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Abstract: Rotor plays a vital role in the dynamical system of an unmanned aerial vehicle (UAV).
Prominent aerodynamic and acoustic performance are a long-term pursuit for the rotor. Inspired
by excellent quiet flight characteristics of owls, this work adopted bionic edge design and rational
material selection strategy to improve aerodynamic and acoustic performance of the rotor. A reference
model of rotor prototype with streamlined edges was firstly generated by reverse engineering method.
With inspiration from owl wings and feathers, bionic rotors with rational design on leading and
trailing edges were obtained. Original and bionic rotors were fabricated with polyamide PA 12 and
Resin 9400 by 3D printing technique. Aerodynamic and acoustic performance of the as-fabricated
rotors were experimentally measured and analyzed in detail using a self-established test system.
Comparative experimental results indicated that the aerodynamic and acoustic performance of the
rotors was closely related to the bionic structures, material properties, and rotational speeds. At the
same rotational speed, bionic rotor fabricated with Resin 9400 can produce a higher thrust than the
prototype one and its power consumption was also reduced. The resulting noise of different bionic
rotors and their directivities were comparatively investigated. The results verified the bionic edge
design strategy can effectively control the turbulent flow field and smoothly decompose the airflow
near the tailing edge, which resulting in enhancing the thrust and reducing the noise. This work
could provide beneficial inspiration and strong clues for mechanical engineers and material scientists
to design new abnormal rotors with promising aerodynamic and acoustic performance.

Keywords: abnormal rotor; bionic design; aerodynamic performance; noise reduction; UAV

1. Introduction

In recent years, the multi-rotor UAV has been widely used in various fields due
to their unparalleled maneuverability, mechanical reliability, and high security. [1]. In
civilian applications, multi-rotor UAV becomes the first choice for aerial photography and
delivery due to their low price and ease of operation [2]. In military applications, multi-
rotor UAV is usually used to complete search and reconnaissance missions [3], as well as
possible UAV swarm combat missions in the future [4]. In addition, multi-rotor UAV is
also widely used in the agricultural field [5]. The multi-rotor UAV has also been used in
the study of volcanic gas plumes because of its stable flight in complex environments. [6].
With the rapid development of the multi-rotor UAV, two prominent issues, including
cruising ability [7] and environmental protection [8], have become more and more urgent.
These problems need to be addressed and could be resolved by improving aerodynamic
performance and reducing noise pollution. Learning from the miraculous nature, scientists
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and engineers have constantly devoted themselves to seeking satisfactory solutions to these
problems [9–16].

Owls as star raptors have been intensively investigated due to their striking ability to
fly silently and capture large prey. It was found that owls’ unique feather structures are
the key factors for its excellent flight ability. Generally, its feathers are normally charac-
terized by leading edge combs, trailing edge fringes, velvet-like surfaces, and directional
textures [17–19]. The raised structures on the leading edge of the wing were considered to
improve the aerodynamic characteristics and increase the lift of the wings, which could
contribute to the maneuverability of the owl [20–22]. It is worth mentioning that this
leading edge structure was also found on the flippers of a humpback whale, which can
improve the attack angle before stall occurs [23]. Trailing edge fringes of owl feathers can
significantly reduce scattering noise from the trailing edge [24]. Similarly, leading edge
combs can reduce turbulence intensity across the trailing edge [25]. Distal barbules of
feathers intersperse with each other to form a multi-layer porous structure. Velvet-like
structures on the wing surface can soften airflow and reduce boundary layer turbulence [21].
In addition, noise reduction can also be realized through directional textures formed by
interlaced feathers of owl’s wings. When airflow passes through the wing surface, the
directional textures can effectively make the airflow adhere to the wing surface and restrain
the airflow separation to form a large eddy current, resulting in noise reduction [19].

Inspired by these promising characteristics of owl wings, a great deal of studies try to
reduce noise and improve aerodynamic performance of rotors by elaborate morphology
design. Hu et al. [26] designed leading edge with serrations to investigate the influence
of different serration parameters, including height and wavelength on noise reduction
performance. The maximum noise reduction was up to 13 dB, while the aerodynamic
performance of the rotor also decreased. Liu et al. [27] added ridge structures to the
leading edge, which also demonstrated good noise reduction effect. It was proved by
numerical simulation that bionic structures can cause changes of streamwise vortices.
Besides, the influence of bionic trailing edge fringes on the noise and thrust performance of
rotors was also investigated and discussed [8,28,29]. Candeloro et al. [30] experimentally
confirmed that a sensible noise reduction with strong directivity can be achieved. Despite
this, the reduction of thrust coefficient cannot be ignored. Most recently, Chen et al. [31]
demonstrated bionic design of wind turbine blades that coupled owl wing shape with
herringbone groove structures of feathers together. The herringbone groove structures on
the surface of wind turbine blades enhanced flow adhesion by generating eddy currents
and reduced pressure on the leeward side of the bionic blade. Previous studies suggested
that leading edge serrations and trailing edge fringes are both effective structures for noise
reduction. However, in most cases, the designs of leading edges and trailing edges were
applied separately. Few studies considered these bionic structures at the same time. Herein,
with inspiration from owl wings and feathers, bionic edge design was applied on abnormal
rotors with raised structures on leading edge and the serrated structures on trailing edge.
The aerodynamic and acoustic tests of original and bionic rotors were conducted under
laboratory conditions. The experimental results were compared and discussed in detail
to reveal the underlying work mechanism of the bionic abnormal rotors. This work is
anticipated to inspire novel design and propose referable paradigm for abnormal rotors of
small UAV, even turbine blades of large aeromotors.

