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            On morphing wing for roll augmentation via material ﬁtness using surrogate modelling Narcis M. Ursache a *, Neil W. Bressloff b and Andy J. Keane a a Department of Mechanical, Aerospace and Civil Engineering, Brunel University, London UB8 3PH, UK; b Computational Engineering and Design, Southampton University, Southampton SO17 1BJ, UK This research is concerned with the design and analysis of a multi-camber morphing wing that meets prescribed aerodynamic conﬁgurations according to the design intent. A global optimisation paradigm is used towards morphing wing that inter- links aerodynamic enhancement via material ﬁtness and efﬁcient structural shape optimisation. A heuristic approach is proposed in this work that combines both air- foil and wing-morphing derivations. Based on non-linear structural solutions, the ﬂexible airfoils allow multiple shape changes through an array of cambers, so that prescribed ﬂow improvements can be achieved. The heuristic argument is then extended towards global shape control of three-dimensional wings with the remit to enhance roll control. The design paradigm employs a hierarchical strategy interleav- ing model parametrisation with structural optimisation into the aerodynamic analy- sis; and, in conjunction with global approximation technique, roll augmentation is investigated whilst total drag is minimised. Keywords: multi-disciplinary optimisation; material modelling; surrogate modelling 1. Introduction The surge in technological research in new materials and structures provided much scope in bringing to life adaptive structures that can morph through an array of shapes and meet requisite environment needs or mimic nature. In real life, such technologies aim at large changes in shape so that some vehicular performance can be augmented, but the limita- tion comes with the structural stiffness. Morphing aircraft concepts (Roth & Crossley, 2003) rely on actively and continuously changing its shape to adapt it to new ﬂight condi- tions with the aim of enhancing efﬁciency, translating thing into the need for an optimum ﬂight envelope, optimised mission segments through smart reconﬁguration, improved manoeuvrability, survivability, optimum weight, etc. Aircraft efﬁciency can also be deﬁned through fully integrated airplane programmes (i.e. design, certiﬁcation, produc- tion, test, delivery, operation, maintenance) within the product life cycle management, through manufacturers and operators effort, as energy or monetary units (Gilyard, Georgie, & Barnicki, 1999) to achieve an acceptable airframe conﬁguration. Morphing aircraft becomes competitive over conventional aircraft when at least aerodynamic metrics are considered, when different mission tasks and roles are deﬁned (Weisshaar, 2006). Therefore, ﬂow control represents the sine qua non of the aerodynamic morphing concepts, whereby the study of interaction between ﬂuid dynamics and structures become the key drivers in shaping morphing architectures. *Corresponding author. Email: [email protected] © 2014 Taylor & Francis European Journal of Computational Mechanics, 2014 Vol. 23, Nos. 3–4, 138–160, http://dx.doi.org/10.1080/17797179.2014.945276 
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On morphing wing for roll augmentation via material fitness usingsurrogate modelling
 Narcis M. Ursachea*, Neil W. Bressloffb and Andy J. Keanea
 aDepartment of Mechanical, Aerospace and Civil Engineering, Brunel University, London UB83PH, UK; bComputational Engineering and Design, Southampton University, Southampton SO17
 1BJ, UK
 This research is concerned with the design and analysis of a multi-camber morphingwing that meets prescribed aerodynamic configurations according to the designintent. A global optimisation paradigm is used towards morphing wing that inter-links aerodynamic enhancement via material fitness and efficient structural shapeoptimisation. A heuristic approach is proposed in this work that combines both air-foil and wing-morphing derivations. Based on non-linear structural solutions, theflexible airfoils allow multiple shape changes through an array of cambers, so thatprescribed flow improvements can be achieved. The heuristic argument is thenextended towards global shape control of three-dimensional wings with the remit toenhance roll control. The design paradigm employs a hierarchical strategy interleav-ing model parametrisation with structural optimisation into the aerodynamic analy-sis; and, in conjunction with global approximation technique, roll augmentation isinvestigated whilst total drag is minimised.
 Keywords: multi-disciplinary optimisation; material modelling; surrogate modelling
 1. Introduction
 The surge in technological research in new materials and structures provided much scopein bringing to life adaptive structures that can morph through an array of shapes and meetrequisite environment needs or mimic nature. In real life, such technologies aim at largechanges in shape so that some vehicular performance can be augmented, but the limita-tion comes with the structural stiffness. Morphing aircraft concepts (Roth & Crossley,2003) rely on actively and continuously changing its shape to adapt it to new flight condi-tions with the aim of enhancing efficiency, translating thing into the need for an optimumflight envelope, optimised mission segments through smart reconfiguration, improvedmanoeuvrability, survivability, optimum weight, etc. Aircraft efficiency can also bedefined through fully integrated airplane programmes (i.e. design, certification, produc-tion, test, delivery, operation, maintenance) within the product life cycle management,through manufacturers and operators effort, as energy or monetary units (Gilyard,Georgie, & Barnicki, 1999) to achieve an acceptable airframe configuration.
 Morphing aircraft becomes competitive over conventional aircraft when at leastaerodynamic metrics are considered, when different mission tasks and roles are defined(Weisshaar, 2006). Therefore, flow control represents the sine qua non of theaerodynamic morphing concepts, whereby the study of interaction between fluiddynamics and structures become the key drivers in shaping morphing architectures.
