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Abstract. This paper presents the optimization of the external shape of a model wing obtained from samara

(maple seed) by means of biomimicry in order to improve its aerodynamic performance. Samaras, winged seeds

of maples, have drawn attention in biomimetic design because of their high lift and low drag properties and

autorotation capability. This makes them ideal for winged structures, which can operate in a wide range of wind

conditions. This study aims to demonstrate that a samara wing can be modified using mathematical modelling,

and different surface geometries can be created by making desired changes in the design parameters. Opti-

mization of the topography of a samara wing model is presented using the results of computational fluid

dynamics (CFD). The model wing was divided into three regions, and topography optimization was performed

in five steps. Intermediate forms and final forms of the model are presented together with the CFD results. The

final form of the model provided an aerodynamic performance increase of up to 28% depending on the angle of

attack. In addition, as a result of these improvements, the biomimetic wing has simpler design parameters and a

more applicable structure. These results suggest that aerodynamic performance can be enhanced by topography

study on a biomimetic wing.

Keywords. Wing aerodynamics; renewable energy; bio-inspiration; aerodynamic performance; Leading Edge

Vortex (LEV); turbines.

1. Introduction

Throughout history, humanity has always been influenced

by its environment. Especially for architects

and designers, the different forms, techniques and func-

tions of nature have been sources of inspiration [1, 2]. In

the field of aviation, air vehicles with gliding or flapping

wings, designed based on flying biological organisms, are

being developed at an increasing pace [3–6]. These designs

inspired by nature are called biomimetics, a term coined by

Schmitt. Historically, the most famous biomimetic concept

wing designs can be traced back to the dreams of Leonardo

da Vinci [7]. With the advancement of technology, scien-

tists’ inspiration from nature and the processes of imitating

nature have created a new scientific discipline [2]. Even

design and optimization algorithms inspired by nature have

been developed [8–10].

The concept of biomimicry is basically based on

understanding and interpreting the physical basis of a pro-

cess or adaptation found in nature, and then using these

principles to provide new techniques to solve a new engi-

neering problem [11–13]. One of these problems is the

effect of flow separation, which is the subject of aerody-

namics. Most designers focus on aerodynamic shape-ori-

ented designs to reduce high drag forces. However,

contrary to popular belief in some cases, nature shows the

opposite. The dorsal structures of leatherback turtles

(Dermochelys coriacea) exist in nature to create vortices

along the flow and delay flow separation [14]. In another

study, it was observed that the aerodynamic performance of

steam turbines operating at low loads decreased signifi-

cantly. One of the biggest reasons for this is flow separation

effects. Wu et al [15] conducted an improvement study

based on the fin of a humpback whale and analyzed the

peak and trough effects. In this way, they observed that the

impeller power of the bladed turbine with biomimetic

design increased by 7.8% compared to the original design.

Experiments in the wind tunnel showed that the ridges in

front of the humpback whale fins developed as a model

caused significant reductions in lift at high angles of attack.

Van Nierop et al [16] investigated the effects of stall delay

by increasing the amplitude of the ridges in the*For correspondence
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aerodynamically designed model. They found that the stall

delay is insensitive to the wavelength of the ridges, in

agreement with experimental observations.

Green Energy has gained significant value in line with

increasing global demand. Biomimetic airfoils fill a large

gap in this field. In a study by Montoya et al [17] a turbine

blade was designed inspired by bird wings of the Guillemot

(Uria aalge) species to improve turbine efficiency. Experi-

mental tests were performed with reference to the Betz

approach, and a higher lift-to-drag ratio was obtained at

lower speeds.

Chu [18] designed a new biomimetic design of a marine

current turbine inspired by the Dryobalanops aromatica

seed. Since the two main factors determining the perfor-

mance of marine current turbines are hydrodynamic per-

formance and steering capability, the design is based on

these two performance parameters. The studies were car-

ried out using open source OPEN FOAM software using

computational fluid dynamics (CFD) methods and the

hydrodynamic performance and steering characteristics of

the proposed biomimetic turbine were compared with some

conventional turbines in the literature. The results show that

the designed biomimetic marine current turbine provides

optimum output power. It was also found that the designed

biomimetic turbine produced significantly more torque

under the same boundary conditions compared to conven-

tional designs.

