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Abstract. Developing trends in designing and manufacturing products 
made of polymer composite materials allow us to create previously 
unattainable structures. These include bioinspired structural layouts 
inspired by objects of nature, for example, the wings of insects, plants, and 
others. In turn, the structural layout of the wings of aircraft has reached its 
limit in terms of optimization in its classic form. The work is devoted to an 
urgent task – the choice of a bioinspired layout for an aircraft wing. A 
comparison of classic structural arrangement with a bioinspired structure is 

carried out. The total number of options considered is 14. The structure of 
the bioinspired wing was chosen based on the action of the load and stress 
distribution according to the results of preliminary calculations inspired by 
insect wings. The advantage of wings of a bioinspired design over classical 
ones by weight up to 32% is shown. The results of the initial stage of 
studies of bioinspired wings are presented. 

1 Introduction 

The arrangement of the wings of aircraft consists of longitudinal and transverse structural 

elements [1-2], the optimization of which, taking into account the multi-criteria of the task 

[3], the formation of complex algorithms for calculating strength by several parameters [4] 

is already close to exhaustion. The applied composite materials [5] make it possible to 

further optimize the design due to the anisotropy of properties and the selection of layout 

schemes [6]. However, fundamentally new design solutions, bioinspired structures based on 

natural structures [7], became possible only with the development of manufacturing 
technologies in the field of additive manufacturing and 3D printing  

[8-10]. Methods of mathematical modeling [11], interdisciplinary design [12], and 

topological optimization [13, 14]. For one of the main aggregates of the aircraft – the wing, 

approaches to the creation of periodic structures based on topological optimization are 

being formed [15]. Fundamentally new mesh schemes [16], as well as structurally 

optimized curved elements [17] are proposed to meet the stringent requirements for 

strength, resource, reliability, and minimum weight [18]. Methods and calculations are 

being developed that take into account numerical optimization [19], the effect of external 
forces and stress distribution in the structure [20], as well as other parameters. The 
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limitations on aeroelasticity and the critical rate of flutter formation are taken into account 

[21]. Based on the above development of a structural arrangement wing from a PCM using 

a promising structural layout is an urgent task. The objective of the work is to reduce the 

weight of the wing by using curved structural elements while ensuring resistance 

characteristics and maximum load capacity. 

2 Design and material 

2.1 Object of the research 

An aircraft wing with a span of 40 m, a sweep angle of 33.5°, and an area of 380 m2 was 

considered as an object of research. Aerodynamic profile: root NASA SC(2)-0610, tip: 

NASA SC(2)-0606. Carbon fiber and fiberglass based on unidirectional tapes are used as 

the main structural materials (Table 1). 

Table 1. Physical and mechanical characteristics of the materials 

Parameter Fiberglass Carbon fiber 

Density, kg/m3 2000 1550 

Modulus of elasticity, 

GPa 

Along the fiber 37,2 50,6 

Across the fiber 26 35,4 

Shear modulus of elasticity, GPa 21,7 29,7 

Tensile strength, MPa 
Along the fiber 352,6 483 

Across the fiber 49 67 

Compressive strength, 

MPa 

Along the fiber 202 297 

Across the fiber 78 107 

Shear strength in the plane, MPa 191 262 

 

2.2 Loads on the structures 

The following loads were considered: 

- airload; 

- the unit's own weight and fuel weight of 10 tons; 

The calculation of loads was carried out for the maneuver turn at a speed of 165 m / s, at 

40 ° with a turning radius of 180 m at an altitude of 5000 m. 

Aerodynamic loads were determined using the Ansys software package in the CFX 

module [22] taking into account flight parameters (speed, angle of attack) and atmosphere 

(Figure 1). 
The calculations did not take into account the elements of wing mechanization, flaps, 

slats, ailerons, and air brakes. 
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Fig. 1. Calculation model 

 

Fig. 2. Distribution of aerodynamic pressure on the surface of the wing, Pa 

2.3 Structural layout of the wing 

Classical structural layouts were considered, taking into account the possibility of curvature 

of elements, as well as bioinspired ones based on insect wings. 