2. Materials and Methods
2.1. Vital Structure Parameters of Original Rotor

A commercial P-series carbon fiber (CF) rotor for small multirotor UAV was purchased
from T-MOTOR company (Jiangxi Province, China), which was taken as the original
rotor (OR). The OR is made of carbon fiber reinforced polymer (CFRP) and its weight is
14.2 ± 1.5 g. The geometry parameter of this OR is 13 × 4.4 inch (diameter × pitch). The
spanwise distribution of chord length (C) and pitch angle (θ) of each section is shown in
Figure 1. The chord length ranges from 7.6 to 32.1 mm. In order to describe the parameters
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of different positions of the rotor, the radius of the rotor is defined as R, the spanwise
distance from any point on the rotor to the center of rotation is defined as x, and x/R is
used to represent the position of different sections. Along the spanwise direction, it reaches
the maximum value (32.1 mm) at the position of 0.4 times the radius (0.4R) near the OR
root and reaches the smallest value (7.6 mm) at the OR tip. The pitch angle ranges from
7.6◦ to 19.8◦. Similarly, it reaches the largest value (19.8◦) at 0.2R near the OR root and
gradually decreases along the spanwise direction to reach the smallest value (7.6◦) near the
OR tip. The maximum speed (υ) of the OR cannot exceed 8000 rpm and the ultimate tensile
force (F) can reach 4.5 kg. In addition, considering the aerodynamic characteristics of the
OR at different positions, the chord length at 0.75R is defined as the characteristic chord
length (C0 = 22.3 mm) of the OR. It was used as an important reference parameter for the
bionic design of leading edge and trailing edge.
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of variables C, x, R, and θ.

2.2. 3D Reconstruction Model of OR

The complete 3D reconstruction workflow is shown intuitively for better understand-
ing of the reconstruction process (Figure 2a). Since the actual OR rotor is featured with
typical complex overflow surfaces (Figure 2b), it is technically difficult to build an appli-
cable reference model of the OR directly. In this case, inverse engineering method was
adopted to construct a 3D model of the OR for following bionic edge design. First, a
handheld 3D scanner (Handyscan 370, Creaform Shanghai Ltd., China) was used to obtain
the raw point cloud data of the OR with a high-level accuracy of 0.03 mm. Second, the
point cloud data was imported into an inverse modeling software (Unigraphics NX). Then,
point cloud reconstruction, repair, and a series of post-processing were carried out to obtain
a suitable rotor surface model with an accuracy of 0.10 mm. Finally, the obtained rotor
surface model was imported into a commercial 3D modeling software (CATIA) to obtain
3D reconstruction model of OR (Figure 2c).
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engineering method; (b) A commercial CF rotor; (c) The obtained 3D reconstruction model of the OR.

2.3. Structure Acquisition from Owl and Bionic Edge Design

Both leading edge comb of owl wings and trailing edge fringes of its feathers both
play a non-negligible role in owl flight. Inspired by this, bionic edge design for leading and
trailing edges of the rotor was performed by acquiring design elements from owl wings
and feathers (Figure 3).
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Figure 3. Bionic edge design strategy for leading and trailing edges of the OR with inspiration
from owl wings and feathers. Source of the owl image: https://pixy.org/4654605 (accessed on 20
March 2022), reproduced with permission.

In fact, sinusoidal structures were widely studied for leading edge design and proved
to be effective in many cases [26,27,32]. In this case, the sinusoidal structure acquired
from owl wings was reasonably modified and streamlined to reduce aerodynamic loss
of the rotor. For trailing edge design, it confirmed that serrated structures can suppress
aerodynamic noise generated by high-speed rotation of the rotor [33,34]. Interestingly,
the fringes in owl feathers possessed similar natural serrated structures, which was more
production-friendly than conventional sinusoidal type [35,36]. During continuous rotation
of the rotor, the linear velocity, vortex intensity, and turbulence near rotor tip are much
larger than that near rotor root. To observe more remarkable acoustic performance, bionic
serrations were designed and applied on the trailing edge near the rotor tip, which was
along the span of 0.6~1.0 times the rotor radius [26,37]. The bionic serrations in this case
are also set within the above-mentioned rotor area. Here, two design methods, including
subtractive material design (SMD) and additive material design (AMD), were adopted
to modify trailing edges of the bionic rotors. Therefore, a series rotor model with bionic

https://pixy.org/4654605
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edges was design (Table 1). According to the number of bionic edges, the rotor models
can be divided into three groups: (1) Rotor with bionic leading edge (LE, Figure 4a), rotor
with bionic trailing edge by SMD (TE-S, Figure 4b), and rotor with bionic trailing edge
by AMD (TE-A, Figure 4c); (2) Rotor with both bionic leading edge and trailing edge by
SMD (LE-TE-S, Figure 4d), rotor with both bionic leading edge and trailing edge by AMD
(LE-TE-A, Figure 4e); (3) OR without bionic edge (OR, Figure 4f). It should be pointed
out that the accuracy of the 3D printing used in this case is within 0.2 mm, which is much
smaller than the feature size of bionic structures. Thus, the surface roughness will not
significantly affect the flow distribution around the bionic rotors. In addition, the volumes
of different rotor models were also provided to better describe the physical nature of these
rotors (Table 2).

Table 1. Parameters of different rotors models with bionic edges designs.

Rotor Type Parameter Relation and Value

LE
Amplitude (A) A = 0.1C0 2.23 mm
Wavelength (B) B = C0 22.3 mm

TE-S
Height (a) a = 0.1C0 2.23 mm
Width (b) b =

√
3

2 C0 1.93 mm

TE-A
Height (α) α = 0.1C0 2.23 mm
Width (β) β =

√
3

2 C0 1.93 mm
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Table 2. The overall volume of different rotor models.

Rotor Type LE TE-S TE-A LE-TE-S LE-TE-A OR

Volume (×104 mm3) 1.364 1.385 1.407 1.356 1.378 1.393

2.4. 3D Printing Rotors with Different Materials

3D printing technique with facile material selection has been wildly applied to the
manufacture of complex structures. To introduce the abnormal bionic edges as designed
above, a 3D printing technique was adopted to manufacture both OR and bionic rotors. It
was well-known that photosensitive resin was one of the most commonly used materials
for conventional 3D printing. However, when compared with the commercial CF rotor, the
mechanical properties of rotors with photosensitive resin materials are far from enough.
CFRP seemed to be a promising choice to manufacture bionic rotors with competitive
mechanical properties. Unfortunately, the surface quality of CF rotors manufactured by
3D printing was hard to be satisfactory. It was hard to meet the relatively strict quality
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requirements of rotor surface to perform the following aerodynamic tests. Based on
this factor, two common commercial materials for 3D printing that meet both strength
requirements and have different properties were selected to fabricate the rotors (Table 3).
According to as-built rotor models, twelve 3D printing rotors with PA 12 (Dongguan
Zhonger New Material Co., Guangdong Province, China) and Resin 9400 (Dongguan
Aide Polymer Material Technology Co., Ltd., Guangdong Province, China) were obtained
(Figure 5). In addition, weight information of these rotors was also provided (Table 4).

