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Natural fliers glide and minimize wing articulation to conserve energy for endured and

long range flights. Elucidating the underlying physiology of such capability could potentially

address numerous challenging problems in flight engineering. This study investigates the

aerodynamic characteristics of an insect species called desert locust (Schistocerca gregaria) with

an extraordinary gliding skills at low Reynolds number. Here, locust tandem wings are subjected

to a computational fluid dynamics (CFD) simulation using 2D and 3D Navier-Stokes equations

revealing fore-hindwing interactions, and the influence of their corrugations on the aerodynamic

performance. Furthermore, the obtained CFD results are mathematically parameterized using

PARSEC method and optimized based on a novel fusion of Genetic Algorithms and Nash

game theory to achieve Nash equilibrium being the optimized wings. It was concluded that

the lift-drag (gliding) ratio of the optimized profiles were improved by at least 77% and 150%

compared to the original wing and the published literature, respectively. Ultimately, the profiles

are integrated and analyzed using 3D CFD simulations that demonstrated a 14% performance

improvement validating the proposed wing models for further fabrication and rapid prototyping

presented in the future study.

Nomenclature

b = Wingspan (mm)

c = Wing chord (mm)

𝐶𝐷 = 2𝐷
𝜌𝑈2𝑆

= Drag coefficient

𝐶𝐿 = 2𝐿
𝜌𝑈2𝑆

= Lift coefficient

𝐶𝑃 =
𝑃−𝑃∞
0.5𝜌𝑈2 = Pressure coefficient
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𝐷 = Drag (N)

𝑓1, 𝑓2 = Player objective functions

𝑔 = generation (an iteration in a GA optimization problem)

𝑙 = Length (m)

𝐿 = Lift (N)

𝑁 = Nash Equilibrium

𝑝1, 𝑝2 = Player strategies

𝑃 = Static pressure (Nm−2)

𝑃∞ = Freestream static pressure (Nm−2)

𝑞 =
𝜌𝑈2𝑆
2 = Dynamic pressure

𝑅𝑒 = 𝑈𝑙/𝑣∞ = Reynolds number

𝑆 = Wing planform area (m2)

𝑆𝑡 = 𝑓 𝑙/𝑈 = Strouhal number ( 𝑓 is frequency of vortex shedding)
−→
𝑈 = Air velocity vector (ms−1)

𝑣∞ = Freestream kinematic viscosity (m2s−1)

�̃� ∝ 𝑆𝑑2 = Eddy viscosity (m2s−1)

𝛼 = Angle of attack (◦)

𝛽 = Pitching angle (◦)

𝛾 = Forewing stroke angle (◦)

𝛿 = Hindwing stroke angle (◦)

𝜌 = Air density (kgm−3)

𝜏 = Rate of strain tensor

𝜙 = Total flapping angle (◦)

𝜓 = Tandem wing phase angle (◦)

𝜔 = Magnitude of vorticity (rps)

Ω = Vorticity tensor

I. Introduction
Since the beginning of time, man has been intrigued by the phenomenon of natural flight. Earliest recorded evidence

of engineering designs related to a natural flier were the hand drawings of Leonardo da Vinci’s ornithopter in 1485.

Later, Rayleigh’s [1] report on soaring flight of birds, followed by Walker’s [2] quantitative analysis of avian flapping

flight were the most satisfactory published research on this topic. Ellington on the other hand, elaborately explained
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the insect-flight aerodynamics in a series of publications [3–5]. Generally, lift in flight is determined by wings, that

deliver the high aerodynamic efficiency particularly in tandem configuration seen on locusts and dragonflies [6–9].

There has been an extensive research focus on tandem wings using various numerical, theoretical, and experimental

methods to better understand the underlying physical features facilitating their superior flight performance. Among

others, Koehler et al. [10] demonstrated an experimental analysis of a dragonfly wing deformation by three-dimensional

reconstruction of the insect’s wings. Similarly, [11–14] digitized insect wings to investigate the effects of corrugation on

the aerodynamic performance.

Although they all agree that these effects are minimal, Murphy & Hu [15] provide further bolstering evidence on the

superiority of insect wings as compared to the conventionally smooth-surfaced airfoils by measuring the flow field and

vortex formation using low-speed windtunnel and digital particle image velocimetry system. These advantages include;

independence of flight performance with regards to higher Reynolds number, and achievement of high maneuverability

using morphing geometry [16–19]. Furthermore, Levy & Seifert [20] demonstrate a detailed study on the influence of

geometrical features of a simplified corrugated dragonfly wing at low Reynolds number (𝑅𝑒 <8000).

However, dragonflies are not the only tandem winged insects with concealed aerodynamic characteristics, locusts are

also mysterious enough to inspire researchers’ from different domains such as computer scientists working on collision

avoidance systems and swarming behavior [21–23], and aerodynamicists trying to achieve endured gliding capabilities

and enhance long-range flights [24]. Since mid-20c, researchers have been compelled by these traits indeed. One of the

most complete reviews on locust’s steady flight aerodynamics is presented by Weis-Fogh [25] in 1956. He determined

the averaged flapping angle amplitudes as 67◦ and 109◦ in forewings and hindwings, respectively, and concluded that the

former controls flight in locusts. Although validations were not provided, later, Jensen [26] measured the stroke-averaged

lift and drag generated by locusts tethered to a force balance in a wind tunnel, simultaneously recording the wing-tip

motion using stroboscopic slow-motion filming. Ultimately, he confirmed that the magnitude of the aerodynamic

forces are of the same order of inertial forces in both vertical and horizontal directions. Few decades later, with the

development of high-speed filming, Cloupeau et al. measured the locust’s wing deformation and instantaneous lift [27].

With the development of modern day technology, advanced experiments on locust wing aerodynamics unveiled much

precise understanding of damping and instantaneous forces acting on locust wings [28, 29].

Despite the tremendous contributions of these researchers on the aerodynamics and kinematics of locust flight, we

are yet to unveil the great potentials of this insect in conserving energy on long-range flights facilitating their distant

travels [14, 24, 30]. This phenomenon is of great significance especially for natural fliers with a limited supply of food.

One notable factor directly contributing to this extreme energy conservation regimen is the reduction in flapping and

hence, gliding. Gliding is most famously exhibited by locusts that cross the Red Sea strait in swarms regularly. They

reportedly crossed the Atlantic Ocean in ten days during the 1987-1989 plague [24].

Although continuous attempts are made to better understand the locust gliding by elucidating its aerodynamic
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footprint [14, 31–33]. However, the complex deciphering of physiology and behavior of biological beings pose massive

limitations in achieving satisfactory biomimetic results. Therefore, in this paper we propose an alternative by optimizing

the readily digitized geometries of a locust wing cross-section profiles (airfoils) to overcome the intricacies involved in

the precise digital reconstruction of invertebrates. Although there have been other alternative solutions such as energy

extraction of plunging and pitching tandem wings [17], or the fusion of wing morphology and kinematics to enhance

aerodynamic performance [34, 35]. Yet, there are no systematic approaches capable of yielding the desirable insect-level

gliding ratio. This study aims to fulfill this gap by parameterizing the geometry of digitized locust airfoils into a precise

mathematical form. To achieve this, there is a spectrum of available schemes reviewed in [36]. Commonly implemented

parameterization are Hicks-Henne shape functions, Bezier curves, and B-splines. However, these are conventional

methods with limited flexibility that may not satisfy the radical nature of the corrugated insect airfoils. Therefore,

a more physically-intuitive scheme called the PARSEC parameterization [37, 38] is selected to serve our objective.

