahim.8
 I.A. Morphing
 The morphing wing project at Texas A& M University is principally focussed at understanding the aerody-namic response a reconfigurable wing produces upon actuation. This effort includes development of theo-retical models for such actuators and their performance evaluation when compared to conventional schemesof aerodynamic actuation. The knowledge and experience thus acquired, is expected to culminate in track-ing demonstrations of lift and moment reference trajectories, ultimately paving way to the development ofeffective actuators and models. This paper communicates our efforts in that direction.
 I.B. Scope and Layout of the paper
 A brief summary of the wing design is presented along with discussion on twist angle measurement andcontrol system installed within the experimental set up. The lifting line theory used in the modeling issummarized and modeling procedure outlined. The wind tunnel test results are then summarized and theexperimental considerations are detailed. Theoretical justification of observed phenomena is then given andthe prediction plots are discussed. The subsequent section presents some flow visualization pictures.
 II. Wing Design
 A simple experiment was designed to study the aerodynamic response of the The morphing wing designproposed is simple in the fact that simple aerodynamic theory could be used to model the experiment. Thewing consists of an elastic structure (ABS plastic material) and is covered with an elastomeric skin. Theelastic structure has front and rear supports at the leading and trailing edge to retain the air foil shapeduring operation. Design calculations for the various parameters were obtained by subjecting finite elementmodels to loads predicted by CFD simulations. The skin and the structure along with some sample structuralcalculation results are shown in figure 1. The Geometric properties of the wing and the tunnel operatingconditions for the experiment are detailed in appendix A.The structure of the wing is rigidly coupled to four telescoping tubes independently which are attached to
 the wing at four locations along the span. This facilitates the twisting of the wing at these four locations.The root location was used to change the angle of attack (AOA) of the wing. The other twistable sectionsare located at every 1/3rd spanwise station (tip section S1, Middle Section S2, First Section L3) from theroot section until the tip section. This entire telescoping tube arrangement is connected to relatively placedservos which work to twist corresponding sections along the span. The actuators are commanded from adedicated processing board (by DSPACER). The loads are sensed by a 6 degree of freedom ATI industialR
 load cell. The sensed loads are received at the computer via a National InstrumentsR Data Acquisition cardand recorded in to a file via Labview SoftwareR. This architecture is presented in figure 2.
 III. Wing Aerodynamic Model with Lifting Line theory
 Prandtl’s Lifting line theory,19 is known to provide a methodology to compute the span wise distributionof vorticity on a finite wing. This is summarized in the following section.
 III.A. Lifting line theory
 The basic equation for this theory is derived by combining Helmholtz’s vorticity theorem with the circulatorytheory of lift. This is given by
 2Γ(z)
 V∞c(z)+
 CL,α
 4πV∞
 ∫ ζ=b/2
 ζ=−b/2
 1
 z − ζ(dΓ
 dz)z=ζdζ = CL,α[α(z) − αL0(z)] (1)
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Figure 1. Morphing wing design : components and anlyses
 Figure 2. Morphing wing design : experimental setup sensor and actuator arrangement
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The circulation distribution in this equation is then expanded in fourier series as
 Γ(θ) = 2bV∞
 ∞∑
 n=1
 Ansin(nθ) (2)
 θ = cos−1(−2z/b) (3)
 Using this theory and arbitrary local angle of attack variation due to twist and control surfaces, Phillips9
 presents a solution to calculate span wise distributions of aerodynamic forces and moments. Expressing thelocal change in angle of attack as a function of the participating elements,
 α(y) − αL0(y) = (α − αL0)root − Ωω(y) + δχ(y) + py/V∞ (4)
 where
 Ω = [(α − αL0)root − (∆α − ∆αL0)max]twist (5)
 w(y) =
 [
 ∆α(y) − ∆αL0(y) − (α − αL0)root
 (∆α(y) − ∆αL0(y))max − (α − αL0)root
 ]
 (6)
 and χ(y) is the span wise control surface distribution function defined as in.1 Then using the fourier seriesexpansion in the circulation expression, we obtain
 ∞∑
 n=1
 An
 [
 4b
 CL,αc(θ)+
 n
 sin(θ)
 ]
 sin(nθ) = (α − αL0) − Ωω(theta) + δχ(theta) − pcos(theta). (7)
 The coefficients above can be conveniently written as
 An = an(α − αL0)root − bnΩ + cnδ − dnp (8)
 where the coefficients are given by
 an
 [
 4b
 CL,αc(θ)+
 n
 sin(θ)
 ]
 sin(nθ) = 1 (9)
 bn
 [
 4b
 CL,αc(θ)+
 n
 sin(θ)
 ]
 sin(nθ) = ω(θ) (10)
 cn
 [
 4b
 CL,αc(θ)+
 n
 sin(θ)
 ]
 sin(nθ) = χ(θ) (11)
 dn
 [
 4b
 CL,αc(θ)+
 n
 sin(θ)
 ]
 sin(nθ) = cos(θ) (12)
 (13)
 for a finite number of coefficients, this becomes a system of linear equations that one would solve. Thistheory has been used and a code was developed for modeling the response of out wing.