Classic structural layouts are shown in Figure 3 and have a two-spar design, with a 

different number of ribs and the direction of their installation. The ribs are directed in flight 

or perpendicular to the front spar. Reinforcing diagonal walls have been added to the two 

layouts. In this last option, the ribs are curved. 
 

a) 

 

b) 
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c) 

 

d) 

 
e) 

 

f) 

 

Fig. 3. Classic Structural Layouts: (a) — Option 1 with two spars, (b) Option 2 with lightweight ribs; 
(c) — Option 3 ribs perpendicular to the front spar; (d) — Option 5 wall structural arrangement; (e) – 
Option 6 truss ribs with two spars; (f) — Option 7 curved ribs 

Bioinspired structural arrangements are designed based on the distribution of 

stresses obtained as a result of preliminary calculations from loads and insect wings 

[23]. The main species considered were Diptera, Reticulate-winged (Neuroptera), 
Hymenoptera, Freckles (Plecoptera), Dragonflies (Odonata), Hemiptera and 

Orthoptera (Figure 4) [24, 25]. The proposed Options of structural layouts are 

formed by analyzing more than three dozen photographs of the wings of each 
detachment with the identification of characteristic features of the structure, 

direction, shape, and structure and the analysis of scientific literature in this area 

(Figure 5). 
 

a) 

 

b) 

 

c) 

 
d) 

 

e) 

 

f) 

 

g) 

 

 

Fig. 4. Insect wing: a — Diptera; b — Neuroptera; c — Hymenoptera; d — Plecoptera; 
e – Odonata; f — Hemiptera; g — Orthoptera [23-25] 
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 
g) 

 

 

Fig. 5. Bioinspired structural arrangement: (a) — Option A Diptera; (b) — Option B Neuroptera; (c) 

— Option C Hymenoptera; (d) — Option D Plecoptera; (e) – Option E Odonata; (f) — Option F 
Hemiptera; (g) — Option G Orthoptera 

3 Calculation results 

For the two major types of layouts described (seven layouts for each), the stress-

stress state under the action of a load has been determined. The mass, deflection, 

and stresses in the structure were analyzed. All of the considered structural 
arrangements have a safety margin factor of more than 1.5. This indicates the 

possibility of additional optimization of each option. 

The selection was based on two criteria: mass and deflection. Figures 6 and 7 
show the distributions of options of classical arrangements and bioinspired ones, 

respectively. 
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Fig. 6. Distribution of classical layouts by mass and deflection in relative units 

 

Fig. 7. Distribution of bioinspired layouts by mass and deflection in relative units 

Options made of Fiberglass (index 1) are located further from the ideal center (IC). This 

is due to the higher density of the material. They are closest to the Options IC made of 

carbon fiber (index 2). 
The optimal structural arrangement, from the obtained ones, can be determined both by 

introducing an additional parameter, for example, cost, and by choosing the shortest 

distance to the theoretical center (TC) according to the equation (1): 

   
1/2

2 2

2 2

TC i TC i

AM AM

m m d d
K

m d

  
  
                                         (1) 

where TCm , TCd — TC mass and deformation values, im , id — variant mass and 

deformation values, AMm , AMd  — arithmetic mean mass and deformation values. 
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The most approximate classical arrangement was found to be option 4 with twenty-two 

thin-walled ribs. Its weight is 709.49 kg, with a maximum displacement of the end part of 

72.10 mm, due to the rigidity of the structure. The optimal variant for a Bio-inspired layout 

is the E - layout based on Dragonfly wings, with a mass of 586.58 kg and a deflection of 

the end part of 64.67 mm. 

As a result of the calculations, two classical and bioinspired structural arrangements 

were obtained, with a mass lower than the initial option (870 kg) by 19% (709.49 kg) and 

32% (586.58), respectively. 

4 Conclusion 

Optimal layouts have been identified for the two main types of structural design described. 

A bioinspired structural layout of the wing based on the Odonata wing is proposed. The 

mass of the resulting optimized bioinspired is 20% less than the classical one, and 

compared to the initial one by 32% and is 586.58 kg. 