 *Corresponding author. Email: [email protected]
 © 2014 Taylor & Francis
 European Journal of Computational Mechanics, 2014Vol. 23, Nos. 3–4, 138–160, http://dx.doi.org/10.1080/17797179.2014.945276
 mailto:[email protected]
 http://dx.doi.org/10.1080/17797179.2014.945276

Page 2
						

Such technologies can be easily claimed by pioneering military polymorph planes, e.g.the tilt-rotor V-22 Osprey, swing-wing F-111 Aardvark, F-14 Tomcat or B1 Lancerthrough its variable sweep wing. The difficulties of accommodating additional mecha-nisms for variable geometries and requisite fuel efficiency make it very difficult toachieve significant advancements in this field.
 Since the early 1980s, there have been a plethora of morphing concepts based onfully integrated smart structures for performance and shape control of deformable flightdevices. Such enhancements for wings are being developed to improve their efficiency inoff-design regimes. The adaptive strategies reside in geometry parameters that either havea global effect on shape change, or local, so that flight efficiency is achieved according tothe design intent. By and large, morphing applications are mainly governed by intricatetopology schemes for global shape control (e.g. smart actuator drivers (Pinkerton &Moses, 1997; Seifert, Eliahu, Greenblatt, & Wygnanski, 1998), compliant mechanisms(Saggere & Kota, 1999), etc.) and for local geometry shape change; flow control devicesto tailor the boundary layer prevail (Amitay, Smith, Kibens, Parekh, & Glezer, 2001), orsimplistic applied point forces using actuator-based architectures (Rodrigues, 2007;Thuwis, Abdalla, & Gurdal, 2010; Ursache, Keane, & Bressloff, 2006).
 From a different perspective, morphing concepts derive certain local unidirectionalgeometry changes. Some of the morphologies are ubiquitous today (their purpose is tofacilitate a wider operational envelope) and some are currently addressed in applicationson contemporary aircraft in production as well as future airplane programmes. Such feasi-bility studies have recorded significant effort towards both civil and military applicationsthrough a number of wing-morphing programmes by DARPA/NASA/AFRL and Euro-pean framework (see SADE, Novemor, Morphing Aircraft, etc.), exploring and exploitingthe use of smart materials for actuation (Scherer, Martin, Appa, Kudva, & West, 1997),enhancing manoeuvrability through tailored aerodynamics (Voracek, Pendleton,Reichenbach, Griffin, & Welch, 2003), or a combination of technologies integrated intoaircraft structures and aerodynamics (Love, Zink, Stroud, Bye, & Chase, 2004). Morevariability in shape change by means of combined scheduling and localised multidirec-tional shape change found applications via bistable composites (Lachenal, Weaver, &Daynes, 2012), aeroelastic tailoring (Li, Guo, & Xiang, 2012; Thuwis, 2012) or morphingwinglets (Ursache & Mares, 2012; Ursache, Melin, Isikveren, & Friswell, 2007).
 By and large, morphing concepts targeting large geometry changes are associatedwith theories based on non-linear post-critical structural deformation (Barrett & Vos,2007; Ursache et al., 2006) or by means of mechanisms (Saggere & Kota, 1999; Urs-ache & Mares, 2012). Herein, means to provide global wing shape changes are basedon a rather simplistic control law in order to improve upon wing aerodynamic proper-ties with the benefit of low powered actuation control. Based on similar controlapproach, i.e. spinal structures, this paper investigates the morphing methodologythrough material fitness and global approximation technique in order to tailor airfoilflow characteristics and overall wing roll control. Such analyses interlink sequences ofparametrisation with structural analysis and aerodynamic assessment within a responsesurface framework in lieu of direct searches. The main goal of this approach is to pro-vide a conceptual wing shape adaptability that relies on low-power actuation system.
 2. Hyperelastic material fitness
 The design methodology proposed in this paper for morphing applications is based onthe concept of spinal structures (Ursache, Bressloff, & Keane, 2004; Ursache et al.,
 European Journal of Computational Mechanics 139
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2006), involving both structural and aerodynamic optimisation with respect to thegeometry of the airfoils under different flow conditions. By making use of non-linearstructural responses, camber control of deformable airfoils can be achieved by using acarefully designed preloaded internal spinal structure (see Figure 1) that moves throughthe desired shape changes under the control of a single actuator, deliveringaerodynamic characteristics that match a set of pre-specified target shapes. Theactuation control law is based on eccentrically loaded slender structures operating inthe post-buckling regime in order to achieve large deflections with only modestincremental load changes.
 In the current study large deformations of the strut occur (i.e. up to 10–15% chordin the post-critical regime) and it was assumed that the thickness distribution of thedeflected airfoil using the spinal structure (Ursache et al., 2006) kept its analytical defi-nition throughout the deformation. In reality, the constitutive hyperelastic models arephenomenological and may affect the structural strength of the set-up. Therefore, alow-density elastomeric foam is studied here to simulate a true mechanical response, tobring closure to the initial assumption on deformation simplicity of the fixed thicknessdistribution. A comprehensive overview on the potential materials along with the testbeds can be found in Kikuta (2003).
 2.1. Overview of hyperelasticity
 Hyperelastic materials and especially, elastomeric foams have a wide range of applica-bility in industry, ranging from biomedical engineering (e.g. arterial stents, artificalheart valves) to sport engineering and also the vehicle industry (e.g. suspension),mainly because of their excellent energy absorption and moulding capabilities. Theconstitutive law admits a continuous potential function that can control the stress–strainresponses through the ‘performance’ parameters. The hyperfoams are cellular materialsthat can deform elastically up to 90% in compression, and also allow for large volumet-ric deformation (i.e. the effective Poisson ratio is less that .45–5) due to their porosity.