Table 3. Material parameters of PA 12 and Resin 9400.

Materials Tensile Strength
(MPa)

Breaking Strength
(MPa)

Bending Strength
(MPa)

Flexural Modulus
(MPa)

Impact Strength
(J/cm2)

PA 12 50 70 80 2800 23
Resin 9400 47 33.4 67 2178 27
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Figure 5. Different 3D printing rotors with PA 12 and Resin 9400, respectively. (a) OR and bionic
rotors with PA 12; (b) OR and bionic rotors with Resin 9400.

Table 4. Weight comparison of 3D printing rotors with PA 12, Resin 9400, and CFRP. Unit: g.

Materials LE TE-S TE-A LE-TE-S LE-TE-A OR

PA 12 13.3 ± 0.5 13.7 ± 0.4 13.9 ± 0.4 13.2 ± 0.7 13.4 ± 0.4 13.8 ± 0.7
Resin 9400 15.7 ± 0.7 15.8 ± 1.0 16.1 ± 0.8 15.0 ± 0.5 15.8 ± 0.7 15.9 ± 1.0

2.5. Experimental Test Setup for Aerodynamic and Acoustic Performance

To reflect as much as possible the influence of the bionic structure on the rotors’ perfor-
mance under real working conditions, the following experimental tests on aerodynamic and
acoustic performance were conducted in an open space using a self-built difunctional test
system (DTS). In this DTS, a small multi-axis multi-rotor power motor (T Motor MN4010
series, Nanchang, China) was used as the drive motor for the rotor. Then, the rotor was in-
stalled on the motor for debugging. A square wave brushless electronic speed control (ESC,
T Motor AIR 20A, Nanchang, China) and servo tester (ST, T Moter MN4010, Nanchang,
China) were selected as the control devices. An adjustable power supply (MCH-K3205D,
Shenzhen Meichuang Instrument Co., Shenzhen, China) and a rechargeable battery (1604G
6F22 9V, Panasonic, Japan) were used to power the motor and ESC, respectively. After
connecting all the devices and debugging, the motor speed can be adjusted by ST from
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3000 rpm to 6000 rpm. The whole test system, including the above-mentioned components,
is shown in Figure 6. For aerodynamic performance tests, a horizontal rotor tension test
platform (RTTP) was selected. The RTTP consisted of a high-precision linear guide and
a tension force sensor with a response range of 0–10 kg and an accuracy of 1 g. The hor-
izontal RTTP can effectively eliminate the weight influence of the motor and accurately
measure the pulling force of the rotor. In addition, the power consumed by the rotor can be
calculated from the output voltage and current of the adjustable power supply.
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For acoustic performance tests, professional microphone array (SW-524, Sndway,
Guangdong Province, China) was placed along a semicircular locus with a diameter of 0.5 m
at an interval of 45◦. The center of the microphone was at the same height as the rotation
center of the rotor (Figure 7). The microphone accuracy was 0.1 dB and the noise data was
collected by the NoisMeter 1.0 software. The aerodynamic and acoustic performance of all
kinds of rotors were tested at a speed interval of 600 rpm in the range of 3000–6000 rpm.
Speed calibration of the rotor was performed by a laser non-contact tachometer (TA8146C,
Suzhou Tasi Electronics Co., Ltd., Jiangsu Province, China). Experimental data was collected
and analyzed to compare aerodynamic and acoustic performance of rotors with different
edges. In addition, the average background noise of different motor speeds in the open
space was measured to more intuitively compare the noise reduction effects of different
bionic rotors (Table 5). The noise levels of different rotors below are all measured under the
corresponding background noise.

Table 5. The average background noise of different motor speeds in the open space.

Speed
(rpm) 3000 3600 4200 4800 5400 6000

Average
Noise

Level (dB)
53.7 54.7 59.0 61.2 64.4 61.1
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3. Results and Discussion
3.1. Thrust Generation

As a vital performance index of the dynamical system of an UAV, aerodynamic prop-
erties of the rotor have always been the focus of attention in the field of mechanical and
aerospace engineering, which also promotes the booming development of various multi-
rotor aircraft. Importantly, aerodynamic performance of the rotor directly affects endurance
time and maximum take-off weight of the multi-rotor aircraft. Therefore, key indexes,
including thrust and power consumption, were investigated to evaluate the aerodynamic
performance of different rotors with bionic edges.

