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Abstract 

Bio-inspiration can be used to improve the aerodynamic performance of commercial multirotor propellers. In the 

present study insect wings are used as a source of inspiration and the effects of inspiration from insect’s wing shape 

on the propeller performance, specially this effect on parameters like thrust, torque, and propeller efficiency are 

investigated. Six insect species have been selected, which their scientific names are Hemiptera, Orthoptera, 

Neuroptera, Mantodea, Odonata and Hymenoptera and their wings are the source of inspiration for propeller. The 

analyses have been done using the numerical simulation of flow and the moving reference frame (MRF) method 

alongside the SST k-ω turbulence model. The simulations were carried out over a range of rotational speeds, varying 

from 4000 to 8000 rpm, for propellers with a diameter of 0.24 meters All propellers utilized the Eppler E63 airfoil. 

To ensure the accuracy of the present numerical simulation results, validation was done by comparing them with 

experimental data from the DJI Phantom-3 propeller. The results of validation showed significant agreement with the 

experimental data. The results indicated that the insect-inspired propellers generate higher thrust compared to 

conventional propellers. Additionally, for a constant thrust force, the inspired propellers exhibit lower rotational 

speeds. Moreover, in terms of Thrust, the Hemiptera insect-inspired propeller outperforms the DJI Phantom-3 

propeller, achieving a notable average improvement of 34.182%. 

Keywords: Insect-Inspired, Propeller, Multi-rotor, Aerodynamic Performance, Numerical Simulations 
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NOMENCLATURE 

Parameters  

Thrust 𝑇 

Torque 𝑄 

Propeller efficiency 𝜂𝑃 

Required mechanical power  𝑃𝑚 

Thrust coefficient 𝐶𝑇 

Power coefficient 𝐶𝑃 

Torque coefficient 𝐶𝑄 

Rotational Speed  𝑛 

Diameter 𝐷 

  

Insect Species Symbol 

Mantodea Ma. 

Neuroptera Ne. 

Orthoptera Or. 

Odonata Od. 

Hymenoptera Hy. 

Hemiptera He. 

 

 

 

1. Introduction 

The commercial multi-rotors and these days their popularity due to covering a wide range of 

applications and features is not hidden from anyone, especially due to their maneuverability, ability 

of hovering and vertical take-off and landing (VTOL) capability. Therefore, the multi-rotors have 

been put in the civil applications such as environmental inspections, traffic monitoring, aerial 

surveying, pollution inspection, delivery, and etc. [1]. Today, multi-rotors are known as one of the 

important and reliable platforms of technology for the replacement and transformer of traditional 

and conventional methods into modern methods in various fields [2].  

In commercial multi-rotor configurations, the propellers provide the lift force, which is called the 

thrust. For a small multi-rotor, the small dimensions of its propellers causes operating at low 
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Reynolds numbers; it is often less than 100,000 [3]. This low Reynolds numbers effects make it 

more difficult to estimate the performance of small-scale propellers. In addition, with the small 

propeller scales, a relatively thick boundary layer is formed on the propellers, which increases the 

drag force and decreases lift to drag ratio [4]. Therefore, their small dimensions cause a reduction 

in performance at low Reynolds numbers, in which the viscous effects are dominant. These effects 

usually result in battery consumption, flight time reduction or decreasing limitation of payload that 

can be carried. In addition, considering the near ground flight, one of the important concerns about 

the commercial multi-rotors is the noise produced by these multi-rotor configurations [5]. Despite 

using lithium batteries, propellers are still one of the main sources of noise [6,7]. Therefore, more 

efforts should be made in the design of this component in order to improve flight time, payload, 

and reduction of noise.  

Bohorquez et al. [8], in 2003 experimentally study on the design, analysis, and performance of the 

rotary wings hover in Micro Aerial Vehicles (MAVs). Their results showed that one of the 

aerodynamic weaknesses was the inappropriate choice of planform. Ramasamy et al. [9], in 2007 

experimentally investigated the flow field of the rotary wing in MAVs and showed the important 

role increasing of the boundary layer thickness and turbulence effects in reducing aerodynamic 

efficiency. Brandt and Selig [10], in 2011, experimentally studied the effects of propeller diameter 

and number of propellers on the UAV performance. Jordan et al. [11], in 2020, experimentally 

investigated the performance of commercial multi-rotor’s propellers for the purpose of 

development and validation. Their results showed that the overall sound pressure level with low 

harmonics are increased as the rotational speed increases. The results of the numerical studies 

conducted by Shams Uddin and Madzni [12] in 2021 on the configuration of the rotors showed 

that the optimal design of the propellers and the configuration of the rotors is important to improve 
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the aerodynamic performance and the efficiency of the propulsion system. Deters et al. [13], in 

2017, experimentally investigated on the static performance of the propellers and engines of small 

Multi-rotor configurations. Their results confirmed the flight time reported by the manufacturer 

and created a data bank of propellers performance data. Hintz et al. [14], in 2018, experimentally 

investigated the effects of the insect-inspired planform of cicada wings on thrust and energy 

consumption, and their results showed that this bio-inspired propeller improves the efficiency. 

The first researches on bio-inspired propellers were carried out numerically in 2014 by Gomez et 

al. [15], in which the cicada wing was selected to study. Their results showed that bio-inspired 

propellers create weaker vortices and are more eligible for using in rotor-crafts. Ning and Hu [16] 

in 2017, experimentally studied the aerodynamic and aero-acoustic characteristics of multi-rotor 

propellers inspired by a combined shape of cicada wings and maple seeds. They showed that for 

the same input power, it can produce the same thrust using a conventional propeller for a lower 

RPM at the hovering operating condition. 