Samaras are one of the interesting examples used in

biomimetic designs. In particular, the superior autorotation

properties of samaras have made them popular in the fields

of wind turbine design, renewable energy technology, and

biomimicry [19]. In their experimental and numerical

study, Lv et al [20] focused on a biomimetic technique that

can be applied in a simple way to reduce the transonic

emissions from conventional wind turbine blades. As a

result, they found that the noise generated by the turbine

blades significantly reduced both the infrasound and the

overall sound pressure level.

In the study by Tangerman et al [21], the gliding capa-

bilities of hovering birds were analyzed with reference to

hovering birds. As a performance parameter, the minimum

cruise speed of a white stork is considered. The wingtip of

the white stork was designed in a computerized environ-

ment and tested using RANS and hybrid RANS-LES

computational methods. As a result, the results are in good

agreement with the literature. In this way, the analyses have

helped to understand the basic flow physics at the wingtip

of white storks and to analyze the aerodynamic effects at

the wingtip point in more detail and to analyze the vortex

effects.

One application area where bio-inspiration is being

widely studied is wind turbines. The review article by

Rtahod et al [9] presents bio-inspired designs of wind tur-

bines, along with a detailed description of the relevant bio-

organism and natural phenomenon, and classifies them for

future designs. Li et al [22] presented a multi-rotor design

with a biomimetic rotor configuration based on the optimal

combination of blade configuration and pitch. In this way,

they performed numerical simulations to determine the

optimum aerodynamic performance. Although most studies

in the literature focus on wing designs and their aerody-

namic performance, the effect of rotor configurations still

needs to be fully understood. A computational fluid

dynamics (CFD)-based study was carried out for a four-

rotor drone with a biomimetic design based on the criteria

of propeller tip distance, height difference, and pitch angle.

As a result, they observed that propeller tip distance and

height difference play an important role in improving flight

performance.

In another study, the production and experimental tests

of a mini-sized wind turbine designed with an innovative

approach were presented. Based on biomimetic methods,

the design optimizes aerodynamic efficiency at low Rey-

nolds numbers by using the shape and behavior of maple

samara. The turbine dimensions are 44 mm in diameter and

designed with the horizontal axis. The mini turbine tested at

wind velocities between 1.2 and 8 m/s, has shown one of

the highest performances in terms of efficiency and power

density compared to other mini wind turbines in the liter-

ature. It also has a wide range of air speeds in terms of

energy harvesting capability, with the lowest operating

velocity of 1.2 m/s [23].

Ulrich et al [24] designed prototype geometries inspired

by samara geometries and conducted a detailed experi-

mental study showing the similarities between mechanical

and robotic samara flight dynamics. Throughout the flight,

they observed that the path of the helical orbits of the

samara at the time of flight and the descent velocity varied.

They emphasized that the angular ratios of body roll and

pitch for different trajectories are linked to changes in wing

pitch, thus providing a control method. After these exper-

iments, inspired by the aerodynamic effects of biomimetic

samaras, they developed a robotic device that models the

autorotative property of the samara and offers the ability to

translate, ascend, and hover. They used a high-speed

camera-assisted motion capture system to evaluate the

aerodynamic performance of the device. As a result, it is

presented that the experimental system is suitable for this

type of research and provides a platform for testing various

wing efficiencies while studying wing structures.

Caliskan et al [25] determined the lift and drag force

coefficients of the M0 biomimetic model experimentally

and numerically at three different speeds and varying

angles of attack. It is also noteworthy that the data in their

experimental and numerical studies are in high agreement

with each other for each combination.

In addition to experimental studies, mathematical mod-

eling and optimization techniques are also used in the

development of wing shapes or air vehicles [26, 27].

Topology optimization, which offers large design freedom

and is used in a wide range of engineering fields, is also

applied to wing structures. Gomes and Palacios 2020
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proposed a two-step methodology to optimize external

shape and internal topology of airfoils. In the first step,

coupled fluid-structure interaction simulations are consid-

ered to minimize drag [28]. The second step is a stage that

solves the inverse design problem and produces a discrete

topology structure that responds identically to the fluid

loads. In another study, Gomes and Palacios 2022 applied

topology optimization to obtain a wing structure that

allowed mass reduction without loss of lift. The conserva-

tion equations for turbulent flow were solved together with

the structural strain equations to simulate the fluid-structure

interaction [29]. A wing structure constructed from a

combination of flexible and rigid material is proposed,

ensuring that the outer layer is never left unsupported.

