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1. Introduction 

Modern aircraft design will be one of the main 

goals to reduce the aircraft's empty weight, and the light-

weight design of the aircraft is also an important indicator 

to evaluate the performance of an aircraft. Making the spa-

tial design layout more flexible based on the original struc-

ture to improve the overall structural load-bearing efficiency 

and rational structural lightweight design is the critical re-

search point to be considered in the future development of 

supersonic technology [1]. As the most critical component 

of the aircraft, the wing provides enough lift for a successful 

flight and guarantees the flight's stability [2]. The layout of 

wing's internal structure not only greatly influences the 

wing's strength and stiffness, but also directly affects the 

aerodynamic characteristics of the aircraft.   

The aircraft design process is divided into three 

stages [3]: conceptual design, preliminary design, and de-

tailed design. The optimization of aircraft wings is also gen-

erally centered on these three stages. Two main engineering 

approaches for mixed optimization problems, like the opti-

mization of wing or Thin-walled structures, that contain lay-

out and dimensional design variables, are hierarchical opti-

mization strategy and holistic solution method. The hierar-

chical optimization strategy separates the two variables that 

optimize the position and size based on the layout optimiza-

tion design. However, the coupling relationship between the 

two variables needs to be considered more, which leads to 

the structure falling into a local optimum with low accuracy. 

The holistic solution method can obtain the global optimum 

solution of the optimization problem, but it is difficult to 

converge and takes more time when dealing with multiple 

variables. A hierarchical optimization method was proposed 

by Deng Y. [4] for the hybrid optimization problem of the 

wing. He first finds the optimal number and position of wing 

beams by the topology optimization method. Then he carries 

out the detailed design of the wing by dimensional optimi-

zation method according to the topology optimization result. 

V. J. Savsani and G. G. Tejani [5] studied the problem of 

simultaneous topological and dimensional optimization of 

truss structures under static and dynamic constraints. The 

optimization results of four metaheuristic algorithms are 

compared, and an improved algorithm based on random var-

iation is proposed. Felipe et al. describe the shape and topo-

logical information of the structure with level-set functions, 

consider the effect of material properties, and propose a 

shape, topology, and material simultaneous optimization 

method [6]. Locatelli D. [7] used curved wing beams and 

ribs to design an aircraft wing box and investigated the ad-

vantages of curved beam ribs to achieve a more efficient 

load-bearing mechanism. 

These hierarchical optimization approaches reduce 

the complexity of the problem by decomposing the struc-

tural optimization into different levels of optimization prob-

lems. However, the lack of coupling between the layout and 

dimensional variables design affects the optimization re-

sults. In addition, the computational effort increases signif-

icantly when the optimization level reaches three or more 

levels [8]. 

Engineering bionics is also an efficient approach to 

the design of aircraft. A new bio-inspired topology and 

shape optimization procedure for the optimization of aircraft 

lifting surfaces was proposed by Kolonay R. [9]. This ap-

proach is applied to improve the final structure design and 

subsystem layout. In terms of the design of the structure for 

bionic layout, Cen H. [10] designed a bionic wing structure 

with better performance than its prototype by referring to 

the constructional characteristics of the leaf vein branches. 

Ngoc San Ha [11] combined the advantages of bionics and 

proposed a new bionic sandwich panel based on the micro-

structure of woodpecker beaks, which provides an idea for 

the design of a lightweight plate hollow sandwich structure 

with efficient energy absorption capacity like an aircraft 

wing provided ideas.  

In this paper, a combination of engineering bionics 

and hierarchical optimization design is applied to light-

weight structural research. A strategy for the bionic hierar-

chical optimization design for the overall layout of the struc-

ture is proposed. The diatom Arachnoidiscus [12], with ex-

cellent mechanical properties, is used as a bionic template 

to improve the efficiency of structural optimization calcula-

tion iterations by using a data-driven agent optimization ap-

proach [13] to reasonably optimize the internal structure of 

aircraft wings and reduce the overall weight of the structure. 

