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In this paper, the effect of the morphological profile of dandelion seed on flight lift force under crosswind conditions is
explored. Existing studies primarily focus on the flight characteristics of dandelion seed during its fall, emphasizing the
influence of the complex filament structure on the formation of wake vortices. However, research on the flight lift force due to
the dandelion seed’s morphological profile under lateral crosswind conditions is quite limited. This study investigates the
aerodynamic behavior of dandelion seed using a novel virtual barrier model. This model is proposed, based on the regular
pattern of the filaments’ outer contours and the virtual barrier effect produced by their columnar array. Through elaborate
numerical simulations, it is found that the morphological profile of dandelion seed possesses superior acrodynamic properties,
particularly in generating lift force under crosswind conditions. This characteristic is a crucial mechanism for the long-distance
dispersal of dandelion seed. Subsequently, the study extends to examine the aerodynamic performance of the model at varying
degrees of opening angles and inflow attack angles, offering a fresh perspective on understanding the flight characteristics of
dandelion seed in natural environments. The findings not only contribute to the field of plant acrodynamics but also provide
insights into potential biomimetic applications in engineering.
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1. Introduction

It is a highly effective approach in research and application
to draw inspiration from nature. The unique falling me-
chanism of maple samaras [1] and the flapping flight [2,3]
of insects like dragonflies [4] provide valuable research
material, offering significant insights for academic studies
and practical innovations. Seed dispersal mechanisms play a
vital role in the continuation and propagation of species in
the natural world [5,6]. These mechanisms [7] exhibit the
variety and complexity inherent in natural selection. Seeds
employ multiple strategies for dispersal to new growth
areas, including the use of external forces like wind, water
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currents, and animals, along with their specific structures
and functionalities. Among many dispersal strategies, wind
dispersal has attracted great interest from scientists because
of its unique biomechanical properties and its suitability for
long-range dispersal [8-10]. Especially the dandelion seeds,
which possess an efficient ability to disperse through the air
and a unique flying mechanism, have made them a center of
interest in the studies of biomechanics and biomimicry.
The architecture of dandelion seed is notably intriguing.
The pappus of a dandelion seed consists of about a hundred
slender filaments, radially arranged from the center outward,
forming a structure with high porosity. This unique structure
significantly reduces the seed’s specific density. This dis-
tinctive structural characteristic is critical in their flight
dispersion. The wind tunnel experiments conducted by
Cummins et al. [11] showed that vertical airflows lead to the
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formation of vortices above dandelion seed, underscoring
the significance of this structure for flight stability. Fur-
thermore, Qiu et al. [12] investigated the impact of porosity
on vortex ring stability, revealing that stable vortex rings
form at the seed’s tail only when the porosity does not ex-
ceed a certain threshold. By utilizing particle image velo-
cimetry (PIV), Shigenaga and Hasegawa [13] studied the
flow field characteristics during the descent of dandelion
seed. Their research indicates that the descent speed of
dandelion seed is significantly influenced by their orienta-
tion, which remarkedly affects the seed’s aerodynamic
properties. Also, Meng et al. [14] and Seale et al. [15] stu-
died how air humidity influences the opening angles of
dandelion pappi and its effects on the seed’s aerodynamic
drag. Under low humidity conditions, the expansion angle of
dandelion pappi enlarges, resulting in a fluffier seed and
enhanced aerodynamic drag. In addition, taking into account
the deformation of dandelion filaments, Sun and Guo [16]
simulated the aerodynamic behaviors of the filaments in
fluids.

On the other hand, several researchers have studied the
flying stability of dandelion seed. Qin et al. [17] studied the
flight stability of dandelions when their axis is not aligned
with the vertical direction, analyzing the effect of different
opening angles on posture stability through numerical si-
mulation. The research shows that, when the folding angle
ranges from 20° to 40°, the dandelion achieves optimal
posture stability and drag coefficient. By utilizing linear
stability analysis, Ledda et al. [18] studied the aerodynamic
characteristics of dandelions under vertical flow conditions,
focusing particularly on the stability of wake structures and
the impact of the pappus structure on drag. Dong et al. [19]
conducted transient simulation studies on the transition of
dandelion wakes from stable to unstable and then to turbu-
lent at different Reynolds numbers. This study reveals that,
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in comparison with solid disks, the high porosity of dan-
delion pappi is able to raise the threshold value to achieve a
stable flight.