Although certain level of adaptation is required, it is possible to transform our airfoils into a linear combination of 11

major parameters expressing its geometry as unknown base functions such as abscissa, angle of incidence, thickness,

edge radius, etc.

Next, a similarly flexible shape optimization methodology is required to complement the afore mentioned

parameterization scheme in realizing the ultimate goal of simultaneously and non-cooperatively optimizing multiple

functions as usually demanded in enhancement of aerodynamic performance where lift and drag are directly proportional

and heavily correlated. Among other popular techniques, [39] proposed the Particle Swarm optimization (PSO) that

is based on the swarming of natural fliers. The method being inspired by the evolutionary programming techniques,

initializes its population through random dispersion of particles with each particle retaining a personal record of its

position, hence acquiring fitness from an optimization perspective. Sequential Quadratic Programming (SQP) on the

other hand, is an iterative non-linear optimization technique, generally applicable to problems with twice continuously

differentiable constraints and objective function [40]. However, standard Pareto Genetic Algorithms (GAs) introduced

by Goldberg in 1989 [41], are usually implemented for multiple objective optimization problems similar to the one in

this research. This method is further developed by Srinivas [42] and widely implemented in a range of applications.

Nevertheless, use of mating or sharing constraints limits the Pareto ranking’s cooperative nature. This is resolved

in Nash’s GA [43] that originates from Game Theory and Economics. It proposes non-cooperative multi-objective

optimizations particularly satisfying our application where distinct design variables are involved.

To summarize, this study performs a 2D computational fluid dynamics analysis on the locust wing profiles (airfoils)

to illustrate their basic aerodynamic performance (lift-drag ratio). These airfoils are later optimized using a novel

combination of PARSEC-Nash-GA methodology described in detail. A comparative study considering the peer-models

from the published literature validates the proposed optimized airfoils which are then integrated to form a 3D wing using

digitized planform contours of the locust wing. Ultimately, the original as well as the optimized wings are subjected to a
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comprehensive 3D CFD analysis on a powerful cloud computing solution validating their aerodynamic performance

numerically. This serves as a prerequisite for finalizing the digital wing model for further fabrication and prototyping

introduced in our future study.

II. Wing Model
This study focuses on the gliding-expert insect, a desert locust (Schistocerca gregaria) shown in Figure 1(a). Six

active and healthy (undamaged wings) farm bred adult female specimen were procured from an insect farm near

Cangzhou, China. Taylor’s method was followed in cementing the wing roots of the locusts in gliding posture using

high viscosity Cyanoacrylate [44]. Fixed wings were later sectioned along chord at 20%, 40%, 60%, and 80% spanwise,

to be primed for geometrical digitization. Thickness of the fore- and hindwings were found to be variable due to

venations ranging from 2 to 3 `m. The pseudo-microscopic scanning of the cross-section profiles were performed by

carefully placing the sectioned wings in a lightbox fixed with a mirrorless Sony Alpha A6000 SLR camera armed with

an AmScope 45x stereo microscope.
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Fig. 1 Graphical representation of the locust wing sectioned along chord at 20%, 40%, 60%, and 80% spanwise
from wingroot. (a) illustration of the sectioned wings, and (b) 2D CAD fore- and hindfoil geometries representing
locust airfoils.

Our digitized profiles were validated against the locust-airfoil geometries recorded by Walker et al. [31], in a smoke

flow visualization experiment. As shown in Figure 1(b), the CAD-based geometries of the wing profiles extracted from

the recorded image files closely correlate with the observations from literature [31]. These geometries are primed for

2D CFD simulations without alterations and modification at this stage. It must be noted that this study mainly focuses

on the development of an optimal gliding wing prototype, hence in accordance with the related literature [13–15], the

effects of insect body and thickness variations due to wing venations are assumed negligible.

Additionally, the wings in all three directions (front, top, and side) were recorded prior to sectioning in order to

facilitate a pseudo-microscopic 3D reconstruction of the wings involving every crucial detail such as corrugations and
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fore-hindwing transverse & longitudinal spacing. Ultimately, to form the 3D wing structure in SolidWorks, a thin

solid boss section was swept through the wing cross-section profiles (chord) at 20%, 40%, 60%, and 80% spanwise

represented as 0.2b, 0.4b, 0.6b, and 0.8b, where b is the wingspan along the contour (guide curve) defined by the locust

wing planform shown in Figure 1(a).

A. Numerical Methods

The 2- and 3D numerical studies are developed here as a test bed to endorse our proposed wing optimization

methodology and its effectiveness that shall further facilitate prototyping of bio-inspired artificial wings for flying micro

robot applications. Here, the airfoil and wing thicknesses are standardized to 0.02% mean chord length acting as rigid

bodies similar to the published models [14, 45]. In contrast to the literature [35, 46] however, our access to a powerful

computing engine with 96x 3.4GHz Intel Kabylake cores processing on 360GB of RAM sponsored by the Google Cloud

Platform, facilitated an accurate 3D CFD analysis on a detailed and high-resolution corrugated digital locust wing.

For a successful fluid mechanics simulation, configurations such as compressibility and nature of flow, flight regime

deciding Reynolds number (𝑅𝑒), domain size, and boundary conditions must be clearly defined. Most insects fly at

lower subsonic flight regime, to which locust is no exception. Hence, nature of the fluid flow around its wings remains

turbulent and incompressible solved with a pressure-based solver. A volumetric flow field at low Reynolds number is

mostly governed by the 3D Navier-Stokes equations [47], with the Reynolds number itself calculated as, 𝑅𝑒 = 𝑈𝑙/𝑣∞,

where 𝑙 is the characteristics length, 𝑣∞ is the freestream kinematic viscosity, and
−→
𝑈 = (𝑈𝑉𝑊) is the velocity vector of

the fluid. Furthermore, the lift force that is perpendicular to the direction of fluid flow (x-axis in this case) is calculated

as 𝐶𝐿 = 2𝐿
𝜌𝑈2𝑆

, drag is 𝐶𝐷 = 2𝐷
𝜌𝑈2𝑆

, and the pressure coefficient given by 𝐶𝑃 =
𝑃−𝑃∞
0.5𝜌𝑈2 , where, 𝜌 is the fluid density, 𝐿 is

the lift, 𝐷 is the drag on the airfoil, 𝑆 is reference area (for airfoil; 𝑆 = 𝑐(1) = 𝑐), and 𝑃∞ is the freestream pressure.