Ikeda et al. [17], in 2018, conducted their experimental studies on the effects of leading edge 

serrations on aerodynamic force production using a single-feather, clean, serration wing inspired 

by an owl. In these studies, the size and spacing of the leading-edge serrations were done using 

the PIV methods and force measurements. 

Wei et al. [18] conducted a comparative study using CFD methods and rotation tests on the leading 

edge teeth inspired by the owl wing with different morphologies in order to evaluate its effects on 

reducing noise and increasing thrust force. Their results showed that the owl wing inspiration is 

useful for aerodynamic control and increasing aerodynamic performance in the design of blades. 
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In 2022, Masdari et al. [19] conducted an experimental study on the acoustic properties of 

propellers modeled after insect wings from five different species and a plant seed. Their bio-

inspired propellers demonstrated superior thrust and rotation at lower speeds, while also producing 

less noise compared to the baseline propeller. 

 Moslem et al. [20], in 2022, experimentally focused on the acoustic characteristics of five insect-

inspired propellers and a plant seed-inspired propeller. They showed that their bio-inspired 

propellers have better thrust and rotate at lower rotational speed, and they also created a lower 

noise-level than the baseline propeller.  

By reviewing the studies and research done in the field of using the method of bio-inspiration, 

especially the inspiration from insect’s wing, the limitations of this research can be understood. 

Most of the research has been focused on the aeroacoustics of a limited insect-inspired propellers. 

Focusing on the aerodynamics of propellers, this research has explored a greater and more diverse 

number of insect’s wings for inspiration. Unlike most researches that have used experimental 

methods, the numerical methods have been used in this research to simulate the flow field around 

the propellers and calculate the aerodynamic characteristics. The primary objective is to enhance 

the aerodynamic performance of propellers and explore the potential of using bio-inspired 

propellers as an alternative of conventional propellers. 

The research procedures are illustrated and present in Fig. 1 to give an aspect. Each of the steps in 

this figure is fully explained in the following sections of this research. 
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Figure 1- process of this research 

 

2. Multi-rotor’s Geometrical and Performance Parameters  

Their cross-sections of propellers are airfoils that are placed uniformly in the span wise direction, 

as in fig. 2a. Thus, the propeller blades have geometric characteristics similar to airfoils, including 

the trailing edge, leading edge, chord, thickness, and more, as depicted in fig. 2b. [21 and 22]. The 

number of blades of a multi-rotor can vary based on its design consideration. They typically utilize 

two blades for stability, control, and to keep the overall weight of the structure [23]. The geometric 

pitch or theoretical pitch, actual or effective pitch, and twist angle known as pitch angle are 

illustrated in Fig.2 and described in references [21 and 22]. 
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(a) 

 

(b) (c) 

Figure 2. Propeller geometry and performance parameter; Propeller cross-section at different local radius  

and twist along the span (a); Propeller’s geometry parameter (b); Geometric pitch, effective pitch and 

advance ratio (c). 

 

One of the parameters that can be used for the performance of the propeller is the propeller 

efficiency, which can be calculated from the relation (1) and it is defined as the ratio of the output 

power (which is the driving power) to the input power (which is the mechanical power) [13]. 

𝜂𝑃 =
𝑇𝑉0

𝑃𝑚
 (1) 
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Where T is the thrust, V0 is the free-stream velocity, and Pm is the required mechanical power 

which can be calculated from the following relation [13]: 

𝑃𝑚  =  2𝜋𝑛𝑄 (2 ) 

Where Q is the torque and n is the rotational speed (in rpm). In the propeller efficiency equation, 

CP is the power coefficient and CT is the thrust coefficient, which can be calculated from the 

following relations [13]: 

𝐶𝑇  =  
𝑇

𝜌𝑛2𝐷4
 

 

(3) 

𝐶𝑃  =  
𝑃𝑚

𝜌𝑛3𝐷5
 

 

(4) 

Also, the torque coefficient, CQ, can also be defined as the following relation [24]. 

𝐶𝑄  =  
𝑄 

⍴𝑛2𝐷5
 

 

(5 ) 

In the above relations, ρ is the flow density, D is the propeller diameter.  The advance ratio, J, is 

calculated from the relation (6). Due to the low value of the speed, the advanced ratio in this 

research is very close to zero [24]. 

𝐽 =  
𝑉0

𝑛𝐷
 

 

(6) 

Using the equations of (1) to (4) and equation (5) another relation for the propeller efficiency could 

be obtained:  
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𝜂𝑃 =  𝐽
𝐶𝑇 

𝐶𝑃 
 (7) 

3. Geometry of Insect-inspired Propeller   

Regarding the experimental test that has been done on DJI phantom-3 propeller in Ref. [13] and 

the existence of the experimental data, it is a suitable choice to consider as the base propeller for 

the present study, in order to validate the numerical simulation. This propeller, has diameter of 

0.24 meter [25] and shown in fig. 3. 

 

 

(a) 

 

(b) 

Figure 3. Image of DJI Phantom-3 propeller (a), and its schematic (b) [26]. 

