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Abstract

Corrugated airfoils, a bionic design of dragonfly wings, have been demonstrated to increase the stall angle and lift coefficient under steady-state conditions.
However, little attention has been paid to their aerodynamic effect under unsteady conditions. In this paper, two-dimensional numerical simulations are
conducted on a corrugated airfoil and a flat-plate airfoil undergoing periodic pitching motion based on the incompressible Navier-Stokes equations. The
aerodynamic performance and flow-field features of both types of airfoil are compared at various reduced frequencies and pitching angles. The results
indicate that the corrugated airfoil delays the critical angle of dynamic stall and yields a larger peak lift coefficient than the flat-plate airfoil. Within the
investigated range, at higher reduced frequencies (k = 0.2) and lower pitch amplitude (o, = 10°), the corrugated airfoil achieves approximately 10% higher
mean lift and 38% higher mean lift-to-drag ratio than the flat-plate airfoil. During the upstroke phase, the crest structures at the leading edge of the
corrugated airfoil interact with the incoming flow, exhibiting a more dispersed disturbance pattern, thereby delaying flow separation and stall. This
mechanism is fundamental to the superior aerodynamic performance of the corrugated airfoil under the investigated conditions. Thus, the present study

offers useful insights for the future design of bio-inspired aircraft.
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Introduction

Recent years have witnessed sustained interest in micro air
vehicles (MAVs) and other small unmanned aerial systems because
of their maneuverability, compact scale, and broad application
potentiall'-7l. These vehicles typically operate at low Reynolds
numbers (< 105)'8], at which their small flight scales and unsteady
motions impose substantial challenges on aerodynamic design®!.
One of the most critical challenges is the increased susceptibility of
these vehicles to dynamic stall. This tendency becomes pronounced
under complex operating conditions, including rapid variations in
the angle of attack, pitching maneuvers, and flapping motions('0l.
Dynamic stall may lead to a sharp reduction in lift and a pronounced
increase in drag, thereby destabilizing the flow field and posing a
serious threat to the controllability and operational lifespan of the
vehiclel'-13], Therefore, investigating the dynamic stall pheno-
menon of small-scale flight vehicles is of great significance for their
aerodynamic design.

In nature, many birds and insects possess flight scales compara-
ble to those of the aforementioned vehicles and demonstrate supe-
rior flight performance under complex conditions!'#. Therefore,
drawing inspiration from nature provides valuable guidance for the
design of MAVs. Among various biological inspirations, corrugated
airfoils modeled on dragonfly wings have attracted considerable
attention from researchers!'>16l, Kesell'”] demonstrated that the
corrugated structure can increase structural stiffness while allowing
torsional deformation. Hord & Liang!'8l further demonstrated that
corrugated structures can offer bending strengths comparable to
those of flat plates while achieving significant reductions in weight
and thickness. In addition to their structural advantages, researchers
revealed that corrugations also have a significant influence on
aerodynamic performance. The wind tunnel experiments conducted
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by Rees!'6! demonstrated that fluid can be trapped within the valleys
of a corrugated surface, generating a flow field similar to that
observed over a streamlined airfoil under the tested conditions, a
phenomenon referred to as the “virtual contour” effect in their
study. Hu & Tamai'” and Murphy & Hul29 found that corrugated
airfoils exhibit reduced separation and delayed stall relative to flat-
plate airfoils and the General Aviation Wing-1 (GAW-1) airfoil for
Reynolds numbers (Re) = 1.0 x 10%-3.4 x 10% In a computational
study, Vargas and co-workers[2'l compared the steady aerodynamic
characteristics of a corrugated airfoil, a flat-plate airfoil, and a
smoothed corrugated section for Re = 500-10,000. Their results indi-
cated that flat plates achieve the highest lift-to-drag ratio at very
low Re (< 5,000), whereas corrugated airfoils perform best at Re =
10,000. Barnes & Visbal??l conducted three-dimensional large-eddy
simulations (LES) of corrugated airfoils under steady flow. They
reported that the corrugation crests near the leading edge energize
the shear layer through their interaction with the incoming flow,
thereby promoting transition to turbulence and delaying stall. They
also emphasized the important role of leading-edge corrugations in
flow development. Meng & Sun(?3 reported that, within a lower
Reynolds number range (Re = 200—2,400), corrugated airfoils under
gliding flight conditions produce unfavorable aerodynamic effects
compared with flat-plate airfoils. This unfavorable effect is mani-
fested as a reduction in lift, with only marginal changes in drag
being observed. More recently, Sun et al.?4l showed that under
flexible-wing conditions, the aerodynamic response is jointly influ-
enced by kinematic parameters, indicating that the aerodyna-
mic role of corrugation persists in more realistic unsteady flight
environments.