Gliding flight is ideally associated with a laminar flow, however, natural fliers are exceptions due to their wing

corrugations and intermittent flapping that creates sustained turbulence [48] defined here separately for 2- and 3D

wing as, (a) the Spalart-Allmaras model [49] solving Reynolds-averaged Navier-Stokes (RANS) equations for the 2D

analysis, and (b) the Spalart-Allmaras Delayed Detached Eddy Simulation (SA-DDES) model for the 3D wing. The

Spalart-Allmaras turbulence model is given as,

𝜕�̃�

𝜕𝑡
+ 𝑢 𝑗

𝜕�̃�

𝜕𝑥 𝑗

= 𝑐𝑏1 (1 − 𝑓𝑡2)�̃��̃� −
[
𝑐𝑤1 𝑓𝑤 − 𝑐𝑏1

^2
𝑓𝑡2

]
(
�̃�

𝑑

)2
+ 1
𝜎

[
𝜕

𝜕𝑥 𝑗

(
(𝑣 + �̃�) 𝜕�̃�

𝜕𝑥 𝑗

)
+ 𝑐𝑏2

𝜕�̃�

𝜕𝑥𝑖

𝜕�̃�

𝜕𝑥𝑖

] (1)

where 𝑣 is the molecular kinematic viscosity and �̃� obeys the transport equation, 𝜔 is the magnitude of vorticity, 𝑑 is the

distance to the closest wall, and 𝑐𝑏1, 𝑐𝑏2, ^, and 𝜎 are constants.
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The relation between the transport variables, �̃� and �̃� is given as;

�̃� = 𝜔 + �̃�

^2𝑑2
𝑓𝑣2, 𝑓𝑣2 = 1 −

𝜒

1 + 𝜒 𝑓𝑣1
(2)

It can be noted that wall boundary condition is �̃� = 0 for freestream flows. Detailed definition of all the terms, derivations,

and the magnitude of the constants are described in the literature [49].

However, for the 3D wing turbulence, Spalart et al. modified the above model by Detached Eddy Simulation (DES)

formulation where the wall distance 𝑑 was replaced by the modified distance function given as,

𝑙𝐷𝐸𝑆 = 𝑚𝑖𝑛(𝑑, 𝐶𝐷𝐸𝑆Δ),Δ = 𝑚𝑎𝑥(Δ𝑥,Δ𝑦,Δ𝑧) (3)

where Δ is the filter width in large eddy simulations and 𝐶𝐷𝐸𝑆=0.65 is an empirical constant. The S-A model contains

both a destruction as well as a production term that when balanced, adjusts the eddy viscosity �̃� to scale with the

local deformation rate 𝑆 and 𝑑 deriving the relation, �̃� ∝ 𝑆𝑑2. The fundamental goal behind Delayed Detached Eddy

Simulation (DDES) is to calculate a scale in DES (𝑙𝐷𝐸𝑆) that shall delay the switching of RANS to LES mode near the

boundary layer.

Solver methods and schemes for spatial discretization and pressure-velocity coupling are selected as second order

upwind and pressure implicit with splitting of operator (PISO), respectively. To bolster the simulations, further temporal

accuracy for the solutions are obtained using two-step implicit expression law involving an extra time-step on all

iterations. Initial conditions are selected to be uniform according to the inlet fluid flow with numerical accuracy set to

triple-precision.

B. Boundary Conditions and Discretization

The initial step for an intuitive simulation study is to create a computational domain and discretize it for the solver

engine. Here, we propose a CO- and CV-type domains that are sufficiently large to enclose the locust airfoils and wings,

respectively. CO and CV are the notations usually used to describe the shape of computational domains in CFD. The

2D domain is described in [50], however, the volume mesh for our 3D wing is seen in Figure 2 measuring 15c (wing

chord length) in both vertical and horizontal directions. The main objective of these strict dimensioning is to reduce the

domain wall influence on the flow field around the test subject and the turbulence models defined. The inlet condition

is set as the dome shaped face opposite to the wing leading-edge (LE), and the outlet is set as the flat face opposite

to the wing’s trailing-edge (TE). The wing itself is considered as the subject wall in a gliding posture defined in the

later sections. The Reynolds number (𝑅𝑒) for all the CFD simulations in this study is determined using the relation

(𝑅𝑒 = 𝑈𝑙/𝑣∞), where the freestream kinematic viscosity (𝑣∞) is calculated by dividing the dynamic viscosity of the
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Fig. 2 Schematic representation of the 3D meshed locust wing within a hybrid CV-type computational domain
setup with the related boundary conditions.

fluid with its density. Also, 𝑅𝑒 remains within the range of 10,000 to abide by the locust’s relatively low flight velocity

also defined in the literature [14, 20].

Furthermore, well-calibrated volume grids are generated for the computational domain using ANSYS meshing.

This is shown in Figure 2 where the CV-type domain encloses the digitized locust wing with an approximately 108

million elements mainly concentrated near the boundary layer and critical regions such as the corrugations to obtain a

satisfactory orthogonal quality. This was achieved with the help of our hybrid design CV-type domain that featured

a V-shaped geometry enclosing the wings with a small separation that acted as the body-of-influence to obtain local

element size smaller than 0.3mm. Using this domain at 𝛼 = 0◦ and 𝑅𝑒 = 7000, the coefficient of drag and lift converged

at 1.01×10−4 and 6.82×10−4, respectively. It must be noted that the angle of attack (𝛼) throughout this study is the

angle between the relative fluid flow and the chord (c) of the fore- and hindwing synchronized (i.e. angle of attack for

fore- and hindwing always remains same unless stated otherwise). Various sizes of grids were explored to determine the

most balanced trade-off strategy between the solution accuracy and mesh resolution. It was found that the grids with a

size below 0.3mm had an insignificant (less than 2.5%) effect on the converged aerodynamic forces.

III. Optimization Methodology
This study considers the digitized locust wing cross-section profile as a conventional fixed-wing airplane airfoil with

no special treatment contrary to the literature [14, 17, 35]. Therefore, a combination of pragmatic aeronautical-specific

optimization methodologies is proposed to enhance its aerodynamic efficiency. This combination is a hybridization of

Nash’s strategy with the bio-inspired Genetic algorithms (GA) accompanied by a PARSEC parameterization scheme
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validated against a published procedure [51] in terms of solution accuracy and computational efficiency. In particular,

the bio-inspired nature and the versatility of this scheme well accommodates our unconventionally shaped (corrugated)

airfoils. Ultimately, the optimized airfoils are integrated to form a whole-optimized bio-inspired digital wing.

