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Abstract

:

Tilt-duct Unmanned Aerial Vehicles (UAV) combine the high-speed efficiency of fixed-wing aircrafts with vertical takeoff and landing (VTOL) and the hover capabilities of rotary-wing aircrafts while maximizing the advantages of ducted fans in terms of noise reduction, efficiency, and safety, making it a pivotal direction for the future of aviation such as urban air mobility. This paper concentrates on the design and optimization of the primary structures of a laboratory-designed reference tilt-duct UAV. Firstly, the general data of the reference tilt-duct UAV are presented. According to the load conditions, the overall structural layout design for the wing, fuselage, and empennage is carried out, where special attention has been paid to account for the requirements of VTOL/hover and cruise flight modes. Based on the structural layout, finite element models (FEM) are established and static analyses are performed. The results indicate that the design can fulfill the structural requirements during a flight mission. Furthermore, based on the Method of Feasible Directions (MFD) algorithm, we have carried out the optimization of the composite wing box that incorporates manufacturing constraints. Via optimization, the total mass of the wing box is reduced by 38.6%, i.e., from 3.73 kg to 2.29 kg. The results indicate that the combination of composite materials with a tilt-duct configuration holds significant potential for future high-efficiency and environmentally friendly aviation.
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1. Introduction


Combining the high-speed feature of fixed-wing aircrafts with the vertical takeoff and hovering capabilities of rotorcrafts, tilting aircrafts hold immense promise for the future of versatile and adaptable aerial platforms. Among various tilting aircraft configurations, the tilt-duct aircraft is gaining increasing attention due to its advantages in efficiency, noise reduction, and safety, which has become a key direction in the development of the next generation of high-speed, efficient vertical takeoff and landing (VTOL) aircrafts [1]. Since the development and first flight of the Bell X-22 tilt-duct aircraft in the 1960s [2], extensive research has been undertaken in areas such as improving aerodynamic performance, structural efficiency, propulsion system effectiveness, and trajectory optimization in the pursuit of enhancing the range and payload capacity of tilt-duct aircrafts [3]. Recently, with the emergence of Urban Air Mobility (UAM) and advancements in technologies such as electric propulsion systems and composite materials, the tilt-duct configuration has regained attention as a highly promising design [4].



In the literature, a lot of research on tilt-duct VTOL aircraft and its related technologies has been carried out. Ref. [1] has presented the conceptual design of a tilt-duct VTOL UAV including descriptions of design requirements, mission profile, initial sizing, geometry selection, and basic overall aircraft design level performance. Ref. [5] has introduced the conceptual design of a UAM reference aircraft that has six tilting ducted proprotors, which indicates that the tilt-duct aircraft has advantages in performance such as lift-to-drag ratio and cruise airspeed when compared with other six-passenger NASA UAM reference aircraft configurations. Ref. [6] has performed a feasible study on the full electric tilt-duct VTOL aircraft based on a conceptual design and system level analysis, showing necessities for airframe and/or energy system improvement. Chang et al. [7] carried out full conversion flight tests for a 40 kg tilt-duct UAV for a better understanding of the transition features between the helicopter and the airplane mode. To overcome the scale-effect issue and to support the research community, scholars from Georgia Institute of Technology and NASA Langley Research Center have introduced a 453 kg (1000 lb) gross weight eVTOL reference aircraft with detailed aircraft geometry and comprehensive data from flight tests [8].



Another important research direction is the disciplinary study methodologies and tools related to tilt-duct eVTOL. Vegh et al. [9] compared SUAVE and NDARC (NASA Design and Analysis of Rotorcraft) regarding the competences for eVTOL aircraft weight, rotor models, hover-cruise conversion dynamics, wing aerodynamics, and battery discharge models. Ref. [10] has introduced an efficient eVTOL aerodynamic method that can model propeller–wing interactions and wing–wing interactions at the early design stage. Ref. [11] has widely reviewed ducted fan research activities with a focus on ducted fan aerodynamic simulations and experiments. Ref. [12] has built up weight calculation methods for eVTOL aircrafts based on existing aircrafts and Ref. [13] has constructed weight methods using a physics-based explicit approach in addition to surrogates. Refs. [14,15] have studied the propulsion system modelling approach for eVTOL aircrafts, especially on unconventional propulsion systems. Refs. [16,17] have investigated eVTOL trajectory optimization based on simplified performance models of aerodynamics, propulsion, and flight mechanics. As compared to other disciplinary methods, there is a relatively limited body of work in the field of structural design and optimization for tilt-duct eVTOL aircrafts. According to the knowledge of the authors, existing research related to tilt-duct eVTOLs mainly focuses on component-level structures such as the tilt-rotor wing [11,18,19,20,21,22,23,24] and rotor blade [25].