So far, most studies in literature mainly focused on the
flight mechanism of dandelion seed and have been limited to
the case of dandelion seed in free fall. Research on the flight
aerodynamic characteristics of dandelion seed, due to its
morphological profile, under complex wind conditions is
quite limited. Especially, the flight aerodynamic behavior of
a dandelion seed under a lateral horizontal crosswind con-
dition has not been reported, whilst this scenario is believed
to mainly account for its long-distance autonomic flight.
Addressing these issues is crucial for a deeper understanding
of dandelion seed flight mechanics and advancing the de-
velopment of biomimetic applications.

The aim of this study is to explore the effect of morpho-
logical profile of dandelion seed on the flight lift force under
complicated wind conditions, particularly lateral crosswind
conditions. Using a virtual barrier model based on the
dandelion seed profile, this work primarily investigates: (I)
how variations in the geometric parameters of the model
affect the dandelion’s aerodynamic performance and flow
field under horizontal inflow; (II) how inflow angle influ-
ences the aerodynamic performance and flow field of the
dandelion with typical geometric parameters of the model. It
is expected that this study will reveal intriguing mechanisms
for the design of dandelion-like flying devices.

2. Numerical setup
2.1 Dandelion’s “virtual barrier” model and compu-
tational domain

As shown in Fig. 1(a), the pappus structure of natural dan-
delion seed is a highly complex three-dimensional structure.

Figure 1 (a) Photo of dandelion seed; (b) the contour line of the dandelion’s outer edge; (c) dandelion multi-filament model; (d) outer structure of the

dandelion filament model; (e) dandelion virtual barrier model.
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On the one side, previous studies have indicated that the
presence of elongated columnar arrays impedes the passage
of air. On the other side, it is believed that a major feature of
the dandelion’s filament structure is its significantly reduced
specific density, resulting in an easy float in the air. Also, the
outer morphological profile of dandelion seed resembles a
donut-like structure shown in Fig. 1(b), which is supposed to
be closely related to the aerodynamic performance of dan-
delion seed. In order to investigate the aerodynamic beha-
vior of a dandelion seed with such a structural morphology
shown in Fig. 1, firstly, we develop a model that may suf-
ficiently represent the filament structure of the dandelion
seed, as depicted in Fig. 1. A practical structure may be
shown in Fig. 1(c). The periphery of the dandelion’s fila-
ment structure is enclosed with a thin wall, tightly fitting to
the outer edges of the petioles at the upper and lower parts of
the dandelion as shown in Fig. 1(d). The space enclosed by
the thin wall forms a solid axisymmetric donut-like struc-
ture, which is referred to as the virtual barrier model in this
study (Fig. 1(e)). This virtual barrier model may directly
represent the main pappus edge structure characteristics of
the dandelion seed. It will be used to study the effect of
morphological profile of a dandelion seed on its aero-
dynamic behavior, especially, on the flight lift force, when it
is subjected to crosswinds.

Before proceeding, a justification for the virtual barrier
model of the dandelion seed pappus is presented as follows.
In Refs. [20-23], similar to the filamentous structures of
dandelion seed, the comb-like wing structures of certain
insects have attracted widespread research interest. The
flight mechanics and aerodynamic capabilities of these in-
sects have been investigated [24-27]. Lee and Kim [28] and
Lee et al. [29] simplified bristle wings into a two-dimen-
sional circular array and numerically studied the aero-
dynamic characteristics of bristle wings under intermittent
wind loads. They found that the airflow transmission rate
between the bristle arrays was extremely low, and then they
proposed the concept of a “virtual barrier”, which, later, was
proved to be efficient and powerful in numerical simula-
tions. Lee et al. [30] found that the virtual barrier effect of
the pyroclastic cluster structure in dandelions obstructs the
permeable fluid flow between these structures. Because the
structure of the dandelion pappus is quite similar to that of a
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comb-like wing, thus, the concept of the “virtual barrier”
related to columnar arrays is literally adapted to the study of
the aerodynamic characteristics of dandelion seed. Based on
the structural characteristics of the dandelion seed pappus,
the outer edge wall of the dandelion pappus is treated as a
whole as shown in Fig. 1(e), providing a simple way to
simulate the flight aerodynamic behavior of dandelion seed.