Selecting the wings of insects was a significant challenge in this research. One of the key 

requirements is the availability of a perfectly captured wing planform. In other words, a high-
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quality image from a top view that accurately depicts the final shape of the wing's planform is 

necessary. However, obtaining such an image is difficult due to various factors. Many insects have 

extremely small dimensions, rapid movement, and unique rest positions of wings and making it 

rare to find high-quality images that showcase the planform characteristics and features. This issue 

has been a fundamental challenge in choosing insect wings. For this reason, insects with these 

characteristics have been excluded due to the lack of suitable images. Consequently, this scarcity 

of suitable images adds to the challenge of wing selection. In the selection process of insect wings, 

one crucial factor to consider is the simplicity of the borderlines that define its shape. This holds 

particularly true when utilizing design software for three-dimensional modeling, and depends on 

the level of expertise involved. 

Fig.4 is a summarized classification of winged-insects. Winged-insects are divided into two parts: 

Paleoptera and Neoptera. Paleoptera, like dragonflies, that their wings do not have the ability to 

fold, while Neoptera show this ability and are divided into two parts: exopterygota and 

endopterygota. Among the insects classified in fig.4, considering some concerns including the 

availability of images to use for the initial steps of modeling, some specific features of the species, 

and clarity of available images, several species from the chart in fig. 4 have been chosen for further 

studies. Figure 5, is also designed and illustrated in order to show the family order of insect and 

that special insect whose wing are selected. In the internal cells of this graph the insects are related 

to the family are shown and in the external cells are that special insect whose wing are selected are 

illustrated. In the center of Fig.5, six selected insect species are placed. These selected species 

belong to the Hemiptera, Orthoptera, Neuroptera, Hymenoptera, Mantodea, and Odonata. Odonata 

has more than 6000 species and divided into two subcategories of dragonflies and mayflies [27]. 

Although they are different in the appearance, dimensions and the way the wings are positioned in 
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the resting phase, all Odonata species have a pair of forewings and a pair of hindwings. The other 

selected wing is from the Hemiptera family order, which has more than 80,000 known species. 

Aphids and field crickets are some examples of this order. Usually there are wings in Hemiptera, 

however, some of them are wingless or lose their wings. Neuroptera is an order of insects with 

about 6000 known species. Silky wings and spoon wings are examples of Neuroptera. Their 

dimensions vary from small to large and with a wing length of more than 100 mm [28], [29]. 

Neuroptera usually have four large, membranous and unequal wings, and when resting, the wings 

are placed behind the insects like a tent [29]. Mantodea, has more than 2400 species. It is the next 

selected insect family order for inspiration. Mantises are the largest family of this order. The size 

of wings in mantises can be big or small, or there are no wings at all. If there are wings, mantises 

have two pairs of wings. Orthoptera is an order of insects with about 20,000 to 250,000 known 

species. This order of insects includes crickets and grasshoppers. These insects do not have the 

ability to fold their wings while resting, then, the wings are tangent to the body. Hymenoptera is 

one of the largest orders of insect. More than 120,000 species of these insects are known. 

Hymenoptera usually have two pairs of wings, the forewings are larger than the hindwings. Bees 

and ants are insects of this order.  

The selection of each insect and the reason for this selection was one of the most important and 

challenging parts of this research. One of the most important activities carried out in this regard 

was the review of previous related studies as we talked about in the last review (Moslem et al., 

2023), insect wings have special aerodynamic qualities that help them fly higher and quieter. 

Accordingly, and based on previous studies and investigations, there was a need to investigate 

aerodynamic performance in the continuation of research and studies conducted in this field. 

Therefore, we included families of insects that had been previously investigated in the review list. 

In addition, as an innovation, insects from new families were also selected, the results of which 

indicate their good performance. Some insects such as Orthoptera and Mantodea have not been 
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studied before and the reason for choosing these insects is to expand more references for 

inspiration in these field.  

▪ Odonata:  

The insect selected from dragonfly species is “Matrona Basilaris”. One of the main 

reasons for choosing this wing is the multiplicity studies that have been done on dragonflies 

from various aspects such as wing structure and behavior, section, flight and aerodynamics 

[26-35]. Also, the planform of these wings, especially the shape of the leading edge, is 

simple and is a suitable choice for three-dimensional modeling. 

▪ Hymenoptera: 

 The next selected wing is from the Hymenoptera species, which many studies on the flight 

and wing this species has done [38-39]. The insect selected from this species with the 

scientific name “Apis mellifera” is a honey bee. It is one of the fastest flying insects that 

has a simple planform line and shape.  

▪ Neuroptera: 

The wing of the “Crealeon prolongaveruntus” insect from the Neuroptera species is the 

third selected wing. In general, the insects of this species are similar in appearance to a 

suborder of dragonflies in Odonata family, and the wing of the selected insect is almost 

similar to the wings of dragonflies, with the difference that its width is less. Also, its simple 

shape and planform line, is one of the main reasons for choosing this wing.  

▪ Hemiptera: 

The wing of the “pyrops clavatus” insect from Hemiptera has been chosen as the fourth 

wing because it has a large wing surface and a simple planform line. 

▪ Orthoptera and Mantodea: 

 There is no research on the wings of Orthoptera species and Mantodea and the reasons for 

choosing the insects “Phymateus karschi” and “Raptrix perspicua” from these species, 

in addition to simple shape and similar planform line to other selected wings, there is an 

interest to investigate their wing potential for inspiration in modeling for use in small multi-

rotor interiors.  
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Figure 4. Insect’s family chart [40]. 

 

Figure 5. Selected insect’s species for capturing their wings [40]. 