The above studies focused on steady-state aerodynamics, with
relatively little attention given to unsteady conditions!'8-24], such as
takeoff, landing, and attitude control of the MAVs, where these
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effects of these conditions dominate?’l. Using a two-dimensional
setup, Flint et al.l28 analyzed the unsteady aerodynamic response of
a corrugated airfoil undergoing symmetric pitching at high reduced
frequencies (k) = 1.24—4.96. Their results showed that the corru-
gated profile had a lower propulsive efficiency than the smooth
airfoil. Wang et al.l2”! studied the flow evolution and aerodynamic
characteristics of two biomimetic hydrofoils under symmetric pitch-
ing at reduced frequencies ranging from 1.24 to 4.96. Their results
demonstrated that modifying the geometry of a corrugated airfoil
by incorporating a smooth curvature at the trailing edge can
increase lift at high reduced frequencies and simultaneously alter
the lift-to-drag characteristics and wake structure. Vakilipour et al.[28!
found that longitudinal vein topology had only a limited effect on
lift but a more pronounced influence on drag and aerodynamic
hysteresis under a pitching motion of k = 1.24-4.96, with k values
being similar to those in the two studies mentioned above.

Existing studies on corrugated airfoils under unsteady conditions
have mainly focused on their effects on propulsive performance,
employing relatively high reduced frequencies and symmetric
motion[26-28], |n contrast, practical MAV operations typically occur at
relatively low reduced frequencies and involve asymmetric
motions29-311, Under these conditions, the airfoil is mainly used to
generate lift. Meanwhile, drag is produced inevitably. Under low
reduced frequencies, the effect of the corrugated airfoil on both lift
and drag remains relatively underexplored.

In this paper, a numerical investigation was conducted into the
unsteady flow fields of two-dimensional corrugated and flat-plate
airfoils subjected to asymmetric pitching at low reduced frequen-
cies. The unsteady aerodynamic performance of both types of airfoil
under pitching motions was numerically examined over various
reduced frequencies k and pitch amplitudes «,,. The differences in
flow structures and underlying mechanisms between the corru-
gated and flat-plate airfoils were analyzed. The associated aerody-
namic trends were systematically summarized. This work aims to fill
the current research gap in low-frequency unsteady aerodynamics
and to provide theoretical foundations and design guidance for
the aerodynamic design and flight control of MAVs.

Materials and methods

Airfoil geometry and kinematics

The geometry of the corrugated airfoil was derived from the
cross-sectional profile of a dragonfly wing, which was also used in
Kesel's experiments (Fig. 1a)l'7l. As a reference, a flat-plate airfoil
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with the same thickness h and chord length ¢ as that of the
corrugated airfoil was also considered.

Both airfoils were defined with ¢ = 100 mm and h = 4 mm.
Rounded leading edges were used to reduce the impact of sharp-
edged geometry on the surrounding flow. The geometric parame-
ters of the corrugation, such as crest height, trough depth, and spac-
ing, were taken directly from Kesel's measurements!'’l,

The airfoils undergo sinusoidal pitching motion around the 25%
chord location. The pitching angle « is prescribed as follows:

a=ay+ dm sin(wt),

wc

k=,

2U

where a4 and a,, denote the initial angle of attack and the pitching
amplitude, respectively. U, k, and w denote the freestream velocity,

reduced frequency, and angular velocity, respectively.

