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Abstract

:

A multi-dimensional morphing wing skeleton mechanism is proposed with double-sided triangular pyramid units, which can realize continuous variable span-wise bend, span-wise twist, and sweep. A lockable morphing unit is designed, and its mechanism/structure characteristics, degree of freedom, and the deformable function of its deformable wing skeleton mechanism are analyzed. One kind of flexible skin is proposed to meet the performance requirements, consisting of an internal metastructure and a flexible surface bonded on both sides. The morphing wing skeleton mechanism and the equivalent treated metastructure flexible skin are then combined. Subsequently, a two-way fluid–structure interaction analysis is conducted to investigate the influence of aerodynamic loads on the flexible skin and skeleton mechanism in different deformation states, including the influence of structural passive deformation on the aerodynamic characteristics of the morphing wing. The computational fluid dynamics method is employed to analyze the aerodynamic characteristics of the morphing wing in its initial state, as well as in three deformation states, and to study its aerodynamic performance in different flight environments.
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1. Introduction


Variable geometry aircrafts have many advantages due to their excellent flight efficiency and performance, including efficient penetration, quick response, high endurance, and far field transportation. In addition, variable geometry aircrafts have broad application prospects in the aerospace vehicle field and will play a vital role in future aircraft development. As one of the key technologies of variable geometry aircrafts, morphing wing technology has been extensively studied in developing high-performance variable geometry aircrafts. The internal deformable skeleton mechanism and flexible skin are the key technologies for achieving deformation and maintaining the aerodynamic shape of the morphing wing. This article proposes a distributed-drive deformable wing skeleton mechanism and a corresponding metastructure flexible skin that can achieve multi-dimensional deformation. This proposal is based on the development trend of morphing wing technology and the aerodynamic requirements of various flight fields for morphing wing.



A morphing wing prototype with a variable airfoil profile thickness in a real wing size was proposed by Kammegne et al. [1]. Four identical micro-electromechanical actuators were installed on the middle two wing ribs of the prototype. The shape of the flexible skin on the upper surface of the wing was changed through the vertical displacement of the actuator to improve the air flow. Fasel et al. [2] reported a flexible variable trailing edge camber morphing wing based on a composite material. This morphing wing realized the differential deformation of the wingspan, flexible maneuvering, and control. The flight test verified the improvement in rolling efficiency. Xi et al. [3,4] studied a wing chord camber-deformed morphing wing based on a reconfigurable mechanism structure. Then, two deformation driving schemes were compared. The Tu-160 supersonic bomber developed by the Soviet Union [5] and the American F-14 Tomcat fighter jet adopted a variable swept wing of wing root rotation [6]. The variable swept wing has excellent low-speed take-off and landing and high-speed penetration characteristics and controllability. From an aerodynamics perspective, the variable swept wing provides an effective method for reducing the aerodynamic drag caused by air compression at the subsonic, transonic, and supersonic stages of an aircraft, thus obtaining a higher lift–drag ratio.



NextGen conducted a flight and wind tunnel test of the variable swept wing aircraft MFX-1 under the funding of the variant aircraft structure “MAS” program [7]. A hydraulic driver placed inside each parallelogrammatic connecting-rod mechanism drove the morphing wing deformation. The flexible skin uses a carbon fiber silicone reinforcement material that can be shear-deformed, and a swept angle of 15°–45° can be achieved in flight tests within 15 s. Jenett et al [8] designed a modular and reversibly assembled wing that performed continuous span-wise twist deformation. Lightweight and high-strength carbon fiber lattice cells were used to support the morphing wing. The morphing wing had a −10° to 10° twist in the wind tunnel experiment, which exhibited higher roll efficiency and aerodynamic characteristics than a conventional rigid aileron system. Lockheed Martin developed a folding wing, which enabled variations of span-wise length, aspect ratio, and effective sweep angle, significantly increasing mission performance compared with conventional aircrafts [9]. Considering the need of large sweep deformation and high stiffness characteristics, a morphing wing driven by distributed parallel linkage was proposed by Yang et al. [10,11], which enabled variations in chord length, area, and aspect ratio. However, the above-mentioned morphing wing research mainly focuses on the thickness and camber deformation of the two-dimensional airfoil profile; sweep, wingspan bending, or folding deformations of the three-dimensional wing and other single morphing functions. It is still difficult to meet the requirements of a multi-function aerodynamic shape and large deformation of aircrafts in complex flight environments.



The deformation function of the morphing wing flexible skin can be realized in three main ways [12]: the deformation of the elastic material itself [13], the sliding or rotating deformation of the mechanism, and the large deformation of the sandwich composite structure. A hybrid material flexible skin of a Kevlar/carbon-fiber-reinforced silica gel matrix for a shear swept morphing wing was proposed by Yu et al. [14]. The difficulty lay in ensuring that folds and wrinkles were avoided during shear deformation. Lockheed Martin developed a seamless flexible skin with foldable deformation and memory function [9]. A discrete slip-deformed skin for variable geometry wings was proposed by Xi et al. [15,16], which was different from elastic skin and was designed to discretize the relative sliding motion between rigid plates to deformation. However, the gap and size of the discrete rigid plates required by each deformation form are different. Yokozeki et al. [17] developed a corrugated flexible skin structure of chord direction camber morphing wing. A rigid bar was added to the bottom of the corrugated structure to enhance the stiffness of the wingspan direction. In addition, flexible rubber was filled on one side to ensure a smooth and continuous surface. Metastructure has the advantages of lightweight structure, in-plane low stiffness, large deformation, high out-of-plane stiffness and good heat insulation, vibration drag, and energy absorption [18,19,20]. A zero Poisson’s ratio hybrid metastructure flexible skin and accordion metastructure flexible skin were proposed by Olympio et al. [21]. Based on the advantages of metastructure characteristics, Bubert et al. [22] proposed a metastructure composite skin that consists of a zero Poisson’s ratio metastructure as the support core and a flexible silicone panel as the surface layer. This design allows for wingspan direction large deformation while maintaining the continuous smoothness of the airfoil. The existing research shows that flexible skin can achieve large deformation, but the bearing capacity is low and the fatigue damage is easy; or that flexible skin can effectively provide out-of-plane stiffness, but the deformation ability is not ideal and the driving force demand is too large. The metastructure morphing skin is an effective solution to realize the variability of the deformed wing, bear and transmit the aerodynamic load, and ensure the smooth continuity and airtightness of the airfoil. It has the advantages of high out-of-plane bearing capacity and low driving force. However, there are also the shortcomings of small deformation and the need to cover the elastomer to ensure a smooth surface. Therefore, it is necessary to focus on the design of its in-plane deformation capacity and out-of-plane aerodynamic carrying capacity.