To create a precise three-dimensional model of a propeller blade, it is crucial to determine three 

essential factors: the chord distribution, twist distribution, and airfoil of the propeller section.  To 

In
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Orthoptera Grasshoppers

Dictyoptera Mantodea Mantis
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Endopterygota
Hymenoptera Wasps

Aparaglossata Neuropterida Neuroptera Lacewings



 
 

P a g e  13 | 51 

 

achieve the geometrical properties for each inset, its right forewing was selected. Considering the 

top view of each insect wing, the closed curve that includes the perimeter of the wing and defines 

the general shape of the wing has drawn accurately, similar to fig.6. This closed curve is the wing 

planform. However, it should be noted that insect wings like the fig.6 may have some broken or 

torn parts on the leading or trailing edge, which for making modeling easier, these parts are not 

considered during the drawing of the planform curve like what have shown in fig.6 from closer 

view (see red circle).  

 

 

Figure 6. The process of wing planform capturing, in a case, facing with scratches on the edge of the wing of 

Hemiptera 

To ensure a fair comparison, all insect-inspired propellers needed to be scaled and dimensionless 

proportionately to the base propeller radius, as depicted in fig. 7a. The planform curves drawn in 

the previous step are placed in a grid. Therefore, for all insect wings, their tips exactly located at 

the position of r/R equal to 1 of grid and their roots located at the position of r/R equal to the 0 of 

grid. For the simulations that will explain in the next section, by scaling, all wings have a radius 
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of 0.12 m similar to the base propeller. Once the scaling of the insect-inspired propellers was 

accomplished, the chord at each r/R (radius ratio) could be obtained from the chord distributions 

shown in fig. 7. Further description regarding the modeling of the present insect-inspired propellers 

are presented in refs [40 and 41] 

 

   

(b) (c) (d) 

   

(a) (e) (f) (g) 

 

(h) 
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Figure 7. Schematic of: base propeller (a), Mantodea (b), Neuroptera (c), Orthoptera (d), Odonata (e), Hymenoptera 

(f), Hemiptera (g), Eppler E63 airfoil (h). 

 

The three-dimensional geometry modeling of the propellers was executed using Solid works 

software, incorporating specific twist and chord values for each section's airfoil. After merging the 

sections, the final solid geometries of the propellers were obtained, as depicted in fig. 8. It should 

be acknowledged that the mentioned three-dimensional modeling of the insect wings may contain 

some modeling errors and simplifications. However, these would only yield a negligible margin 

of error. The twist distribution, taking into account previous studies [13, 20], starts at 17.72 degrees 

from the root to approximately 30% of the propeller radius. From that point to the tip, the twist 

decreases linearly to 4.7 degrees. Since there is a lack of information regarding the geometry and 

airfoil specifications of the DJI Phantom-3, EPPLER E63 airfoil, shown in fig.7h, has considered 

for our insect-inspired propellers. This airfoil is widely used in research on small-scale propellers 

and is known to be a suitable choice for low Reynolds number flows [16, 20]. This airfoil utilized 

for all sections and propellers in this study. For three-dimensional modeling of other propellers, 

the diameter is hold fixed, equal to base propeller. Also, considering that the geometry of the hub 

not have a significant effect on the results of this research, the hub shape is considered constant 

for all propellers. 
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a 
Ma. Mantodea 

  

b
 

Ne. Neuroptera 

  

c 

Or. Orthoptera 

  

d
 

Od. Odonata 

 

 

e 

Hy. Hymenoptera 

  

f 

He. Hemiptera 

  

Figure 8. Three-dimensional models of bio-inspired propellers Three-dimensional models of bio-inspired 

propellers, Mantodea (a) [42], Neuroptera (b) [43], Orthoptera (c) [44], Odonata (d) [45], Hymenoptera (e), 

Hemiptera (f) [46]. 
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5. Numerical Simulation Methodology and Validation 

The governing equations of fluid dynamics include the continuity equation, momentum equation, 

and energy equation, which are given below and are fully explained in references [47-49]. 

1-Continuity equation or law of conservation of mass: 

This equation is general and is used in compressible and incompressible fluids [47]. 

oV
t

=+



).(


 

(8) 

2- The momentum equation 

The momentum equation that can be written in three directions x, y, z and is available in reference 

[47]. 
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The second term on the right side of equation 2 is the viscous stress tensor and the third term on 

this side is the body forces. The viscous stress tensor is given in equation 10 [48]. 

ij

i

j

j

i
ij V

x

V

x

V
 ).(+


















+




=  

(10) 

And ij which is called Kronecker dela. 

3- The energy equation 

The third equation is the energy equation, which was not calculated in this study and its equation 

is fully presented in the reference [47]. 
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Navier stokes equation 

The general form of Navier-Stokes equations is as equation 11 and the new terms appearing in this 

equation are turbulence effects. To solve the equation of this equation, the Reynolds stresses in the 

third term on the right should be modeled [49]. 
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(11) 

 

The general form of the instantaneous Navier-Stokes equations is as equation 3 and the new terms 

appearing in this equation are turbulence effects. To solve the equation of this equation, the 

Reynolds stresses in the third term on the right should be modeled [49]. 