M

Numerical method

Numerical calculations were performed with the finite-volume-
based solver ANSYS Fluent. The flow around the airfoil was modeled
using the two-dimensional incompressible unsteady Navier-Stokes
equations, whose dimensionless form is given below:

V-u=0, @
6u/6t+(u~V)u+Vp—V2u/Re=0, )

where u, t, and p denote the dimensionless velocity, time, and
pressure, respectively. V is the gradient operator, V2 is the Laplacian
operator, and Re is the Reynolds number.

For the convective terms, a second-order upwind scheme was
used, while for time advancement we used a fully implicit second-
order scheme to ensure both temporal accuracy and numerical
stability. Pressure-velocity coupling was handled using the SIMPLE
algorithm, and turbulence was modeled using the shear stress trans-
port (SST) k- model. The SST k- model was adopted because it
performs well for flows with adverse pressure gradients and local
separation while maintaining reasonable computational cost.

The pitching motion was defined using a user-defined function.
To achieve the motion, a dynamic mesh approach with diffusion-
based smoothing was adopted. A structured mesh was employed
near the airfoil surface to better capture viscous flow features, while
unstructured triangular cells were applied farther from the surface.
This hybrid meshing strategy ensures high mesh quality during
mesh motion and maintains computational efficiency by control-
ling the total cell count. For boundary conditions, a pressure far-field
condition was applied at the outer domain to model the open-flow
environment, while a no-slip boundary was assigned to the airfoil
surface.

a
Corrugated airfoil
"o No—W
NG N,
Flat-plate airfoil U
E—h
0.25¢

c

Fig. 1 Schematic of (a) corrugated!'”! and flat-plate geometry, and (b) pitching motion.
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The instantaneous lift and drag were obtained by integrating the
pressure and wall shear stress along the airfoil surface. The airfoil lift
(F.) denotes the component normal to the freestream, and the airfoil
drag (Fp) is the force component aligned with the freestream direc-
tion. In addition, P represents the pressure, P., is the pressure from
the far field, and T is the pitching period. The force, cycle-averaged
force, and aerodynamic pressure coefficients are defined as follows:

CL=F_/0.5pU%, 3
Cp=Fp/0.50U%c, @
Cp= (P-P,)/0.5pU?, (3)
L/D=C/Cp, (6)

— 1 T
CL= 7L CL(Ddt, )

R 1 pT
Cp = 710 Cp (1ds, (8)
(L/D)mean = C_L/C_D (9)

Mesh independence and time-step verification

To examine the sensitivity to spatial resolution, three different
densities of computational meshes were constructed. For the
coarse, medium, and fine meshes, the minimum near-wall cell spac-
ing was set to 0.002¢, 0.0013¢, and 0.0009¢, respectively. These
spacings yielded approximately 0.09, 0.20, and 0.45 million cells
across the entire computational domain. The medium mesh is
shown in Fig. 2 as an example. Simulations were performed at
Re = 34,000, k = 0.1, with ay = 10° and a,,, = 20°. For the chosen a,
and a,, the corresponding pitching angle ranges from 0° to 20°.
The instantaneous lift and drag coefficients over two cycles,
together with the surface pressure distribution at a = 10° are
compared for the three meshes in Fig. 3. As shown in Fig. 3, the lift,
drag, and surface pressure coefficient curves from the medium and

b
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fine meshes nearly coincide. Quantitatively, the relative variations in
the mean lift and drag coefficients between the medium and fine
grids are approximately 0.34% and 0.59%, respectively. Therefore,
considering the trade-off between numerical accuracy and compu-
tational efficiency, the medium mesh is selected for the subsequent
simulations.

To evaluate the effect of temporal resolution on simulation accu-
racy, the simulations were repeated on the medium mesh with 200,
400, and 800 time steps per pitching cycle. The difference in mean
lift coefficient across the three cases was less than 1%, indicating
that using at least 200 time steps per pitching cycle was sufficient
for temporal convergence, as summarized in Table 1. To strike a
balance between numerical accuracy and computational cost, a
total of 400 time steps per cycle were adopted for all subsequent
simulations. This temporal resolution provides a sufficient margin
well within the converged regime relative to the converged thresh-
old (7/200), while avoiding the excessive computational expense
associated with 800 time steps per cycle.