 The linear elastic constitutive laws can only be used for linearised strain-stress rela-tionships, under the assumption of small deformations. However, there are complexmodels where small strains (e.g. soils) and also finite strains (e.g. polymers) can beanalysed on a elastic foundation, but exhibit non-linear stress–strain behaviour. Theemergence of non-linear constitutive laws begun nearly 60 years ago when exact non-linear solutions to incompressible isotropic material problems (i.e. hyperelasticity) werefound due to Rivlin’s discovery (Rivlin, 1948). Hyperelasticity comprises both non-linear material response and non-linear kinematics, with applications in both incom-pressible (i.e. rubber like material) and highly compressible (i.e. elastomeric foam)responses.
 The main features of the mechanical behaviour on hyperelastic materials are that(1) the material behaviour is elastic (i.e. there is no history dependence of stress, inaddition to the reversibility assumption); (2) the material is temperature dependent in
 Load
 Figure 1. Structural set-up for morphing airfoil camber.
 140 N.M. Ursache et al.
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shear (i.e. that heat causes stiffening); (3) the shear modulus is very small compared tothat of metals; (4) an isotropy assumption (i.e. the molecular chain, although randomlydistributed in the mass of the material, exhibits deformation in the direction ofstraining).
 Since hyperelastic materials exhibit large deformations over a wide range of com-pressibility, a suitable form of the strain-energy functional has been proposed by Ogden(1972) for low-density foams, derived from slightly compressible rubber definitions,including terms of the strain invariants and principal stretches. The elastic behaviour ofthe foam is based on a modified Hill strain energy function:
 U ¼XNi¼1
 2lia2i
 bkai1 þ bkai2 þ bkai3 � 3þ 1
 biðJ�aibi
 el � 1Þ� �
 ; (1)
 defined by bki ¼ J�1
 3th ki, where ki are the principal deviatoric stretches that give a mea-
 sure of relative elastic volume Jel ¼ bk1bk2bk3 (Jel = 1 for incompressibility) and also thetotal volume ratio J (i.e. current volume divided by original volume) is defined as tem-perature variant through the thermal strain �th:
 Jel ¼ J
 Jth¼ 1
 Jth
 dVdV0
 ; (2)
 Jth ¼ ð1þ �thÞ3: (3)
 Here, μi, αi and βi are the material parameters to fit experimental data and define theinitial shear modulus μ0 by shear modulus coefficients μi,
 l0 ¼XNi¼1
 li; (4)
 where βi specifies the shape of the volumetric response, being related to the effectivePoisson ratio νi defining the initial bulk modulus K0
 K0 ¼XNi¼1
 2li1
 3þ bi
 � �; (5)
 bi ¼mi
 1� 2mi; (6)
 and αi represents the shape of the stress–strain curve, i.e. a low α increases the curva-ture of the response and produces a rapid initial compression and stiffening.
 A direct search of parameters on structural behaviour of hyperelastic models is alsopresent in the literature, for instance, Twizell and Ogden (1983) and Ogden, Saccoman-di, and Sgura (2004), derive a benchmark of non-linear least squares fit (i.e. optimisa-tion) on experimental data, outlining the non-singular optimal solutions to suchproblems.
 3. Airfoil analysis
 The elastic properties of elastomeric foams are highly dependent upon the stiffness ofthe cellular chain and its structural density (Gibson & Ashby, 1977). Since the experi-mental test data for the material in terms of stress-nominal strain pairs in combinations
 European Journal of Computational Mechanics 141
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of uniaxial, planar, simple shear and volumetric expansion are not provided, the hyper-foam material properties can be tackled using direct input of coefficients into the poten-tial function, to predefine the mechanical response of the model. Both hyperelastic andelastomeric foams have their constitutive laws implemented in several industry com-mercial non-linear Finite Element Method (FEM) codes, such as Abaqus®/Standard.That enables the user to choose the functional parameters and the order N, so that amechanical response of the material can be tailored. Here, an inverse design method isapproached as discussed in Ursache et al. (2006) and Ursache, Bressloff, and Keane(2011), whilst a functional defined in terms of aerodynamic properties of the deformedset-up is assessed using VGK (VGK, 1997).
 3.1. Problem set-up
 The current section improves upon the equivalent implicit correlation between thedeflected strut and the theoretical airfoil surface, providing a more practical approachof the set-up, i.e. a hyperelastic material intrinsically linked to the camber-like strut.Since, a priori knowledge of the proposed material is not provided, an optimisation ofthe material parameters is carried out via an inverse procedure, using a parent-basedsearch engine (i.e. a GA).
 The thickness distribution is represented now by an elastomeric foam constitutivelaw. A four-digit NACA definition is used to represent the aerodynamic shape of theairfoil in its undeformed state. During the deformation, volumetric changes along withcompression–tension states are allowed to occur (n.b., the effect of undesirable ripplesand bulges is to be minimised as secondary effect during optimisation) so that goodaerodynamic features can be achieved. Therefore, a functional related to the aerody-namics of the set-up is to be minimised and can be stated as follows:
 Minimise f ðxÞ ¼ kCpðxÞt � CpðxÞk; (7)
 Subject to giðxÞ ¼ ds : d�[ 0; (8)
 x 2 X; 8j 2 f1; . . .; npg;where X ¼ fx 2 <n j x � flk ; ak ; bkg; k ¼ 1; . . .;Ng with N the order of the material.The objective function CpðxÞ represents the computed pressure distribution field over adeflected airfoil and is to be matched to a target one CpðxÞt.