This study proposes a morphing wing skeleton (MWS) mechanism with modular bilateral triangular pyramid (BTP) units. The MWS mechanism not only provides three different morphing functions, but also has high stiffness and stability. Through modular design and distributed drive, the MWS mechanism can achieve local or global multi-dimensional continuous smooth deformation. Distributed drive can effectively reduce the local excessive driving force demand. Compared to other morphing mechanisms, this MWS mechanism has a simple structure, distributed drive, multi-dimensional morphing, and modular expansion. The rest of this paper is organized as follows. Section 2 presents the structure and metastructure flexible skin of the MWS mechanism. Section 3 proposes a discrete multifunctional distributed drive continuous multi-dimensional deformation MWS mechanism. The deformable truss is taken as the basic unit, which has the characteristics of high bearing capacity. Furthermore, a new hybrid metastructure flexible skin with adjustable Poisson’s ratio is designed to meet the requirements of continuous and smooth flexible morphing wing on the surface, high out-of-plane stiffness, and low in-plane stiffness characteristics. Aerodynamic characteristics are analyzed for the multi-dimensional MWS mechanism and flexible skin. Research on the smooth continuous flexible morphing wing is of great significance.




2. Design of the MWS Mechanism and Metastructure Flexible Skin


2.1. Structure Design of the MWS Mechanism


The modular BTP unit consists of two top pin joints (P), three spherical hinges, six inclined rods, one rotating rod, and two middle plane rods, as shown in Figure 1a. It is important to note that the BTP unit is symmetrical with the middle plane. Figure 1b depicts a 1/2 BTP unit connected to the wing rib support frame for wing rib installation. By connecting two BTP units and the 1/2 BTP unit with a rotating rod and spherical joints, a lockable morphing (LM) unit is formed, as shown in Figure 1c. To ensure stability post-morphing, a lockable passive member is added to enhance the structure’s stiffness and stability. Within the LM unit, a linear actuator is connected to two top pin joints. It is worth mentioning that both the lockable passive member and linear actuator are symmetrically arranged with respect to the plane O3O1O2.



Figure 2 illustrates the reconfigurability of the LM unit through changes in the configuration of the linear actuator and lockable passive member. In the initial position, represented by Figure 2a, the left-wing rib support frame is fixed. The swept-back linear actuator is elongated to achieve swept-back deformation, as shown in Figure 2b. Similarly, the twisting linear actuator is extended to achieve twisting deformation, as shown in Figure 2c. The span-wise bending linear actuator is extended to achieve span-wise bending deformation, as shown in Figure 2d.



Figure 3 shows the MWS mechanism, which includes multiple LM units and multiple wing ribs distributed along the wing span. The wing ribs are securely connected to the wing rib support frame on the LM unit. In the MWS mechanism, the first LM unit forms the swept deformation root mechanism by connecting to the wing rib at the fuselage base through a sweep angle hinge, a rotating rod, a sweep linear actuator, and an auxiliary rod. Likewise, two LM units are connected by the same parts to form a continuous swept deformation mechanism along the span direction.



The MWS mechanism only needs to design the corresponding wing rib shape and add flexible skin to obtain a complete morphing wing, without the need for additional mechanisms/structures, which greatly reduces the structural quality of the morphing wing. Additionally, through the optimized design of joints and ribs, further lightweight of the morphing wing is attainable. By capitalizing on the reconfigurable characteristics of the LM unit, the MWS mechanism not only provides a morphing function but also imparts stiffness and stability, thereby replacing the traditional wing box. Under corresponding driving configurations, the MWS mechanism demonstrates three distinct morphing functions. Through modular design and distributed drive, the morphing wing can achieve continuous and smooth multi-dimensional deformation locally or globally. Distributed driving can effectively reduce the local excessive driving force demand.




2.2. Design and Analysis of Skin Mechanical Characteristics


The metastructure flexible skin is composed of hybrid metastructure cells and flexible superficial skin, as shown in Figure 4. The flexible superficial skin and metastructure cells are connected by a bonding layer. The hybrid metastructure cells ensure low in-plane stiffness and high out-of-plane stiffness. The flexible superficial skin maintains the smoothness and air tightness of the morphing wing. The hybrid metastructure cell consists of a concave hexagon and a quadrangular star cell unit, as shown in Figure 5, which has periodic topological laws. m and n are the number of the cell units along the x- and y-axis directions. The concave hexagon and the quadrangular star cell unit have horizontal and vertical symmetry properties.



The relative density of the hybrid metastructure skin is as follows:


   ρ r  =    ρ ∗     ρ s    =   β    α 2  + 2 +  α 1  / 2 + 2  α 3  + 2  α 4      2  L d  cos  θ 1     



(1)




where Ld is a dimensionless quantity, Ld = α2 + α1/2 − sinθ1 + α3cosθ2 + α4sinθ3, L is the concave-inclined wall length of the concave hexagon, B is the horizontal wall length of the concave hexagon, c is the connected sheet length, θ1 is the inner angle of the concave hexagon cell unit, l and b are different sloping wall lengths of the quadrangular star, θ2 and θ3 are different cell unit inner angles of the quadrangular star, t is the thickness of cell wall, h is the depth of the hybrid metastructure, α1 = B/L, α2 = c/L, α3 = b/L, α4 = l/L, β = t/L, γ = h/L are dimensionless quantities, ρ* is the hybrid metastructure equivalent density, ρs is the base material density of the hybrid metastructure, A* is the actual bearing area in the xy-plane of the hybrid metastructure, As is the equivalent section area of the cell unit, and Lx is the cell unit length along the x-axis direction of the hybrid metastructure, Lx = 2c + B − 2L sinθ1 + 2bcosθ2 + 2lsinθ3.



The equivalent stiffness of hybrid metastructure cell is shown in Figure 6. The homogeneous load σ1 and σ2 are applied along the x- and y-axis directions. The homogenous load can be equivalent to the tension Fx and Fy applied to the series and parallel springs.



The relative Young’s modulus and Poisson’s ratio of the concave hexagon cell unit are as follows:


         E  1 x      E s    =    β 3  (  α 2  +  α 1  / 2 − sin  θ 1  )   cos  θ 1   λ  1 x            E  1 y      E s    =    β 3  cos  θ 1    (  α 2  +  α 1  / 2 − sin  θ 1  )  λ  1 y          ν  1 x y   = −    u  1 x   (  α 2  +  α 1  / 2 − sin  θ 1  )   cos  θ 1         ν  1 y x   = −    u  1 y   cos  θ 1     α 2  +  α 1  / 2 − sin  θ 1         



(2)




where E1x/Es is the relative Young’s modulus of the concave hexagon cell unit along thet x-axis direction, E1y/Es is the relative Young’s modulus of the concave hexagon cell unit along the y-axis direction, v1xy and v1yx are Poisson’s ratio, λ1x = cos2θ1 + β2sin2θ1 + 2α2β2, λ1y = sin2θ1 + β2cos2θ1, u1x = (1 − β2) sin(2θ1)/(2λ1x), u1y = (1 − β2) sin(2θ1)/(2λ1y).