Solver validation

Figure 4 shows the computed steady aerodynamic coefficients of
the corrugated airfoil over a range of angles of attack at Re = 34,000
and U =5 m/s. The results were compared with those of Barnes and
Visbal??! to verify the accuracy of the present numerical method.
Over the angle-of-attack range from 5° to 10°, the aerodynamic co-
efficients obtained in this study remain in close agreement with
the results of Barnes and Visbal. This favorable comparison validates
the capability of the present method to accurately resolve the flow
over the complex geometry of the corrugated airfoil.

The wind-tunnel experimental results of McAlister et al.l>2l were
used to further validate the capability of the present solver in simu-
lating unsteady dynamic stall. Both the mild and deep dynamic
stall of a NACA 0012 airfoil were validated. For the mild-stall case,
the validation was performed at Ma = 0.6, k = 0.081, and o = 3.2° +
4.6°sin(wt). For the deep-stall case, the corresponding conditions

Fig. 2 Portions of the O-type unstructured computational mesh: (a) in the computational domain, (b) around the two airfoils, and (c) in the locally refined

region near the corrugated airfoil.

b 03

c —25

0 0.5 1.0 1.5 2 0 0.5
/T

0.5
1.0 1.5 2 0 02 04 06 08 1

yT x/c

Fig. 3 (a) Variation of C, (b) variation of Cp, and (c) variation of surface Cp with different densities of meshes at t/T = 0.5.
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Table 1. Mean lift coefficient for different time-step sizes.

Mesh Cell count

Time steps per cycle Cr
200 0.513
Medium 400 0.24 million 0.516
800 0.517
1.2 -
= Barnes & Visbal
—o— Present result
G
0.8
. N\ —
O
_a
)
0.4
Cp
!———DM
0

AOA (°)

Fig. 4 Steady lift and drag coefficients at angles of attack from 5°to 10°.

were Ma = 0.283, k = 0.151, a = 14.91° + 9.88°sin(wt). Figure 5a, b
shows the hysteresis loops of C; with the angle of attack for the two
conditions, respectively. Close agreement with the reference data
was achieved, validating the reliability of the present solver in both
mild and deep stall.

Results and discussion

Influence of corrugation on dynamic stall
To assess the aerodynamic influence of corrugation during
dynamic stall, the aerodynamic responses of the corrugated airfoil

al2
= Mild dynamic stall
—— Present result
0.8
(=]
0.4
0
-4 =2 0 2 4 6 8 10

AOA (°)
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and the flat-plate airfoil were examined at Re = 34,000 and k = 0.1.
The motion parameters were ay = 10° and a,,, = 20°, corresponding
to a pitching angle of a = 0°-20°. Figure 6 plots the variations of lift
and drag coefficients with the pitching angle for the corrugated and
flat-plate airfoils.

The overall variations of the lift and drag coefficients with the
pitching angle exhibit hysteresis loops, which can be divided into
upstroke and downstroke phases (Fig. 6a, b). During the upstroke
phase, both airfoils experience a gradual increase in aerodynamic lift
and drag (Fig. 6a). Within the pitching angle range of about 8°-15°,
the flat-plate airfoil exhibits a higher C; than the corrugated airfoil.
At higher angles, its lift coefficient falls below that of the corrugated
configuration. The flat-plate airfoil reaches its maximum lift at a =
15°, whereas the corrugated airfoil reaches its peak at a =17.5°,
which is noticeably higher. This indicates that the corrugated airfoil
can delay stall and enhance maximum aerodynamic forces under
unsteady motion relative to the flat plate. During the downstroke
phase, the differences in lift between the two profiles diminish. The
drag coefficient shows a broadly similar overall trend to the lift coef-
ficient (Fig. 6b).