 The implicit constraint gi is defined by the Drucker stability check (i.e. intrinsic tothe FEM solver) and is evaluated at each load increment i until the maximum numberof increments ninc is reached, to reduce the computational burden of the optimisation.The constraint can be expressed with respect to increments of the principal Kirchhoffstress ds following a non-specified principal logarithmic strain d� ¼ dðln kÞ:
 ds : d�[ 0: (9)
 or as positiveness of the tangential stiffness matrix D in Krichhoff-Cauchy stress rela-tionship ds ¼ Jds:
 d� : D : d�[ 0: (10)
 A number of papers in the literature deal with the estimation of the constitutive param-eters of elastomeric foams, searching for rather discrete values that can fit different
 142 N.M. Ursache et al.
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experimental data. Such research emphasises that a higher order N of the model cou-pled with a inconsistent choice of the parameters may lead to high sensitivity, instabili-ties or a poor fit to the experimental data. Mills and Gilchrist (2000) establishedconsistent agreement to the stress–strain response curve of a second-order low-densitypolymer using pairs (αi, μi) of discrete values to quantify tensile (e.g. α2 = 20) and com-pressive (e.g. α2 = −2) hardening coefficients at high strains while intermediate valuesincrease the strain rate in uniaxial compressive response, commenting that first-ordermodel lead to a poor fit of the material.
 Therefore, for the current model, an elastomeric foam material with the order of theseries expansion N = 2 is chosen, to ensure sufficient flexibility and stability of the con-stitutive law in modelling the structural behaviour of the foam. The elastomeric allowsfor high compressibility (i.e. flexibility), enabling small reactions of the foam on thecamber-like spinal structure in an optimum configuration. The lateral deflection of thebeam for larger cambers becomes controllable (as depicted later in Figures 8 and 9),since the hardening behaviour is driven by physical arguments in the outlined func-tional. The optimisation here accounts for large strains and rotations, since the struc-tural solution is found employing an iterative-based non-linear procedure.
 Although in previous optimisation schemes (Ursache et al., 2004), the structuralconstraint was expressed in terms of bounds for maximum deflection achievable, onlythe solution (i.e. load–displacement discrete values) represented by a minimum norm tothe bound is chosen. The norm can range up to a maximum increment size, whichoften varies between .001 and .1% of the final solution achieved. Such a norm can alsobe expressed as change in the displacement field when using a set-up comprising of thebeam and the elastomeric foam for 5 and 10% camber to chord ratio. As expected, thegradient deformation is larger at the position of the maximum camber due to the aug-mented stiffness of the set-up in the presence of the foam.
 The global optimisation in this section is based on a structural set-up and flow con-ditions (M = .78). The optimal aerodynamic shapes of the computed airfoils are plottedagainst the target ones for both 5 and 10% cambers in Figure 2 showing a good agree-ment which is highlighted in Figure 6 by means of residuals, i.e. the difference betweenthe optimised and target-deflected states. Lack of fitness chordwise prevails towards theleading edge at high camber deflection due to intricate geometry definition of the air-foil. The residuals are minimised towards the trailing edge due to quasi-liniarisedgeometry (Figure 3).
 The aerodynamic properties of the airfoils are sensitive to the perturbations in theaerodynamic shape, but the proposed model, studied over a wide range of flows, indi-cates a very good agreement in terms of pressure distribution, including mild shockposition (see Figure 4 for 5 and 10% cambered airfoils). This agreement is comple-mented by a linear CL − α variation over the range of computed incidences, with highervariations of drag towards the end of the Mach-incidence envelope (Figure 5), whereshocks are likely to occur but not captured by VGK. The drag polars also outline thetrue aerodynamic feature of the model, yielding a very similar drag performance to thetarget shape (Figure 6).
 The optimised set of the hyperfoam potential parameters for the underlying modelis compared with a number of valid models from the literature, to check its validitywithin a wide design space encapsulated by experimental data. Here, the validity basisis set by the studies of fitting constitutive parameters to experimental data provided byMills and Lyn (2001) and Schrodt, Benderoth, Kühhorn, and Silber (2005), for hyperfo-ams of order N = 2. The resulting materials based on the fitted experimental data from
 European Journal of Computational Mechanics 143
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 Figure 2. Optimal analytical and experimental airfoils.
 0 100 200 300 400 500 600 700 800 900 1000−5
 0
 5
 10
 x, mm
 Res
 idua
 ls, m
 m
 Hyperfoam, Camber = 5% chord
 Upper surfaceLower surface
 0 100 200 300 400 500 600 700 800 900 1000−5
 0
 5
 10
 x, mm
 Res
 idua
 ls, m
 m
 Hyperfoam, Camber = 10% chord
 Figure 3. Residuals between optimised hyperfoam and target airfoils in the range of deflectionstates of 5 and 10%.
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Table 1 are analysed in Figure 7 for camber of 10% chord at Mach .5 and incidence−1°. Clearly, the pressure distributions of the hyperfoam airfoils are intrinsically linkedto the structural response of the foam-core, a priori determined by the potential defini-tion in uni-biaxial compression and tension and shear, so that to fit a target. The numer-ical fitness of the studied hyperfoams is presented here as a root mean square error (seeTable 1). The optimised hyperfoam presents a good trade-off between the experimentalconfigurations and exhibits a better fitness with the constitutive parameters close toexperimental ones, by controlling the potential definition, thus the stress–strain curvethrough the μi, αi and νi parameters.
 Qualitatively, the performance of the elastomeric foam can also be emphasisedusing stability conditions within the constitutive law. Here the design space is large andfor constitutive constants highly negative, leading to nominal strain range of −.9 ≤ �1 ≤9 (the material is prone to instabilities), Abaqus® performs data checks for nine formsof loading: uni-biaxial, shear, planar and volumetric tension and compression and issueswarnings for minimum strain, for which the instability is observed.