The elasticity and Poisson’s ratio of the quadrangular star cell unit relative modulus are as follows:


         E  2 x      E s    =    β 3     λ  2 x            E  2 y      E s    =    β 3     λ  2 y          ν  2 x y   = −    ε  2 x − y      ε  2 x     =    u b  +  u l    2 L  λ  2 x          ν  2 y x   = −    ε  2 y − x      ε  2 y     =    u b  +  u l    2 L  λ  2 y          



(3)




where E2x/Es is the relative Young’s modulus of the quadrangular star cell unit along the x-axis direction, E2y/Es is the relative Young’s modulus of the quadrangular star cell unit along the y-axis direction, and v2xy and v2yx are the Poisson’s ratio, λ2x =    α 3 2   (α3 + 3α4)sin2θ2 +   α 4 2   (α4 + 3α3)cos2θ3 + β2(α3cos2θ2 + α4sin2θ3), λ2y =    α 3 2   (α3 + 3α4)cos2θ2 +    α 4 2   (α4 + 3α3)sin2θ3 + β2(α3sin2θ2 + α4cos2θ3).



Based on Equations (2) and (3), the relative Young’s modulus and Poisson’s ratio of the hybrid metastructure is as follows:


         E x     E s    =    β 3   L d    cos  θ 1  (  λ  1 x   +  λ  2 x   )          E y     E s    =    β 3  cos  θ 1  (  λ  1 y   +  λ  2 y   )    L d   λ  1 y    λ  2 y          ν  y x   = −    ε  y − x      ε y    =    v 1  +  v 2     L d         



(4)




where v1 = −u1ycosθ1, v2 = v2yx (α3cosθ2 + α4sinθ3).





3. Fluid–Structure Coupling Analysis of Morphing Wing


3.1. Equivalent Model of Metastructure Skin


Flexible skin mechanical characteristics are mainly affected by the hybrid metastructure cell unit size. The hybrid metastructure has two mutually perpendicular elastic planes of symmetry, which can be regarded as an orthogonal anisotropic material with nine independent stiffness coefficients. Moreover, the stiffness matrix C is as follows:


  C =        C  11        C  12        C  13      0   0   0       C  12        C  22        C  23      0   0   0       C  13        C  23        C  33      0   0   0     0   0   0     C  44      0   0     0   0   0   0     C  55      0     0   0   0   0   0     C  66          



(5)




where Cij are stiffness coefficients.



Given that the out-of-plane thickness of the hybrid metastructure is much smaller than the in-plane length and width size, it can be treated as the sheet plane stress. Its in-plane two-dimensional stiffness matrix Q is written as follows:


  Q =        Q  11        Q  12      0       Q  12        Q  22      0     0   0     Q  66          



(6)




where Qij are stiffness coefficients, which can be expressed as the engineering elastic constant.


        Q  11   =    E 1    1 −  ν  12    ν  21     ,      Q  22   =    E 2    1 −  ν  12    ν  21            Q  12   =    ν  21    E 2    1 −  ν  12    ν  21     ,      Q  66   =  G  12         



(7)




where E1 = Ex, E2 = Ey, v12 = vxy, v21 = vyx, G12 = Gxy can be obtained using the Euler–Bernoulli beam model.



The in-plane bend stiffness matrix D of the metastructure equivalent orthogonal anisotropic sheet is as follows:


  D =        D  11        D  12      0       D  12        D  22      0     0   0     D  66         =    h 3    12          Q  11        Q  12      0       Q  12        Q  22      0     0   0     Q  66          



(8)




where D11, D12, and D22 are bend stiffness coefficients, and D66 is the twist stiffness coefficient.



The deflection of the metastructure equivalent orthogonal anisotropic sheet, the size of which is a × b × h with four sides simply supported under the action of homogeneous load q0, is as follows:


  w =   16  q 0     π 6        ∑  m = 1 , 3 , 5  ∞     ∑  n = 1 , 3 , 5  ∞    1  m n   sin   m π x  a  sin   n π y  b         D  11        m a     4  + 2    D  12   + 2  D  66          m a     2       n b     2  +  D  22        m b     4     



(9)




where m and n are any positive integers, x and y are arbitrary position coordinates of the sheet.



It can be observed that the maximum deflection wmax occurs at x = a/2, y = b/2 in the center of the sheet. The x direction of the hybrid metastructure is along the wing chord direction, while the y direction is along the wingspan direction, as shown in Figure 7. h is the depth of the hybrid metastructure, and t2 is the thickness of the flexible skin and bonding layer. This arrangement method allows for smaller stiffness in the wingspan direction, reducing the driving force required for deformation. Furthermore, the skin’s zero Poisson’s ratio characteristics prevent chord direction wrinkle and the large in-plane Young’s modulus Ex to improve the flexible skin’s out-of-plane bearing capacity, as evidenced by Equation (9).



If the hybrid metastructure cell of the skin is directly used in modeling, the number of grids will be large, the calculation is slow, and the time is very long. To improve computational efficiency, the hybrid metastructure skin’s equivalent elastic modulus and Poisson’s ratio are applied to an orthogonal anisotropic sheet, so that the skin structure could be equivalent. First, the shell model is created in Ansys Workbench 2022 R1 software. Then, the mechanical elastic constant in Equation (7) is obtained through simulation. Subsequently, an equivalent orthogonal anisotropic material shell cell sheet model is constructed through the Ansys Composite Prep/Post (ACP) module of Ansys Workbench to simulate the mechanical characteristics of the hybrid metastructure. The basic parameters of the hybrid metastructure skin are as follows: L = 10 mm, α1 = 2.2, α2 = 1.1, β = 0.1, γ = 1.0, θ1= 50°, θ2 = 25°. Based on the analysis of boundary conditions in Section 2.2, v12 = vxy =0 is obtained. The mechanical elastic constants of the equivalent orthogonal anisotropic material are: Ex = 7447 MPa, Ey = 252 MPa, vyx = 0.0212, Ez = 47,810 MPa, and Gxy = 11 MPa, h + 2t = 12 mm. Both the hybrid metastructure sheet and equivalent orthogonal anisotropic material sheet are supported on four sides. The maximum deflection value of the overall out-of-plane under the 0.02 MPa homogeneous load is simulated, and the simulated results are listed in Table 1.



It is observed that the equivalent orthogonal anisotropic shell effectively simulates the mechanical characteristics of the hybrid metastructure skin. The equivalent shell unit can improve the computational efficiency of the subsequent simulation.




3.2. Bidirectional Fluid–Structure Coupling Analysis of the Morphing Wing


The coupling FEM model of the single MWS mechanism and flexible skin module was established using the Ansys Workbench 2022 R1 software. The bidirectional fluid–structure coupling interaction (FSI) analysis was performed in the coupling model. Four deformation states of the single-module skeleton mechanism and skin are shown in Figure 8. The structural and fluid simulation calculations of the morphing wing were completed using Transient Structural and Fluent 2022 R1 software, respectively. The dynamic bidirectional fluid–structure coupling analysis simulated platform was constructed on the Ansys workbench. Some characteristics of the MWS mechanism and flexible skin under the action of aerodynamic load were studied, that is, pressure, stress, and displacement distribution, and the influence of the flexible skin on the morphing wing aerodynamic characteristics after passive deformation. A flowchart for the numerical simulation of two-way FSI is shown in Figure 9.