To elucidate the relationship between instantaneous aerody-
namic forces and the underlying flow structures, contours of turbu-
lent kinetic energy (TKE) and vorticity were examined at representa-
tive upstroke angles, as shown in Fig. 7a and b, respectively. The TKE
contours highlight regions of elevated turbulence intensity, whereas
the vorticity contours reveal the evolution of coherent vortices.
Together, these flow visualizations help explain the unsteady force
generation observed during the upstroke phase.

Figure 7a shows that the corrugated airfoil exhibits a lower TKE
level than the flat-plate airfoil at the same pitching angle, with
elevated TKE confined locally within the corrugation troughs rather
than forming a continuous high-TKE region. This behavior indicates
that the growth of TKE over the corrugated airfoil is slower, and
that it is a gradual transition process compared with that over the

b 3.0
o5l ™ Mild dynamic stall
| — Present result
2
U5
1
0.5
5 10 15 20 25
AOA (°)

Fig. 5 Validation of lift coefficient against experimental data for (a) mild dynamic stall and (b) deep dynamic stall.

a3
----- Flat-plate I
5 — Corrugated airfoil
4 Upstroke
O
1
0 Downstroke: :
0 5 10 15 20
AOA (°)

b o6
----- Flat-plate
— Corrugated airfoil
0.4
DD
0.2
ol =
0 5 10 15 20
AOA (°)

Fig. 6 Variations of (a) lift coefficient and (b) drag coefficient with the pitching angle for corrugated and flat-plate airfoils.
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b

Fig. 7 Dimensionless (a) turbulent kinetic energy (TKE) and (b) spanwise vorticity (wz) contours at the upstroke phase of the pitching angle.

flat-plate airfoil. The flow over the flat plate remains relatively
smooth as the pitching angle increases, and the leading-edge vortex
(LEV) enlarges progressively and shifts downstream (Fig. 7b). Mean-
while, the corrugated airfoil generates discrete small-scale vortices
in the near-wall region as the pitching angle rises, particularly
around the peaks and valleys of the corrugations, as shown at
o < 11.5° As the pitching angle increases to a = 13.1°, these small
vortices begin to merge with one another. With a further increase
in the angle of attack, the LEV undergoes overall separation as it
does on the flat plate. Although the overall development of the LEV
on the corrugated airfoil follows a trend similar to that of the flat-
plate airfoil, it remains more tightly attached to the surface at the
respective instants of time, and its downstream evolution proceeds
more slowly.

Moreover, in the velocity magnitude and streamline plots (Fig. 8),
multiple small-scale vortices are induced within the troughs of the
corrugations at low to moderate angles (o = 2.93°-11.5°). These
trapped vortices generate a "virtual contour" effect, as previously

[V /U I
-0.5 -0.1 0.3

described in steady-flow studies!'6'9, effectively delaying the
merging of vortices trapped within adjacent corrugation troughs, as
seen in Fig. 8 at a = 11.5° As the pitching angle increases to a =
13.1°, the vortices trapped in the fore-corrugation region begin to
merge (Fig. 8). This interaction initiates the formation of a merged
and compressed recirculation region over the front corrugations,
while the separated vortex of the flat plate develops into a larger
coherent structure that covers most of the upper surface, as shown
in Fig. 8 for a = 13.1°. Notably, this merging occurs at a higher pitch-
ing angle than in the steady-flow results of Barnes and Visbal(?2,
suggesting that unsteady pitching motion shifts the onset of this
interaction to higher angles. With a further increase in the angle of
attack, the LEV over the corrugated airfoil separates as a coherent
structure, but less strongly than that over the flat plate.