 The physical arguments of the potential from which stress states are derived have alarge impact on the local structural behaviour of the foam. The optimal solution herepresents an inhomogeneous stress field (Figure 8) and the contours are rather bunchedin the radial direction. Concentration factors outlined by large consecutive variation ofstiffness (i.e. the discrete thickness distribution scheme used to represent the strut) con-stitute the origin for small stress concentrations, that ‘weed out’ with large deflectionsand also change with the bending curvature of the strut. The inhomogeneous stress fieldalso captures the vertical component of the Cauchy stress tensor s33 towards the leadingedge, where the stiffness of the foam decreases. The maximum vertical stress for 10%
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 Figure 4. Pressure distributions of 5 and 10% hyperelastic airfoils.
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camber s33 = 34 kPa, i.e. very low compared to stresses in a shoe-cushioning system(Thomson et al., 1999) (N = 1) of 80 kPa or 70 kPa in an impact of a head form oncrash mats (Lyn & Mills, 2001) (N = 2). The main feature of elastomeric foams con-cerns the compressibility and this is depicted in Figure 9. The maximum logarithmiccompression strain for the 10% cambered airfoil LE22 is on the order of −.0239, whichis equivalent to a stretch of k ¼ e�:0239 or a nominal compressive strain of 2%.
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 Figure 5. Aerodynamic properties of 5 and 10% hyperelastic airfoils.
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Table 1. Parameters for the hyperfoam materials with N = 2.
 Optimised set Mills and Lyn (2001) Schrodt et al. (2005)
 μ1 .041280 .018 .00481α1 16.021013 8 19.8μ2 .246407 .012 .00360α2 7.457265 −2 19.8ν1 .340440 0 .014091ν2 .273473 .45 .006416RMSE .0772824 .123 .158537
 Figure 7. Comparison of pressure distributions of different fitted hyperelastic airfoils for cam-bers = 10% chord at M = 0.5 and a ¼ 1�.
 Figure 8. Stress contours of hyperlastic airfoil.
 European Journal of Computational Mechanics 147
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Similarly, LE11 = −.09323, which leads to a nominal strain of 9%, indicating a mildaxial compression of the foam. These invariants predicts the behaviour of the foamwith respect to the stress–strain equilibrium path, as for strains smaller than 5%, linearelastic deformations occur due to bending of the cells, followed by a plateau at almostconstant stress due to elastic buckling of cell walls.
 3.2. Static aeroelastic study of morphing airfoils
 A static aeroelastic study of the structurally optimised airfoils is conducted following aloosely coupled and modular method (Alonso, LeGresley, van det Weide, Martins, &Reuther, 2004; Cai & Liu, 2001). The interaction between fluid and structures can beachieved through a wide variety of mapping algorithms (a comprehensive review ofsuch interpolating schemes can be found in Smith, Hodges, and Cesnik (1995)). In theloosely coupled approach, the boundary interface between the two disciplines has adual character, providing means of mapping the pressure field onto the structural grid(computed by FEM solver), and also interpolating the displacement field into theComputational Fluid Dynamics (CFD) grid. To obtain an aeroelastic solution, these twomappings are repeated and updated in an iterative manner until a convergence criterionis satisfied.
 Static aeroelasticity requires geometry conservation through the mapping of theconservative aerodynamic loads fa, which becomes intrinsic when, under a relaxationprocedure, the pressure field is updated with the current and the previous states (Alonsoet al., 2004; Cai & Liu, 2001). The updating process is controlled by a relaxationfactor, β, that determines the magnitude of the pressure perturbation (i.e. oscillatory),such that:
 Figure 9. Strain contours of hyperlastic airfoil.
 148 N.M. Ursache et al.
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f na ¼ f n�1a þ bðf na � f n�1
 a Þ; (11)
 0\b\1:
 A canonical example consisting a 5% cambered airfoil with optimised cladding is stud-ied under moderate flow conditions with M = .5 and α = 2°. The airfoil under investiga-tion is subject to similar boundary conditions, whereby the leading edge is pinned andthe trailing edge slides, so that full postbuckling regime of the strut and cladding canbe captured by the Finite Element Application (FEA) and the extra stiffness from thehyperfoam can be accounted for. The structural set-up consist the best solution fromthe previous global search including boundary conditions, and the pressure distributionis mapped onto the structural grid so that lift and drag are accounted for (n.b., on a unitwidth beam, the pressure is discretised into equivalent concentrated forces orthogonalto the aerodynamic surface and applied on the structural boundary-fitted grid). The con-version factor that tunes the pressure distribution also takes into account the width ofthe beam (i.e. 8 mm), so that the aeroelastic updates are based on full structural strengthof the beam and hyperfoam.
 In the aeroelastic cycle, the convergence of the solution is accelerated when largerelaxation factors are used. Such trends can be seen in Figure 10 for the airfoil, wherea relaxation sensitivity study shows the convergence of the solution in the aeroelasticcycle in terms of perturbation fa (i.e. the non-regular CP distribution mapped onto thestructural-fitted grid and integrated over the width of the beam). For a relaxation factorβ = .6, the aeroelastic solution converges after 15 iterations, whereas for β = .2, 35 itera-tions are needed, after which the system becomes self-equilibrated under aeroelasticforces and the convergence criterion is met.