A. Nash Genetic Algorithm

In the context of Game Theory, Nash introduced a non-cooperative multi-objective optimization methodology in

1951 [43]. He suggested the use of players as distinct objectives for an optimization problem (the game), where no

player can have an individual gain by changing their strategy unilaterally [52]. In a two player game, Nash’s equilibrium

𝑁 which is the ’optimized state’ is achieved when no further enhancement of criterion is possible by either of the players,

mathematically represented as,



Determine (𝑝1, 𝑝2) ∈ 𝑃1 × 𝑃2 such that

𝑓1 (𝑝1, 𝑝2) = min
𝑝1∈𝑃1

𝑓1 (𝑝1, 𝑝2) and

𝑓2 (𝑝1, 𝑝2) = min
𝑝2∈𝑃2

𝑓2 (𝑝1, 𝑝2)

(4)

where 𝑓1 and 𝑓2 are the objective functions (players), and (𝑝1, 𝑝2) ∈ 𝑃1 × 𝑃2 are their strategies defined in a

local domain. Particularly, 𝑝1 and 𝑝2 are each a group of variables defined by 𝑝1 = [𝛾1..., 𝛾𝑛], 𝑝2 = [[1..., [𝑚]. The

dimension of this group (𝑛, 𝑚) is defined in the parameterization stage later.

On the other hand, the second optimization method introduced in this study is the bio-inspired Genetic algorithms,

that is based on the concept of genetics and natural selection. Adaptive heuristic search approach is implemented in

this method where a generation representing an iteration of an optimization problem can evolve only if its members

(or players) have satisfied certain conditions which is either maximization or minimization of an objective or a cost

function, respectively [53]. A general composition of a GA is given as;

• a genotype that is a string of bits representing a population of individuals with an assigned finite size,

• a fitness function that is a measure of an individual’s fertility, and adaptability to the environment,

• a set of random genetic operators such as mutation, selection, and crossover.

Several salient merits of the GAs are; (a) compatibility with experimental or numerical data, (b) nature-inspired parallel

processing, (c) use of continuous or discrete variables, and (d) ability to handle large number of variables with complex

cost functions (surfaces in our application).

Having justified the suitability of Nash strategy and Genetic algorithms for our application, we hybridize the two

schemes similar to the work presented by D’Amato et al. [54, 55], where a two-player game strategy based on Nash

equilibrium that defines the two players’ set of variables as 𝑋,𝑌 whose real valued functions 𝑓1, 𝑓2 represent either

objective or cost function of the players. According to Fudenberg’s [56] adjustment process, players decide their

9



Converged?

Parameterise & 

Initialise Players (X,Y)

Start Tournament

Evaluate Player-1

      at

Nash Equilibrium (N)

Begin Generation g

Genetic Operation

(Mutate, Crossover, Recast)

Evolve Player-1

      at

No

N
ex

t 
G

en
er

a
ti

o
n

g+1

xx n
...

1

xx
g

n

g
...

11

1



Evolve Player-2

      at

Evaluate Player-2

      at

yy
m

...
1

yy
g

m

g

...
11

1



y
g

1

y
g

1

x
g

1

x
g

1

Yes

Fig. 3 Illustration of the process flow for the hybridized Nash-GA optimization algorithm.

intended outcome sequentially to make sure it is an improvement compared to their opponent’s latest outcome until

the Nash equilibrium state is reached which is also the converged solution. Following the notion from Genetics, this

solution is denoted as a chromosome which is a representation of a string, 𝑠 = 𝑦, 𝑥 where 𝑦 and 𝑥 are both a subset of

variables grouped as players (𝑝2, 𝑝1) within the metric space (𝑌, 𝑋), respectively.

Hence, we can conclude that the hybridized method can reach the state of equilibrium, 𝑁 , when the string, 𝑠 is

optimized by player-2 modifying 𝑦 with respect to 𝑓2 while 𝑥 is fixed, and player-1 optimizes the chromosome with

respect to 𝑓1 by fixing 𝑦 and altering 𝑥 [43]. Applying this procedure here as shown in Figure 3, player-1 optimizes 𝑥𝑔

using 𝑦𝑔−1 in order to evaluate the chromosome (𝑠 = 𝑥𝑔, 𝑦𝑔−1), while simultaneously, player-2 is optimizing 𝑦𝑔 using

𝑥𝑔−1 to evaluate its own chromosome (𝑠 = 𝑥𝑔−1, 𝑦𝑔).

Each player is assigned with a random population of individuals responsible for the execution of the optimization

process for that player. The matching outputs of individuals from each player are classified based on their fitness
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represented by 0 for draw, and -1 or 1 for lose or win, respectively.



if 𝑓1 (𝑥𝑔𝑖 , 𝑦𝑔−1) > 𝑓1 (𝑥𝑔−1, 𝑦𝑔𝑖 ), fitness = 1

if 𝑓1 (𝑥𝑔𝑖 , 𝑦𝑔−1) < 𝑓1 (𝑥𝑔−1, 𝑦𝑔𝑖 ), fitness = −1

if 𝑓1 (𝑥𝑔𝑖 , 𝑦𝑔−1) = 𝑓1 (𝑥𝑔−1, 𝑦𝑔𝑖 ), fitness = 0

(5)

And same holds for player-2 where only 𝑓1 is replaced by 𝑓2,



if 𝑓2 (𝑥𝑔𝑖 , 𝑦𝑔−1) > 𝑓2 (𝑥𝑔−1, 𝑦𝑔𝑖 ), fitness2 = 1

if 𝑓2 (𝑥𝑔𝑖 , 𝑦𝑔−1) < 𝑓2 (𝑥𝑔−1, 𝑦𝑔𝑖 ), fitness2 = −1

if 𝑓2 (𝑥𝑔𝑖 , 𝑦𝑔−1) = 𝑓2 (𝑥𝑔−1, 𝑦𝑔𝑖 ), fitness2 = 0

(6)

Such sorting criterion is precise and clearly groups individuals from population 2 on 𝑓2 and vice-versa, for an

equivalent value of fitness. Each player’s population undergoes common GA techniques such as mutations and crossover

once the parent chromosomes form their mating pool. A second sorting procedure is needed after this evolution process,

in order to classify the new population made of parents and offsprings together. The number of parts in a chromosome

is decided by the number of participating players. In this case, part one is generated by player-2 at generation 𝑔 + 1

using the player-1’s best value 𝑥𝑔 and the second part is generated by players-1 at generation 𝑔 + 1 using the player-2’s

best value 𝑦𝑔. This is repeated until the solution has converged or the terminal period limit reached, which is also called

as the Nash equilibrium (𝑁) state.

B. Nash GA-PARSEC Fusion

To proceed with the application of the above hybrid optimization technique, we must first transform the digitized

airfoil from its physical form into a mathematical one comprising of a number of variables defining its geometrical shape.

For this, we adapt Sobieczky’s [38] airfoil-specific parameterization technique which is fairly flexible and reliable. It is

based on the concept of representing an airfoil’s geometry as a linear combination of base functions that are unknown

with eleven major parameters associated with the well-identified shape attributes of an airfoil as shown in Figure 4, and

described in Table 1.