A study on the simultaneous optimization of the external

shape and internal topology of wings to minimize drag is

presented by Høghøj et al [30]. The aerodynamic and

structural responses are modelled using the panel method

and the linear elastic finite element model, respectively. A

wing with NACA 2412 airfoil was used as a model. The

optimization method was applied for cases with and with-

out struts. For each case, only twist and both twist and

chord length were considered to optimise the wing shape.

Analysis showed that drag could ultimately be reduced by

up to 32%.

In recent years, numerical optimization techniques have

been widely used with the advances in computational

techniques and computers [31]. A general methodology for

delaying the dynamic stall of airfoils through aerodynamic

shape optimization has been proposed by Raul and Leifsson

[32]. The optimum airfoil shape was determined through

the use of data from computational fluid dynamics simu-

lations with the SST turbulence model. The results show

that the optimum airfoil shape delays the dynamic stall

angle by more than 3�. On the other hand, Abolpour et al
[33] have proposed a new approach to achieving minimum

drag through optimum shape design. They developed a

genetic algorithm combined with image processing for

shape optimization. The drag coefficient was obtained by

solving the conservation equations for the turbulent flow

around the obstacle at each improvement step. Verification

was carried out by comparing the computational results

with the experimental results.

In this study, a method for optimization of a biomimetic

wing is presented and applied for the first time. Based on a

wing model inspired by maple seed in the previous studies

[25], the proposed topographic optimization method is

applied in five steps and the improvement in aerodynamic

performance is examined at each stage. The results show

that significant improvement in aerodynamic performance

is achieved.

2. Numerical and experimental studies

A wing model (M0) inspired by maple seeds is considered

as the basic wing in this study. The aerodynamic perfor-

mance of this model was improved through a 5-stage

optimisation study. At each stage of the optimisation study,

the results of CFD analyses performed on the improved

model were used.

2.1 Numerical methods

Conservation equations of three-dimensional turbulent flow

were used in the flow modelling and these equations were

solved using Fluent software. Considering the performance

of the studies, the Shear Stress Transport (SST) k-x model,

which is a turbulence model with higher compatibility with

experimental data in confined flow, was selected as the

turbulence model to be used in this study.

The test section of the wind tunnel used in the experi-

mental study was modelled in the design software. In order

to perform the numerical analysis under the boundary

conditions of the experimental model, the wing model was

appropriately placed within this flow domain. These

boundary conditions are shown in the flow field in figure 1.

The geometry containing this flow field was designed

individually for each angle of attack and transferred to

Ansys for numerical analysis.

The volume around the wing, which can be seen in fig-

ure 1, aims to create finer meshes around the wing in the

flow field. In this flow field, where the tetra mesh structure

is used, the infiltration from the wing surface is also

defined. In this mesh structure, shown in figure 2; a section

taken from the A-A line (a) shows the general structure of

the meshes within the flow field (b) and the finer meshes

around the wing (c).

In this numerical study, the SIMPLE scheme was chosen

for the calculation of the steady state pressure fields with

the Second Order Upwind in order to obtain a high accu-

racy. Since experimental data were also used to verify the

converged numerical results, a three-dimensional solution

Figure 1. Boundary conditions in the computational domain
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field model suitable for the experimental system was cre-

ated for the CFD analysis. A tetrahedral mesh structure was

used to best represent the shape of the model in the flow

field. The mesh structure near the wing model becomes

denser towards the model in order to make the model

compatible with the surface topography.

The mesh independence study was carried out using

coarse, medium, fine and very fine mesh structures with

mesh element numbers of 850k, 1450k, 2400k and 5000k

respectively. When examining the changes in the perfor-

mance parameters, lift coefficient (CL) and drag coefficient

(CD), it was found that the change was at a negligible level

for mesh numbers greater than the medium mesh size, so

numerical analyses were carried out using 1450k meshes.

The average skewness parameter for the mesh used is

0.22 and the maximum skewness is less than 0.8. In addi-

tion, the grid convergence index (GCI) and the asymptotic

value were calculated for this grid as 0.16% and around 1,

respectively, which also shows that convergence occurs

asymptotically. In addition, to validate the numerical

results, the aerodynamic performance of the generated wing

models was measured experimentally for certain cases and

compared with the numerical results.