To further quantify the degree of LEV separation, the center of the
closed streamline region associated with the leading-edge sepa-
rated vortex is defined as the vortex-core position in this study. The
relative position of the vortex core with respect to the leading-edge

Fig. 8 Dimensionless velocity magnitude (|V|/U) and streamline contours at the upstroke phase of the pitching angle and local enlarged view at a =

11.5°%
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endpoint, normalized by the chord length, is defined as x.../c for
the chordwise position and y.,./c for the normal position. These
two quantities are used to quantify the development and detach-
ment of the LEV. Since a clearly identifiable, coherent primary sepa-
rated vortex is formed above the corrugated airfoil only at higher
angles of attack, vortex-core positions are reported only for o =
14.5°, 15.9°, and 17.07°, as shown in Fig. 9. Within the higher-angle
range considered, the vortex core of the corrugated airfoil remains
consistently closer to the leading edge and the airfoil surface. This
indicates that both the development and detachment of the LEV
proceed more slowly than on the flat plate, further confirming that
the corrugated airfoil exhibits a weaker separation.

The differences in vortex evolution between the two airfoils
directly contribute to the differences in their aerodynamic response.
Figure 10 presents the instantaneous flow fields and surface pres-
sure distributions at the instant of maximum lift for each airfoil.
During the stall process, the corrugated airfoil retains stronger
suction and less extensive separation compared with the flat-plate
airfoil. For example, at a = 14.5°, where the flat plate reaches peak
lift, its LEV has already developed into a structure covering the
whole upper surface of the airfoil. Consequently, the region of
negative pressure occupies most of the upper surface (Fig. 10a, b).
Nevertheless, the corrugated airfoil exhibits a less-developed LEV

https://doi.org/10.48130/mav-0026-0009

and reduced flow separation on the surface, leading to weaker
suction near x/c = 0.6 (Fig. 10c). As a result, the lift of the corrugated
airfoil is lower at this instant. At a = 17.1°, where the corrugated
airfoil reaches its peak lift, the covering area of the LEV extends to
the trailing edge, resulting in a stronger suction peak and higher lift
compared with the flat plate (Fig. 10c), whose LEV has already
detached from the surface. The drag exhibits a similar trend: due to
delayed vortex shedding, the corrugated airfoil exhibits a later and
higher drag peak. Under the low reduced-frequency conditions
considered in this study, the aerodynamic improvement of the
corrugated airfoil is mainly attributed to LEV evolution, while the
influence of the wake on the aerodynamic forces is relatively
smallB3-35], Therefore, the present analysis focuses on LEV evolution,
and wake dynamics or trailing-edge vortex shedding is not treated
separately as a dominant mechanism.

Collectively, under the pitching conditions of k = 0.1, aq = 10°, and
am = 20° the corrugated airfoil demonstrates a clear advantage in
delaying stall and increasing the maximum lift coefficient relative to
the flat-plate airfoil. This advantage stems from the peak-trough
geometry of the corrugated airfoil, which localizes TKE production
and induces trough vortices that keep the LEV more attached to
the surface, thereby delaying vortex-merging-induced separation to
a higher pitching angle.

b 0.0
0.15
©

20.10
R .__’_’_’__./.
.

0.05

i 5 16 17 8
AOA (°)

Fig. 9 Vortex-core coordinates relative to the leading-edge point for the flat-plate and corrugated airfoils at different angles of attack: (a) x.oe/c and

x/c

al2
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© 0.8 /
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0.4
14 15 16 17 18
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= |y
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Fig. 10 (a) Dimensionless spanwise vorticity contours, (b) pressure coefficient contours, and (c) chordwise pressure coefficient of corrugated and flat-

plate airfoils at pitching angles of 14.5° and 17.1°, respectively.
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Influence of reduced frequency

To investigate the effects of reduced frequency (k) on the aerody-
namic response and flow-field characteristics, both airfoils were
tested for various k at Re = 34,000 with a pitching amplitude of «,, =
20° and a4 = 10°. Based on previous studies, conditions of k < 0.05
can be regarded as quasi-steady,*' whereas higher values produce
notable unsteady effects. Therefore, four reduced frequencies, k =
0.02, 0.05, 0.1, and 0.2, were considered. This range covers condi-
tions from quasi-steady motion to significantly unsteady pitching,
representative of scenarios from slow attitude adjustments to rapid
maneuvers in MAV operations.