3.2.1. Morphing Wing FEM Model


The morphing wing consists of the MWS mechanism and the hybrid metastructure flexible skin. The skeleton mechanism is a complex multi-link truss, which supports the hybrid metastructure flexible skin and transfers the aerodynamic load. Each structural component should be simplified to reduce the complexity and efficiency of the simulation. The beams were used to simulate the link, driver, and lockable passive link. The shell element is used to simulate the rib and flexible skin. The bonded rods and rib are connected through node sharing. The flexible skin and rib are connected through bonded contact (bonded—MPC). The engineering elastic parameters of the shell element are endowed with the equivalent orthogonal anisotropic material. The rods and rib are connected and meshed. The processed flexible skin and skeleton mechanism are then imported into the same analysis component. Figure 10 shows the FEM model of the MWS mechanism and flexible skin coupling. TE represents the trailing edge of the wing.



The material rib is an aluminum alloy, with a density of 2.77 g/cm3, Young’s modulus of 71,000 MPa, Poisson’s ratio of 0.33, shearing Young’s modulus of 26,690 MPa, yield strength of 280 MPa, and strength of extension of 310 MPa. The material of the link is a carbon fiber composite, and the material properties are listed in Table 2.



In bidirectional fluid–structure coupling analysis, fluid and structure fields need to be calculated through several iterations. Therefore, the transient structural analysis system was used to solve the FEM structural model. Fluid–structure coupling analysis interfaces were created on the flexible skin. The rib and rods at the root of the morphing wing were fixed. The external load was applied to the flexible skin through the system coupling surface by the fluid–structure coupling analysis FSI interface. The beam section result, which is a setup method in the software, was opened in the solution step, and the solution time was set to 0.04 s to obtain the bearing and deformation of the flexible skin of the rod under aerodynamic load. Three FEM mesh models in deformation state are shown in Figure 11. The same method was used to set the boundary conditions and create the coupling interface corresponding to the fluid model.




3.2.2. Morphing Wing CFD Fluid Model


The morphing wing structural model was created according to four different states, and then the morphing wing fluid model was created through the structural model. With reference to the coupling interface of the structural model, the morphing wing fluid wall surface was divided into five independent walls at the corresponding positions, namely the upper and lower skin, trailing edge and two ribs. The five independent walls are used for data transfer at the interface of fluid–structure coupling analysis. The wall perpendicular to the x- and y- axes is named Wall-I, whereas the wall perpendicular to the z- axis is named Wall-II, as shown in Figure 12. The chord length of the MWS mechanism is 850 mm and the length of a module wing along the wingspan is 358 mm. Based on the selected solver, the pressure far field boundary should be 20 times greater than the airfoil size. Therefore, the fluid size is 21,000 mm × 17,000 mm × 358 mm. An unstructured mesh technique with better geometrical adaptability and easy deformation was used for fluid meshing to achieve a large deformation of the fluid region near the airfoil. The fluid grid model of unstructured meshing was adopted, and the number of elements is 1.35 million, as shown in Figure 13.



The velocity boundary condition is set as the pressure far field: the Mach number is Ma = 0.6, the angle of attack is AOA = 6°, the reference pressure is Pr = 0 Pa, the gauge pressure is Pg = 70,100 Pa, the reference temperature is T = 268.65 K, and the flight environment at an altitude of 3 km is simulated, as shown in Figure 13. Finally, the dynamic two-way FSI simulation platform was built on the Ansys workbench.



The fluid model was imported into the Fluent fluid analysis software, and the fluid calculation conditions were set as follows: the gas model was selected as an ideal gas, the viscosity was set as the Sutherland viscosity, and the turbulence model was the k-w SST turbulence model. A density-based transient coupling solver was used, and the speed boundary condition was set as the pressure far field, with Ma = 0.6, Reynolds number of 6 × 106, AOA = 6°, operating pressure of 0 Pa, gauge pressure of 70,100 Pa, and the reference temperature of T = 268.65 K, which is used to simulate a flight environment at an altitude of 3 km. The bidirectional fluid–structure coupling analysis requires the use of dynamic grid technology. The smooth mesh and reconstruction mesh technology of dynamic mesh in fluent software is used to realize the data transmission of the deformation and coupling interface of fluid mesh near the wing surface. The structural and fluid field of the initial state of the morphing wing is modeled. The morphing wing structure is influenced by the aerodynamic load mainly through the deformation and stress of the skeleton mechanism and the distribution of the flexible skin bucking. The change in drag coefficient and fluid mainly reflects the influence of structural deformation on morphing wing aerodynamic characteristics.




3.2.3. Discussion of Fluid–Structure Coupling Analysis


The deformation and stress distribution of the skeleton mechanism inside the morphing wing under aerodynamic load are depicted in Figure 14, Figure 15, Figure 16 and Figure 17. It is observed that the deformation in the four states is very small under the aerodynamic load, which indicates that the skeleton mechanism provides sufficient rigidity to withstand the aerodynamic load. Additionally, the maximum stress is below the yield strength of common metals (aluminum alloy 280 MPa and structural steel 250 MPa), demonstrating that the basic carbon fiber rod meets the strength requirements. Comparatively, the deformation in the initial state and the span-wise bend state is greater than that in the twisting and sweepback states, with a higher maximum stress in the former two deformation states. Therefore, the twisting and sweepback effectively reduce the aerodynamic force on the mechanism. Notably, the maximum stress of the skeleton mechanism is concentrated at the wing root and the output end of the swept-back actuator, providing an important reference for practical application and detailed designs.



The out-of-plane deformation and stress distribution of flexible skin in four deformation states under aerodynamic load are shown in Figure 18, Figure 19, Figure 20 and Figure 21. The yield strength of the metastructure flexible skin is the yield strength σs of the base material aluminum alloy, and it must be ensured that the simulation value σVon ≤ σ.