These parameters must be selected such that, upon solving them as a linear system, the final airfoil shape must be

determined. Mathematically, the formulation of PARSEC can be expressed as,

𝑣𝑡 =

𝑛=6∑︁
𝑖=1

𝑗 𝑖𝑡 .𝑢
𝑖−0.5, 𝑣𝑏 =

𝑛=6∑︁
𝑖=1

𝑗 𝑖𝑏 .𝑢
𝑖−0.5 (7)
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Fig. 4 Illustration of the PARSEC parameterization and Nash-GA hybridization; (a) PARSEC parameterization
adapted for a locust-inspired hindfoil (b) depiction of design variables and their level of dependency on each
player (𝐶𝐿 or 𝐶𝐷). Adapted with permission from [50].

Table 1 List and description of the PARSEC parameters corresponding to the bio-inspired airfoil’s defining
attributes

PARSEC GEOMETRY DESCRIPTION
𝑎1 𝑟𝑒 edge radius
𝑎2 𝑢𝑡 top crest horizontal position
𝑎3 𝑣𝑡 top crest vertical position
𝑎4 𝑐𝑡 top crest curvature
𝑎5 𝑢𝑏 bottom crest horizontal position
𝑎6 𝑣𝑏 bottom crest vertical position
𝑎7 𝑐𝑏 bottom crest curvature
𝑎8 𝑜𝑇𝐸 trailing edge vertical offset
𝑎9 Δ𝑜𝐻𝑊 profile thickness
𝑎10 𝛼𝐻𝑊 leading-edge angle of incidence
𝑎11 𝛽𝐻𝑊 trailing edge angle of incidence

where 𝑣𝑡 , 𝑣𝑏 are the vertical coordinate of the upper and lower surface, respectively, and 𝑢 is the chord-wise coordinate

normalized in [0, 1]. The coefficients 𝑗𝑡 , 𝑗𝑏 are determined using the 11 defined parameters as follows:

𝑙𝑡 × 𝑗𝑡 = 𝑘𝑡 , 𝑙𝑏 × 𝑗𝑏 = 𝑘𝑏 (8)

where the above coefficient matrices (𝑙𝑡 , 𝑙𝑏) and (𝑘𝑡 , 𝑘𝑏) are defined by separate matrices given as;

𝑙𝑡 =

������������������������

1 1 1 1 1 1

𝑎
1
2
2 𝑎

3
2
2 𝑎

5
2
2 𝑎

7
2
2 𝑎

9
2
2 𝑎

11
2
2

1
2

3
2

5
2

7
2

9
2

11
2

1
2𝑎

− 12
2

3
2𝑎

1
2
2

5
2𝑎

3
2
2

7
2𝑎

5
2
2

9
2𝑎

7
2
2

11
2 𝑎

9
2
2

− 14𝑎
− 32
2

3
4𝑎

− 12
2

15
4 𝑎

1
2
2

15
4 𝑎

1
2
2

63
4 𝑎

5
2
2

99
4 𝑎

7
2
2

1 0 0 0 0 0

������������������������

(9)
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𝑘𝑡 =

��������������������

𝑎8 + 𝑎9
2

𝑎3

tan(𝑎10 − 𝑎11
2 )

0

𝑎4√
2𝑎1

��������������������
, 𝑘𝑏 =

��������������������

𝑎8 − 𝑎9
2

𝑎6

tan(𝑎10 + 𝑎11
2 )

0

𝑎4√
2𝑎1

��������������������
(10)

where coefficient matrices 𝑘𝑡 and 𝑘𝑏 differ by 𝑎3/𝑎6 and an addition/subtraction operation whereas, the matrices 𝑙𝑡 and

𝑙𝑏 simply vary by a subscript ‘5’ in eq. 9, i.e. all the 𝑎2s become 𝑎5 for the 𝑙𝑏 matrix.

The implementation of this non-cooperative multiple objective optimization process facilitates a simultaneous

maximization/minimization of two separate functions called players. Here, the two players represent the coefficients of

drag and lift that are assigned with different physical Design Variables (DVs) as shown in Figure 4(b). Each player (𝐶𝐿 &

𝐶𝐷) has certain level of dependency on different DVs that is schematically illustrated in Figure 4(b), and interpreted as;

player-2 (𝐶𝐷) majorly dependent on leading-edge (LE) angle of incidence (𝛼𝐻𝑊 ), LE radius (𝑟𝑒), and profile thickness

(Δ𝑜𝐻𝑊 ), while player-1 (𝐶𝐿) mainly depends on trailing-edge (TE) angle of incidence (𝛽𝐻𝑊 ), TE vertical offset (𝑜𝑇𝐸),

lower crest curvature (𝑐𝑏), and the top crest curvature (𝑐𝑡 ). Several DVs on the other hand, are equally influential on

both players. These are, the top and bottom crest horizontal positions (𝑢𝑡 , 𝑢𝑏), and the vertical positions of top and

bottom crests (𝑣𝑡 , 𝑣𝑏). However, two parameters being the profile thickness (Δ𝑜𝐻𝑊 ) and the TE vertical offset (𝑜𝑇𝐸)

remain unaltered to reduce the computational cost of the algorithm.

In order to evaluate the Nash equilibrium (𝑁) with different strategies, we must consider all combinations possible

for a PARSEC parameterization. However, to limit the overextension of this paper, assignment of common Design

Variables (cDVs) are prioritized to deduce sixteen combinations possible, calculated as,

𝐶𝑛=4, 𝑝=2 =
∑︁
𝑖∈𝑛0

𝑛!
𝑖!(𝑛 − 1)! = 16 (11)

where 𝑝 is the number of players, 𝑛 is the number of common DVs (𝑣𝑏, 𝑣𝑡 , 𝑢𝑡 , and 𝑢𝑏), and 𝑛0 = [0, ..., 𝑛]. Table 2 lists

all sixteen strategies (combinations) composed of different common DV assignments. It must be noted that each player

is assigned only with its corresponding highly influential DV. Additionally, we reduce the evaluation process further by

classifying the strategies into 5 groups of; 4L-0D, 3L-1D, 2L-2D, 1L-3D, and 0L-4D, where ’L’ and ’D’ represent

players 1 and 2 (i.e. lift and drag), and the numerical prefixes indicate the number of common DVs assigned to their

corresponding player.
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Table 2 A list of combinations for input Nash-GA based variables

Combination Player-1 (𝐶𝐿) Player-2 (𝐶𝐷)
(strategy) 𝑐𝑡 , 𝑐𝑏, 𝑜𝑇𝐸 , 𝛽𝐻𝑊 𝑟𝑒, Δ𝑜𝐻𝑊 , 𝛼𝐻𝑊

1 𝑣𝑡 , 𝑢𝑏, 𝑣𝑏 𝑢𝑡

2 𝑣𝑡 , 𝑢𝑏 𝑢𝑡 , 𝑣𝑏
3 𝑣𝑡 , 𝑣𝑏 𝑢𝑡 , 𝑢𝑏
4 𝑣𝑡 𝑢𝑡 , 𝑢𝑏, 𝑣𝑏
5 𝑢𝑏, 𝑣𝑏 𝑢𝑡 , 𝑣𝑡
6 𝑢𝑏 𝑢𝑡 , 𝑣𝑡 , 𝑣𝑏
7 𝑣𝑏 𝑢𝑡 , 𝑣𝑡 , 𝑢𝑏
8 - 𝑢𝑡 , 𝑣𝑡 , 𝑢𝑏, 𝑣𝑏
9 𝑢𝑡 , 𝑣𝑡 , 𝑢𝑏, 𝑣𝑏 -
10 𝑢𝑡 , 𝑣𝑡 , 𝑢𝑏 𝑣𝑏