For both PA 12 and Resin 9400 rotors, with rotation speed increasing from 3000 rpm to
6000 rpm, the average thrusts of all rotors demonstrated clear upward trends (Figure 8).
The results were consistent with empirical cognition. Particularly, the thrust values showed
a more significant increase after rotation speed reached 4800 rpm. It indicated that the
thrusts of all rotors could be improved at a relatively high speed. Interestingly, when
compared with different rotors at the same speed condition, most 3D printing rotors with
resin 9400 showed decreased phenomena on thrust. The decrease phenomenon was more
pronounced at a high rotation speed. This could be attributed to different mechanical
properties of PA 12 and Resin 9400. Excellent mechanical properties can prevent rotor from
edge warping or destructive deformation even at high rotation speeds, and vice versa. It
found that most bionic rotors with PA12 (Figure 8a) and Resin 9400 (Figure 8b) can achieve
similar thrust at lower speeds (3000–3600 rpm). More importantly, the bionic rotors TE-A
with PA 12 showed the best thrust (433.4 ± 7.9 g) at high speed (6000 rpm).
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Taking the OR rotor as a reference, the effects of different bionic edge designs on
aerodynamic performance are summarized (Figure 9). In contrast, it was also found that
the sinusoidal structure applied on the leading edge will partially reduce the thrust of bionic
rotors LE with PA 12 and Resin 9400, respectively. This is possibly due to the disturbance of
flow distribution that arose by the sinusoidal structure near the leading edge [38]. Further,
a more notable drop in the thrust of bionic rotor LE-TE-S with Resin 9400 can be found,
resulting from the reduction of total effective lifting area by SMD, while the bionic rotor
LE-TE-A with Resin 9400 showed a significant increase thrust during the whole speed
range (3000–6000 rpm). Particularly, it can boost thrust by 13.83% when compared with OR
with Resin 9400 at 6000 rpm. It provided evidence that the existence of TE-A can effectively
control the turbulent flow near the leading edge, thus improving thrust. These results
confirmed the validation of bionic edge design for aerodynamic performance improvement.
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Figure 9. Comparison of thrust with different rotors. (a) Bionic rotors with PA 12; (b) Bionic rotors
with Resin 9400. The thrust of the OR rotor was taken as a reference value (0 g). Under the same
conditions, the increase in thrust was positive and the decrease in thrust was negative.

3.2. Power Consumption

Power is another key indicator to evaluate the aerodynamic performance of bionic
rotors from energy aspect. In this section, the adjustable power supply outputs a stable
voltage (U), and different currents (I) will be displayed under different rotation speeds.
The power (P) is the product of the voltage and the current. Thus, powers of bionic rotors
at different speeds were explored in detail (Figure 10). For LE-TE-A with Resin 9400, it can
provide a significant increase in thrust, while the power reduction was not obvious (only
5.4% at 3600 rpm). It was understandable that air drag increased dramatically with thrust
increasing during rotation, which in turn consumes additional power [39]. It can be found
that the difference in power consumption was more obvious at high speed. At 6000 rpm,
the power can be reduced by a maximum of 14.16% (TE-S with PA 12).
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Figure 10. Power comparison of different rotors at various speeds. (a) Power consumption of bionic
rotors with PA 12; (b) Power consumption of bionic rotors with Resin 9400; (c) Comparison of power
consumption between bionic rotors with PA 12; (d) Comparison of power consumption between
bionic rotors with Resin 9400. The power consumption of the OR rotor was taken as a reference value
(0 W). Under the same conditions, the increase in power was positive and the decrease in power was
negative.

To further evaluate the aerodynamic performance of different bionic rotors, it is
meaningful to compare their power consumption at the same generated thrust (Figure 11).
Most obviously, when compared with OR with Resin 9400, the power consumption of TE-A
with Resin 9400 was reduced for the thrust range from 100–400 g. It indicated that bionic
trailing edge by AMD was effective for energy conservation. In addition, the power–thrust
relationship demonstrated a nearly linear trend, which provided strong evidence of load
stability of bionic rotors.
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Figure 11. Power–thrust curves of different rotors. (a) Bionic rotors with PA 12; (b) Bionic rotors with
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thrusts. The power consumption of the OR rotor was taken as a reference value of (0 W). Under the
same thrust, the increase in power was positive and the decrease in power was negative.

In terms of materials, bionic rotors with PA 12 suffered from aerodynamic performance
degradation at high speeds (Figure 11), which could be due to the intrinsic toughness
property of PA 12. Besides, bionic leading edge with sinusoidal structure (LE) showed
thrust reduction as a result of effective area decreases and the modified flow field around
the rotor surface. On one hand, the sinusoidal structure increased the contact area with
the air during the rotor rotated, which increased the friction drag and increased the power
consumption. On the other hand, serious separation of flow field around the sinusoidal
structure may generate turbulent flow, which also increases the power consumption. In
contrast, the existence of bionic serrated structure can effectively improve turbulent flow
field near the trailing edge, thereby improve thrust [40].
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3.3. Noise Reduction

Aerodynamic noise from rotor mainly arose from flow pressure disturbance on the
rotor surface. To evaluate the acoustic performance of bionic rotors, noise levels at different
speeds were investigated and analyzed (Figure 12). Interestingly, when compared with
CF rotor at the same speed, bionic rotors with PA 12 demonstrated significant noise
reduction effect in a relatively broad speed range (3000–5400 rpm) (Figure 12a). The
maximal noise reduction (NRmax = NReference − NBionic, NReference = NCF) can reach 8.9 dB
(TE-S) at 3600 rpm. However, when speed reached relatively high speed (6000 rpm), the
noise level of partial bionic rotors with PA 12 (LE, LE-TE-S and TE-A) climbed over 80 dB,
which was slightly higher than that of the CF rotor. Surprisingly, the noise level of all the
bionic rotors with Resin 9400 was much smaller than that of the CF rotor within the whole
speed range (3000–6000 rpm). Particularly, for the bionic rotor LE-TE-A with Resin 9400, it
showed the most significant advantage on noise reduction (Figure 12b). In terms of printing
material factor, the experimental results indicated that PA 12 seemed to be superior in noise
reduction than Resin 9400. The reason could be attributed to the fact that PA 12, as a ductile
material, can absorb slight vibrations that arise from rotor rotation, thereby reducing noise
to a certain extent.
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Figure 12. Comparison of noise level of different rotors. (a) Noise level of bionic rotors with PA 12;
(b) Noise level of bionic rotors with Resin 9400; (c) Comparison of noise level between bionic rotors
with PA 12; (d) Comparison of noise level between bionic rotors with Resin 9400. The noise level of
the OR rotor was taken as a reference value (0 dB). Under the same conditions, the increase in noise
level was positive and the decrease in noise level was negative.
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More importantly, no matter which kind of material (PA 12 or Resin 9400) was used in
3D printing, all the rotors with bionic edges demonstrated a considerable noise reduction
effect when compared with OR (Figure 12c,d). It also should be noted that noise reduction
effect becomes less notable as rotation speed increases gradually. For example, when
compared with OR, the NRmax (NReference = NOR) of bionic rotor (LE-TE-A) can reach 6.07%
(3.82 dB) at 3000 rpm, while the value dropped to −0.7 dB at 6000 rpm. Without regard
to printing materials, it can be found that the sinusoidal structure of bionic leading edge
could be regard as a vortex generator. It affected the pressure difference between the upper
and lower rotor surfaces to increase vortex, which led to more aerodynamic noise [41,42].
When compared among all the bionic rotors, the noise level of LE rotor was the highest. In
contrast, the serrated structure of bionic trailing edge can smoothly decompose the airflow
at the rotor tail. It effectively suppressed the generation of large eddy currents, thereby
reducing noise levels from the source [43–45].