2.2 Experimental methods

Experimental studies were carried out in an open-loop wind

tunnel. This low-speed tunnel is a suction type wind tunnel

with a 4 kW fan and a test area of 409409100 cm. The

turbulence intensity of the tunnel is less than 1% and the

contraction ratio is 9:1. A schematic view of the test and

measurement system is shown in figure 3.

In the wind tunnel, the speed of the air in the test section,

and therefore its dynamic pressure, can be changed with a

frequency-controlled fan. To determine the aerodynamic

performance of the wing, a 6-component ATI Gamma

model transducer system with load cells was used. The

force measurement range in the system is up to 100 N and

the resolution is 1/160 N.

The free flow velocity in the tunnel was measured using a

Mano Air 500 micromanometer in the test section of the

tunnel. The temperature and humidity probe of this

micromanometer, which obtains 2 readings per second with

an accuracy of ±0.5 Pa, can also measure the temperature

values (T?) of the fluid.

An error analysis was also carried out on the experiments

and the experimental results obtained for the lift and drag

Figure 2. General (a), cross-sectional (b) and wing model zoomed-in (c) view of the generated mesh structure

Figure 3. Schematic representation of the experimental system
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coefficients. The lift and drag coefficients used as aerody-

namic performance criteria are calculated as follows:

CL ¼
L

0,5qV1
2S

ð1Þ

CD ¼ D

0,5qV1
2S

ð2Þ

where; L and D are the lift and drag forces obtained from

the force measurements, respectively, V1 is the free flow

velocity, q is the air density, S is the planform area of the

wing model. Therefore, the total errors of the CL and CD

values are;

For DS, 0.05 mm, which is the maximum error of the 3D

printer from which the wing model was produced, was

taken as the square of 0.025 mm due to the area calculation.

For DL and DD, which are the errors of the lift and drag

forces, the standard deviations of the obtained force mea-

surement data were used. To calculate DV1, the dynamic

pressure error DPdyn must first be known. The dynamic

pressure error DPdyn was taken as 2 Pa from the instrument

catalogue and the velocity error; DV1 ¼ DPdyn

q

ffiffiffiffiffiffiffi

2Pdyn
q

q was cal-

culated for each velocity value with the Pdyn value mea-

sured by the instrument. As a result of these calculations,

the error for the lift and drag coefficients was found to be

less than 8%, which is acceptable. In addition, the error bars

for the lift and drag coefficients for one case are shown in

figures 18 and 19. Further details on numerical and

experimental methods can be found in [25].

3. Topography optimization

Topography optimization is changing the structures, such as

indentations, that make up the shape of an object in a way

that improves its desired performance. In the present

topography optimization, the previously designed wing

model inspired by maple samara [25] was taken as basis

model and named as the model M0.

The model wing designed in the computer environment

was divided into a certain number of sections and each

section shape was defined by curves expressed by Fourier

series equations. After determining the curves, the shape of

the M0 model will be optimized in five steps, keeping the

planform area (b spanlengthð Þ�cðmeanchordlengthÞ) con-

stant. In figure 4, the curves that make up the skeletal

structure in different cross-sections of the model with labels

can be seen. These labels are symbolized by ‘‘S’’ for the

seed part, ‘‘T’’ for the transition part and ‘‘L’’ for the leaf

part of the biomimetic model, and numbered in order.

Each of the curves forming the surface is described by a

general Fourier series equation. The terms of the series are

taken as many as are needed to describe the curve and in

this way the mathematical expression of the curves is

formed. The general structure of the n-term finite trigono-

metric series containing the sin and cos terms is given in

Eq. 5.

y ¼ a0 þ
X

n

i¼1

aicos ixwð Þ þ
X

n

i¼1

bisinðixwÞ ð5Þ

The curves of the M0 biomimetic model generated by the

mentioned equation and all design details can be found in

the previous study [25].