According to Figure 18, Figure 19, Figure 20 and Figure 21, the largest deformation of the flexible skin occurs in the initial state, followed by the swept, span-wise bent, and twisted states. In the initial and span-wise bending states, the deformation is mainly concentrated on the upper part of the trailing edge. Due to the negative pressure difference between the upper and lower wing surfaces, the flexible skin is sucked out of the bulge on the upper surface of the trailing edge. In the twisted state, the flexible skin is absorbed into a bulge near the leading edge, and the upper and lower airfoil surfaces near the trailing edge are depressed and compressed. This may be because the twisting deformation does not generate enough negative pressure areas on the upper and lower surfaces. For the flexible skin with sweepback deformation, the maximum deformation occurs on the upper surface near the leading edge, as the sweepback deformation increases the windward side of the leading edge and the aerodynamic load. The maximum stress experienced by the flexible skin in each deformation state is below the yield strength of the aluminum alloy, indicating that the skin will not be damaged. Based on the out-of-plane passive deformation criterion, which states that the out-of-plane deformation of the skin under aerodynamic load should be less than 0.5% of the chord length (δ = 850 × 0.5% = 4.25 mm), the load-bearing capacity of the flexible skin should be checked. Only the span-wise bending and twisting deformations meet the requirements for out-of-plane load capacity, as shown in Figure 19 and Figure 20. According to the distribution of the deformation, the out-of-plane deformation of the flexible skin can be reduced by improving the connection position between the flexible skin and the internal mechanism.



The lift and drag coefficients of the morphing wing before and after the passive deformation of the flexible skin are shown in Table 3, ΔCL and ΔCD indicate the extent of change in lift and drag coefficients, respectively.



Table 3 shows that the passive deformation of the flexible skin under the aerodynamic load has a certain impact on the aerodynamic characteristics of the morphing wing. Specifically, the skin deformation of the skin in the initial and span-wise bend states leads to an increase in the lift coefficient, and a decrease in the drag coefficient, ultimately resulting in an improved lift–drag ratio. This phenomenon is akin to the principle of variable airfoil thickness. The wing surface bulge is used to change the transition position of wing surface airflow from the laminar to turbulent flow to improve the quality of wing surface airflow and increase lift and reduce drag. The skin deformation in the twisting state reduces the lift and drag coefficients significantly owing to the small protrusion at the leading edge and the large depression at the trailing edge. The swept-back flexible skin has a small bulge at the trailing edge. However, the leading edge has a large bulge, and irregularly shaped wrinkles on the wing surface can induce a flow separation around the airfoil, resulting in a notable increase in the drag coefficient and the generation of more vortices.






4. Aerodynamic Characteristics of the Morphing Wing


The influence of three different deformed states and different flight environments on the aerodynamic characteristics of the morphing wing is studied. The definition of three different angles under three morphed states are shown in Figure 22.



4.1. Influence of the Deformed State on Aerodynamic Characteristics


The numerical simulated state is as follows: the altitude is Ha = 3 km, the gauge pressure is Pg = 70,100 Pa, the temperature is t0 = 268.65 K, the flight speed is vf = 0.6 Ma, and the angle of attack is AOA = 6°. The influence of different deformed states on the airfoil pressure coefficient was studied. Airfoil pressure coefficients, at four kinds of different deformation states, are shown in Figure 23. It can be seen from Figure 23 that the pressure coefficient values and distribution of the initial state are similar to those of the wingspan bend state. Twist deformation makes the airfoil pressure coefficient move to the wing root and trailing edge. Moreover, the low-pressure area expands, but the negative pressure value and the lift coefficient decrease. The airfoil pressure coefficient distribution and initial state are the same, but the negative pressure value becomes smaller, which leads to a decrease in the lift coefficient.



In order to ensure the accuracy of the computational fluid dynamics analysis results, this article will take the initial shape of the morphing wing as a case to verify grid independence. There are three sets of grids with different scales: coarse grid (1.47 million), medium grid (3.43 million), and fine grid (6.42 million). The aerodynamic coefficients of morphing wing are evaluated under the above flight condition, as shown in Table 4. Here, ΔCL and ΔCD are the relative errors of aerodynamic coefficient calculated for the coarse and medium grids compared to the fine grid, respectively. It can be seen that the relative error of the lift and drag coefficients of each grid density is within the acceptable range, and the maximum error is the drag coefficient of coarse grid and fine grid, with a 1.89% difference. It indicates that we can obtain a convergent result, even deploying the coarse grid in terms of aerodynamic features.



The 3D aspect analysis software Xflr 5 v6.55 and Fluent 2022 R1 simulation software were used to conduct an aerodynamic analysis of the above four kinds of deformed state of the hybrid metastructure morphing wing. The aerodynamic characteristics of different deformation states are shown in Figure 24.



As shown in Figure 24, the lift coefficient, drag coefficient, and lift–drag ratio on the initial state and wingspan bend state increase gradually as the angle of attack increases. The regularity and magnitude of the curve are uniform, which means that wingspan bend deformation does not influence morphing wing aerodynamic characteristics, only the flight stability. When the morphing wing positive twist deformation occurs, the wing acquires a large angle of attack and obtains a greater lift coefficient, but it increases the drag coefficient. Thus, a positive twist is only used at a low speed and low elevation. On the contrary, a negative twist can reduce the drag coefficient and slow down the stall at a high angle of attack. The swept deformation reduces the drag coefficient and lift–drag ratio at a large angle of attack.




4.2. Effect of Flight Environment on Aerodynamic Characteristics


In the flight state, the speed is Ma = 0.6, and the angle of attack is AOA = 6°, and the influence of the altitudes of 0, 3, 8, and 10 km flight height on the morphing wing aerodynamic characteristics is shown in Figure 25a, Figure 26a and Figure 27a.



It can be seen from Figure 25a, Figure 26a and Figure 27a that the lift coefficients of each deformation state decrease to varying degrees with the increase in height, while the drag coefficients increase to varying degrees with the increase in height. Thus, the lift–drag ratios of initial, wingspan bending, twisting, and swept-back states decrease in varying degrees with increasing height. The swept state is most affected by the flight altitude.



Successively, subsonic velocity (0.15, 0.3, and 0.6) and supersonic velocity (1, 1.2, 2, 3, 4, and 5) are selected to compare the influence of flight speed on aerodynamic characteristics at the flight state of Ha = 3 km, and the angle of attack of AOA = 6°, as shown in Figure 25b, Figure 26b and Figure 27b. From Figure 25b, Figure 26b and Figure 27b, the aerodynamic characteristics under four different states of the hybrid metastructure morphing wing have the same variation rule with flight speed. Moreover, different deformed laws are presented in different speed stages. In the subsonic stage, the lift coefficient, drag coefficient, and lift–drag ratio gradually increase with the increase in speed. In the transonic and supersonic stages, the lift coefficient, drag coefficient, and lift–drag ratio gradually decrease with the increase in speed.





5. Conclusions


One MWS mechanism was proposed with modular BTP units, which had the capacities of continuous variable span-wise bend, span-wise twist, and sweep. A lockable morphing unit with the BTP unit was designed. One hybrid metastructure skin is proposed, which consists of the concave hexagon and the quadrangular star cell, and two flexible surfaces were bonded on both sides. Based on the theory of beam buckling, the theoretical models of the relative elastic modulus and Poisson’s ratio of the hybrid metastructure cell were established.