It has been found that the wings of a bioinspired species based on insect wings have a 

high load capacity during flight and a lower mass. Bioinspired wings have no analogs in the 
world and are a new promising direction in aviation. 

This study is the initial stage of work in the field of bioinspired structures. 

References 

1. Naing Lin Aung, Phyo Wai Aung, O. V. Tatarnikov, Selection of the Optimal Load 

Bearing Wing Structure Scheme for an Unmanned Aerial Vehicle BMSTU Journal of 

Mechanical Engineering, 11, 89–95 (2020) doi:10.18698/0536-1044-2020-11-89-95 

2. T. G. Ageeva, E. N. Dudar, S. V. Reznik, Complex method for designing wing 

construction of reusable spacecraft Tekhnologiya mashinostroeniya, 3, 34–36 (2021)  

3. Naing Lin Aung, O. V. Tatarnikov, Phyo Wai Aung, Multicriteria Optimization of 

Composite Wing of an Unmanned Aircraft BMSTU Journal of Mechanical 

Engineering, 11, 91–98 (2021) doi: 10.18698/0536-1044-2021-11-91-98 

4. D. V. Vedernikov,  A. N. Shanygin, Strength Analysis of Regional Aircraft Prospective 

Wing Structures Based on Parametric Models Aerospace MAI Journal, 29(2), 61–76 

(2022) DOI: 10.34759/vst-2022-2-61-76 

5. S. V. Reznik, A. S. Esetbatyrovich, Composite air vehicle tail fins thermal and stress–

strain state modeling AIP Conf. Proc. 2318, 020012 (2021) 

doi: https://doi.org/10.1063/5.0036561 

6. T. A. Guzeva, G. V. Malysheva, Features of development of design-and-technological 

solutions during design of parts made of polymers and composites Russian metallurgy 

(Metally), 4, 34–41 (2022) doi: 10.31044/1684-2499-2022-0-4-35-41 

7. B. Cheng, Flying of Insects, Bioinspired Structures and Design Cambridge, Cambridge 

University Press, 271–299 (2020) doi:10.1017/9781139058995.012 

8. L. Song, T. Gao, L. Tang, X. Du, J. Zhu, Y. Lin, G. Shi, H. Liu, G. Zhou, W. Zhang, 

An all-movable rudder designed by thermo-elastic topology optimization and 

manufactured by additive manufacturing Computers and Structures, 243, 106405 

(2021) doi:10.1016/j.compstruc.2020.106405 

9. K. Saito, H. Nagai, K. Suto, N. Ogawa, Y. Seong, T. Tachi, R. Niiyama, Y. Kawahara, 

Insect wing 3D printing Sci Rep, 11, 18631 (2021) doi: 10.1038/s41598-021-98242-y 

 

 

 

E3S Web of Conferences 413, 02004 (2023) https://doi.org/10.1051/e3sconf/202341302004
INTERAGROMASH 2023

7



10. S. V. Baranovski, K. V. Mikhailovskiy,  Selection and justification of polymer 

composite wing load-bearing elements design parameters with material anisotropy and 

airload IOP Conf. Ser.: Mater. Sci. Eng., 934, 012021 (2020) doi:10.1088/1757-

899X/934/1/012021 

11. D. V. Sorokin, L. A. Babkina, O. V. Brazgovka, Designing various-purpose 

subassemblies based on topological optimization Spacecrafts & Technologies, 6(40), 
61–82 (2022) doi: 10.26732/j.st.2022.2.01 