Figure 2(a) depicts the cross-section of the virtual barrier
model. The radius of the uppermost filament is R; and the
radius of the lowermost filament is R,. The angle a is
formed between the uppermost filament and the horizontal
plane, and the angle £ is formed between the lowermost
filament and the horizontal plane, and the total angle of the
virtual barrier model is 8 = a + f. The radius R; = (R, + R,)/2
represents the radius of the interpolating arc a; between R,
and R,, and the arcs are tangentially connected. Based on
these key parameters the contour of the outer edge of the
dandelion filament can be determined. After rotating around
the Z-axis, the virtual barrier dandelion model shown in
Fig. 2(b) is obtained. By using this method, the aerodynamic
characteristics of the virtual obstacle dandelion model can
be studied with the change of a and f angles.

In this study, the maximum diameter projection length of
the dandelion virtual barrier model, designated as D, is es-
tablished at 10 mm in the model. The computational domain
is shown in Fig. 3. To ensure sufficient fluid flow within the
computational domain, the distances from the dandelion to
the domain’s inlet and outlet are set at 8D and 12D, re-
spectively. The boundary of the computational domain is
defined as a cylindrical surface at 8D from the dandelion.
The domain’s inlet is set as a velocity inlet, and the outlet is
set as a pressure outlet.

The uniform velocity boundary condition is imposed at
the inlet, and the pressure outlet boundary condition is im-
posed at the outlet. The inlet uniform velocity is larger than
zero. Both the surface of the dandelion and the cylindrical
boundary are set as non-slip surfaces. Air is set as an in-
compressible ideal gas, the air density p = 1.204 kg/m’, the
viscosity constant of x = 1.511 x 107 Pa-s. Reynolds
number is defined as

_pUD
e==r
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Figure 2 (a) 2D planar diagram of the dandelion virtual barrier model, (b) 3D view of the dandelion virtual barrier model.
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Figure 3 Fluid domain and boundary conditions in this study.

where D is the model projected diameter, and U is the inflow
velocity of the airflow.

2.2 Flow control equations and turbulence model

The continuity equation for incompressible flow can be
expressed as

V.-u=0, 2)
where u is the velocity vector. Additionally, the Navier-
Stokes equations are used to model the motion of the fluid.

For incompressible flow in the absence of external forces,
the Navier-Stokes equations reduce to

p(OwWdt+u-Vu)y=—Vp+uViuy, (3)

where p is the fluid density, ¢ is time, p is the pressure, u is
the fluid’s dynamic viscosity, and Vu is the Laplacian of
the velocity field. With appropriate boundary conditions,
this equation can be solved to obtain the velocity field of the
fluid surrounding the dandelion.

The Laminar model is employed to simulate the steady-
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state flow. The numerical algorithm utilizes the Coupled
methodology, incorporating the Rhie-Chow interpolation
scheme to prevent the decoupling of velocity and pressure
fields. The process of establishing discrete equations ne-
cessitates the careful selection of an appropriate discretiza-
tion scheme for each term presented within the equations. In
this study, the second-order upwind scheme is employed to
discretize the terms of the control equation. A convergence
criterion has been established, stipulating that computational
residuals must be less than 107 to ensure the accuracy and
reliability of the results.

3. Results and discussion

We focus our discussion on two aspects: (I) the influence of
the dandelion’s upper and lower edge angles, a and £, on its
vortex structure and air drag; (II) the stability of the dan-
delion’s posture under the deflection angle between its axial
direction and the flow direction.

3.1 Effect of the characteristic angles of the dandelion
virtual barrier model on the flow field

To verify the effectiveness of the dandelion virtual barrier
model, computational fluid dynamics (CFD) technology is
employed here to obtain the flow field of the dandelion
virtual barrier model under vertical inflow. It can be seen
that under vertical inflow, the PIV flow field of the real
dandelion (Fig. 4(a)) is very similar to the flow field ob-
tained from the simulation calculation (Fig. 4(b)). This may
confirm the validity of the virtual barrier model. The pri-
mary reason for the vortex structure of the virtual barrier
model not separating from the model is that the porosity of

Figure 4 (a) PIV images of dandelion flow field [11]; (b) the simulated virtual barrier model flow field.
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the virtual barrier model differs to some extent from that of
the real dandelion. For the comprehensive study of the
aerodynamic performance of dandelions, the virtual barrier
model can significantly reduce computational costs.