3.4. Noise Directivity

In the direction perpendicular to the rotation plane, the noise generated at different
positions was asymmetric. Thus, it is necessary to study the noise directivity and corre-
sponding noise level. The noise directivities of different rotors at various speed ranging
from 3000–6000 rpm were obtained (Figures 13 and 14). It can be concluded that no matter
what rotation speed, the noise levels of CF rotor reached an extreme point at 0◦ (Nmax) and
90◦ (Nmin), respectively. As for the OR with PA 12 and Resin 9400, the noise level at 90◦

was also the minimum, but the noise at 180◦ was similar to 0◦. Particularly, some even
exceed the noise level at 0◦ and become the highest level (OR with PA 12 at 5400 rpm and
6000 rpm, OR with Resin 9400 at 4200–6000 rpm). Therefore, the printing materials of rotors
have a certain influence on the noise directivity.
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and 4200 rpm.
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Figure 14. Noise directivity distribution of different rotors at 4800–6000 rpm. (a,c,e) Rotors with
PA 12 at 4800 rpm, 5400 rpm, and 6000 rpm. (b,d,f) Rotors with Resin 9400 at 4800 rpm, 5400 rpm,
and 6000 rpm.

Moreover, the TE-S rotor with PA 12 had a prominent noise reduction effect at 180◦. It
was an exciting and meaningful finding because the noise generated under the rotor directly
affected the crew when the UAV was working. Compared with the OR with PA 12 rotor,
the noise level of TE-S at 180◦ can be reduced by a maximum of 12.69% (10.8 dB, 6000 rpm).
The trailing edge with serrated structure by SMD can generate a strong flow vortex to
suppress the phenomenon of spanwise vortex shedding, thereby reducing noise levels. In
addition, for the LE-TE-A rotor with Resin 9400 at the broad range of 3000–5400 rpm, the
noise level with directivity range, from 0◦ to 180◦, was smaller than that of the OR with
Resin 9400. This situation was excluded at 6000 rpm, where the noise level became louder
in all directions.

4. Conclusions

In summary, taking inspiration from the excellent flight characteristics of owl, five
bionic rotors, including LE, TE-S, TE-A, LE-TE-S, and LE-TE-A, were designed and manu-
factured by 3D printing method with PA 12 and Resin 9400, respectively. OR rotor model
was obtained as a control from a commercial CF rotor by a reverse inverse engineering
method. Experimental study and data analysis on these rotors were carefully performed
to investigate their aerodynamic and acoustical behaviors. In order to compare the effects
of different bionic edge designs on rotor performance intuitively, the corresponding test
results were summarized in Tables 6 and 7. The main conclusions of this work were also
drawn as follows:
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Table 6. Comparison on aerodynamic and acoustic performance of different rotors with PA 12
(rounding to the one decimal place).

Performance Speed (rpm) OR LE TE-S TE-A LE-TE-S LE-TE-A

Thrust (g)

3000 78.6 75.2 73.4 77.4 73.2 77.6
3600 113.6 104.2 116.8 119.0 104.4 107.0
4200 159.0 158.6 155.6 152.6 157.0 148.2
4800 218.2 188.8 199.6 216.4 181.6 201.8
5600 273.0 239.2 253.0 268.0 237.2 277.8
6000 418.2 378.2 366.6 433.4 374.8 415.0

Power (W)

3000 8.7 8.5 8.5 8.6 8.6 8.6
3600 11.6 11.4 11.2 11.6 11.3 11.6
4200 15.4 15.1 14.8 15.4 15.1 15.5
4800 22.5 20.5 20.3 21.8 20.7 21.4
5600 30.2 29.3 28.7 30.4 29.3 30.6
6000 50.4 45.5 43.3 51.8 46.3 50.7

Noise level
(dB)

3000 61.5 61.4 59.5 58.8 60.2 59.5
3600 64.4 64.3 62.5 62.5 63.4 63.5
4200 68.2 68.3 66.2 66.6 67.4 66.8
4800 71.9 72.0 70.3 70.0 72.1 69.9
5600 76.0 75.2 73.3 75.0 76.1 74.6
6000 81.2 82.8 77.2 81.5 82.3 79.4

Table 7. Comparison on aerodynamic and acoustic performance of different rotors with Resin 9400
(rounding to the one decimal place).

Performance Speed (rpm) OR LE TE-S TE-A LE-TE-S LE-TE-A

Thrust (g)

3000 79.8 76.0 76.6 78.0 75.8 82.0
3600 107.0 105.4 107.2 113.2 103.0 112.0
4200 139.0 141.0 143.4 172.2 134.8 158.0
4800 188.2 184.6 189.2 208.0 176.8 191.4
5600 250.2 243.6 254.8 270.0 248.0 274.2
6000 365.8 347.0 374.2 412.4 344.6 416.4

Power (W)

3000 8.5 8.7 8.5 8.6 8.5 8.8
3600 11.2 11.5 11.4 11.4 11.2 11.8
4200 14.8 15.3 14.9 15.2 14.8 15.6
4800 20.0 20.9 20.3 20.6 20.0 21.5
5600 28.5 29.8 28.9 29.6 28.5 31.1
6000 42.2 47.6 44.5 49.3 42.7 52.7

Noise level
(dB)