11 𝑢𝑡 , 𝑣𝑡 , 𝑣𝑏 𝑢𝑏

12 𝑢𝑡 , 𝑣𝑡 𝑢𝑏, 𝑣𝑏
13 𝑢𝑡 , 𝑢𝑏, 𝑣𝑏 𝑣𝑡

14 𝑢𝑡 , 𝑢𝑏 𝑣𝑡 , 𝑣𝑏
15 𝑢𝑡 , 𝑣𝑏 𝑣𝑡 , 𝑢𝑏
16 𝑢𝑡 𝑣𝑡 , 𝑢𝑏, 𝑣𝑏

IV. Results
The Nash-GA based optimization method proposed in this study is used to improve all the digitally-reconstructed

airfoils inspired by the real locust fore- and hindwing. The optimized as well as the unoptimized airfoils are integrated

to form two 3D wings for further aerodynamic analysis. Therefore, to extend the scope of this study, performance of the

wings along with one of the airfoils (0.2b) is discussed in detail.

Contrary to the literature [14], here the optimization and fluid dynamic studies are performed on the airfoils in

tandem configuration to take the aerodynamic interaction of fore- and hindfoils into consideration. The original

PARSEC parameters for all the airfoils are collectively reduced by 25% as an attempt to optimize them uniformly

without aerodynamic and geometric constraints. Also, due to radical nature of the geometries and DVs involved in this

study, a one-size-fits-all automated procedure may not be implemented. Therefore, the entire optimization process is

operated and monitored manually on an individual-case basis.

A series of 2- and 3D computational fluid dynamics modeling is performed in this section to explore the aerodynamic

performance of the two wings and airfoil, 0.2b. The fluid flow is viscous, steady, and incompressible at different

angles of attack flowing with a velocity, 0.6-6 ms−1 (𝑅𝑒 = 7000). Furthermore, the study involves both qualitative and

quantitative analysis to perform an exhaustive evaluation against the original wings and the literature. With the help of a

conventional airfoil (NREL S809) [51], the proposed optimization algorithm is validated prior to implementing it on our

bio-inspired wing cross-section profiles. This validation is graphically represented in Figure 5(a), where an evident link
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Fig. 5 Graphical representation of the Nash equilibria for a two player optimization determined as a set of
points plotted for (a) a conventional NREL-S809 airfoil, and (b) a locust-inspired digitized airfoil (0.2b). Adapted
with permission from [50].

is formed between the obtained points for the Nash equilibria set. In contrast to the conventional smooth-surface airfoils,

the established links for bio-inspired airfoils are inversely proportional, that is each player with the maximum number of

common DVs assigned, would achieve the least objective. Therefore, a set of Nash equilibria points are obtained for

the locust-inspired digitized airfoils. The points are clustered in two widely spread zones called SG-2 and SG-1 with

combinations delivering maximum drag/minimum lift and maximum lift/minimum drag, respectively.

This is graphically represented for the sample locust airfoil at 0.2b in Figure 5(b) facilitating a convenient

establishment of a fine trade-off strategy between the two players. It is evident from the graph that the locust airfoils

are much similar to a conventional smooth-surface airfoils in terms of achieving minimum drag and maximum lift

when a strategy has most of its cDVs assigned to the player-2 or 1, respectively. This validates the proposed Nash-GA

based bio-inspired optimization algorithm applied on the corrugated locust-inspired digitized airfoils in this study.

Nevertheless, a comprehensive performance evaluation presented in the following section is necessary to explore the

full potentials of this methodology in the biomimetic aircraft industry.

A. Aerodynamic Forces

Initially, we proceed with the quantitative study of the locust wing aerodynamic performance. The numerical data

involved are basically the lift and drag coefficients (𝐶𝐿 & 𝐶𝐷) that are crucial aerodynamic characteristics of a wing in

general. It is found that the locust-inspired airfoils prior to optimization, are already better performing with a large

margin compared to the same airfoils from the published research [14]. This difference in aerodynamic performance

(gliding ratio) exceeds 600% which is speculated to be due to peer model’s extremely curved profiles especially in the

case of forefoils (extended top crest vertical position) that may cause the steep elevation of induced drag. Contrary to

the reported bio-inspired airfoil performances at low 𝑅𝑒, our digitally reconstructed locust airfoils are comparable to
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their smooth-surfaced conventional counterparts from the aircraft industry. As an example, considering the highest

achievable aerodynamic efficiency (gliding ratio) for the locust-inspired airfoil at 20% spanwise (0.2b) plotted on the

graph in Figure 6(a), is 40% smaller than NACA 0012’s best performance ([𝑎 =25.69) at 𝛼 = 5◦ and 𝑅𝑒 = 50, 000, and

75% greater than the best efficiency ([𝑎 =8.7451) determined for a conventional slow-flight Gottingen 501 airfoil at

𝑅𝑒 = 50, 000 and 𝛼 = 4◦, with a maximum thickness of 12.8% at 30% chord and maximum camber of 6.3% at 50%

chord [57]. Also, at low 𝑅𝑒 the stall margin remains within the range of 2-4◦ for both the corrugated airfoils as well as

the conventional ones. Considering the difference in 𝑅𝑒 values further proves the exceptional performance of these

bio-inspired airfoils for slow-flight applications.
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Fig. 6 Graphical plot of the gliding ratio ([𝑎) for; (a) locust-inspired digitized airfoils at 20%, 40%, 60%, and
80% spanwise, and (b) the optimized and unoptimized 3D wings at different angles of attack with 𝑅𝑒 = 7000.

The optimized locust-inspired airfoil at 20% spanwise (0.2b-opt) on the other hand, delivers a 77% improved

performance (gliding ratio) when compared to its unoptimized counterpart at zero degree angle of attack. This reiterates

the afore mentioned claim that the improvement of a player’s performance is heavily dependent on the number of cDVs

assigned to it. Therefore, the airfoils with minimum drag (most cDVs for player-2) are well streamlined with a sharper

tip and a slimmer profile, whereas the airfoils with maximized lift (most cDVs for player-1) possess longer suction

portions with thicker profiles. This necessitates the establishment of a balanced trade-off strategy between the two

players to achieve maximum lift without compromising much on the drag. Comparing the performance of all the airfoils

from all the strategies, strategy-1 airfoil resulting from the 1L-3D group (SG-1 zone) best delivers such balanced design

trade-off. With a lift coefficient of 0.2781 at a negligible 0.0171 drag, indicates that strategy-1 is mainly focused on drag

reduction to enhance the airfoil’s aerodynamic efficiency. This is due to the limited possibility of raising lift coefficient

beyond 4% by any of the strategies. Hence, the strategy-1 with maximum decrease in drag (25%) succeeds.