From the preceding literature review, it is evident that tilt-duct eVTOL, in comparison to other aircraft configurations, holds significant advantages and embraces promising applications in the future aviation landscape. Many existing studies have delved into various disciplines related to tilt-duct eVTOLs in depth. The next phase of eVTOL aircraft development spans from conceptual design to preliminary and detailed design. In this context, the work on the structural design and optimization for eVTOLs becomes crucial. We can find that there are few studies on the design and analysis of the complete structure of composite aircrafts, especially in the field of tilt-duct aircrafts. To fill the gap in this field to a certain extent, this study focuses on the design, analysis, and optimization of composite material structures for a laboratory-developed tilt-duct aircraft designed for experimental purposes. Different from the traditional fixed-wing aircraft or VTOL, the tilt-duct UAV needs to fulfill the flight mission in two flight modes, so the structural layout of the aircraft is redesigned in this paper, including the foldable wings and special fuselage structure. Subsequently, the stresses, strains, and deformations of the key components of this structural layout, such as the wing, fuselage, and empennage, are analyzed when they are subjected to different loads in different flight modes, so as to ensure that they can meet the safety and reliability requirements. Optimization of the structure is also a key part of the structural design process and we chose the most representative wing box structure as the object of optimization and used the optimization algorithm of the Method of Feasible Directions (MFD) algorithm. The optimization process aims to find the optimal composite thickness distribution (at minimum weight). As the goal of this paper is to carry out structure design, analysis, and optimization at the conceptual and preliminary aircraft design levels, which are often difficult to find in the existing literature, the results of the paper can provide baseline eVTOL aircraft-level structural data for the research community.




2. Materials and Methods


2.1. Reference Tilt-Duct UAV


The reference tilt-duct UAV features a configuration with a fuselage, four tilt-duct fans, a V-tail, and foldable main wings equipped with winglets. Figure 1 provides the schematic view of the reference tilt-duct UAV and its main components.



Figure 2 illustrates the front view, side view, and top view of the tilt-duct UAV, where the key dimensional parameters are also included in the figure.



The hover mode and cruise mode of the reference tilt-duct UAV are illustrated in Figure 3. Note that in hover mode, the main wing can be folded to reduce the field requirements for takeoff and landing.



The design mission profile of the reference tilt-duct UAV is presented in Figure 4, which includes vertical takeoff, transition, climb, cruise, descent, transition, and vertical landing.




2.2. Aircraft Structure Design


2.2.1. Wing Structure


The wing structure design for the tilt-duct UAV focuses on meeting specific requirements in cruise flight mode, where the wing acts as the primary lift-generating component. As mentioned previously, to accommodate the substantial wingspan and ensure stability during vertical takeoff and landing, a folding wing structure has been incorporated. This design enhances VTOL operational stability and minimizes required takeoff and landing space.



The main geometric parameters of the wing are listed as follows.



	
Wing area 0.756 m2;



	
Wing leading edge sweep angle 14°;



	
Wing taper ratio 0.5;



	
Wing aspect ratio 10.5.






As the aircraft wing features a large wingspan, requiring the integration of aileron servos, folding mechanisms, and associated wiring within the wing structure, a thin-skinned single main spar structure is employed (cf. Figure 5), providing substantial torsional and bending stiffness. The wing structural design mainly focuses on the consideration of the cruise flight state. The wing spar connects to the central wing box through joints to transmit bending moments and shear forces to the fuselage. During cruise flight, the wing predominantly experiences aerodynamic loads distributed across the skin, which transfers these loads to the spars and wing ribs. The skin, being relatively thin, experiences stress distributed along its thickness. The specific structure of the wing is illustrated in Figure 5, with the wing spar positioned at 23% of the chord. The wing is divided into inner and outer sections, and the outer section can rotate upward around the hinge at the wingtip of the inner section, achieving a maximum angle of 120°. The load cases of the wing are mainly determined by the aerodynamic forces in cruise flight mode.




2.2.2. Fuselage Structure


The design of the fuselage for the tilt-duct UAV requires careful consideration of aircraft load carrying requirements (to address the specific requirements to carry the equipment, loads, and batteries, and can accommodate retractable landing gear) and the integration of various components (seamless integration of different subsystems within the fuselage that are essential for optimal performance and functionality). The design strikes a balance between structural integrity, weight efficiency, and the efficient use of available space to meet both safety and operational requirements.



The main geometric parameters of the fuselage are listed as follows.