Fluid–structure coupling analysis on the MWS mechanism and flexible skin coupling model were carried out. The results demonstrated that the out-of-plane carrying capacity of flexible skin is mostly influenced by its initial and swept states. The wingspan bend and twist states of the flexible skin meet the deformation requirement, when the out-of-plane deformation should be less than 0.5%. Moreover, the out-of-plane bulge deformation in the flexible skin is advantageous in improving aerodynamic characteristics. Different deformed states, and the flight environment aerodynamic characteristics of the morphing wing, were analyzed. The results indicated that wingspan bend deformation has little influence on aerodynamic characteristics, while twist and swept deformations significantly alter aerodynamic characteristics. The flight height has little influence on aerodynamic characteristics, and lift–drag characteristics of each state increase with increasing speed in the subsonic stage. However, in the transonic and supersonic stages, lift–drag characteristics decrease with increasing speed.
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Figure 1. Composition of the lockable morphing unit: (a) the BTP unit, (b) 1/2 BTP unit, and (c) the LM unit. 
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Figure 2. Morphing schematic diagram of the LM unit: (a) initial state, (b) sweep, (c) twist, and (d) span-wise bend. 
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Figure 3. Composition of the MWS mechanism. The numbers in the figure represent the linear actuators number, while the letters represent the lockable passive member number. 
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Figure 4. Diagram of hybrid metastructure flexible skin. 
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Figure 5. Hybrid metastructure and its geometrical parameters: (a) m × n hybrid metastructure and (b) geometrical parameters. 
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Figure 6. Equivalent stiffness of hybrid metastructure cell: (a) x direction loading, (b) x direction equivalent series spring, (c) y direction loading, and (d) y direction equivalent parallel spring. 
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Figure 7. The morphing wing with metastructure skin. 
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Figure 8. Four deformation states of single-module skeleton mechanism and skin: (a) initial state, (b) twist, (c) span-wise bend, and (d) sweep. 
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Figure 9. Flowchart for the numerical simulation of two-way FSI. 
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Figure 10. FEM model of the morphing wing in initial state. 
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Figure 11. Three FEM mesh models in deformation state: (a) wingspan bend, (b) twist, and (c) swept. 
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Figure 12. Flow field boundary naming. 
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Figure 13. Grid model of morphing wing flow field. 
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Figure 14. Deformation and stress distribution of skeleton mechanism in initial state: (a) initial deformation and (b) initial stress. 






Figure 14. Deformation and stress distribution of skeleton mechanism in initial state: (a) initial deformation and (b) initial stress.



[image: Aerospace 10 00678 g014]







[image: Aerospace 10 00678 g015 550] 





Figure 15. Deformation and stress distribution of skeleton mechanism in bending state: (a) bending deformation and (b) bending stress. 
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Figure 16. Deformation and stress distribution of skeleton mechanism in twisting state: (a) twisting deformation and (b) twisting stress. 






Figure 16. Deformation and stress distribution of skeleton mechanism in twisting state: (a) twisting deformation and (b) twisting stress.



[image: Aerospace 10 00678 g016]







[image: Aerospace 10 00678 g017 550] 





Figure 17. Deformation and stress distribution of skeleton mechanism in sweeping state: (a) sweeping deformation and (b) sweeping stress. 
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Figure 18. Deformation and stress distribution of flexible skin in initial state: (a) deformation and (b) stress. 
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Figure 19. Deformation and stress distribution of flexible skin in bending state: (a) deformation and (b) stress. 
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Figure 20. Deformation and stress distribution of flexible skin in twisting state: (a) deformation and (b) stress. 
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Figure 21. Deformation and stress distribution of flexible skin in sweeping state: (a) deformation and (b) stress. 
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Figure 22. The definition of three different angles under three morphed states. 
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Figure 23. Airfoil pressure coefficient at different deformation states (AOA = 6°): (a) initial state, (b) wingspan bend 10°, (c) twist angle –8°, and (d) swept angle 45°. 
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Figure 24. Aerodynamic characteristics of different deformation states: (a) lift coefficient, (b) drag coefficient, and (c) lift–drag ratio. 






Figure 24. Aerodynamic characteristics of different deformation states: (a) lift coefficient, (b) drag coefficient, and (c) lift–drag ratio.



[image: Aerospace 10 00678 g024]







[image: Aerospace 10 00678 g025 550] 





Figure 25. Lift coefficient at different altitudes and velocities: (a) different height and (b) different speed. 
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Figure 26. Drag coefficient at different altitudes and speeds: (a) different height and (b) different speed. 
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Figure 27. Lift–drag ratio at different altitudes and speeds: (a) different height and (b) different speed. 
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Table 1. Maximum deflection under homogeneously distributed load.
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Simulated Results wmax/mm

	
Theoretical Result wmax/mm

	
Relative Error RE/%






	
The hybrid metastructure skin

	
0.84395

	
0.7946

	
−5.8575




	
The equivalent orthogonal anisotropic sheet

	
0.82234

	
−3.3732
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Table 2. Material properties of carbon fiber (395 GPa).
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Density (g/cm3)

	
Young’s Modulus (MPa)

	
Poisson’s Ratio




	
Ex

	
Ey

	
Ez

	
vxy

	
vyz

	
vxz






	
Carbon fiber

	
1.8

	
395,000

	
6000

	
6000

	
0.2

	
0.4

	
0.2
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Table 3. Influence of flexible skin on lift–drag characteristics of morphing wing.
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State

	
CL

	
ΔCL/%

	
CD

	
ΔCD/%




	
Rigid Skin

	
Flexible Skin

	
Rigid Skin

	
Flexible Skin






	
Initial

	
0.5585

	
0.59236

	
6.06

	
0.030210

	
0.026716

	
−11.57




	
Bend

	
0.1732

	
0.17835

	
2.97

	
0.028648

	
0.026825

	
−6.36




	
Twist

	
0.0555

	
0.05407

	
−2.58

	
0.019276

	
0.014484

	
−24.86




	
Sweep

	
0.11767

	
0.11776

	
0.076

	
0.018881

	
0.021818

	
15.6
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Table 4. Grid independence study of aerodynamic coefficient for morphing wing.
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	Grid Size
	CL
	ΔCL/%
	CD
	ΔCD/%
	L/D





	Coarse (1.47 million)
	0.39768
	0.18
	0.021003
	1.89
	18.93448



	Medium (3.43 million)
	0.39307
	−0.99
	0.020292
	−1.56
	19.37043



	Fine (6.42 million)
	0.39698
	—
	0.020614
	—
	19.25771
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Linear actuator of SWeep [ inear actuator of bend

Zy \\?‘

Lockable passive member

Pivot of sweep [inear actuator of twist

(a) (b) (c) (d)





media/file52.png
0.030 r T r T T T T T T 0.12 v I ' 1 T T v T
I l 0.10 |
0.026 | - A I
Q [ 1 O R
O - v = -
-E /' 5 0.08 |-
g 0.022 —e— i 5 i
< 1 g [
”g [ —0O— initial L 0.06F
[ O
oo 0018 T bend 10° i o i
I —— twi - I .
R . twist -8° i = 0.04 b —o—initial state _
= A —*— sweep 45° J - S —— bend 10° .
0014 ] [ J —+— twist —8° ]
. ] oot P ]
0.010 — N T S T |
0 2 8 10 0 1 2 3 4 5
Ha/km Ma





media/file39.jpg
Type: Total Deformation
Unit mm
Mosimum Over Time s

3919 Max
3483
30481

26127
212
17418
13063
08709
oazsts

(a)

oMin

‘Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer 0

unit:MPa
Masimum Over Time s

18113 Max
16107
141
12083
10087
80798
60731
40661
20597
0053013 Min

(b)





media/file18.png
@he morphing wing is in initial Stat9

\

The solid and fluid models are established.