The flow field around the propellers are simulated numerically using ANSYS FLUENT and 

Multiple Reference Frame (MRF) method. MRF is a suitable method when there is a rotating 

section, like propeller, and the flow around this part is desired to simulate [50]. Noting the 

recommendation of the MRF method in previous studies [51-53] and also considering the subject 

of the current study, MRF method is selected. Figure 9 illustrates the geometry of the 

computational domain which contains two parts: the rotating domain, which enclose the propeller, 

and the larger stationary domain which includes the rotating domain. Design Modeler is used for 

the generation of this geometry. The propeller is fully enclosed within the rotating domain, causing 

the propeller tips to be slightly distanced from the interface. To enhance the accuracy for results, 

two cases of different static domain dimensions were considered and compared the results with 
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experimental data conducted by Deters et al., as presented in Table 1. As a final step, by 

considering a compromise between the available computing resources, the number of simulation 

cases, and the computational cost of each case by increasing H=14D and Dsd=4.41, it was 

observed that the thrust is obtained with less than 0.005 difference compared with the previous 

case (H=10D and Dsd=4). Consequently, the diameter of the rotating domain is 1.08 times the 

propeller's diameter. On the other hand, the diameter and the height of the stationary domain 

cylinder is 4.14 times and 14 times the propeller's diameter, respectively [22,51,54].  

 

 

Figure 9. Computational domains along with dimensions and boundary conditions 
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Table 1- static domain independency  

 RPM Number of 

elements  

Dimensions    Thrust(N)-

CFD 

Thrust(N)-

Deter’s 

studies[13] 

Differences 

with previous 

Num. case 

Differences 

with Exp. 

2 8000 880745 H=10D 

Dsd=4D 

6.78 6.93  0.0216 

3 8000 949661 H=14D 

Dsd=4.41D 

6.81 6.93 0.0044 0.0173 

 

For meshing of propeller and computational domain, ANSYS meshing was used. Considering the 

relatively small dimensions and the three-dimensional nature of the propeller, unstructured mesh 

and tetrahedral elements were utilized. Additionally, as viscosity effects were found to be 

predominant, boundary layer meshing and prism elements were employed. The calculations for 

Reynolds number and thickness of the turbulent boundary layer were conducted based on the chord 

and tangential speed at 75% of the propeller radius and standard temperature (see red lines at the 

insect’s wing planforms in fig. 7) [3 and 55]. Figure 10 presents the propeller’s mesh. 

 

   

(b) (c) (d) 
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(a) (e) (f) (g) 

Figure 10. propellers meshing, Mesh of: base propeller (a), Mantodea (b), Neuroptera (c), Orthoptera (d), Odonata (e), 

Hymenoptera (f), Hemiptera (g). 

 

The boundary conditions between the rotation and stationary domains are defined and mentioned 

in Table 2. The turbulence intensity is considered 0.1 %, which is equivalent to the conditions 

available in the experimental condition whose data used in the present study [13]. Pressure outlet 

is chosen for its better convergence rate. The rotational speed is considered in the range of 4000 

to 8000 rpm with a step of 1000 rpm.  

Table 2- boundary conditions 

Boundaries  Domain  

Boundary-contact region  

 

Rotating Domain 
Interface  Type 

contact region Location  

Boundary- propeller  

Wall Type 

Propeller  Location 

Boundary-contact region  

 

 

Static Domain 

 

Interface  Type 

contact region Location  

Boundary-inlet 

Velocity-inlet Type 

Inlet  Location  

Boundary-Outlet 

Pressure-outlet Type 

Outlet Location  

 

The SST K-ω turbulence model is used for turbulence flow modeling in the present study. This 

model has been recommended and used by various researchers to analyze the aerodynamic 
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performance of small propellers [5, 50, 555, and 56]. Its governing equations represented below 

and assumptions and constants are presented in these references [57 and 58].  
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Although there are higher computational costs with boundary layer meshing, this turbulence model 

is suitable for accurately modeling propeller turbulence. Typically, the average Y+ value is 

remained around one for all simulations. The solver for solution is pressure based with coupled 

algorithm and discretization of all equations are based on second upwind scheme. Also for 

gradients, Least Squares Cell-Based is used. The solution settings and boundary conditions are 

summarized in table 3. The solution process is repeated until the residuals reach the selected 

convergence criterion of 0.0001. Moreover, a convergence criterion of 0.0001 is also applied to 

the thrust and torque measurements. The number of iteration steps varies between 2000 and 3000. 

 

Table 3. Solution setting, numerical method and boundary conditions 

Feature Method/Boundary Condition 

Solver 3D Pressure based 

Turbulence model   k-w SST model 

Algorithm Coupled 

Discretization Second Upwind Scheme 
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Inlet boundary condition Velocity inlet 

Outlet boundary condition Pressure outlet 

 

8. Results and Discussion 

All propellers, including the base propeller and insect-inspired propellers, are numerically 

simulated according to the numerical model as was described in section. 5. At the following, the 

results of these simulations would be presented. Figures 11a and 11b demonstrates the comparison 

of the thrust and power coefficient trends at various rotational speeds between the base propeller's 

numerical results obtained in the present study and the experimental results conducted by Deters 

et al. [13]. The results indicate a good agreement, representing the high accuracy of the present 

numerical simulation method. This result suggests that the selected solution methodology is 

suitable for other bio-inspired propellers as well. However, it is important to note that there are 

some small differences between the experimental and numerical results because of various factors. 

One of the main reasons is that there is no access to precise geometric information of the DJI 

Phantom-3 propellers provided by Manufacturer Company, including the chord distribution, twist, 

and cross-section airfoil. The geometric information of the propellers in Deter’s studies is also 

using propeller scanners [13]. This may introduce errors in the modelling of base propeller and 

analysis. In order to compensate for this, the chord distribution and twist were determined based 

on previous studies [13 and 20], which may slightly differ from the original propeller geometry 

used in the experimental. Moreover, the exact airfoil of the DJI Phantom 3 propeller is unknown, 

so the EPPLER E63 airfoil was chosen for the cross-section in the numerical simulations. This 
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discrepancy in airfoil selection can also contribute to the disparity between the results obtained 

from the two methods. 