As illustrated in Fig. 5, the flow field analysis of the
virtual barrier model under horizontal inflow conditions
highlights its distinctive aerodynamic features. A primary
vortex is generated in the recessed area of the model, and a
secondary vortex appears in the downstream wake. The
primary vortex forms as a result of fluid deceleration and the
corresponding pressure rise within the recessed region,
while the secondary vortex is linked to the fluid recircula-

Figure 5 Flow field of the virtual barrier model under horizontal cross-
wind.
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tion in the wake of the primary vortex. The existence of
these vortex structures is crucial for simulating the flight
stability of dandelion seeds in horizontal airflow and de-
serves further detailed study.

Figure 6 shows the pressure contour distribution of the
dandelion virtual barrier model at Re = 250 with a horizontal
wind direction at a fixed angle of f = —5° in different a
angles. The darker regions represent high-pressure areas,
while the lighter regions represent low-pressure areas. As a
angle increases, the area of the high-pressure zone gradually
expands, while the shape and size of the low-pressure zone
also change. Regardless of the changes in the o angle, low-
pressure zones consistently exist in the groove area and at
the model’s tail, although their specific distribution adjusts
with changes in the a angle. These changes in pressure
distribution have a significant impact on the aerodynamic
characteristics and lift generation ability of the model, fur-
ther supporting the possibility of long-distance dispersal of
dandelion seeds.

To further understand the impact of varying o angles on
the pressure distribution across a specific plane on the
model’s surface, Fig. 7 presents the distribution of surface
pressure coefficients at the X = 0 plane for different a an-
gles, with S set to —5°. The pressure coefficient Cp is de-
fined as C, = %, where p represents the pressure at
the monitoring point, and p,, is the freestream static pres-
sure. The pressure coefficient curves indicate a complex
pressure distribution on the surface at this plane, with

o a

ha

Pressure -0.05-0.04 -0.03 -0.02-0.01 0 0.01 0.02 0.03 0.04 0.05

Figure 6 Pressure distribution of the virtual barrier model at different a angles with Reynolds number Re = 250.
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multiple negative pressure peaks. It is noteworthy that the
upper surface of the model contains multiple negative
pressure regions (where Cp is positive), which are the pri-

Figure 7 Pressure coefficient curves of the dandelion virtual barrier
model at different a angles on the X = 0 plane.
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mary contributors to the model’s lift. In contrast, the front
end and lower surface of the model mainly exhibit positive
pressure regions (where Cp is negative). The area integral of
the pressure curve, using Cp = 0 as the reference, reaches its
peak around o = 30°, which corresponds to the maximum
lift.

Figure 8 depicts the drag coefficient Cp curves for the
model under different speeds, o and g angles, where
_ R
S 0.5pU4°
A is the reference area of the model. It can be observed that
as the horizontal flow speed increases (Re increases), the
drag coefficient decreases gradually across different models
(varying o angles). Notably, as the same Re, the drag
coefficient is relatively higher when o = 15°, and relatively
lower when a = 40°, indicating that under the same /5 angle
and inflow speed, increasing the a angle will cause the drag
coefficient of the model to decrease. When o angle is fixed,
the drag coefficient also decreases progressively as f de-
creases.

In Fig. 9(a), when f = 5°, the lift coefficient of all models

Cp Fp is the drag force acting on the model, and
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Figure 8 Drag coefficient variation with Re at different a and f angles, (a) g = 5°, (b) f = 0° (c) = —=5° and (d) § = —10°.
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is relatively small, with some models even having negative
lift coefficients at higher Reynolds numbers. This indicates
that at § = 5°, the models are unable to generate sufficient
lift from the natural airflow, and some models even descend
faster under stronger inflow. From Fig. 9(b), it can be seen
that the lift coefficient of the seen that the lift coefficients
for the models at # = 0° have significantly increased com-
pared to those at f = 5°. As the Reynolds number increases,
the lift coefficients of most models in this group either
gradually decrease or stabilize (a = 15°, a = 35°, a = 40°).
Some models exhibit a decrease in lift coefficient followed
by an increase as Re continues to rise (o = 20°, a =25°, a =
30°). Figure 9(c) shows that at § = —5°, the lift coefficients
of the models have further increased compared to those at
= 0°. The trend in lift coefficient variation with Reynolds
number for different o angles is similar to that at # = 0°. In
Fig. 9(d), when = —10°, the lift coefficients of the models
further increase compared to = —5° at the same Reynolds
number. For most models, the lift coefficient first decreases
and then either stabilizes or slightly increases as the Rey-
nolds number rises, while in some cases, the lift coefficient
continues to decrease.