In this study, a topography optimization is performed

using some numerical results, the details of which can be

found in the same basic study. Caliskan et al (2023), carried

out numerical and experimental investigations for the M0

wing model up to 45 degrees angle of attack at variable free

stream velocities and presented the results with numerical

flow visualisations and data [25]. The data and numerical

visualisations of the M0 model used in the first stage of the

topography optimization study were also obtained from this

study. The operating conditions chosen for this topography

DCL ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oCL

oL
DL

� �2

þ oCL

oS
DS

� �2

þ oCL

oV1
DV1

� �2
s

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

0,5qV1
2S

DL

� �2

þ �L

0,5qV1
2S2

DS

� �2

þ �2L

0,5qV1
3S

DV1

� �2
s

ð3Þ

DCD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

oCD

oL
DL

� �2

þ oCD

oS
DS

� �2

þ oCD

oV1
DV1

� �2
s

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

0,5qV1
2S

DD

� �2

þ �D

0,5qV1
2S2

DS

� �2

þ �2D

0,5qV1
3S

DV1

� �2
s

ð4Þ
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study are a free stream velocity V?:10 m/s and one of the

best performing angles of attack a: 10�. The development

study will be interpreted according to the numerical data

obtained in this configuration.

Lift force is an important aerodynamic parameter espe-

cially in conventional vehicles where wings are used.

Considering that the main phenomenon that creates the lift

force in the wings is the pressure difference occurring on

the upper and lower surfaces, the increase in this pressure

difference will allow the lift force of the wing to increase.

Caliskan et al [25], mentions that the structure that creates

the pressure difference of M0, the biomimetic wing model

they created, is the Leading Edge Vortex phenomenon,

which is also mentioned in case studies where many bio-

logical wing structures are examined [34–39].

In the M0 model, the area where the lift force affects the

wing surface the most is in the seed section, as can be seen

in figure 5, and the equations representing this area are the 6

curves seen in the figure with the labels S7, S8, S9, S10,

S11 and S12.

As can be seen from this figure, the curves in the second

half of the seed that create the highest pressure difference;

S7, S8, S9, S10, S11, S12 curves were substituted for the

S1, S2, S3, S4, S5, S6 curves in the other half of the seed,

respectively, and the ‘‘M1’’ model in figure 6 was obtained.

These curve changes on the wing structure are made on a

design programme in such a way that the planform area of

Figure 4. Curves forming the skeletal structure of the M0 model

Figure 5. Pressure contours of model M0 for a:10�, V?:10 m/s and 6 curves forming the highest pressure difference

Figure 6. M1 model
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the wing does not change thanks to the design details of the

M0 model given. Method of change on design aims to

expand the surface properties that make up the high pres-

sure difference to the entire seed. Therefore, the higher lift

force caused by the higher pressure difference will provide

an enhancement in the aerodynamic performance of the

wing. With the development of the M1 model, the first

stage of the topography optimization study consisting of 5

stages was completed.

For the model M1, just as in the M0 model, numerical

analysis was performed at a:10� and V?:10 m/s. As a result

of this analysis, the pressure contours in figure 7 were

obtained. The numerical analysis modelling to be used in

this and the subsequent wing models was similar to the

numerical analyses applied by Caliskan et al (2023) [25] for

the M0 model.

In figure 7, similar contour distributions formed in the

two halves of the seed part of the M1 model show that the

adaptation of half of the seed to the other half was

successful. Like this, it has also been seen that similar

pressure differences can be achieved on the surface by

imitating the topographical feature. Similar to the previous

step, the small part shown in the circle, where a higher

pressure difference occurs compared to its surroundings, is

the area between the lines: S10, S11, S12 curves. With a

similar logic, when these 3 curves are integrated respec-

tively instead of 12 curves in the seed part, the ‘‘M2’’ model

in figure 8 is formed. Thus, in the M2 model, the seed part

is defined by 3 curves.

After the numerical analysis for the M2 model under the

same conditions (a:10� ve V?:10 m/s), the pressure con-

tours obtained on the lower and upper surfaces of the model

are given in figure 9.

Figure 9 shows that the pressure difference areas increase

after the curve integration applied in the previous model. If

the area where the highest pressure difference occurs is

narrowed once again, the area represented by the curves

S11 and S12 in figure 9 is obtained. The ‘‘M3’’ model in

figure 10 was obtained by integrating these S11 and S12

curves, respectively, into the 12 curves in the seed part of

the M2 model. The seed part of this model can be repre-

sented by 2 curves.

After the numerical analysis for a:10� and V?:10 m/s with

the M3 model, the pressure contours obtained on the lower

and upper surfaces of the model are given in figure 11.