3000 62.9 62.1 61.0 60.5 62.0 59.1
3600 66.4 65.2 64.9 63.5 65.3 62.8
4200 69.4 68.5 68.6 66.8 68.9 66.7
4800 72.7 71.4 71.9 70.1 72.2 10.1
5600 76.2 76.1 76.1 74.8 76.0 74.5
6000 79.3 80.5 79.4 78.1 79.2 80.0

(1) For aerodynamic performance, the thrust of LE rotor was reduced and the power
consumption was increased, which led to a significant reduction on aerodynamic per-
formance. This was due to the obvious decrease of effective lifting area by sinusoidal
structure on leading edge. In addition, the separation of flow field near the leading edge
also affected its thrust. Moreover, windward surface was formed when sinusoidal structure
was constructed by removing the leading edge. It dramatically increased air friction on
the windward surface, thus increasing power consumption. In contrast, for the serrated
structure on the trailing edge, due to its small volume without noticeably damaging original
airfoil, the manufacture method (SMD and AMD) had little influence on the effective lifting
area. Interestingly, the serrated structure can improve the turbulent flow field near the
trailing edge, so an enhancive thrust can also be obtained. Even the sinusoidal structure
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existed on the leading edge at the same time (LE-TE-A rotor with Resin 9400). Comparing
the power consumed to generate the same thrust, it also confirmed that rotors with TE-A
had better aerodynamic performance.

(2) In terms of acoustic performance, all bionic rotors with Resin 9400 showed de-
caying noise reduction effect with speed increasing. The serrated structure can smoothly
decompose airflow at the rotor tail and effectively suppress the generation of large eddy
currents, thereby reducing noise from the source. In contrast, the sinusoidal structure
generated vortices to affect the pressure difference between the upper and lower surfaces
of the rotor, which led to increased noise. In addition, printing materials also had an impact
on the noise level. PA 12 with better toughness can absorb the slight tremor, resulting in
less noise.

(3) For the two selected printing materials, PA 12 material had better toughness than
Resin 9400. Thus, the bionic edge with PA 12 becomes soft in the thin area during the
printing process, which caused possible deformation at high speed and resulted in thrust
decrease as well as power consumption increase. Moreover, the PA 12 with good toughness
can absorb partial vibration caused by high-speed rotation, thereby reducing the noise.
Although Resin 9400 was rigid after printing, it was not strong enough to break at high
speed (above 6000 rpm).

(4) Since the aerodynamic and acoustic performance of bionic rotors were strongly
related to rotational speed, it was extremely important to design bionic rotors with sufficient
mechanical properties to meet the rotational speed requirement. Therefore, appropriate
material selection may further improve the aerodynamic and acoustic performance of
bionic rotors. Thus, before rotor design in the future, material mechanical properties and
processing methods should be comprehensively considered.

Author Contributions: Conceptualization, W.S., Z.M. and Z.H.; methodology, Y.W. and Z.Z.; valida-
tion, S.Z., Z.W. and B.L.; investigation, J.Z. and S.N.; resources, Z.M., Z.H. and L.R.; writing—original
draft preparation, W.S.; writing—review and editing, W.S. and Z.M.; visualization, W.S. and Z.M.;
supervision, Z.M. and Z.H.; project administration, Z.M. and Z.H.; funding acquisition, Z.M., Z.H.
and L.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key Research and Development Program of
China (No. 2018YFA0703300), the Foundation for Innovative Research Groups of the National Natural
Science Foundation of China (No. 52021003), the National Natural Science Foundation of China
(Nos. 51835006, 51875244, 52105298, 52105301 and U19A20103), National Postdoctoral Program for
Innovative Talents (No. BX20190139), China Postdoctoral Science Foundation (Nos. 2020M670844,
2021TQ0121 and 2021M691205), Joint Fund for Independent Innovation of X Lab of the Second
Academy of CASIC, and the Open Project of Key Laboratory for Cross-Scale Micro and Nano
Manufacturing (Ministry of Education) of Changchun University of Science and Technology (CMNM-
KF202106).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Handong Hu, Liewei Huang and Zhe Ma from the X Lab of
the Second Academy of CASIC for their beneficial discussion and suggestions on rotor design.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Throneberry, G.; Hocut, C.; Abdelkefi, A. Multi-rotor wake propagation and flow development modeling: A review. Prog. Aerosp.

Sci. 2021, 127, 100762. [CrossRef]
2. Rao, B.; Gopi, A.G.; Maione, R. The societal impact of commercial drones. Technol. Soc. 2016, 45, 83–90. [CrossRef]
3. Ollero, A.; de Dios, J.R.M.; Merino, L. Unmanned aerial vehicles as tools for forest-fire fighting. For. Ecol. Manag. 2006, 234, S263.

[CrossRef]

http://doi.org/10.1016/j.paerosci.2021.100762
http://doi.org/10.1016/j.techsoc.2016.02.009
http://doi.org/10.1016/j.foreco.2006.08.292


Polymers 2022, 14, 2552 17 of 18

4. Zhu, S.; Wang, D.; Low, C.B. Cooperative control of multiple UAVs for moving source seeking. J. Intell. Robot. Syst. 2014, 74,
333–346. [CrossRef]

5. Puri, V.; Nayyar, A.; Raja, L. Agriculture drones: A modern breakthrough in precision agriculture. J. Stat. Manag. Syst. 2017, 20,
507–518. [CrossRef]

6. Galle, B.; Arellano, S.; Bobrowski, N.; Conde, V.; Fischer, T.P.; Gerdes, G.; Gutmann, A.; Hoffmann, T.; Itikarai, I.; Krejci, T.; et al. A
multi-purpose, multi-rotor drone system for long-range and high-altitude volcanic gas plume measurements. Atmos. Meas. Tech.
2021, 14, 4255–4277. [CrossRef]

7. Madruga, S.P.; Tavares, A.H.; Luiz, S.O.; do Nascimento, T.P.; Lima, A.M.N. Aerodynamic Effects Compensa-tion on Multi-Rotor
UAVs Based on a Neural Network Control Allocation Approach. IEEE/CAA J. Autom. Sin. 2021, 9, 295–312. [CrossRef]

8. Noda, R.; Nakata, T.; Senda, K.; Liu, H. Development of Microstructured Low Noise Propeller for Aerial Acoustic Surveillance.
In Proceedings of the 2021 IEEE/SICE International Symposium on System Integration (SII), Iwaki, Japan, 11–14 January 2021;
pp. 482–486.