\ J
‘ Meshing ‘

\ J

Define the solid model and boundary
conditions of flow field model

v

The bidirectional fluid—solid coupling
interface(FSI) is modeled.

—»{ CFD is computed. }‘ﬁ

@hether the flow field converges or reaches

the iterative step ?

¢ Yes

No

The aerodynamic values are interpolated
into the solid model by FSI.

4% Structural statics simulation ‘
No

Y

¢ Yes

Whether aeroelasticity converges or reaclrg

coupling steps ?

¢Yes
(" End )

-@V hether convergence or iteration is reached§

The initial boundary
conditions of the fluid field
are used for CFD model.

A

‘ Fluid field mesh deformation
A

The structure deformation
displacement is interpolated
by FSI fluid field.

A

No






media/file21.jpg
@ ) ©





media/file44.png





media/file26.png
%15

%

A






media/file7.jpg
Metastructure skin Bonding layer

Metastructure cell





media/file28.png
Type: Total Deformation Type: Maximum Combined Stress - Top/Bottom - Layer 0

Unit: mm Unit: MPa

Maximum Over Time s Maximum Over Time §
0.78472 Max 233.67 Max
0.69753 207.67
0.61034 181.68
0.52315 15568
0.43596 129.69
0.34877 103.69
0.26157 77.695
0.17438 51.7
0.087192 25.704
2.3842e-7 Min -0.29146 Min

(a) (b)





media/file10.png
> T3 TLF LY T XD
255252 %5252
X3 € X2 e X2« X2/ X
3235225252552

2. ¢

Ivvvl
Al Al

)
A

D4
P

D4
2

AN ol A
ALALALALALA
—-—=- .
I
.

Concave hexagon

(b)

Quadrangular star





media/file49.jpg
PO o initial state —o— initial

wsf  — bend10r [ — bend 10"

S i —— st -
—— Sweep s .






media/file11.jpg
a o

L.

x
@
02
[

02 Lz

b

Ky Ky

Fy
(d)





media/file6.png
Fixeqbroot — Lockable passive members
ri

—— Middle plane rods
—— Linear actuators

Rotating rods

——— Inclined rods
—— Auxiliary rods

——— Wing ribs Flexible tip rib





media/file36.png
Type: Total Deformation Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer 0
Uml{ mm . Unit: MPa
Maximum Over Time s Maximum Over Time s

7.1829 Max 19.633 Max

6.3848 17.46

5.5867 15.287

47886 13.114

3.9905 10.941

3.1924 8.768

2.3943 6.595

1.5962 44221

0.7981 2.2492
0.076222 Min

(a) (b)






media/file15.jpg
@





nav.xhtml


  aerospace-10-00678


  
    		
      aerospace-10-00678
    


  




  





media/file54.png
Lift-drag ratio Cr/Cp

20

19

18

17

16

15

14

—0— jnitial
—— bend 10°
- twist —8°

—— sweep 45°

Lift-drag ratio Ct/Cp

| v 1 '
—0O— initial state
= bend 10°
—— twist —8°
—— sweep 45°

w—1®
=100






media/file2.png
Top pin joint (P) ' Linear actuator
Spherical hinge - P Support frame /‘

/ _f/ Middle plane

Middle plane rods
Rotating rod

Inclined rod

Os
Spherical joint Lockable passive component

(a) (b) (C)





media/file53.jpg
—— initial
—— bend 10°
—— st -

—— sweepd:

-drag ratio Ci/Co

—— initial tate
— bend 10°
o twist -8°

—— sweepds®






media/file23.jpg
Upper surface

/ /Rid 2





media/file24.png
Upper surface

/ /Rid 2

-

TE





media/file29.jpg
Type: Total Deformation ‘Type: Maximum Combined Stress - Top/Bottom - Layer 0

Unit:mm Unit: MPa
Maximum Over Time s Maximum Over Time s
078406 Max 22677 Max
069694 . 20157 .
060983 _ 17637
os2271 S s1e @
043559 12598
034847 10079
026135 75589
017424 50393
0087118 . 2519
2384207 Min oMin

(@) (b)





media/file1.jpg
Linear actuator

Spherica Hinge TOBPInoINt (1) ‘Support frame.
Midde pmm

Middle plane rods.
o
szau'u rod Lockable passive component

(@) ©

.Mum rod






media/file12.png
EYITYITYIITYLY

T11R12X12X1RXR2TRAT,
(c)

YYYVYVYVYVVVVYVY

(d)





media/file9.jpg
2 oTE0TIs
TR

20
552
e e
$ XXX IALIAL?
SYEIeeY

X
oS e

Quadrangular star

Concave hexagon





media/file42.png
Type: Total Deformation Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer 0

Unit: mm Unit: MPa

Maximum Over Time s Maximum Over Time s
6.104 Max 27.927 Max
5.4258 24831
47475 21.735
40693 18.638
3.391 15.542
2.7129 12.445
2.0347 9.349
1.3564 6.2527
0.67822 3.1563
0 Min 0.0599 Min

(a) (b)





media/file47.jpg





media/file38.png
Type: Total Deformation Type: Equivalent {von-Mises) Stress - Top/Bottom - Layer 0
Unit: mm Unit: MPa
Maximum Over Time s Maximum Qver Time s

4.0176 Max 13.403 Max
3.5712 11.933
3.1248 10.464
26784 8.994

2232 7.5243
1.7856 6.0547
1.3392 4.585
0.89281 3.1153
0.4464 1.6456

0 Min 0.17598 Min

(a) (b)






media/file17.jpg
CFD is computed.

(The morphing wing i ininitialsate) .

|

Thesolid and fuid modesare stablishod.

R

I3 ol
(Wil e o ld converges o rewhd
heiemtivescp

e -
The scradymaic vlucs e ferpolated

“Theinitialboundary

conditions o the fuid eld
e e for CFD ol

it the s ndel by S Fuid eld s deormton|
[ Mg 3 poo
Dxtin the ofid ol nd boundory [

onditonsoflw e model

Thebidretional fuid-solid coupling
ineracoFSD) s modeled.






media/file30.png
Type: Total Deformation Type: Maximum Combined Stress - Top/Bottom - Layer 0

Unit: mm Unit: MPa

Maximum Over Time s Maximum Over Time s
0.78406 Max 226.77 Max
0.69694 - 201.57
0.60983 17637
0.52271 151.18
0.43559 125.98
0.34847 ; ' 100.79
0.26135 75.589
017424 50.393
0.087118 : 25.196
2.3842e-7 Min 0 Min

(a) (b)





media/file51.jpg
Drag coefficient Co.