Similarly, precise trade-off strategies were established for all the airfoils, producing a bio-optimized bio-inspired

locust tandem wing, whose performance is compared to the bio-inspired 3D wing performances in the literature

[46, 58, 59], shown in Figure 6(b). Both the original and the optimized wings deliver higher gliding ratios at lower
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Fig. 7 Graphical representation of the 3D reconstructed locust wing. (a) original (upper) and the strategy-1
(lower) wings superimposed, (b) 3D wing orientation parameters to define locust wing gliding posture.

angles of attack by a factor of 7x. However, the Nash-GA optimized wing as a whole delivers 14% improvement

compared to its unoptimized version at 𝑅𝑒 = 7000 and 𝛼 = −5◦. Nevertheless, the analysis of the 3D wings did not

involve geometry scaling and the wings were positioned in the gliding posture described above. Therefore, a definitive

conclusion on the performance can only be achieved in an experimental evaluation (PIV measurement) of the fabricated

prototypes [60].

The digitally reconstructed locust-inspired 3D wing and its strategy-1 optimized counterpart are superimposed

and illustrated in Figure 7(a). The 25% reduction in common DV’s is visually evident in the figure where changing

𝑣𝑡 = 1.184, 𝑣𝑏 = 0.231, and 𝑢𝑏 = 1.464 to 𝑣𝑡 = 0.888, 𝑣𝑏 = 0.1738, and 𝑢𝑏 = 1.098 has resulted in further profiling

(streamlined) of the external geometry while limiting the available suction regions on the Nash-GA optimized (lower)

wing. And due to the proportional profiling of the optimized wing, precipitous changes in corrugations gradually

decrease spanwise. On the other hand, Figure 7(b) illustrates the orientation parameters required to define gliding

posture of the locust wing. Here, we follow Baker’s observation of the real insect in gliding mode [61]. Where the wing

orientation is set as, (a) forewing; 𝜓1=5◦ in X-plane, 𝛾=-35.7◦ in Y-plane, 𝛼=-10◦ in Z-plane, and (b) hindwing; 𝜓2=9◦

in X-plane, 𝛿=-34.8◦ in Y-plane, 𝛽=-10◦ in Z-plane. The angles are set about the wingroot in the global XYZ coordinate

system.

B. Pressure (𝐶𝑃) Distribution

Pressure distribution over the airfoils and wings is mainly analyzed; to validate our digital reconstruction, optimization

process, and to determine aerodynamic effects of various regions (corrugations) on the flow field. As for the validations,

Bernoulli’s principle is satisfied for both the optimized as well as the unoptimized airfoils shown in Figures 9(a) and 8(a),

respectively. This is proven by a clear color distinction indicating higher (red) and lower (blue) gradients of pressure
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spread over the bottom and top surface of the airfoil surface, respectively. Airfoils forming the wings here are previously

validated in [50]. As seen in Figure 10, the Bernoulli’s validation holds good for the 3D wings as well. There are plenty
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Fig. 8 Graphical representation of the pressure distribution across chord of a locust-inspired digitized airfoil
(0.2b) in a fluid flow at 5◦ angle of attack and 𝑅𝑒 = 7000; (a) contour of the pressure coefficient with streamtraces
indicating flow direction, and (b) quantitative distribution of the pressure coefficient over the chord of our
bio-inspired 0.2b versus NACA0012 airfoil.

of geometry related factors that influence the pressure distribution over a wing, namely; camber, thickness, aspect ratio,

chord etc. To identify each of these parameters’ significance and level of influence, we plot the 𝐶𝑃 distribution over

the wing chord quantitatively as shown in Figure 8(b). This plot indicates the specific-influence of each region on the

fluid flow around our airfoil geometry. These regions are classified as local and global depending on their extent of

influence, namely; (a) fore and hindwing leading-edge and trailing-edge angle of incidence, strongly affecting the flow

separation, upwash, and reattachment of the corrugations slopes. Next, (b) wing-tip being the first point of contact with

the flow is a pivotal geometrical feature that must be rounded in contrast to the literature [46]), to achieve maximum

structured grids in this region. Furthermore, (c) trailing-edge of the hindwing is of even greater significance due to its
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Fig. 9 Graphical representation of the pressure distribution across chord of a locust-inspired optimized airfoil
(0.2b-opt) in a fluid flow at 2◦ angle of attack and 𝑅𝑒 = 7000; (a) contour of the pressure coefficient with
streamtraces indicating flow direction, and (b) quantitative distribution of the pressure coefficient over the chord
of our bio-inspired 0.2b versus its optimized counterpart 0.2b-opt airfoil.
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responsibility in generating a downwash that is directly associated with the overall generated lift. And if this section is

optimized effectively, lift force can be elevated without compromising drag similar to the conventional high lift devices.

Lastly, (d) fore- hindwing phase angle (𝜓) with the most significant role in deciding the fore- hindwing interactions, is a

crucial energy-recovery parameter that can be exploited in different configurations to further optimize the wing’s overall

performance. All of the above influential regions and contributing factors are accounted for during the optimization

process. From Figure 9(a), the path of streamtraces indicate that the flow around our optimized airfoil is more laminar

and the pressure distribution is more smoothly spread across the wing chord. This improvement is mainly credited to the

profiling of the wing corrugations and experimenting with the most optimum fore- hindwing phase shift angle (𝜓 = 4◦).

(a) (b)

Fig. 10 Graphical representation of the pressure coefficient contour across chord of the locust-inspired 3D wing
in a fluid flow at 5◦ angle of attack and 𝑅𝑒 = 7000; (a) original (unoptimized) wing, and (b) Nash-GA optimized
wing.

To visualize the 3D pressure coefficients for the digitized locust wings, we follow Baker’s determination of

this insect’s gliding posture [61] as described previously. Figure 10 illustrates the 𝐶𝑃 contour for the (a) original

(unoptimized), and (b) optimized locust-inspired digitized wings in gliding mode. The elevated contour lines seen in

10(b) proves a more distinct pressure difference between the upper and the lower surface of the wing when optimized.

Also, comparing the lower surface of the wings qualitatively in the figures, the optimized version demonstrates a more

uniform pressure distribution across the wingspan due to the subtle profiling of its corrugations as a result of 25%

PARSEC reduction.

C. Vortex Topologies

Here, the original as well as the optimized locust-inspired airfoils and wings are subjected to an incompressible

fluid (air) flow at 0.6 ms−1 (𝑅𝑒 = 7000) that is viscous and transient in nature. The 2- and 3D viscosity for the

vorticity analysis is defined by the four equation 𝑘 − 𝜔-based shear-stress transport (SST) turbulence model [62], and

the Spalart-Allmaras Delayed Detached Eddy Simulation (SA-DDES) model, respectively. A low-Reynolds number

correction (𝛼∗) that dampens the eddy viscosity, is introduced to facilitate execution of simulations fully-turbulent
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accommodating a transitional Reynolds number regime. Here, the eddy viscosity is defined by a six-equation Reynolds

Stress Model (RSM) that is reportedly the most complete physical representation of turbulent flows with a superior

ability to simulate and resolve flow separation and reattachments for low 𝑅𝑒 flows.