With the M3 model, the curve adaptation and integration

process in the seed part is also finished. Since the dimple

structures forming the pressure differences are formed by

arranging at least two curves one after the other, and the

curves S11 and S12 are the curves that create the highest

pressure difference, the number of curves cannot be further

Figure 7. Pressure contours of model M1 for a:10�, V?:10 m/s and 3 curves forming the highest pressure difference

Figure 8. M2 model
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reduced. After that, curve fitting studies will be carried out

in other parts (transition and leaf parts) of the maple seed

model.

Since the topographic optimization in the seed part was

terminated with the M3 model, it was again desired to achieve

both the highest aerodynamic performance and the least

equation expression objectives with the changes in the tran-

sition and leaf parts of the model. For this, the S11 and S12

curve pair, which successfully showed its effect in the M1,

M2 and M3 models, were integrated into the 6 curves in the

transition part of the model, respectively, and the ‘‘M4’’ model

given in figure 12 was revealed. In this model, the seed and

transition parts can be defined with 2 curve equations.

After the numerical analysis for a:10� and V?:10 m/s with

the M4 model, the pressure contours obtained on the lower

and upper surfaces of the model are given in figure 13.

As can be seen from figure 13, it can be said that the

desired pressure difference increase attempt in the first 4

stages of the optimization study was successful, with the

warm colours spreading significantly on the upper surface

of the wing. The development and optimization studies

carried out up to this point have shown that the application

of the curve pairs that create the high pressure difference on

our biomimetic wing model to other areas can yield suc-

cessful results. It is understood from the pressure contours

given for the 4 models that the given curves increase the

peak-dimple structures on the model and this causes an

increase in the pressure differences.

With the M4 model, the seed and transition part can now be

defined with 2 curves instead of 18 curves. However, the leaf

part of the M4 still has 18 curves. As can be seen from the

curve shapes, while the curves in the seed and transition parts

are similar to each other, the curves in the leaf part are much

thinner and sharper. Therefore, it is not desired to use S11 and

S12 curves, the effects of which have been proven before, for

the development process to be performed on the leaf part.

Instead, the topographical effect of these two curves on the

model surface was examined. This topographic effect is a

peak-dimple structure, as seen in M1, M2, M3, and most

clearly M4. For the leaf part, this structure formation was seen

in several places on the geometry. However, the curves that

would give the clearest peak-dimple topography were

between the L7 and L8 leaf curves, as shown in figure 14. The

highest peak-dimple structure in the leaf part is formed by the

arrangement of these two curves.

The L7 and L8 curves, which are expected to give higher

pressure differences when arranged in the whole leaf part,

were integrated respectively instead of the 18 curves in the

leaf part of the M4 model, and the ‘‘M5’’ model given in

figure 15 was formed.

Figure 9. Pressure contours of model M2 for a:10�, V?:10 m/s and 2 curves forming the highest pressure difference

Figure 10. Model M3
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After the numerical analysis for a:10� and V?:10 m/s

with the M5 model, the pressure contours obtained on the

lower and upper surfaces of the model are given in

figure 16.

With the development of the M5 model, which can be

defined with only 4 curves, the topography optimization

was completed. As can be seen from figure 16; the pressure

differences in the final model M5 are higher than M0.

4. Results

The pressure contours obtained from the numerical analysis

of 5 models developed through topography study at a cer-

tain free stream velocity and angle of attack are given and

the differences between them are pointed out. Since these

contours are taken in the same pressure range and scale, the

increasing yellow and red areas in the model developments

towards the M5 model show us that the study increases the

pressure differences on the lower and upper surfaces of the

model. These pressure differences increase the lift coeffi-

cient and therefore the aerodynamic performance of the

wing. In order to see this increase more clearly, in table 1,

aerodynamic performance parameters and statistical

development rates of the other 5 models created according

to the M0 model are given. These parameters mentioned in

the table are lift force coefficient (CL) and drag force

coefficient (CD) which are dimensionless expressions.

As it can be seen in table 1, while the topography study

carried out resulted in a generally continuous increase in CL

and CL/CD, there was almost no increase in CD and even a

lower CD was obtained in the M5 model compared to the

M0. In conclusion, looking at the aerodynamic perfor-

mances, a CL increase of 25.7% and a CL/CD increase of

28.1% were obtained in the M5 model compared to the M0.