2. Bionic hierarchical optimization 

In this paper, a new wing optimization process, bi-

onic hierarchical optimization, is adopted for a more rational 

layout of the wing's internal structure. The topology optimi-

zation technique is used to initially determine its layout form 

[4] and combined with the advantages of bionics [14-15], 

the internal layout is post-processed to find the bionic struc-

ture layout that meets the requirements of strength and stiff-

ness, and then the data-driven agent model optimization ap-

proach is used to optimize the overall structure in detail so 

that the overall structure can reach the best state and meet 
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the requirements of practical applications. Combined with 

relevant optimization design concepts, a flow of bionic hi-

erarchical optimization design for the overall layout of the 

structure is proposed as follows. 

The topology optimization method seeks the opti-

mal form of material distribution of the structure under load 

while satisfying the structural strength and stiffness, which 

can effectively predict the overall layout planning of the 

structure and provide a preliminary orientation on the over-

all detailed design in terms of shape as well as dimensions 

[16]. Therefore, topological optimization of the original 

structure and analysis of the internal force transfer paths of 

the structure when subjected to external loads eliminates the 

over-design problem in traditional empirical design. The 

next step of design optimization is based on the resulting 

new structure. 

Since the primary method of topology optimization 

is to divide the design area of the original structure into fi-

nite units and to delete the units with low utilization using 

algorithms. Therefore, for the topology optimization of most 

structures, the material is always concentrated near the fixed 

end of the structure. In contrast, no or little material is occu-

pied elsewhere, and this material distribution is not in line 

with the practical application of engineering. Therefore, the 

structural layout of this part needs further design. 

Based on the abovementioned topology optimiza-

tion problems, the topology-optimized structure is used as a 

basic template to find organisms with similar structures or 

functions in nature and analyze them. Taking the actual 

problem as the starting point, we take the biological forms 

in nature as the inspiration for imitation, combine the ad-

vantages of bionics to carry out reasonable post-processing 

on the topology-optimized structure, find the overall struc-

tural layout form which is more in line with the engineering 

reality and meets better performance requirements.  

After determining the final topological shape of the 

structure and the location of the material arrangement 

through topology optimization and bionic design, the model 

is parametrically constructed. The data-driven agent optimi-

zation approach is introduced to determine the specific lo-

cation and the dimensions of the internal structure in order 

to achieve the final optimal detailed design of the structure 

[17]. 

The steps needed of bionic hierarchical optimiza-

tion is shown in Fig. 1. 

 

Fig. 1 The steps needed for bionic hierarchical optimization 



 407 

3. Supersonic wing modeling and static analysis 

3.1. Establishment of finite element model 

A generic supersonic fighter wing is used as an ex-

ample [7], and the idea of bionic hierarchical optimized de-

sign is introduced and applied to the example. In Fig. 2, the 

planar configuration and internal structure distribution of a 

wing with nine straight beams and nine straight ribs is 

shown, whose beam rib size is 7 mm. The material of the 

wing is Al2124-T851, according to the data provided by 

Lockheed Martin, and the performance parameters of the 

material are shown in Table 1. 

Table 1  

Aluminum alloy 2124-T851 properties 

Young’s modulus, E 73100 MPa 

Poisson’s ratio, ν 0.33 

Density, σ 2768 Kg/m3 

Yield stress, σy 440 MPa 

 

In finite element analysis, the most severe load ap-

plied to the structure is often analysed to ensure that the 

structure can be applied to any situation. Due to lack of CFD 

generated loads, uniform pressure distribution correspond-

ing to a wing load of 73100 MPa and load factor η = 9, is 

applied. 

 

Fig. 2 Generic supersonic fighter wing geometry and internal topology 

3.2. Static analysis 

The static analysis of the supersonic fighter wing 

structure is shown in Fig. 3. The mass of the original wing 

box is 282.75 kg, the maximum stress value of the structure 

is 423.69 MPa, and the maximum deformation is 

196.21 mm under the above load. It can be seen from the 

stress cloud diagram that the maximum equivalent stress 

point of the original structure appears large at the fixed sur-

face of the structure, which is close to the yield stress limit 

of the material. There are multiple stress concentrations at 

the combination of the beam and the skin. 