Lift coefficient variation with Reynolds numbers at different & and S angles. (a) f = 5% (b) f = 0% (c) f = =5% (d) p = —10°.

In general, the variation in lift coefficients for models with
different  and o angles across various Reynolds numbers is
extremely complex. For aircraft design, the goal is to
achieve good lift coefficient performance across different
Reynolds numbers. This is to ensure that the model can
adapt to the complex wind conditions in natural environ-
ments. Considering the drag coefficients of various models
at different Reynolds numbers, it has been observed that at
p = —10°-0°nd a = 25°-30°, the models exhibit both low
drag coefficients and high lift coefficients. This can be used
as a reference to design biomimetic micro aerial vehicles
with excellent aerodynamic performance.

3.2 The influence of the flow attack angle on the
dandelion’s aerodynamic properties

In natural environments, it is rare for the symmetry axis of a
falling dandelion to align perfectly parallel to the vertical
direction. This research further investigates the acrodynamic
properties of the model as it descends in different orienta-
tions and, at the same time, is subjected to horizontal inflow.
Here we define a key parameter ¢, which is the angle of
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attack between the inflow direction and the plane perpen-
dicular to the symmetry axis of the dandelion model. The
effects of variation ¢ on the model and the surrounding flow
field, as well as its impact on the model’s lift and drag
forces, are explored. As shown in Fig. 10, it shows that
when ¢ > 0° the axis of symmetry of the dandelion is no
longer parallel to the vertical direction. As a result, the
dandelion’s center of gravity no longer aligns with its
symmetry axis, generating a torque that seeks to reorient the
model to align with the axis of gravity. Moreover, it shows
that two low-pressure zones develop on the upper side of the
dandelion virtual barrier model and a high-pressure zone on

Figure 10 Analysis of mechanical forces in the flow field for the virtual
barrier model at angle of attack ¢ > 0°.
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the lower side. The pressure difference between the upper
and lower sides offers the lift force to the model. The high-
pressure area on the windward front also creates a torque
that causes the dandelion’s symmetry axis to deviate from
the vertical, which may balance with the torque generated by
its gravity G.

Figure 11 illustrates the pressure distribution of the virtual
barrier model at different angles of attack ¢, under the
conditions of Re = 250, a = 30°, and f# = —5°. As the angle
of attack ¢ increases, the pressure distribution on the mod-
el’s surface changes significantly. Specifically, a low-pres-
sure zone gradually forms in the recessed area of the
model’s upper surface, indicating that as the angle of attack
increases, airflow accelerates in this region, leading to a
pressure drop consistent with Bernoulli’s principle. Mean-
while, the high-pressure zones on the lower surface and
leading edge of the model gradually expand, reflecting the
deceleration of airflow in these regions and the corre-
sponding increase in pressure. Particularly in the lower left
area of the model, the airflow is more significantly ob-
structed, leading to a further increase in pressure. These
changes in the distribution of high- and low-pressure zones
directly affect the model’s aerodynamic performance, par-
ticularly in terms of lift and drag characteristics. By ad-
justing the angle of attack, the aerodynamic performance of
the model can be optimized. Figure 11 provides a clear basis
for understanding how changes in the angle of attack affect
pressure distribution and aerodynamic performance.

Pressure

-0.05 -0.04 -0.03 -0.02 -0.01

0 0.01 0.02 0.03 0.04 0.05

Figure 11 Pressure distribution of the virtual barrier model at different angles of attack ¢ with Re = 250, a = 30°, and f = —5°.
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Figure 12 Vorticity contour in the X-direction and streamlines for different angles of attack.