Although M0 and M5 models show the same character-

istics in terms of aerodynamic performance, the increase in

the lift force provided by the M5 model is seen in the

numerical results with the conditions in the M0 model in

figure 17.

While the lift force coefficient is higher in the M5 model

compared to the M0 model, it is observed that the drag

force coefficient does not show a significant change. The

drag force is the sum of the drag due to pressure (CDp) and

friction (CDf ). Asadzadeh et al [40] showed that the cre-

ation of grooves on the surface usually leads to the creation

of secondary vortices inside the grooves, which in turn

affect the frictional and pressure drag. Figure 18 shows the

drag force values due to pressure and friction for the two

models.

Figure 11. Pressure contours of model M3 for a:10�, V?:10 m/s

Figure 12. Model M4
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The effect of the topography study on the drag force is

seen only in the friction (viscous) drag. Here, it can be

mentioned that there is a minor decrease in the drag force

due to friction.

The purpose of topography optimization, in addition to

increasing the aerodynamic performance of the biomimetic

wing model, it also minimizes the curves that represent the

model, and therefore, the equations. At the beginning of the

optimization, in the model M0, the model was defined by

36 curves. In the model M5 obtained at the end of the study,

this number was reduced to 4. We can see this change in

detail in each model from table 2.

The quantitative and qualitative findings obtained from

the topography study showed that the aerodynamic per-

formance of the developed model M5 is worth examining.

Therefore, the experimental and numerical methods of the

M0 model were also performed for the M5 model. There-

fore, the experimental study was carried out in the wind

Figure 13. Pressure contours of model M4 for a:10�, V?:10 m/s

Figure 14. The peak-dimple structure formed by the L7 and L8 curves

Figure 15. Model M5
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Figure 16. Pressure contours of model M5 for a:10�, V?:10 m/s

Table 1. Comparison of models obtained from topography optimization, aerodynamic performance at a:10� and V?:10 m/s and

compared to M0

Topography Optimization Compared to M0

Model CL CD CL/CD Increasing rate of CL Increasing rate of CL/CD

M0 0,342 0,198 1,727 0% 0%

M1 0,375 0,202 1,856 9,6% 7,5%

M2 0,382 0,199 1,917 11,7% 10,9%

M3 0,394 0,192 2,05 15,3% 18,7%

M4 0,409 0,203 2,02 19,5% 16,9%

M5 0,430 0,194 2,213 25,7% 28,1%

Figure 17. CL and CD variation of the M0 and M5 with respect

to a at 10m=s free stream velocity
Figure 18. CDp and CDf variation of the models with respect to a
at 10m=s free stream velocity

Sådhanå          (2025) 50:218 Page 11 of 16   218 



tunnel in the aerodynamic laboratory of Niğde Ömer Hal-

isdemir University.

The model M5 was produced with a 3D printer, in order

to carry out its experimental work. The dimensions of this

produced model, shown in figure 19, have the same

dimensions as (span length b: 0.25 m, mean chord length

c:0.0535645 m) of the M0 model.

The change in the lift coefficient of the model M5 at each

free stream velocity for the positive angles of attack is

given in figure 20, the variation of the drag force coefficient

is given in figure 21, and the ratio of these two is given in

figure 22.

These graphs show that the numerical and experimental

results are in good agreement, and the aerodynamic

parameters are very close to each other despite the varying

free stream velocities. It was determined that the stall angle

of the model M5 was around 44�, like the model M0.

For a better clarification of the focus of the topography

optimization, the flow streamlines and pressure contours for

M0 and M5 models are shown in figures 23, 24, 25, 26,

which are cross-sections of the wings at certain distances

(see figure 19) from the span dimensions.