9. Hua, X.; Zhang, C.; Wei, J.; Hu, X.; Wei, H. Wind turbine bionic blade design and performance analysis. J. Vis. Commun. Image
Represent. 2019, 60, 258–265. [CrossRef]

10. Tian, W.; Yang, Z.; Zhang, Q.; Wang, J.; Li, M.; Ma, Y.; Cong, Q. Bionic Design of Wind Turbine Blade Based on Long-Eared Owl’s
Airfoil. Appl. Bionics Biomech. 2017, 2017, 8504638. [CrossRef]

11. Wang, J.; Cong, Q.; Liang, N.; Mao, S.; Guan, H.; Liu, L.; Chen, C. Bionic design and test of small-sized wind turbine blade based
on seagull airfoil. Trans. Chin. Soc. Agric. Eng. 2015, 31, 72–77.

12. Cen, H.T.; Liu, J.L. Bionic Design Review of Wind Turbine Blades. In Advanced Materials Research; Trans Tech Publications, Ltd.:
Freienbach, Switzerland, 2012; pp. 599–603.

13. Zhang, Y.; Guo, Z.; Zhu, X.; Li, Y.; Song, X.; Cai, C.; Kamada, Y.; Maeda, T.; Li, Q. Investigation of aerodynamic forces and flow
field of an H-type vertical axis wind turbine based on bionic airfoil. Energy 2021, 242, 122999. [CrossRef]

14. Lin, Y.; Li, X.; Zhu, Z.; Wang, X.; Lin, T.; Cao, H. An energy consumption improvement method for centrifugal pump based on
bionic optimization of blade trailing edge. Energy 2022, 246, 123323. [CrossRef]

15. Wu, W.; Dong, W.; Li, S.; Zhang, S. Aero-acoustics Investigation of a Bionic Airfoil Horizontal Axis Wind Turbine Using LES-DCS
Approach. J. Phys. Conf. Ser. 2022, 2280, 012001. [CrossRef]

16. Zhu, X.; Guo, Z.; Zhang, Y.; Song, X.; Cai, C.; Kamada, Y.; Maeda, T.; Li, Q. Numerical study of aerodynamic characteristics on a
straight-bladed vertical axis wind turbine with bionic blades. Energy 2021, 239, 122453. [CrossRef]

17. Wagner, H.; Weger, M.; Klaas, M.; Schröder, W. Features of owl wings that promote silent flight. Interface Focus 2017, 7, 20160078.
[CrossRef]

18. Graham, R.R. The Silent Flight of Owls. J. R. Aeronaut. Soc. 1934, 38, 837–843. [CrossRef]
19. Wang, B.; Kong, D. CFD simulation of rotor aerodynamic performance when using additional surface structure array. J. Phys.

Conf. Ser. 2017, 916, 012010. [CrossRef]
20. Geyer, T.; Sarradj, E.; Fritzsche, C. Silent owl flight: Experiments in the aeroacoustic wind tunnel. In Proceedings of

theNAG/DAGA 2009, Rotterdam, The Netherlands, 23–26 March 2009; pp. 734–736.
21. Lilley, G. A study of the silent flight of the owl. In Proceedings of the 4th AIAA/CEAS Aeroacoustics Conference, Toulouse,

France, 2–4 June 1998; p. 2340.
22. Ren, L.; Sun, S.; Xu, C. Noise reduction mechanism of non-smooth leading edge of owl wing. J. Jilin Univ. (Eng. Technol. Ed.) 2008,

38, 126–131.
23. Peacock, T.; Bradley, E. Going with (or Against) the Flow. Science 2008, 320, 1302–1303. [CrossRef]
24. Clark, I.; Alexander, W.; Devenport, W.; Glegg, S.; Jaworski, J.; Daly, C.; Peake, N. Bio-Inspired Trailing Edge Noise Control, 21st

AIAA. In Proceedings of the CEAS Aeroacoustics Conference, AIAA Paper, Dallas, TX, USA, 22–26 June 2015; pp. 1–18.
25. Rao, C.; Ikeda, T.; Nakata, T.; Liu, H. Owl-inspired leading-edge serrations play a crucial role in aerody-namic force production

and sound suppression. Bioinspir. Biomimetics 2017, 12, 046008. [CrossRef]
26. Hu, H.; Yang, Y.; Liu, Y.; Liu, X.; Wang, Y. Aerodynamic and aeroacoustic investigations of multi-copter rotors with leading edge

serrations during forward flight. Aerosp. Sci. Technol. 2021, 112, 106669. [CrossRef]
27. Wang, L.; Liu, X.; Li, D. Noise reduction mechanism of airfoils with leading-edge serrations and surface ridges in-spired by owl

wings. Phys. Fluids 2021, 33, 015123. [CrossRef]
28. Zhao, M.; Cao, H.; Zhang, M.; Liao, C.; Zhou, T. Optimal design of aeroacoustic airfoils with owl-inspired trailing-edge serrations.

Bioinspir. Biomimetics 2021, 16, 056004. [CrossRef] [PubMed]
29. Singh, S.K.; Garg, M.; Narayanan, S.; Ayton, L.; Chaitanya, P. On the Reductions of Airfoil Broadband Noise through Sinusoidal

Trailing-Edge Serrations. J. Aerosp. Eng. 2022, 35, 04022003. [CrossRef]
30. Candeloro, P.; Nargi, R.E.; Grande, E.; Ragni, D.; Pagliaroli, T. Experimental Fluid Dynamic Characterization of Serrated Rotors

for Drone Propulsion. J. Phys. Conf. Ser. 2021, 1977, 012007. [CrossRef]
31. Gao, R.; Chen, K.; Li, Y.; Yao, W. Investigation on aerodynamic performance of wind turbine blades cou-pled with airfoil and

herringbone groove structure. J. Renew. Sustain. Energy 2021, 13, 053301. [CrossRef]
32. Feinerman, J.A.; Koushik, S.; Schmitz, F.H. Effect of leading-edge serrations on helicopter blade–vortex inter-action noise. J. Am.