 

4. Conceptual design of wing internal structure 

Topology optimization is an effective method for 

determining the structural layout and reducing the weight of 

a structure during the conceptual design phase. In the last 

few decades, researchers have provided various applications 

of topology optimization for various engineering disciplines 

[18]. A solid plate with the exact same external dimensions 

as the original wing is built. The solid plate is topologically 

optimized according to the loading and constraints of the 

wing. With the variable density method, the more inefficient 

cells subjected to forces are subtracted, and the more effi-

cient cells subjected to forces are retained to seek the opti-

mal performance index of the structure. In this experiment, 

the interior of the solid plate is selected as the optimization 

area, the upper and lower skins are the conformal area, and 

the retained structural mass is set to 20% of the mass of the 

solid plate. 

 

a 

 

b 

Fig. 3 Static analysis of the original wing: a) equivalent 

stress contour plot of the original supersonic fighter 

wing; b) total deformation contour plot of the original 

supersonic fighter wing 

 

In the new structure generated by using the topol-
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ogy optimization method, only the cells with relative densi-

ties between 0.6 and 1 are retained because the structural 

cells with relative densities below 0.6 play a relatively mi-

nor role in supporting the structure. As shown in Fig. 4, re-

taining the gray part. In contrast, the red part of the figure 

indicates the deleted materials. It can be seen with the force 

transmission paths within the structure when the plate mate-

rial is subjected to the load applied to the wing. As seen in 

Fig. 4, the maximum material accumulation of the topolog-

ically optimized structure is mainly concentrated at the cen-

tre of the fixed surface. It is distributed radially outward, 

with several tendons extending outward from the fixed sur-

face. 

 

Fig. 4 Internal cross-sectional view of the topologically op-

timized wing structure 

5. Bionic-optimized design 

5.1. Biomimetic design based on diatom Arachnoidiscus 

shell structure 

The diatom structure [12] is a single-celled organ-

ism with a fine structure, and the cell wall (siliceous shell) 

is mainly composed of amorphous silica. Part of the diatom 

shell is a particular reticular structure. It has many mi-

cropores, which makes it have excellent mechanical proper-

ties, can effectively relieve pressure, and can withstand con-

siderable pressure. As a type of diatom (Fig. 5), the diatom 

Arachnoidiscus shell, from the viewpoint of mechanical 

properties, has a radial ridge and circumferential annular 

ridge distributed on its surface to form a mesh structure. The 

annular ridge at the centre of the diatom is more densely dis-

tributed and gradually increases in spacing outward, which 

can better realize the partitioning and layered transfer of 

load [19]. 

 

Fig. 5 The Arachnoidiscus diatom shell 

Based on the excellent mechanical performance 

characteristics of the diatom Arachnoidiscus structure, the 

topologically optimized structure is used as a benchmark for 

the bionic design of the internal layout of the wing. As 

shown in Fig. 6, the diatom Arachnoidiscus structure is im-

itated with radial tendons and curved beams to simulate the 

bionic structure. Similar to the distribution of the circumfer-

ential annular ridge of the diatom Arachnoidiscus structure, 

the curved beams are arranged more closely in the material 

concentration area formed by the topology optimization. 

The arrangement of curved beams along the wing span di-

rection adopts a dense inner and sparse outer way. Some ra-

dial tendons are added to the left side of the material distri-

bution-free part in the topology optimization result to ensure 

more in line with the engineering reality. Due to the increase 

in the number of internal structures, the size of the beam ribs 

is reduced to 6.5 mm to keep the structural mass approxi-

mately equal to that of the original wing box and facilitate 

the performance comparison with the original wing box. 

 

Fig. 6 Biomimetic design of the internal structure distribu-

tion 

5.2. Static analysis of the bionic wing 

The original wing load was applied to the bionic 

wing, and a static analysis was performed. The results 

(Fig. 7) show that, with essentially constant mass, the max- 

 

a 

 

b 

Fig. 7 Static analysis of the bionic wing: a) equivalent stress 

contour plot of bionic wing; b) tTotal deformation 

contour plot of bionic wing 
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imum stress value of the bionic structure is 344.41 MPa, 

which is 18.71% lower compared to the maximum stress 

value of the original structure (Fig. 3), and the maximum 

deformation is 191.7 mm, which is 2.30% lower compared 

to the maximum deformation of the original structure.  