  

(a) (b) 

Figure 11. Validation of numerical method, thrust versus RPM and power coefficient versus RPM 

 

Figures 12a-g presents the pressure distribution contours on both the upper and lower surfaces of 

the base and bio-inspired propellers, at an average rotational speed of 6000 rpm. It can be seen in 

these pressure contours, as expected, the static pressure of the pressure surface is higher than the 

suction surface, resulting in an upward force known as lift and in the case of propellers it called 

thrust. This force is responsible for the upward movement of drones and is generated by the 

propeller’s blades. The magnitude of this thrust is directly proportional to the pressure difference 

between the two surfaces.  
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(a) 

  

(b) (c) 

  

(d) (e) 

 
 

(f) (g) 

Figure 12. Pressure contour of:  base propeller (a), Mantodea (b), Neuroptera (c), Orthoptera (d), Odonata 

(e), Hymenoptera (f), Hemiptera (g). 

Upper surface 

Lower surface 
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Considering a fixed rotational speed, the velocity magnitude experienced by the leading edge of 

the airfoil at each span-wise blade increases as the radius of its section increases. Therefore, there 

is a reduction in pressure from the root to the tip of the blades, as is evident by the span-wise 

pressure distribution in these contours (Figs. 12a-g). In addition, the contours of velocity 

magnitude (Figs. 13a-g) and streamlines (Figs. 14a-g) are shown in the following to provide 

comprehensive physical information about the flow filed created by these inspect-inspired 

propellers in comparison with the base propeller.   

 

(a) 

  

(b) (c) 

Upper surface 
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(d) (e) 

  

(f) (g) 

Figure 13. Velocity magnitude contours of:  base propeller (a), Mantodea (b), Neuroptera (c), Orthoptera (d), 

Odonata (e), Hymenoptera (f), Hemiptera (g). 

 

(a) 

Upper surface 
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(b) (c) 

  

(d) (e) 

  

(f) (g) 

Figure 14. Streamlines of:  base propeller (a), Mantodea (b), Neuroptera (c), Orthoptera (d), Odonata (e), 

Hymenoptera (f), Hemiptera (g). 
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The velocity contours and streamlines were showed in figures 13 and 14 respectively. These 

figures, develop numerical results at a rotational speed of 6000 for all insect-inspired propellers. 

Also, the propeller rotational speed at a local radius of 0.75R is calculated for all rotational speeds 

in Table 4. 

Table 4-The  rotational component of velocity 

for all insect-inspired propellers 

Rpm R (m) r=0.75R Velocity (m/s) 

4000 0.12 r =0.75R 37.69 

5000 0.12 r =0.75R 47.12 

6000 0.12 r =0.75R 56.54 

7000 0.12 r =0.75R 65.97 

8000 0.12 r =0.75R 75.39 

 

Figure 15 illustrates that as the rotational speed increases from 4000 to 8000 rpm, there is a 

noticeable increase in the thrust for all bio-inspired propellers, as is expected, similar to what is 

observed for the base propeller. An important finding is that the rate at which the thrust force 

changes due to an increase in rotational speed varies among the propellers and significantly 

depends on their blade shapes. The value of thrust change resulting from variations in rotational 

speed: for the base propeller, it ranges from 1.60 to 6.83 Newton; for Mantodea, it ranges from 

1.56 to 6.62 Newton; for Neuroptera, it ranges from 1.80 to 7.59 Newton; for Orthoptera, it ranges 

from 2 to 8.38 Newton; for Odonata, it ranges from 2.14 to 8.89 Newton; for Hymenoptera, it 

ranges from 2.24 to 9.34 Newton; and for Hemiptera, it ranges from 2.28 to 9.45 Newton. 

Consequently, most bio-inspired propellers have a greater thrust than the DJI Phantom-3 propeller. 

Among the propeller examined in this study, Hemiptera demonstrates the highest rate of thrust 

change so that at the rotational speed of 8000 rpm, it produces a thrust value that is 36.21% higher 
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than that of the DJI Phantom-3 propeller. The Mantodea propeller closely aligns with the base 

propeller's thrust pattern as the rotational speed increases. In between, Orthoptera and Neuroptera 

exhibit a moderate behavior. 

 

 

Figure 15. Thrust versus rotational speed for all propellers 
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Figure 16. Thrust coefficient versus rotational speed for all propellers 

In Figure.16, the changes in the thrust coefficient are depicted as the rotational speed varies. It is 

apparent that the thrust coefficient also experiences a slight increase as the rotational speed is 

raised. Similarly, to the trend observed in the thrust values of the propellers, the bio-inspired 

propellers generally exhibit higher thrust coefficient values. Specifically, the Hemiptera-inspired 

propeller demonstrates the highest thrust coefficient values across all rotational speeds. The 