	
Fuselage length 2.14 m;



	
Fuselage width 0.318 m;



	
Fuselage height 0.365 m.






Considering that the tilt ducts are installed at the nose and tail positions, this study adds four stiffening beams running through the fuselage (from nose to tail) based on the existing fuselage structure of fixed-wing aircraft, which can effectively transfer the forces generated by the ducts in hover mode. This design feature significantly enhances the fuselage’s bending capability and accessibility, subsequently increasing the available space for accommodating retractable landing gear, as well as facilitating the replacement of loads and equipment. Additionally, the stiffening beams are also connected to the center wing box to effectively transfer the lift generated by the wing in cruise mode Figure 6.




2.2.3. Empennage Structure


The empennage structure design for the tilt-duct aircraft focuses on meeting specific requirements in both cruise mode and hover mode, where the empennage provides directional and longitudinal stability and maneuverability for the aircraft. In this study, particular attention has to be paid to the aerodynamic effects generated by the two ducted fans at the rear wing.



The main geometric parameters of the empennage are listed as follows.



	
Tail area 0.046 m2;



	
Tail leading edge sweep angle 5.7°;



	
Tail taper ratio 0.5;



	
Tail aspect ratio 2.2.






To mitigate the impact of the airflow generated by the ducted fans on the surfaces, we adopt a V-tail configuration. Additionally, the V-tail requires structural reinforcement to transmit the forces generated by the two ducted fans. Therefore, we utilize a two-spar, closely ribbed structure for the V-tail. Figure 7 illustrates the two-spar structural configuration of the empennage as well as the connection to the fuselage structure.






3. Results


The main components (i.e., spars, skins, bulkhead) are designed in carbon fiber-reinforced plastics, while ribs and connecting part are designed in aluminum alloy. The nonlinear finite element solver Optistruct was used for structural analysis.



3.1. Aircraft Structure Analysis Results


3.1.1. Wing Structure Analysis


For analysis, the structural components of the wing are simplified into wing spars, front and rear webs, skins, and ribs. Via establishing the finite element model (FEM) of the wing, a comprehensive structural analysis has been carried out. The wing is mainly subjected to aerodynamic loads during cruise mode, and we assume that if the lift across the wingspan is elliptical, it would be zero at the wingtips and maximum at the center. The load conditions of the wing include the wing aerodynamic loads, inertia loads, and maneuver loads in both the cruise and hover cases.



Figure 8 shows some representative wing structural analysis results based on FEM including wing strain distribution, wing stress distribution, and wing deformation. The maximum von Mises stress and the strain are identified at the joint between the wing spar and the central wing box. The majority of bending moments and shear forces are effectively transmitted through the joints of the front spar, resulting in raised stress–strain levels in the associated area.



Furthermore, the maximum displacement is observed at the wing tip, with a ratio of 1.42% relative to the wingspan. This ratio, indicative of wing deformation, falls below the prescribed limit of 2.5%, signifying minimal wing deformation and affirming compliance with the required design requirements for stiffness.




3.1.2. Fuselage structure analysis


Following a similar procedure of wing structure analysis, the fuselage finite element model has been firstly established. The fuselage needs to fulfill the design requirements for both hover and cruise mode. Figure 9 presents the fuselage structure analysis results based on FEM including fuselage stress, strain, and deformation results in both hover and cruise modes.




3.1.3. Empennage Structure Analysis


Since the empennage is equipped with tilt-duct device at the wingtip, the structural analysis of the empennage must consider the two flight modes of hover and cruise. However, for simplicity, we do not consider the loading on the tail wing during the tilting process. Similar to the fuselage, the empennage must meet design requirements for both hover and cruise modes. The empennage structure is mainly exposed to upward forces generated by the duct in hover mode, and forward forces generated by the duct and aerodynamic forces in cruise mode.



Figure 10 illustrates the tail structure analysis results based on FEM in hovering and cruise flight modes, respectively. The empennage structure results including skin strain, stress, and deformation fulfill the design requirements.



In its hovering state, the maximum von Mises stress and the maximum strain concentrates at the connection between the wing spar and the V-tail spar. The maximum displacement is situated at the connection between the rear tilting ducted fans and the wing.



In its cruise flight state, the maximum von Mises stress and the maximum strain is located at the connection between the wing spar and the V-tail spar while the maximum displacement appears at the trailing edge of the rear wing.





3.2. Wing Structure Optimization Results


3.2.1. Finite Element Modelling


The wing box serves as the primary load-bearing structure of the wing, making its structural performance the central focus of analysis and optimization. On the basis of the previous section regarding wing structure design, we established a simplified wing box finite element model consisting of wing spars, wing ribs, and upper and lower skins for the wing’s structural optimization. Figure 11 shows the simplified finite element model of the wing structure. Note that composite materials are used for the skins, wing spars, and front and rear webs, and aluminum alloy is used for the wing ribs.