0.4b, t/T=1.0s 0.4b, t/T=1.1s 0.4b, t/T=1.2s 0.4b, t/T=1.3s 0.4b, t/T=1.4

0.6b, t/T=1.0s 0.6b, t/T=1.1s 0.6b, t/T=1.2s 0.6b, t/T=1.3s 0.6b, t/T=1.4

0.8b, t/T=1.0s 0.8b, t/T=1.1s 0.8b, t/T=1.2s 0.8b, t/T=1.3s 0.8b, t/T=1.4

Vorticity Magnitude

Fig. 11 Illustration of the vorticity contours for the locust-inspired digitized airfoils at 40%, 60%, and 80%
spanwise subjected to a fluid flow at 5◦ angle of attack and 𝑅𝑒 = 7000, sequentially displayed for timestamps 1.0
to 1.4s. Adapted with permission from [50].

Figure 11 graphically demonstrates the vorticity contours of different locust airfoils for five time-steps from left to

right starting at t/T=1.0s and ending at t/T=1.4s. If we consider a zero fore-hindfoil phase difference (𝜓 = 0◦) for the

unoptimized airfoil, two vortical interactions between the trailing-edge of the forefoil and leading-edge of the hindfoil is

formed and described as;

1) Leading-Edge Vortices (LEV): Depending on the hindfoil angle of attack, either a separation or a suction region

is formed within the gap between fore- and hindfoil that is a result of the passing LEV of the forefoil. These

interactions are negligible due to the assumption of zero fore- hindfoil phase difference. However, should a major

suction or separation be induced, it may lead to an abrupt acceleration or stall, respectively.

2) The forefoil’s passing Trailing-Edge Vortices (TEV) on the other hand, interacts with the hindfoil’s leading-edge

to create mostly an adverse effect on the thrust. Strong TEV shedding leads to a major flow separation whose

energy must be alternatively harnessed to enhance the aerodynamic performance of the tandem wing as a whole.

From the above conclusions, it can be inferred that the fore-hindfoil phase difference (𝜓) and the TE/LE angles of

attack significantly influence the process of energy conservation and restoration which are fundamental in achieving

endured flights. For tandem wing fliers, it is common to implement such parameter adjustments for achieving improved

aerodynamic performances [17]. Hence, considering these properties during our Nash-GA optimization process further

validates and bolsters the results presented in this study.

Comparing the strategy-1 optimized airfoil at 20% spanwise (0.2b-opt) versus its unoptimized counterpart (0.2b)

in Figure 12, it is visually evident that the reduced PARSEC parameter (forewing top crest vertical position) at 75%,

results in the formation of a LEV coupled with an active TEV shedding that in turn induces a flow suction near the

hindfoil tip. This directly causes further acceleration and hence greater lift coefficient. Furthermore, it is qualitatively

evident that the trailing-edge vortices are almost eliminated for the optimized airfoils with only the uniformly shed

leading-edge vortices remaining within the flow field. These are collectively the contributing factors for the massive
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0.2b, t/T=1.0s 0.2b, t/T=1.1s 0.2b, t/T=1.2s 0.2b, t/T=1.3s 0.2b, t/T=1.4

0.2b-opt, t/T=1.0s 0.2b-opt, t/T=1.1s 0.2b-opt, t/T=1.2s 0.2b-opt, t/T=1.3s 0.2b-opt, t/T=1.4

Vorticity Magnitude

Fig. 12 Illustration of the vorticity contours for the unoptimized (0.2b) and optimized (0.2b-opt) locust-inspired
3D wings subjected to a fluid flow at 5◦ angle of attack and 𝑅𝑒 = 7000, sequentially displayed for timestamps 1.0
to 1.4s. Adapted with permission from [50].

(25%) reduction in drag coefficient of the Nash-GA optimized airfoils.

Digitised locust wings Nash-GA optimised locust wings

α = 0°

α = 30°

α = 10°

Fig. 13 Graphical representation of the vortex topologies visualized using 𝑄 = 3(−→𝑈/𝑙)2 [63]. Left column;
digitized locust wings and, right column; Nash-GA optimized wings gliding at three different angles of attack
𝛼 = 0◦, 5◦, 30◦ with 𝑅𝑒 = 7000.

Ultimately, the three-dimensional visualization of the wake vortex topologies seen in the Figure 13 is realized using
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Q-criterion [64] that defines vortices as spatial regions where,

𝑄 =
1
2
[|Ω|2 − |𝜏 |2] > 0 (12)

where 𝜏 = 1
2 [∇𝑣 + (∇𝑣)𝑇 ] is the rate of strain tensor, Ω = 1

2 [∇𝑣 − (∇𝑣)𝑇 ] is the vorticity tensor, and ∇𝑣 is the velocity

gradient tensor. Detailed derivation of the above equations are given in [64].

To represent coherent vortices, positive Q value emphasizes regions of high swirl compared to shear. As explained

earlier, the wing orientation is set according to Baker’s definition of locust gliding posture [61]. This setup adds +5◦ to

the wing’s effective angle of attack that is determined by the flow angle of incidence on the wing. It is evident that

the flow attachment occurs at lower angles of attack and as 𝛼 rises flow shedding increases. However, when carefully

observed, the optimized wings offer delayed shedding at elevated 𝛼 which might be due to its slightly streamlined

geometry. Also, vortex tubes are formed mainly at the forewing tips that further bolsters the hypothesis of tandem wing

configurations being considered as a single sweptback delta wing.

V. Conclusion
This study performs a 2- and 3D digital reconstruction of a gliding-expert insect’s (locust) wing to unveil the

underlying physiological phenomenon responsible for its incredible flight performance. A computational fluid dynamic

modeling of the simulated airfoils and wings suggested geometrical features such as corrugations and fore-hindfoil

phase angle to be liable for the high aerodynamic efficiencies obtained. Therefore, a novel bio-inspired optimization

methodology based on Nash-GA algorithm is proposed to further improve the configuration and geometries of the wing

profiles digitized. The process of optimization results in a set of Nash equilibria points facilitating the establishment of a

balanced design trade-off strategy hybridized with the conventional energy restoration methods to achieve a satisfactory

77% improvement of aerodynamic efficiency. However, the optimized airfoils when integrated to form a 3D wing,

delivered a 14% improvement when compared to its unoptimized counterpart. This bolsters the hypothesis suggesting

that locust’s endured gliding capability emanates from their fore-hindwing and peer-wing vortex interactions which is

due to their tandem wing configuration and swarming flight, respectively. Ultimately, future extension of this study [60]

focuses on novel fabrication methods to realize the digitized wing designs into prototypes maintaining the presented

numerically determined and optimized aerodynamic performance.
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