Figure 12 shows the X-direction vorticity contour plots of
the model at o = 30° S = —5° under different angles of
attack, specifically highlighting the positive and negative
vorticity within the ranges of [-500, —50] and (50, 500],
while excluding values in the range of [-50, 50]. As de-
picted in Fig. 12, with an increase in the angle of attack, the
primary vortex intensifies, whereas the secondary vortex
diminishes and eventually vanishes. This phenomenon oc-
curs because the concave characteristics of the model en-
hance airflow adhesion to the upper surface, reducing the
probability of flow separation. Consequently, this design
provides the model with a larger stall angle compared to
conventional wing structures. The vortex structures present

on the model’s surface effectively form a new equivalent
wing structure. These vortices prevent direct interaction
between the free airflow and the model surface, causing
relative displacement between the free airflow and the
vortex structures. This situation converts air-solid friction
into air-air friction, akin to a “rolling bearing” mechanism,
thus contributing to the reduction of viscous drag.

Figure 13 illustrates the model’s drag force, lift force,
and lift-to-drag ratio (C;/Cp) as a function of the attack
angle. Figure 13(a) shows that the lift coefficient increases
initially with the attack angle, reaches a peak around 35°,
and then gradually decreases. The attack angle at which the
peak occurs corresponds to the stall angle of the model,
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Figure 13 Drag and lift coefficients and lift-to-drag ratio of the virtual barrier model at a = 30° and f = —5° for different angles of attack and Reynolds
numbers: (a) lift coefficient, (b) drag coefficient, (c) lift-to-drag ratio.
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which is significantly higher than the typical stall angle
(15°-20°) of standard airfoils. This suggests that the dan-
delion seed may possess enhanced aerodynamic stability,
allowing it to sustain flight more effectively. Figure 13(b)
presents the drag coefficient of the model as a function of
the attack angle across different Reynolds numbers. It de-
monstrates a general decrease in drag as the attack angle
increases, particularly evident at lower Reynolds numbers,
such as in the drag curve for Re = 50. Figure 13(c) depicts
the lift-to-drag ratio as a function of the attack angle, fol-
lowing a trend similar to that of the lift coefficient: an initial
increase followed by a decrease. The Reynolds number has a
significant effect on the lift-to-drag ratio, with higher Rey-
nolds numbers resulting in larger ratios. It can be seen that,
at an attack angle of about 30°, the model not only achieves
a higher lift coefficient but also benefits from a reduced drag
coefficient, effectively meeting flight performance require-
ments.

In summary, the virtual barrier model has shown sig-
nificant aerodynamic adaptability across various angles of
attack and Reynolds number conditions. With increasing
angles of attack, the model shows excellent performance in
lift coefficient and lift-to-drag ratio, and its stall angle is
markedly higher than that of traditional wing designs, sug-
gesting greater stability and resistance to stall during high-
angle flight. Moreover, the formation of vortex structures
and the characteristics of the flow field have substantially
enhanced the model’s aerodynamic efficiency, reducing
viscous drag. Changes in Reynolds number further con-
firmed the model’s adaptability across different flight
conditions, offering solid theoretical foundations and
data support for the biomimetic design of micro aerial ve-
hicles.

4. Conclusion

This paper proposes a dandelion virtual barrier model based
on the virtual barrier theory to describe the outer edge
profile of the dandelion seed filament and evaluates the
impact of geometric parameters on its aerodynamic perfor-
mance using CFD. Some key conclusions can be drawn after
a comprehensive analysis as follows:

(I) The dandelion virtual barrier model revealed a novel
mechanism of the dandelion seeds for generating flight lift
force under horizontal lateral inflow, providing new insights
into seed dispersal mechanisms.

(IT) The key geometric parameters of the dandelion seed
shape have been identified, and simulations reveal that
within the parameter range of f = —10°-0° and a = 25°-30°,
the virtual barrier model achieves optimal aerodynamic
performance.

(III) Compared to traditional wing designs, the morpho-
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logical profile of dandelion seeds has a larger stall angle,
thereby increasing the effective angle range for wind-dis-
persed seeds.

These findings not only provide new perspectives for the
design of micro air vehicles but also offer new ideas for
understanding biological flight behaviors in nature and de-
signing biomimetic micro air vehicles. However, there are
still many avenues for future research. For example, further
studies could explore the impact of different flow conditions
(such as turbulence or non-uniform wind fields) on the
aerodynamic characteristics of dandelion seeds. Additionally,
experimental studies and the development of actual proto-
types will help validate the effectiveness of the virtual model
and advance its potential for engineering applications. Fi-
nally, by integrating advanced materials science and manu-
facturing techniques, more efficient biomimetic micro aerial
vehicles can be designed, further advancing this field.
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