12. S. V. Baranovski, K. V. Mikhailovskiy, The methods of designing an ultralight carbon 

fiber wing using parametrical modeling AIP Conference Proceedings, 2318, 020003 

(2021) doi:10.1063/5.0036074 

13. J. H. Zhu, W. H. Zhang, L. Xia, Topology Optimization in Aircraft and Aerospace 

Structures Design Arch Computat Methods Eng, 23, 595–622 (2016) DOI 

10.1007/s11831-015-9151-2 

14. S. V. Baranovski, K. V. Mikhailovskiy, Topology optimization of polymer composite 

wing load-bearing element geometry TsAGI science journal, 50(3), 87–99 (2019) 

doi: 10.1615/TsAGISciJ.2019031136 

15. S. A. Yurgenson, E. V. Lomakin, B. N. Fedulov, A. N. Fedorenko, Structural elements 

based on the metamaterials PNRPU Mechanics Bulletin, 4, 211–219 (2020) 

doi: 10.15593/perm.mech/2020.4.18 

16. A. Dubois, C. Farhat, A. H. Abukhwejah, Parameterization Framework for Aeroelastic 

Design Optimization of Bio–Inspired Wing Structural Layouts. 57th 

AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference 

(San Diego), 2016–0485, 1–16 (2016)  doi: 10.2514/6.2016–0485 

17. A. V. Azarov, A. A. Babichev, A. F. Razin, Optimal design of an airplane wing 

composite lattice panel under axial compression Journal on Composite Mechanics and 

Design, 26(4), 490–500 (2020) doi 10.33113/mkmk.ras.2020.26.04.490_500.04 

18. S. V. Baranovski, K. V. Mikhailovskiy, Structurally optimized polymer composite 

wing design. Part 1. Curvilinear load-bearing elements TsAGI Science Journal, 51(2), 

79–86 (2020) doi: 10.1615/TsAGISciJ.2020035007 

19. W. Zhao, R. K. Kapania, Bilevel Programming Weight Minimization of Composite 

Flying–Wing Aircraft with Curvilinear Spars and Ribs AIAA Journal, 57(6), 2594–

2608 (2019) doi: 10.2514/1.J057892 

20. B. K. Stanford, C. V. Jutte, C. A. Coker, Aeroelastic Sizing and Layout Design of a 

Wingbox through Nested Optimization AIAA Journal, 57(2), 476–481 (2019) 
doi: 10.2514/1.J057428 

21. S. Doyle, J. Robinson, V. Ho, G. Ogawa, M. Baker, Aeroelastic Optimization of Wing 

Structure Using Curvilinear Spars and Ribs (SpaRibs) and SpaRibMorph 58th 

AIAA/ASCE/AHS/ASC Structures, Structural Dynamics, and Materials Conference, 

(Grapevine), 2017–1303, 1–13 (2017) doi: 10.2514/6.2017–1303 

22. K. V. Mikhailovskiy, S. V. Baranovski, The methods of designing a polymer 

composite wing using parametrical modeling. Part 1. The rationale for selecting wing 

geometry and the calculation of airloads BMSTU Journal of Mechanical Engineering, 

11, 86–98 (2016) doi: 10.18698/0536-1044-2016-11-86-98 

23. J. Hoffmann, S. Donoughe, K. Li, M. K. Salcedo, C. H. Rycroft, A simple 

developmental model recapitulates complex insect wing venation patterns Proceedings 

of the National Academy of Sciences, 115(40), 9905–9910 (2018) 

doi:10.1073/pnas.1721248115 

 

 

 

E3S Web of Conferences 413, 02004 (2023) https://doi.org/10.1051/e3sconf/202341302004
INTERAGROMASH 2023

8



24. M. K. Salcedo, J. Hoffmann, S. Donoughe, L. Mahadevan, Computational analysis of 

size, shape and structure of insect wings Biology open, 8(10), bio040774 (2019) 

doi:10.1242/bio.040774 

25. B. Misof, S. Liu, K. Meusemann, R. S. Peters, A. Donath, C. Mayer, P. B. Frandsen, J. 

Ware, T. Flouri, R. G. Beutel, et al., Phylogenomics resolves the timing and pattern of 

insect evolution Science, 346, 763-767 (2014) doi:10.1126/science.1257570 

 

 

 

 

E3S Web of Conferences 413, 02004 (2023) https://doi.org/10.1051/e3sconf/202341302004
INTERAGROMASH 2023

9


	1 Introduction
	2 Design and material
	2.1 Object of the research
	2.2 Loads on the structures
	2.3 Structural layout of the wing

	3 Calculation results
	4 Conclusion
	References