 The convergence history in terms of perturbation in Figure 10 shows large oscilla-tions due to the incremental-iterative FEM procedure. The difference between two con-secutive incremental solutions can be large which may lead to large oscillations inaerodynamic properties. This variation is intrinsically dictated by the non-linear solutionand has a magnitude of an increment. Structural instabilities may also occur, in whichcase the relaxation factor is augmented by one per cent so that the perturbation to thesystem is augmented, thus obtaining a stable solution. The convergence history also
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shows that the aeroelastic solution is only slightly changed from the rigid steady stateone, with a maximum of one per cent, which proves the airfoil is stiff enough to pre-serve its optimised rigid state properties under modest impact of extra stiffness due tocladding. This translates into a small variation in requisite actuation force of .5%,whilst airfoil deformation becomes insignificant to affect local flow.
 4. Wing analysis
 An application of the proposed wing-morphing methodology to transonic wing designfor a narrow body aircraft wing is considered here (see Figure 11). The design para-digm is based on a three-dimensional spinal structure by means of a plate model (anorthogonal extension of the two-dimensional model previously analysed), subject to theactuation control law (Ursache et al., 2006) whereby global shape control of the newspinal structure is possible, through offset point loads at the extreme sections of thecontrollable outboard wing patch, as outlined in Figure 11.
 Through stiffness tailoring of slender structures, morphing through a range of cam-bered shapes defining prescribed airfoils becomes possible and enables large changes inshape by exploiting a range of incremental non-linear structural solutions under eccen-tric loading whilst meeting prescribed flow characteristics (Ursache et al., 2006, 2011).
 Large changes in wing structural shape can have a dramatic effect on the aerody-namic performance of the wing, therefore the optimisation problem becomes multi-objective by nature, with both aerodynamic- and structural-related cost functions andconstraints. The geometry of the underlying spinal structure is characterised by a fixedplanform and uses two patches, viz. inboard and outboard (see Figure 11). In order toderive a structural set-up that delivers tailored aerodynamic performance with aircraftroll metrics, for simplicity, the outboard wing patch is chosen to be the active element(i.e. linearly actuated) during morphing.
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 Figure 11. Wing planform with typical inboard and outboard patches. The highlighted outboardwing patch is actuated by point forces at the trailing edge of grid sections ‘sec 1’ and ‘sec 3’.Structural-related objectives are applied to the sections ‘sec 1’, ‘sec 2’ and ‘sec 3’.
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Therefore, the underlying model is designed to enhance roll control over the wingand also to maintain the aerodynamic integrity. These two issues are tackled in a singleheuristic objective, f1 (see Equation (12)), by minimising the drag gradient with respectto the position of centre of pressure so that the feasible design solutions encounter lowdrag for a large change of centre of pressure towards the tip for augmented roll. Theflow performance is highly sensitive to the smoothness of the aerodynamic shape ofthe wing, controlling somewhat the pressure distributions (Scherer et al., 1997), andthus, the overall aerodynamic performance of the wing. Such considerations lead toadditional aerodynamic and structural objectives (see Equation (13)) and constraints(see Equations (14)–(18)), so as to aerodynamically maintain product integrity, byenabling the morphed outboard surface to smoothly blend the controlled prescribed sec-tions (note that the sections on which the structural related objectives are studied hereare the crank, tip and mid-outboard path positions, i.e. ‘sec 1’, ‘sec 2’ and ‘sec 3’,respectively). This translates into the use of a target wing shape, a priori generated byfour-digit NACA airfoils with significant aft camber (i.e. 65% chord), so as to alleviatethe inherent transonic flow issues over the wing and also, to avoid spurious designs (tokeep to the spirit of the two-dimensional approach).
 The smoothness of the structural design is imposed by the objectives fsec on thegrid sections highlighted in Figure 11 (i.e. ‘sec 1’, ‘sec 2’ and ‘sec 3’, corresponding tothe crank, tip and mid section outboard patch), using metrics that define the fitness ofthe morphed airfoils (sections) to equivalent NACA airfoils (n.b., implicit four-digitNACA airfoil definition is chosen due to its analytical simplicity and the aerodynamiccompromise is assumed). The fitness is defined by the L2-norm of the differencebetween the deflected shape wðxÞ and its associated explicit target wðxÞt based onchord, magnitude and position of maximum deflection of deformed sections (note that,this inverse approach works towards a given shape by attempting to push some derivedcharacteristic towards a desired configuration). The aerodynamic constraints g1 and g2are expressed with respect to a baseline wing geometry (Ursache et al., 2011) (i.e. con-stant 2% camber spanwise), and structural constraints g3 and g4 control the upper andlower bounds of the displacement field of the crank and tip sections and g5 controls themaximum yield stress criterion for the material. Therefore, the multi-objective optimisa-tion problem can be stated as follows:
 Minimise f1ðxÞ ¼ d�CD
 dYcp; (12)
 fsecðxÞ ¼ kwt � wksec2 ; (13)
 Subject to g1ðxÞ ¼ CL0 � CL\0; (14)
 g2ðxÞ ¼ Ycp0 � Ycp\0; (15)
 g3ðxÞ ¼ maxjj wj � a2 � 0; at sec 1; (16)
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g4ðxÞ ¼ a1 �maxjj wj � 0; at sec 3; (17)
 g5ðxÞ ¼ maxjrMises� rY � 0; (18)
 x 2 X; 8j 2 f1; . . .; npg; 8sec 2 f1; 2; 3g;with �CD ¼ CD � sspan, X ¼ fx 2 <njxmin
 k � xk � xmaxk ; k ¼ 1; . . .; nvg with xmin
 k and xmaxk
 bounds on the nv structural variables set by the user (xmink = .2 mm and xmax
 k = 8 mm forcontrol points, xmin
 k jF1= −5 ⋅ 103 N, xmin
 k jF2= −100 ⋅ 103 N, xmax
 k jF1= 1 ⋅ 103 N and
 xmaxk jF2
 = −1 ⋅ 103 N (Ursache et al., 2006)); wj are the deflections at the structural posi-tion j at final load increment for each of the three sections s considered defined by npstructural grid points, and a 2 {a1, a2} with a1 ¼ g3ðxÞ define the lower and upper dis-placement bounds for crank ‘sec 1’ and tip ‘sec 3’ sections. The incrementsd�CD ¼ �CD � �CD0 and dYcp ¼ Ycp � Ycp0 are computed with respect to baseline geome-try characteristics (i.e. �CD0 ¼ :015402, Ycp0 ¼ 7:5 m and CL0 ¼ :51) (Keane & Nair,2005), which consist of constant 2% cambered grid sections spanwise. The design vari-ables are the coordinates of the control points on NURBS curves in order to tailor thestiffness of the structural model. The flight case in this research is within the normaloperating range for a single aisle narrow body aircraft, flight level FL310, a designcruising speed Mc = .78, Reynolds number = 7.04 × 106.