The loads involved in the optimization process are the same as mentioned in Section 3.1.1.




3.2.2. Composite Lay-Up Optimization


In this section we focus on the optimization of the composite wing box, as shown in Figure 12, including free-size optimization, lay-up shape tailoring, size optimization, and ply stacking sequence optimization. We formulate the wing box structure design as an optimization problem. The objective is to minimize the wing structure mass while satisfying the design constraints regarding strength, stiffness, and the requirements of the production process, including the minimum manufacturable ply thickness and the percentage of total ply thickness in a given direction. Figure 12 shows the overall optimization process of the composite wing box.



To achieve the optimization goal, we employed the Method of Feasible Directions (MFD) algorithm. Its core principle is to transition from one feasible design to a better one, ensuring a decrease in the objective function while maintaining adherence to constraints. MFD is particularly effective for optimization challenges featuring numerous constraints and limited design variables, such as size and shape optimization.



	a.

	
Free-size optimization and tailoring







The free-size optimization of the composite wing box aims to find the optimal thickness distribution that satisfies the constraints. The objective function is to minimize the mass of the wing box while satisfying the stress, strain, and manufacturing constraints. The manufacturing constraints include balanced lay-ups at an angle of ±45° for the outer ply, maximum thickness of the ply-ups, percentage of total lay-ups in a single direction, and thickness of the manufacturable single layer.



Figure 13 shows the history of the objective function with number of iterations. After 40 steps of iteration, the mass of the wing box is reduced from the initial 3.73 kg to 1.89 kg, i.e., a 49.3% reduction in which mass via free-size optimization, while the stress and strain design constraints are satisfied. The results of the overall thickness distribution of the composite wing box are shown in Figure 14.



Since the shapes of the layers obtained from the free-size optimization are not regularly distributed, which creates a great difficulty in manufacturing, it is necessary to analyze and tailor each layer block to make it manufacturable and to prepare it for the next step in size optimization. It should be noted that the more conservative tailoring treatment was used, so it resulted in a slight increase in mass. Figure 15 shows the process of tailoring one of the layers of the skin.



	b.

	
Size optimization







The aforementioned free-size optimization produces layers of non-uniform thicknesses. Although technically feasible to produce, such configurations come with high costs. To fabricate more cost-effective components, the subsequent step involves size optimization.



The objective of size optimization is to determine the precise thickness of each layer for every angle and shape. This entails discretizing the non-uniform thickness of layers at each angle into uniform layers that satisfy manufacturing constraints



Seeking to minimize wing box mass as the same design objective, we add wingtip displacement constraints. Figure 16 shows the optimization history of the objective function with the number of iterations. As shown in the figure, after eight steps of iteration, the mass of the optimized wing box is converged to 2.29 kg, which indicates an increase of 8.1% relative to the mass of 2.10 kg after tailoring, which is due to the wingtip displacement constraints. The optimization history of the objective function (wing box mass) with the number of iterations is shown in Figure 16.



	c.

	
Ply stacking sequence optimization







The overall mechanical performance of composite material structures varies with changes in the stacking sequence of plies. As such, it is necessary to optimize the stacking sequence to comply with the layering rules of composite materials, while also maintaining or improving their performance.



In the optimization of the stacking sequence, we keep the same design objective and design constraints as in size optimization. The design variables are chosen as a stacking sequence of plies for the wing spar and skin. The results from the ply stacking sequence optimization indicate that the wing box mass keeps the same as size optimization while the stress can be reduced from 415.1 MPa to 396.6 MPa.



The result of the cascade order optimization is the final result of the wing box optimization. We compare the final optimized result with the initial design and show it in terms of thickness distribution. Referring to Figure 17, it can be observed that the initial state of the pavement is a complete equal thickness distribution, and the optimized pavement removes the less important cells and makes the thickness more rationally distributed.




3.2.3. Discussion of Optimization Results


In summary, parameters such as the mass, displacement, stress, and strain of the composite wing box at each stage of the optimization process are shown in Table 1.



As can be seen in the tables, the composite wing box of the tilt-duct UAV initial total mass of the wing box has been reduced from 3.73 kg to 2.29 kg, which is a 38.6% mass reduction. While maintaining the original level of load-bearing capacity, the displacement, strain, and stress of the wing box structure have all increased compared to the values prior to optimization. This indicates that, in order to achieve weight reduction, there has been a trade-off in terms of some aspects of strength, stiffness, and stability performance. However, the displacement, strain, and stress all still meet the design constraints.