Table 2. Curves describing models from topography optimization

Model-Sections Seed Transition Leaf Total

M0 12 curves 6 curves 18 curves 36 curves

S1…S12 T1…T6 L1…L18 S1…L18

M1 6 curves 6 curves 18 curves 30 curves

29(S7…S12) T1…T6 L1…L18 S7…L18

M2 3 curves 6 curves 18 curves 27 curves

49(S10…S12) T1…T6 L1…L18 S10…L18

M3 2 curves 6 curves 18 curves 26 curves

69(S11-S12) T1…T6 L1…L18 S11…L18

M4 2 curves 18 curves 20 curves

69(S11-S12) 39(S11-S12) L1…L18 S11…L18

M5 2 curves 2 curves 4 curves

69(S11-S12) 39(S11-S12) 99(L7-L8) S11-S12-L7-L8

Figure 19. 3D printing of the model M5 for experimental work

and section lines

Figure 20. CL variation of the model M5 with respect to a at

different free stream velocities

Figure 21. CD variation of the model M5 with respect to a at

different free stream velocities
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Especially when looking at the streamlines shown with

red circles in figures 24 and 25, it can be seen that the

Leading Edge Vortex (LEV) structure providing lift force

to maple seed mentioned by Lentink et al [41], which

provides the lift formation of the M0 model in the previous

study (25), has developed and grown. This vortex structure,

which grew with the effect of the topography study, created

a stronger suction on the wing. This effect can be clearly

seen in the vortex regions in the pressure contours given in

the same scale for both wings.

Figure 22. CL/CD variation of the model M5 with respect to a at

different free stream velocities

Figure 23. Pressure contours and streamlines at certain section

(0.25b) of the M0 and M5 model for a:8� and V?:10 m/s

Figure 24. Pressure contours and streamlines at certain section

(0.5b) of the M0 and M5 model for a:8� and V?:10 m/s

Figure 25. Pressure contours and streamlines at certain section

(0.75b) of the M0 and M5 model for a:8� and V?:10 m/s
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5. Conclusions

In this study, it is shown that a topography optimization can

be performed to enhance the aerodynamic performance of a

wing based on the different pressure areas formed on the

wing. For this topography optimization, regions with high

pressure differences determined on the surface topography

of the model M0 had a positive effect. The model M5,

created by spreading these regions into the general model

structure, provided a performance increase up to %28

compared to the model M0, depending on the angle of

attack. In addition, while the model M0 was defined with 36

equations, the M5 model could be defined with only 4

equations. This provided a more feasible solution for

defining the design parameters of biomimetic wings with

complex geometries.

In general, no LEV structures were seen in the lower part

of the biomimetic wings. Salcedo et al [42], in their study

with mahogany seeds; reported that LEV did not form at

the base of the wing. In this study, peak-dimple structures

created by topography optimization reduced the flow

velocity on the lower surface of the wing, while supporting

the Leading Edge Vortex (LEV) formations on the upper

part. Thus, an increase in the lift coefficient of the wing was

achieved. This developed LEV structure seems to affect

only the lift force in terms of aerodynamic performance.

Although there is a minor reduction in the drag force due to

friction, this reduction is not significant. As a result, con-

sidering all these effects, the fact that the LEV structure in

biomimetic wings is an improvable phenomenon has been a

remarkable point for future studies.

The fact that the results of the experimental studies with

the M5 wing agree with the numerical study with the same

wing shows the reliability of the numerical study used in

the topography optimization. In addition, the experimental

results of the M5 model have provided us with comparable

consistent results on the aerodynamic performance of this

biomimetic wing.

In the model M5, the highest CL/CD ratio was observed

at 8� angle of attack at varying free stream velocities. This

value varies between 1.7 and 2.00 according to experi-

mental results. The stall angle at which the lifting force

starts to drop suddenly in this model was determined at

angles of attack close to 44�.
Aerodynamic performance features such as the late

stalling feature and the contribution of LEVs to lift force

were seen in the M0 and M5 designs. Scaling the models or

improvements to the design did not change these properties.

In addition, in the experiments carried out at free stream

velocities of 6, 10 and 12 m/s, corresponding to the range of

22000-44000 Re, it was observed that the aerodynamic

performance of the models did not change much depending

on the velocity and exhibited a stable regime. While the CL/

CD ratios generally remained greater than 1 up to angles of

attack of 30�-35�, in the M0 and M5 models, they followed

a stable regime according to changing angles of attack.

Since the topography study enhanced the aerodynamic

performance without changing the aerodynamic character-

istics, the targeted development work has been achieved

and a feasible data has been obtained for future studies.

Abbreviations
b Span length

c Mean chord length

CD Drag coefficient

CL Lift coefficient

D Drag force

L Lift force

Pdyn Dynamic pressure

S Planform area of the wing

V1 Free flow velocity

a Angle of attack

q Air density
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