The bionic structure can effectively provide design 

margin for the subsequent structural optimization. The re-

sults (Fig. 7) show that the maximum stress of the bionic 

structure decreases by 18.71%, and the maximum defor-

mation decreases by 2.30% with essentially the same mass. 

6. Detailed optimization of position and size based on 

PLSR-MOPSO 

Partial Least Squares Regression (PLSR) is used in 

this paper as a fitting mapping method, which necessarily 

solves approximate functional relationships. However, at 

the same time, Partial Least Squares also have the function 

of correlation analysis between variables and dimensional-

ity reduction of data. This method solves the problem of in-

dependent variable covariance in traditional multiple regres-

sion fitting methods by reducing the number of non-primary 

units that do not have helpful information for the final regre-

ssion results. The selection of the feature vectors focuses on 

the predictive effect of the independent variables on the de-

pendent variable while reducing the number of noise points 

that do not contribute to the main regression results. This 

approach achieves the goal of reducing the number of vari-

ables included in the regression model while still ensuring 

the accuracy of the model [20]. 

In the detailed design stage, the diameter position 

of all ring beams from the centre of the circle, the angular 

position between the diagonal straight ribs, and the thick-

ness of each beam rib were used as design parameters, re-

sulting in a total of 36 design parameter variables. The an-

gular positions X1-X10 between the diagonal ribs between the 

ring beams and the distance parameters X11-X17 are shown 

in Fig. 8. The thickness parameters of ring beams are X18-

X24 from outside to inside. The thickness parameters of di-

agonal ribs are X25-X36 from left to right, respectively. Be-

cause the large number of variables included in the design, 

may cause a great workload in selecting the test sample 

points, the computational effort can be appropriately re-

duced by partial least squares regression, and the required 

regression accuracy can be guaranteed. 

 

Fig. 8 Ionic wing design parameters definition 

Seventy sets of initial test sample points were se-

lected using a random sampling method, and the test sample 

points were introduced into the PLSR algorithm as fitted 

samples after finite element calculations were performed. 

The three fitted polynomials for the structural mass, maxi-

mum stress, and maximum deformation were obtained. 

1 2 3 4 5 6 7

8 9 10 11 12 13 14

15 16 17

340.3574 0.4756 0.2780 1.1765 1.2751 1.4440 0.3916 0.0665

0.2052 0.4469  0.4614 0.0075 0.0085 0.0032 0.0023 0.0149

0.0065 0.0608 0.98

mass
Y X X X X X X X

X X X X X X X

X X X

= +  −  −  −  −  −  +  −

−  +  −  +  +  +  −  + 

 +  +  −
18 19 20 21 22

23 24 25 26 27 28 29 30

31 32 33 34 35

19 0.0883 1.0225 0.7871 1.4052 0.1686

0.8116 0.0494 1.2658 2.5609 2 .8251 0.3063 0.4025 0.1638

0.1278 0.1180 0.4567 1.4287 0.1

X X X X X

X X X X X X X X

X X X X X

 +  +  −  +  + 

 −  −  −  −  −  +  −  + 

 −  +  +  −  −
36

596 ,X

 

1 2 3 4 5 6 7

8 9 10 11 12 13 14 15

16 17

255.8868 0.0159 0.0016 0.0078 0.0047 0.0233 0.0343 0.0264

0.0101 0.0119 0.0008 0.0003 0.0005 0.0016 0.0006 0.0015

0.0015 0.0019 0.0

stressY X X X X X X X

X X X X X X X X

X X

= +  −  −  −  −  −  −  −

−  −  −  −  −  −  +  +  +

+  +  − 18 19 20 21 22

23 24 25 26 27 28 29 30

31 32 33 34 35

789 0.1501 0.3492 0.4376 0.3326 0.1985

0.1402 0.2813 0.2598 0.2645  0.2846 0.3340 0.3876 0.3618

0.3095 0.2307 0.1872   0.1330

X X X X X

X X X X X X X X

X X X X X

 +  +  +  +  + 

 +  +  +  +  +  +  +  + 

 +  +  +  +  + 360.1371 ,X
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1 2 3 4 5 6 7