 III.B. Model Errors
 The theoretical models however do not completely capture the physics of the experiment because of certainconditions. The skin deforms under aerodynamic loading and due to the lift, the elastomeric skin balloons,thereby introducing camber in the air foil section. This camber is not a fixed camber and was determined tobe a linear function of the angle of attack. In fact, this was a reasonable favorable effect for the current designas at high angles of attack, the drag increases, and the gradual increase in camber can help the wing aug-ment this loss. However, it was removed by adding an empirical linear correction to the theoretical prediction.
 There are some minor features of the structure which cause the model to deviate slightly. The skin wasmounted on to a structure using a metal joint which acts to bind the skin tightly. It acts as a small flap.Calculations reveal that its flap effectiveness is low, however, as its angle is a function of twist of the wing.The effect was not very drastic but apparent. However this would be accounted for as, it is physically closeto the “twisteron” actuators developed by Phillips.9
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IV. Results
 We now present the test results. Some salient features of the results are
 • The tests were conducted so as to determine sensitivity of each testing section. So in the results, wesee that one of the twisting sections is varied through its range at different angles of attack.
 • Only lift results are plotted versus the angle (twist angle which is currently being varied, in case offigures 6, 5, 4, and angle of attack in case of figure 3).
 −2 0 2 4 6 8 10 12 14−0.2
 0
 0.2
 0.4
 0.6
 0.8
 1
 1.2
 1.4
 1.6Experimental Observations and Theory
 Angle of attack
 CL
 Lifting Line Theory (Full Correction)Experimental Result
 Figure 3. Baseline test : All twist angles at same angle
 −5 0 5 10 15 20−0.2
 0
 0.2
 0.4
 0.6
 0.8
 1
 1.2
 1.4
 1.6Experimental Observations and Theory : Root Section
 Angle of attack
 CL
 Experimental ResultCamber correction
 Figure 4. First section test : First section is tested at all possible angles within its range while the rest of the sections
 are held close to angle of attack which is held at four different operating points
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−10 −5 0 5 10 15−0.2
 0
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 0.4
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 0.8
 1
 1.2Experimental Observations and Theory : Middle Section
 Angle of attack
 CL
 Experimental ResultCamber correction
 Figure 5. First section test : Middle section is tested at all possible angles within its range while the rest of the sections
 are held close to angle of attack which is held at four different operating points
 −5 0 5 10 150
 0.5
 1
 1.5Experimental Observations and Theory
 Angle of attack (Degrees)
 CL
 Experimental ResultCamber correction
 Figure 6. First section test : Tip section is tested at all possible angles within its range while the rest of the sections
 are held close to angle of attack which is held at four different operating points
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V. Flow Visualization
 Some flow visualization pictures are presented here. The figure 9 clearly demonstrates the increase offlight envelope before stalling. This is the tip section operating without stalling at 15o angle of attack whilethe stall angle for this NACA0015 is ∼ 12o
 Figure 7. Wing testing in the Wind Tunnel
 VI. Conclusion and Future Directions
 The design details of a novel morphing wing are presented. Aerodynamic models based on lifting linetheory for such wings operating by twisting are studied and compared with wind tunnel test results. Finallysome flow visualization is presented. It was found that the angle of attack envelope for this actuator hasincreased by a reasonable amount based on the observation that the tip section progresses to stall at a laterstage than the other two sections. This result makes a strong point for twisting wings among the actuatoroptions currently available (correlating with other results,76). Better models incorporating the trailing edgeartifact will be developed in the future. This effort is going to culminate in control demonstrations of trackingreference Lift and Moment profiles for given maneuvers in the wind tunnel.
 Appendix
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Figure 8. Vortices in the tunnel
 Figure 9. Tip section at 15o and still not stalling
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Table 1. Aerodynamic and Geometric Parameters of the Wing
 Parameter Value
 Semi Span 2 ft
 Root chord 9.5 inches
 Tip chord 5.9 inches
 Skin Thickness 3 mm
 Tunnel Operating Velocity (Avg) ∼20 m/sec
 Tunnel Temperature (Avg) ∼ 15o C
 Air density (Average) 1.19 Kg/m3
 Air foil NACA 0015
 3McGowan, A. R., e. a., “Biologically Inspired Technologies in NASA’s Morphing Project,” Keynote Address, Smart
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