Helicopter Soc. 2017, 62, 1–11. [CrossRef]

http://doi.org/10.1007/s10846-013-9899-2
http://doi.org/10.1080/09720510.2017.1395171
http://doi.org/10.5194/amt-14-4255-2021
http://doi.org/10.1109/JAS.2021.1004266
http://doi.org/10.1016/j.jvcir.2019.01.037
http://doi.org/10.1155/2017/8504638
http://doi.org/10.1016/j.energy.2021.122999
http://doi.org/10.1016/j.energy.2022.123323
http://doi.org/10.1088/1742-6596/2280/1/012001
http://doi.org/10.1016/j.energy.2021.122453
http://doi.org/10.1098/rsfs.2016.0078
http://doi.org/10.1017/S0368393100109915
http://doi.org/10.1088/1742-6596/916/1/012010
http://doi.org/10.1126/science.1153479
http://doi.org/10.1088/1748-3190/aa7013
http://doi.org/10.1016/j.ast.2021.106669
http://doi.org/10.1063/5.0035544
http://doi.org/10.1088/1748-3190/ac03bd
http://www.ncbi.nlm.nih.gov/pubmed/34020442
http://doi.org/10.1061/(ASCE)AS.1943-5525.0001386
http://doi.org/10.1088/1742-6596/1977/1/012007
http://doi.org/10.1063/5.0051729
http://doi.org/10.4050/JAHS.62.032001


Polymers 2022, 14, 2552 18 of 18

33. Zhou, T.; Cao, H.; Zhang, M.; Liao, C. Performance simulation of wind turbine with optimal designed trailing-edge serrations.
Energy 2022, 243, 122998. [CrossRef]

34. Cao, H.; Zhang, M.; Cai, C.; Zhang, Z. Flow topology and noise modeling of trailing edge serrations. Appl. Acoust. 2020, 168,
107423. [CrossRef]

35. Hasheminejad, S.M.; Chong, T.P.; Lacagnina, G.; Joseph, P.; Kim, J.-H.; Choi, K.-S.; Omidyeganeh, M.; Pinelli, A.; Stalnov, O. On
the manipulation of flow and acoustic fields of a blunt trailing edge aerofoil by serrated leading edges. J. Acoust. Soc. Am. 2020,
147, 3932–3947. [CrossRef]

36. Biedermann, T.M.; Kameier, F.; Paschereit, C.O. Successive aeroacoustic transfer of leading edge serra-tions from single airfoil to
low-pressure fan application. J. Eng. Gas Turbines Power 2019, 141, 101011. [CrossRef]

37. Chaitanya, P.; Joseph, P.; Narayanan, S.; Vanderwel, C.; Turner, J.; Kim, J.-W.; Ganapathisubramani, B. Perfor-mance and
mechanism of sinusoidal leading edge serrations for the reduction of turbulence–aerofoil interaction noise. J. Fluid Mech. 2017,
818, 435–464. [CrossRef]

38. Post, M.; Sapell, A.R.; Hart, J.S. Bio-inspired sinusoidal leading-edged wings. In Proceedings of the 46th AIAA Fluid Dy-Namics
Conference, Washington, DC, USA, 13–17 June 2016; p. 3255.

39. Corsini, A.; Delibra, G.; Sheard, A.G. The application of sinusoidal blade-leading edges in a fan-design methodology to improve
stall resistance. Proc. Inst. Mech. Eng. Part A J. Power Energy 2014, 228, 255–271. [CrossRef]

40. Avallone, F.; Pröbsting, S.; Ragni, D. Three-dimensional flow field over a trailing-edge serration and implications on broadband
noise. Phys. Fluids 2016, 28, 117101. [CrossRef]

41. Narayanan, S.; Joseph, P.; Haeri, S.; Kim, J.W. Noise Reduction Studies from the Leading Edge of Serrated Flat Plates. In
Proceedings of the 20th AIAA/CEAS Aeroacoustics Conference, Atlanta, GA, USA, 16–20 June 2014.

42. Narayanan, S.; Chaitanya, P.; Haeri, S.; Joseph, P.; Kim, J.-W.; Polacsek, C. Airfoil noise reductions through leading edge serrations.
Phys. Fluids 2015, 27, 025109. [CrossRef]

43. Howe, M.S. Noise produced by a sawtooth trailing edge. J. Acoust. Soc. Am. 1991, 90, 482–487. [CrossRef]
44. Gruber, M. Airfoil Noise Reduction by Edge Treatments; University of Southampton: Southampton, UK, 2012.
45. Gruber, M.; Joseph, P.; Azarpeyvand, M. An experimental investigation of novel trailing edge geometries on airfoil trailing edge

noise reduction. In Proceedings of the 19th AIAA/CEAS Aeroacoustics Conference, Berlin, Germany, 27–29 May 2013.

http://doi.org/10.1016/j.energy.2021.122998
http://doi.org/10.1016/j.apacoust.2020.107423
http://doi.org/10.1121/10.0001377
http://doi.org/10.1115/1.4044362
http://doi.org/10.1017/jfm.2017.141
http://doi.org/10.1177/0957650913514229
http://doi.org/10.1063/1.4966633
http://doi.org/10.1063/1.4907798
http://doi.org/10.1121/1.401273

	Introduction 
	Materials and Methods 
	Vital Structure Parameters of Original Rotor 
	3D Reconstruction Model of OR 
	Structure Acquisition from Owl and Bionic Edge Design 
	3D Printing Rotors with Different Materials 
	Experimental Test Setup for Aerodynamic and Acoustic Performance 

	Results and Discussion 
	Thrust Generation 
	Power Consumption 
	Noise Reduction 
	Noise Directivity 

	Conclusions 
	References