8 9 10 11 12 13 14 15

16 17

197.5230 0.0113 0.0023 0.0009 0.0069 0.0128 0.019 0.0451

0.0065 0.0135 0.0012 0.0001 0.0001 0.0003 0.0004 0.0002

0.0007 0.0003

deformationY X X X X X X X

X X X X X X X X

X X

= +  −  −  +  +  +  +  +

 +  −  −  +  +  +  −  −

−  −  − 18 19 20 21 22

23 24 25 26 27 28 29 30

31 32 33 34 35

0.0045 0.0128 0.0280 0.0766 0.0956 0.0707

0.0541 0.0334 0.0551 0.0618 0.0764 0.0766 0.1622

0.1891 0.1745 0.1164 0.0851 0.0373

X X X X X

X X X X X X X X

X X X X X

 −  −  −  −  − 

 −  −  −  −  −  −  −  −

−  −  −  −  −  − 360.0246 .X

 

As seen in Figs. 9 and 10, the prediction errors of 

the final PLSR-fitted polynomials for the maximum stress 

values at the test sample points ranged from 0.49% to 

3.79%. The prediction errors for the maximum deformation 

ranged from 0.004% to 0.05%. The prediction errors for 

mass ranged from 0.01% to 0.05%. The prediction regres-

sion values for the maximum stress, maximum deformation, 

and mass were R1= 0.9321, R2=0.9828, and R3=0.9980, in-

dicating that the partial least squares fitting accuracy is 

great. 

 

a 

 

b 

 

 

c 

Fig. 9 a) PLSR predictive regression of stress; b) PLSR pre-

dictive regression of deformation; c) PLSR predic-

tive regression of mass 

 

Fig. 10 Prediction error of PLSR for sample points 

6.2. Particle swarm optimization algorithm 

Particle Swarm Optimization (PSO) is an optimi-

zation algorithm proposed by Kennedy and Eberhart [21]. 

The behavioral trajectory of birds or fish in search of food 

is used as the basic criterion for the algorithm's operation. 

This collaborative movement can effectively guide the 

group to the best foraging place. Compared with other tra-

ditional optimization algorithms, the particle swarm optimi-

zation algorithm is simple to read, requires fewer parameters 

to be adjusted, and can reach convergence quickly. 
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The multi-objective optimization problem has 

multiple and conflicting objective functions, so there is no 

unique optimal solution to make all the objective functions 

optimal, and several sets of optimal solutions are often ob-

tained. The Pareto frontier results are shown in Fig. 11 after 

balancing and filtering the set of optimal solutions. 

The points with minimum stress, minimum defor-

mation, and minimum mass among the generated Pareto 

fronts were selected for analysis, as shown in Table 2. 

The layout with the bionic multilevel optimized de-

sign is constrained by the maximum stress and maximum 

deformation of the original wing with the minimum mass as 

the target. As can be seen from Table 3, the overall mass of 

the wing structure is reduced by 17.03 kg, which is 6.00% 

lower than the original structure. The final optimized struc-

ture is shown in Fig. 12. 
 