Mantodea-inspired propeller is similar to the base propeller. Once again, it is noted that the 

propellers inspired by Orthoptera and Neuroptera exhibit a moderate behavior. It also needs to 

mention that in for a fixed reference area (disk area), the increase in thrust is due to a combined 

effect of the planform shape and the blade surface, which, of course, the planform alone (and 

without taking into account the concerns including weight, construction and structure) are not 

considered a definite advantage. 
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Figure.17 shows the mechanical power required to rotate the propellers. This power is calculated 

using equation (2). The calculation takes into account the torque value obtained from the 

simulation results. Figure.17 displays the torque coefficient for various propellers at different 

rotational speeds, as determined using equation (7). Considering figs.17 and 18, it is seen that as 

the rotational speed increases, the propeller's torque and consequently the mechanical power also 

increase. Additionally, propellers with wider chord distributions require more mechanical power 

to rotate, which can lead to increase the propeller’s noise and drag. This observation holds true for 

the Hymenoptera, Odonata, and Hemiptera. Conversely, the Mantodea and Neuroptera propellers, 

which are relatively narrower, exhibit lower values of mechanical power and torque coefficient at 

all rotational speeds. The Orthoptera propeller falls between this two manner, showing a moderate 

change in mechanical power and torque coefficient with increasing rotational speed, similar to 

what is observed for its thrust and thrust coefficient. 

Based on relation (1), it can be inferred that an increase in the required mechanical power leads to 

a reduction in the propeller efficiency. In simpler terms, when the required mechanical power is 

increased, more energy (in the form of battery or fuel consumption) is needed for operation, which 

is undesirable from the propulsion efficiency perspective.  
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Figure 17. Mechanical Power versus Rotational Speed for all propellers 

 

Figure 18. Torque Coefficient vs rotational Speed for all propellers 
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In this research, we calculated the propeller efficiency for all propellers at a range of rotational 

speeds. Figure.19, displays the trend of propeller efficiency as the rotational speed increases. Since 

the free-stream velocity is nearly zero, the propeller efficiency remains only marginally higher 

than zero, indicating very low performance for all propellers. It is observed that the propeller 

efficiency decreases as the rotational speed increases for all propellers. Wider propellers require 

more mechanical power for rotation, result in an increase in the required mechanical power with 

increasing the rotational speed. Consequently, despite the higher thrust generated by the 

Hemiptera-inspired propeller due to its wider blade design, its efficiency remains low. The same 

applies to Hymenoptera and Odonata inspired propellers. In contrast, propellers with narrower 

blades, like Neuroptera and Mantodea, exhibit lower propeller efficiencies. Figure.17 also 

highlights that, in terms of propeller efficiency, Orthoptera propeller demonstrates a moderate 

behavior with increasing rotational speed compared to other propellers. 
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Figure 19. Propeller efficiency vs rotational speed for all propellers 

Eliminating the rotational speed (horizontal axis) from the figs. 17 and 19, the variations of the 

required mechanical power versus variations in the propeller efficiency are obtained for all 

propellers that are shown in the figure.20. It is a performance curve for the propeller that represent 

the variation of tow performance parameter simultaneously. As is evident, there is an inverse 

relationship between the propeller efficiency and required mechanical power in fig.18. With the 

increase of the mechanical power, the propeller efficiency decreases. As expected, the overall 

behavior in all propellers is similar. However, the rate of these trends are different.  

 

Figure 20. propeller efficiency vs required mechanical power for all rotational speed 

To analyze the results practically, it is important to consider the vehicle's capability of take-off. In 

order to a multi-rotor overcome on its weight, it must produce a value of normal force equal to its 

weight. This happens at a specific rotational speed for each propeller. However, increasing the 

rotational speed leads to higher battery consumption and environmental noise. Therefore, it is 
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desired for the propeller to operate at a lower rotational speed, while still maintaining a constant 

thrust to weight ratio, such as 1:1. For a better analysis of the propeller performance, their 

parameters are compared at a constant thrust to weight ratio of 1:1. For this comparison, the DJI 

Phantom-3 drone, weighing 1.216 kg, is considered as an example. Assuming a thrust to weight 

ratio of 1:1 for take-off and considering the hovering conditions, each propeller should produce a 

thrust equal to 2.982 Newton. The propellers in this research are investigated at different rotational 

speeds and are exhibited different torque and mechanical power, as expected.  

Figure 21 illustrates the values of mechanical power for all the propellers at a constant thrust to 

weight ratio of 1:1. Comparing the propellers reveals that their shape affects the mechanical power 

and the required rotational speeds for the drone to overcome its weight. In this figure, the column 

related to the mechanical power of the original DJI Phantom-3 propeller is highlighted in green. 

Additionally, a horizontal dashed line represents a baseline for comparison with the DJI Phantom-

3 propeller. This figure also displays the percentage difference of each propeller compared to the 

DJI Phantom-3 propeller. The propellers inspired by Odonata, Hymenoptera, and Hemiptera 

requires mechanical powers more than what is needed for the base propeller. In other words, the 

insect-inspired propellers having wider chord distribution require more mechanical power to rotate 
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compared to the DJI Phantom-3 propeller. Out of the six bio-inspired propellers investigated, 

Hymenoptera requires the most mechanical power for hovering, while Mantodea requires the least. 

 

 

Figure 21. Mechanical power for all propellers at thrust to weight ratio of 1:1 
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Figure 22. Propeller efficiency for all propellers at thrust to weight ratio of 1:1 

The amount of mechanical power needed for hovering has an impact on the propeller efficiency, 

as shown in figure.22. As mentioned earlier, an increase in required mechanical power leads to 

higher energy consumption (battery or fuel) during operation, which is undesirable from a 

propulsion efficiency perspective. This, in turn, decreases propeller efficiency (that the trend of 

this decrease was also illustrated in figure 20 for all propellers at various mechanical power). 