= oo
—— initial oo
oo bend 100 i
s Eon ——initial state
—— swerp i5°
o,
& Hunm' g Ma’ ’

(a)





media/file35.jpg
Type: Total Deformation Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer 0
Unit mm Unit MPa
Maximum Over Time s Maximum Over Time s

71829 Max 19633 Max

63848 1746

55867 15287

47886 13114

39905 10341

31924 8768

2396 6595

ey e

07981 22092
0076222 Min

@) (b)






media/file48.png
Lift coefficient Cr

10

08 T T 1 I
0.6 s
b
0.4
0.2
—o— jnitial state -
0.01 —bend 10° -
——twist —8°
-0.2 == twist +8° i
) —*— sweep 45°
_04 | | M 1 ]
0 2 4 6 8
a /°

o o o o
o o o o
w W a1 [o)

Drag coefficient Cp

©
o
(4

0.01

| —— bend 10°

—+— twist —8°
[ —— twist +8°
—*— sweep 45

0.00

1 1 v 1
| ——initial state

Lift

-drag ratio C1/Cp

30

N
o
"

—_
o

(e

|
—_
(o]

|
NI
o
2.

—0o— jnitial state
—— bend 10°
- twist —8°
= twist +8°
—*— sweep 45°






media/file27.jpg
Type: Total Deformation Type: Maximum Combined Stress - Top/Bottom - Layer 0

Unit mm Unit: MPa
Maximum Over Time s Maximum Over Time s
078472 Max 23367 Max
069753 20767
061034 18168
052315 15568
04359 12969
034877 10369
026157 7769
07438 517
o0ge7102 25700
2384267 Min 029146 Min

(@) (b)





media/file3.jpg
5 Lockable passive member

© @






media/file22.png





media/file19.jpg
joint

Upper surface

Skeleton mechanism

Lower surface





media/file40.png
Type: Total Deformation Type: Equivalent {(von-Mises) Stress - Top/Bottom - Layer 0

Unit: mm Unit: MPa
Maximum Over Time s Maximum Over Time s
3.919 Max 18.113 Max
3.4836 16.107
14.1

12.083
10.087
8.0798
6.0731
4.0664
2.0597
0.053013 Min

(a) (b)

3.04381
2.6127
21772
1.7418
1.3063
0.8709
0.43545

0 Min





media/file33.jpg
Unit:mm
Maximum Over Time s

037171 Max
033041

028911
024781
020651
01652
01239
0082603

0081301
2384267 Min

(a)

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Maximum Over Time's

98162 Max.
87251
7634
65429
54518
43507
326%
2178

10873
0037738 Min

(b)





media/file32.png
Type: Total Deformation Type: Maximum Combined Stress - Top/Bottom - Layer 0

Unit: mm Unit; MPa

Maximum Over Time s Maximum Over Time s
0.19933 Max 78.558 Max
017718 69,829
0.15503 z 61.101
0.13289 52,372 (
0.110740 43643 7
0.088591 . 34.915
0.066443 26.186
0.044295 17457
0.022148 8.7286
2.3842¢-7 Min 0 Min

(a) (b)





media/file14.png





media/file41.jpg
Type: Total Deformation Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer 0

Unit mm Unit MPa
Maximum Over Time s Maximum Over Time s
6104 Max 27.927 Max
54258 24831
47475 2735
40693 18638
330m 15542
2n29 12045
20347 9349
13564 62527
067822 31563
omin 00599 Min

(a) (b)





media/file37.jpg
Type: Total Deformation Type: Equivalent (von-Mises) Stress - Top/Bottom - Layer 0

Unit: mm Unit: MPa
Masimum Over Time s Masimum Over Time s
40176 Max 13.403 Max

3512 11933
31248 10464
26781 8994

2232 75243
1785 50517
13392 85

089281 31153
0464 116456

017598 Min.

o0Min

(a) (b)





media/file46.png
<p cp
Pressure Coelficient Pressure Coellicient

1.0313 1.0409
0.7375 0.7379
0.4438 0.4350
0.1500 0.1320
-0.1438 -0.1709
-0.4376 -0.4739
-0.7314 -0.7768
-1.0251 -1.0797
-1.3189 -1.3827
-1.6127 -1.6856
-1.9065 -1.9886
(a) (b)

Pressure Cosfiicient Pressure Cosficient
1.0303 1.0459
0.8165 0.7868
0.6026 0.5278
0.3888 0.2687
0.1750 0.0097
-0.0389 -0.2494
-0.2527 -0.5084
-0.4665 -0.7675
-0.6803 - -1.0265
-0.8942 - -1.2856
-1.1080 -1.5447

() (d)





media/file45.jpg
e

®)

(d)





media/file16.png
Sweeping
angle

;| b d
( )





media/file20.png
= joint

Upper surface

Skeleton mechanism

Lower surface





media/file50.png
Lift coefficient CL

0.6 v I 4 1 4 1 4 1 !

0.60

0.551

0.50

0.45

0.40

0.35 ¢
0.30

0.25

—0— initial state
— bend 10°
—— twist —8§°
—— sweep 45°

P o

—0— initial T
—— bend 10° -
—— twist —8°

—*— sweep 45°

04 F

Lift coefficient CL
(en)
)

02 F

0.20

0.15

i 01






media/file5.jpg
—— Lockable passive members

Fixed root

—— Middle plane rods

—— Linearactuators

—— Inclined rods

Auxiliary rods
——— Wing ribs

Flexible tip rib





media/file31.jpg
Type: Total Deformation Type: Maximum Combined Stress - Top/Bottom - Layer 0

Unit mm Unit: MPa
Maximum Over Time s Maxinum Oves Time s
019933 Max 78,558 Max
0178 69829
015503 - 61101 .
013289 52372
011074 o3 T
0083591 AN 34915
0066443 26186
0044295 N Tast
0022148 \ 87286
2384207 Min oMin

(a) (b)





media/file25.jpg





media/file0.png





media/file8.png
Metastructure skin Bonding layer

Metastructure cell





media/file43.jpg





media/file34.png
Lyp: Total Deformation Type: Maximum Combined Stress - Top/Bottom - Layer 0
Py S Unit: MPa

Maximum Over Time s Maximum Over Time s

iy 98.162 Max
D308 87.251
0.28911 e

0.24781 a5
0.20651 54.518

0.1652 43.607

0.1239 32.696
0.082603 21784
0.041301 10.873
2.3842e-7 Min -0.037738 Min