Fig. 11 MOPSO result 

Table 2 

The three sets of Pareto optimal solutions obtained from the optimization search 

 The lowest stress The lowest mass The lowest deformation 

X1 78.697 75.273 80.415 

X2 61.264 55.441 63.105 

X3 38.721 36.457 41.708 

X4 26.731 25.716 27.037 

X5 11.769 8.1882 10.823 

X6 11.412 8.6998 11.302 

X7 27.626 27.767 30.046 

X8 39.71 39.135 40.877 

X9 59.353 55.185 58.612 

X10 80.692 75.273 80.818 

X11 4408.3 4451.7 4423.3 

X12 3203.3 3105.7 3356.2 

X13 2270.4 2461.5 2308.6 

X14 1754.7 1485.5 1487.2 

X15 1060.3 905.77 1095.7 

X16 632.89 581.12 651.75 

X17 436.23 383.51 426.44 

X18 5.1963 3.4225 5.435 

X19 1.8733 3.8729 3.7735 

X20 1.7139 1.5193 2.7735 

X21 2.8415 1.1373 1.4421 

X22 7. 8373 1.7721 7.9116 

X23 7. 7383 4.2122 7.8546 

X24 7.3067 7.3183 7.5654 

X25 6.9474 3.0915 6.5635 

X26 6.7169 1.1359 7.7268 

X27 7.4802 1.712 7.4264 

X28 7.5231 1.7287 7.5489 

X29 6.1597 1.9261 6.4961 

X30 7.4404 4.3517 7.4247 

X31 7.4617 5.3874 7.0811 

X32 7.7632 5.2793 7.9917 

X33 7.8075 5.7038 7.3622 

X34 7.6166 3.8092 7.8561 

X35 5.2605 3.7258 6.0563 

X36 7.3357 2.7753 7.5395 

Predicted maximum stress 342.5625 398.1822 342.8491 

Finite element analysis of maximum stress 337.5 413.12 337.69 

Predicted maximum deformation 191.5192 195.9947 191.4281 

Finite element analysis of maximum deformation 191.44 195.86 191.33 

Predicted mass 282.2918 266.6037 282.5897 

Actual Mass 282.51 266.72 282.13 
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Fig. 12 Final optimized structure of the internal layout of the 

wing 

Table 3 

Comparison of wing performance  

Structure type 
Maximum stress 

value, MPa 

Maximum defor-

mation value, mm 

Mass, 

Kg 

Original wing 423.69 196.21 282.75 

Bionic wing 344.41 191.7 281.56 

Bionic wing after 

lightening 
413.12 195.86 266.72 

7. Conclusions 

1. In the conceptual design stage, topology optimi-

zation is used to obtain the primary structural forms under a 

specific load. The main load-bearing structures are extracted 

according to the obtained results, which can significantly 

help the subsequent search for the optimal structure. 

2. The preliminary bionic layout of the wing's in-

ternal structure based on the arachnoid algae structure was 

carried out. Compared with the original wing model, the 

maximum deformation and maximum stress are reduced 

while the overall mass remains approximately the same.  

3. The fitted relational equations of mass, stress, 

and strain are constructed with high regression accuracy us-

ing PLSR. 

4. Detailed optimization using the PSO algorithm 

to obtain the optimal structural parameters can further im-

prove the optimization effect and effectively reduce the 

structure's mass. 

This method is simple and practical, wcan be ex-

tended to the fields of weight optimization of complex plate 

structures. 
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RESEARCH ON BIONIC HIERARCHICAL  

OPTIMIZATION OF WING BASED ON PLSR AND 

PSO 

S u m m a r y 

The layout of the wing's internal structure not only 

dramatically influences the wing's strength stiffness but also 

directly affects the aerodynamic characteristics of the air-

craft. Based on the original wing structure, a more flexible 

spatial design layout to achieve improved overall structural 

load-bearing performance, and a reasonable structural light-

weight design are the research priorities to be considered for 

the development of future aircraft. Therefore, this paper at-

tempted to design and analyze a lightweight airfoil that 

meets the performance requirements. Combining the strat-

egy of hierarchical optimization design with the advantages 

of engineering bionics, the diatom Arachnoidiscus bionic 

structure, topological optimization, partial least squares re-

gression (PLSR), and multi-objective particle swarm algo-

rithm (PSO) are applied to optimize the placement and size 

of wing’s internal components. The simulation results show 

that the weight of the optimized wing structure is reduced 

by 6% while satisfying the requirements of maximum stress 

and maximum deformation.  

Keywords: hierarchical optimization; engineering bionics; 

wing; partial least squares regression; multi-objective parti-

cle swarm algorithm.  
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