 4.1. Optimisation strategy
 The design optimisation paradigm for wing roll analysis combines a parametrisationstrategy by means of a CAD tool, a structural optimisation and an aerodynamic designprocess. Due to the complexity of the problem, this Multi-disciplinary Optimisations(MDO) paradigm is used in conjunction with a response surface approximation, as out-lined in Figure 12. The programming challenges are augmented with the automatedstrategy of the MDO, since different solvers and solutions (structural and aerodynamic)are interdependent through numerical algorithms and convergence tolerance.
 The shape parametrisation technique employed here is based on NURBS surfaces’definitions (Piegl & Tiller, 1997). It has been tailored to enhance the flexibility of suchsurfaces and to provide a reasonable hyperspace for the design variables. Since theplanform of the wing is a priori known, only the boundary shape of the outboard sec-tion is tackled, such that a full control of the displacement field is achieved duringactuation. The design space comprises mainly the interpolating points that define thebounding NURBS curves, i.e. six points for each parametrised section (i.e. crank andtip) and five points in the orthogonal direction (Ursache et al., 2011). This scheme ofpoints is chosen to keep to the spirit of the two-dimensional approach and also to allowa large variation of the curvature of the surface, that intrinsically dictates the thicknessdistribution of the plate-like outboard wing.
 Mapping equally spaced points from the CAD tool onto the finite element bound-aries, a detailed FEA structural discretisation (Ursache et al., 2011) and the correspond-ing stress state of the randomly parametrised outboard patch are seen. Clearly, largerdisplacements can occur in the area of interest, i.e. the tip of the wing, if the bendingstiffness is tailored to provide more flexibility locally, thus enhancing the stress statedue to the camber cusp on the aft camber-driven profile.
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The aerodynamic characteristics of the morphing wing are provided here byVSAERO (Maskew, 1987), a panel or boundary element method which solves the line-arised potential equations for inviscid, irrotational incompressible flow, with additionalcompressibility correction (i.e. Prandtl–Glauert and Karman–Tsien rules). The methodis enhanced for boundary layer calculations, provided by a viscous potential flow cou-pling. The advantage of using VSAERO is that, only a surface discretisation is neces-sary, since it is based on a classical panel method, and does not require a grid in theflow field. The method is limited to certain flows which include relatively high Rey-nolds numbers and small angles of attack, applied to slim bodies with closed surfaces,up to low transonic speeds.
 4.2. Response surface modelling
 The MDO paradigm is based on response surface approximation, following the strategyin Figure 12. The quality of the response surface depends upon the values of the truefunction evaluated at sample points within the domain, often defined as hypercube, gen-erated by Design of Experiments algorithms (Mead, 1998). The design optimisationprocess is carried out on the surface approximation so as to meet the cost functional
 Parallelisedsequences
 Specify design variables
 Computeparameterised geometry (CAD)
 Displacementfield (FEM)
 Aerodynamicperformance
 (CFD)
 Specify design space
 DOE
 Build an RSM Tune
 Evaluate RSM Global and local search on RSM
 Designadequate?
 Resultingdesign point
 Best design
 Figure 12. Optimisation strategy.
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required. The strategy also involves an update process, where feasible solutions foundon the fitted RSM to the initial data, may be fed back to the training pool for furtherupdates and surface refinement.
 Based on an LPτ array, here the Krig definition is employed (Keane & Nair, 2005)for each of the objectives and also for aerodynamics-related constraints. Previousresearch (Ursache et al., 2011) shows that a cost-effective approach to global approxi-mation in such problems used a reduced form of Krig, i.e. the hyperparameters areassigned to groups of variables, rather than to each variable:
 Rðxi; xjÞ ¼ exp �10hXkj¼1
 ðkxnþ1; j � xi; jkpÞ" #
 þ 10kdij; (19)
 where the hyperparameter pj can be thought of as determining the smoothness of theapproximation function, θj can be thought of as determining the impact on the approxi-mation function with changes of xnþ1; j with respect to xi; j.