However, Mantodea, Orthoptera, and Neuroptera have higher propeller efficiency than the DJI 

Phantom-3 and other propellers despite their relatively narrower planforms. Mantodea exhibits the 

highest propeller efficiency, while Hymenoptera has the lowest. 
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Figure.23 demonstrates the rotational speed necessary to overcome on the weight during hovering 

operation, with a thrust-to-weight ratio of 1:1. It is evident that all bio-inspired propellers, except 

for Mantodea, can achieve the required thrust at a lower rotational speed than the DJI Phantom-3 

propeller. The rotational speed can be a significant factor and contribute to the noise generation 

and increased in noise level, and results suggest a potential correlation between reducing rotational 

speed and a slight decrease in noise. However, confirming this relationship would require 

calculations of flow-induced noise, which are outside the scope of this research. Among the 

propellers tested, Mantodea possesses the highest rotational speed, whereas Hemiptera has the 

lowest. 

 

Figure 23. Rotational speed for all propellers at thrust to weight ratio of 1:1 

Finally, an abstract of the previous results about the performance parametric study on the present 

insect-inspired propellers is collected and presented in the Table. 5. As can be seen from Table. 
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5a, the Hemiptera-inspired propeller, has the best performance in terms of thrust and torque in all 

rotational speeds, but, the best performance in terms of propeller efficiency and mechanical power 

is for the Mantodea-inspired propeller. In addition, as is seen in Table.5b, in the thrust to weight 

ratio of 1:1 (Hovering condition), Hemiptera-inspired propeller has the best performance in terms 

of rotational speed (minimum rotational speed), the Mantodea-inspired propeller shows better 

performance in terms of propeller efficiency and mechanical power. 

Table. 5. Highlights of the results of performance study on the present insect-inspired propellers 

a) Best improvement compared to DJI Phantom-3 propeller 

Rotational speed Thrust Torque  Propeller efficiency Mechanical power 

4000 
Hemiptera 

(+ 31.66%) 

Hemiptera 

(+ 66.66 %) 

Neuroptera 

(+ 7.69 %) 

Mantodea 

(0) 

5000 
Hemiptera 

(+ 33.13 %) 

Hemiptera 

(+ 60 %) 

Mantodea 

(+ 6.80 %) 

Mantodea 

(-19.99 %) 

6000 
Hemiptera 

(+ 34 %) 

Hemiptera 

(+ 57.14 %) 

Mantodea 

(+ 7.87 %) 

Mantodea 

(-14.29 %) 

7000 
Hemiptera 

(+ 35.91 %) 

Hemiptera 

(+ 66.66 %) 

Mantodea 

(+ 6.25 %) 

Mantodea 

(-11.10 %) 

8000 
Hemiptera 

(+ 36.21 %) 

Hemiptera 

(+ 66.66 %) 

Mantodea 

(+ 2.9 %) 

Mantodea 

(-8.33 %) 

b) Best improvement compared to DJI Phantom-3 propeller in thrust to weight ratio of 1:1 

(hovering condition) 

Rotational speed Propeller efficiency Mechanical power 

Hemiptera 

(-13.36%) 

Mantodea 

(+8.41%) 

Mantodea 

(-7.76%) 
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9. Conclusion 

In this study, numerical analyses were carried out to examine the aerodynamic performance of 

several bio-inspired propellers across a range of rotational speeds from 0 to 6000 rpm. To validate 

the accuracy of our simulations, the results were compared with experimental data [13] for the DJI 

Phantom-3 propeller, which served as the baseline propeller. The key findings from these 

simulations are as follows: 

❖ All insect-inspired propellers, except for Mantodea propeller, demonstrated higher thrust 

and torque compared to the DJI Phantom-3 propeller. 

❖  An increase in rotational speed led to a decline in propeller efficiency. 

❖  The “Mantodea” propeller achieved the highest efficiency, with an 8.41% improvement 

over the DJI Phantom-3. 

❖ When considering the mechanical power required, “Mantodea” propeller also 

outperformed the baseline propeller with a 7.76% reduction in power consumption. 

❖  In terms of rotational speed, the “Hemiptera” propeller showed better performance by 

rotating 13.36% more slowly than the DJI Phantom-3. 

❖  Based on propeller efficiency and mechanical power requirements, the “Mantodea” 

propeller exhibits acceptable performance and could be a suitable replacement for the DJI 

Phantom-3 propeller. 

❖ Taking all performance parameters into account, the “Orthoptera” propeller displayed 

moderate performance. 

 

These results suggest that bio-inspired propellers, particularly “Mantodea-inspired propeller” 

has optimal and suitable performance in terms of two parameters and, in terms of shape, is also 
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close to the DJI Phantom 3 propeller therefor it can be a suitable alternative. Then, by comparing 

the figures, it can be seen that the “Orthoptera-inspired propeller” propeller is also a suitable 

blade and is in balance in terms of the parameters examined. 

One of the key achievements of this study is the presentation of bio-inspiration (regarding insects 

in the present study) as a potential approach for improving aerodynamic performance. The results 

suggest that the present insect-inspired propellers have a potential to replace conventional 

propellers like the DJI Phantom-3. However, further investigations and more accurate calculations 

are necessary to determine the best selection. Overall, this research highlights the promising 

applications of bio-inspired propellers and underscores the need for in-depth studies and 

comprehensive analyses and experimental tests to fully harness their benefits. 
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