In comparison to the initial design, the wing box structure, following the optimization approach, better utilizes the material’s load-bearing capacity while meeting the design constraints, which significantly enhances the structural efficiency, showcasing the design flexibility of composite materials. This lays a solid foundation for the subsequent manufacturing of the actual tilt-duct UAV.






4. Conclusions


Tilt-duct UAV takes advantages of a ducted fan for efficiency, noise reduction, and safety as compared to isolated rotors, as well as amalgamating the high-speed efficiency of fixed-wing aircrafts with the versatile capabilities of VTOL and the hovering capabilities of rotary-wing aircrafts, standing out as a crucial trajectory for the future of aviation, especially in the context of urban air mobility. In this paper we have carried out the design and optimization for the primary structures of a laboratory-designed reference tilt-duct UAV, where the data can serve as a good reference for the research community. The main conclusions are summarized as follows.



	
The primary structure for the wing, fuselage, and empennage has been designed for a laboratory-developed reference tilt-duct UAV with general data for the aircraft included.



	
Derived from the structural layout design for the wing, fuselage, and empennage, static analyses based on FEM have been carried out. The structural analysis results indicate that the design can fulfill structural requirements in cruise and hover/VTOL flight conditions, but more detailed studies on tilting process are still needed in the future.



	
The optimization study, accounting for manufacturing constraints of the composite wing box, resulted in a substantial 38.6% reduction in the total mass of the wing box, exemplifying the promising potential for weight efficiency improvements within the tilt-duct configuration.
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Figure 1. 3-D view of the reference tilt-duct UAV. 
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Figure 2. Front view, side view, and top view of the reference tilt-duct UAV in cruise mode. 






Figure 2. Front view, side view, and top view of the reference tilt-duct UAV in cruise mode.



[image: Aerospace 11 00286 g002]







[image: Aerospace 11 00286 g003] 





Figure 3. Hover mode and cruise mode of the reference tilt-duct UAV, the arrow indicates that the UAV can switch between two flight modes. 






Figure 3. Hover mode and cruise mode of the reference tilt-duct UAV, the arrow indicates that the UAV can switch between two flight modes.



[image: Aerospace 11 00286 g003]







[image: Aerospace 11 00286 g004] 





Figure 4. Mission profile of the reference tilt-duct UAV. 
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Figure 5. Wing structure of the tilt-duct UAV. 
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Figure 6. Fuselage structure of the tilt-duct UAV. 
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Figure 7. Empennage structure of the tilt-duct UAV. 
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Figure 8. Wing structure analysis based on FEM. (a) Wing stress (Mpa). (b) Wing strain (με). (c) Wing deformation (mm). (d) Internal structure deformation (mm). 
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Figure 9. Fuselage structure analysis based on FEM. (a) Fuselage stress at hover mode (Mpa). (b) Fuselage stress at cruise mode (Mpa). (c) Fuselage strain at hover mode (με). (d) Fuselage strain at cruise mode (με). (e) Fuselage deformation at hover mode (mm). (f) Fuselage deformation at cruise mode (mm). 
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Figure 10. Empennage structure analysis based on FEM. (a) Empennage stress at hover mode (Mpa). (b) Empennage stress at cruise mode (Mpa). (c) Empennage strain at hover mode (με). (d) Empennage strain at cruise mode (με). (e) Empennage deformation at hover mode (mm). (f) Empennage deformation at cruise mode (mm). (g) Empennage internal deformation at hover mode (mm). (h) Empennage internal deformation at cruise mode (mm). 
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Figure 11. Simplified finite element model of wing structure. 
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Figure 12. Optimization process for the composite wing box. 
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Figure 13. History of the objective function with number of iterations. 
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Figure 14. Total thickness distribution of the composite wing box after free-size optimization. 
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Figure 15. Schematic process of tailoring. 
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Figure 16. Optimization history of the objective function with the number of iterations. 
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Figure 17. Thickness distribution of the final optimized result compared to the initial design. 
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Table 1. Changes in each performance parameter of the wing box structure during the combination optimization process.
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	Initial Design
	Free Size Opt.
	Simplified Tailoring
	Size Opt.
	Ply Stacking Sequence Opt.





	Mass (kg)
	3.73
	1.89
	2.10
	2.29
	2.29



	Displacement (mm)
	20.78
	31.16
	30.29
	29.35
	30.86



	Strain (με)
	1962
	2064
	2079
	2741
	2834



	Stress (MPa)
	320.0
	353.8
	340.3
	415.1
	396.6
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