 4.3. Pareto framework and roll augmentation
 In this study, an NSGA-II (Deb, Agrawal, Pratap, & Meyarivan, 2000) approach isused to search the parametric space built on pre-existing Krigs to find the best combi-nations of the design variables that can minimise the approximated functionals pro-posed in Equations (12)–(17). The approximation surfaces are based on sampled pointsfrom the true function. This constrained search (n.b., a Fiacco-McCormick penaltyfunction is used (Fiacco & McCormick, 1968)) is based on a population size of 100for 3500 generations and leads to Pareto sets of approximated designs, as shown inFigure 13, accompanied by the rank-one DoE LPτ design points from both training andpredictions data-sets. In Figure 13, the three symbols, i.e. square, triangle up and trian-gle down are local Pareto points that perform on other fronts. Filled symbols representthe solvable points from local Pareto front with the true function. Empty symbols arethe corresponding points evaluated with the true function. Some of the filled symbols(solutions) may not perform on the other Pareto fronts due to failed structural or aero-dynamic analyses. The approximated solutions from the Pareto fronts are then evalu-ated on the true function by calling the expensive analysis codes, so as to checkquantitatively and qualitatively the surface-based solutions. Since all the Pareto frontsare weak in the constitutive approximated objective space, all the points are checkedwith the verification scheme. This process is limited somewhat due to solver failures(i.e. structural divergence or computational issues (Ursache et al., 2006, 2011)) in thedesign process.
 All the Pareto point designs show somewhat similar performance in terms of pres-sure residuals compared to target airfoils (see, for instance, Figure 14). The designpoint shows pressure distributions somewhat similar to flapped sections, due toincreased camber line towards the wing tip which tend to shift the suction peakstowards mid chord, and lead to larger residuals with respect to the structural and aero-dynamic shapes. The morphed airfoils tend to have a ‘two-part’ form of pressure distri-bution over the rear (Ursache et al., 2011), i.e. a low severity adverse pressure gradientas the trailing edge is approached, followed at ξ’ .99 by a small suction peak thatindicates a sudden boundary layer separation. However, due to intrinsic tailored mate-rial fitness used in airfoil and wing optimisation, the inverse design methodology
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returns better outcomes in terms of morphing airfoil and pressure distribution than pre-vious similar research (Ursache et al., 2011).
 Once Pareto points are established, morphing wing effectiveness can be assessedthrough a roll performance metric. These points can provide now a valid basis for com-parison with a wing with conventional control surfaces (25% flap-to-wing-chord ratio)with equivalent planform definition. A number of variables i.e. equivalent ailerondeflection, Mach number and angle of attack are varied to assess off-design points andgenerate variation curves. The aileron deployment δ is in the range of 5–20°, Machranges from .4 to .8 and angle of attack α from 0 to 10°. A typical Pareto design pointunder scrutiny is taken from objective f1− fsec 3, outlined in Figure 14. The results interms of roll moment coefficient and dynamic pressure are depicted in Figure 15. Rollefficiency is computed here for one wing so as to eliminate the need to negativelymorph the wing and create adverse twist that would decrease rolling moment. However,morphing-wing efficiency varies across the aileron deployment area, with better perfor-mance than classical wing with small aileron deployment (5–10°). This is due to a lar-ger area that is deflected on morphing wing which in effect affects that wing roll.Further increasing the aileron deployment, the advantage of the morphing wing dimin-ishes to the extent that it is outperformed by the classical wing. The residuals of data-sets tend to increase with dynamic pressure and aileron deployment due to weak aero-dynamic performance of NACA aft camber airfoils, but the challenge is driven bytransversal shear effects of the polyfoam that ripples at high camber deflection whichinherently degrades locally the lift due to non-smooth aerodynamic shape spanwise.
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The structural set-up in the optimisation scheme only ensures through constraints asmooth airfoil deflection at requisite stations and does not verify the quality of thespline function spanwise. The performance is also determined by the accuracy of themetamodels built in the initial design stage, where the correlation factor for the objec-tives vary between .63 and .87 (Ursache et al., 2011). Clearly, these results providescope for further refinement of the approximation surfaces to derive the performanceimprovement by means of material fitness and stiffness tailoring, as well as the consid-eration of the adverse effect of wing twist.
 5. Conclusions
 A heuristic methodology to derive a global shape control for wing morphing has beenpresented. The design paradigm develops the key drivers for multi-shape morphing air-foils which are then used to develop an application for a fully parametrised wing shape.The wing-morphing concept is applied here to quantify enhanced roll control through asimple loading scheme that operates the structures in a post-critical regime. The optimi-sation strategy is twofold: it provides means for enhanced aerodynamic wing design bymeans of material fitness in a hierarchical multi-objective optimisation interleavingparametrisation technique with structural integrity and aerodynamic performance, andalso uses approximation models combined with NSGA-II to search the Pareto frontframework. The response surface used is based on a hybrid version of Krig surrogates,which showed good robustness and efficiency in terms of model fitness and computa-tional expense.
 Although the current roll efficiency results show limitations in terms of the airfoilchoice and material definition, the optimisation strategy provides scope for aerodynamicshape control, enhanced by prescribed structural shapes. The design loop tackles morp-hing capability through modest roll control at low speeds and low angles of attackwhen compared to a classical wing with max 20° aileron deployment. The performance
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of the wing is strictly dependent on the structural metrics and constraints, and is alsorelated to the accuracy of the approximation model that would need further updates foradditional refinement.
 Nomenclature
 NSGA non-dominated sorted genetic algorithmNURBSnon-uniform rational B-splinesRMSE root mean square errorRSM response surface methodologyf objective functionfa aerodynamic loadingfsec structural related objective functionp, θ kriging hyperparametersk kriging regularisation constantα angle of attackβ relaxation factorαi, βi hyperelastic material parametersμ0 initial shear modulusμi shear modulus coefficientsνi Poisson coefficientss Kirchhoff stress� strainw optimised displacement fieldwt target displacement fieldCL, Cl lift coefficientCD drag coefficientCp pressure coefficientCM roll moment coefficientLEij component ij of logarithmic strainN order of a hyperelastic materialsij component ij of Cauchy stress tensorYCP y position of centre of pressure
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