Lift and drag coefficient histories for each k are presented in
Fig. 11a and b. For both airfoils during the upstroke phase (/T =
0-0.5), increasing k leads to higher lift and drag coefficient peaks
and larger stall angles. At the same k, the corrugated airfoil gener-
ally exhibits higher stall angles and higher lift and drag peaks than
the flat plate. At k = 0.2, however, the corrugated airfoil exhibits

---- k=0.02 Flat-plate

— k=0.02 Corrugated airfoil

- = k=0.05 Flat-plate

— k=0.05 Corrugated airfoil

upstroke phase

0 0.25

downstroke phase

0.75 1

0.5
1T
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nearly the same stall angle as the flat plate, but a lower peak lift. This
behavior can be linked to the partially developed LEV before reach-
ing the maximum angle of attack, as will be discussed later in this
paper. The peak lift and drag for a given airfoil occur almost simulta-
neously, suggesting only a small phase difference between them at
the relatively low k values considered here. During the downstroke,
higher k cases exhibit a steeper slope and more pronounced fluctua-
tions in the lift coefficient, indicating stronger unsteady effects in
the lift response at higher reduced frequencies.

To relate force behavior to flow structures, instantaneous span-
wise vorticity fields were compared at identical pitching angles for
different k values, as shown in Fig. 12. With increasing k, the LEV for
both airfoils remains more attached to the surface at the same pitch-
ing angle, indicating that the development of vortex shedding is
delayed. The corrugated airfoil consistently shows a delayed detach-
ment of LEV compared with the flat-plate airfoil. For example, under
the conditions of k = 0.2, & = 10°, 14.5°, or 19.8° the LEV on the

k= 0.1 Flat-plate

k= 0.1 Corrugated airfoil
--=- k= 0.2 Flat-plate
— k= 0.2 Corrugated airfoil

Fig. 11 Histories of (a) C, and (b) C;, for the corrugated and flat-plate airfoils at k = 0.02, 0.05, 0.1, and 0.2.

a a =10

bis
1.2
508
@)
0.4
0
0 0.25 0.5 0.75 1
/T
Wz

Fig. 12 Dimensionless spanwise vorticity contours of the corrugated and flat-plate airfoils at (a) o = 10°, (b) 14.5°, and (c) 19.8° for k = 0.02, 0.05, 0.1, and

0.2.
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corrugated airfoil remains more tightly attached to the airfoil surface
(Fig. 12).

Figure 13 provides further insight by examining the vorticity and
pressure fields at the instant of maximum lift for each. With increas-
ing k, the LEV develops closer to the airfoil surface and covers more
of the upper surface, thereby enhancing suction (Fig. 13a, b). This
increased suction, combined with relatively minor changes in lower-
surface pressure, leads to higher lift coefficients at larger k, as shown
in Fig. 14a—d. Compared with the flat-plate airfoil, the vortex over
the corrugated airfoil stays closer to the suction surface and shows a
weaker tendency to separate. In addition, the pressure distributions
along the airfoil surface follow a pattern broadly consistent with that
described in the section "Influence of corrugation on dynamic stall"
(Fig. 10c), when each airfoil attains its maximum lift.

As mentioned before, an exception was observed for the corru-
gated airfoil at k = 0.2, with a peak lift lower than that of the
flat-plate airfoil (Fig. 11a). To explain this behavior, Fig. 15 provides

a wz I

=20 -12 -4 4

12 20

https://doi.org/10.48130/mav-0026-0009

an analysis of the flow field before and after the stall angle. It reveals
that, at « = 19.5° during the upstroke phase (Fig. 15a), the flat-plate
airfoil is almost fully covered by the LEV on its suction surface, while
the LEV of the corrugated airfoil develops more slowly and has not
yet reached the trailing edge. This behavior of delayed develop-
ment of LEV for the corrugated airfoil is consistent with smaller k
cases. However, as the motion approaches the peak angle (a = 20°),
the pitching rate decreases to zero, leading the flow to exhibit a
more quasi-steady behavior, and the LEV of the corrugated airfoil
ceases to develop. Under this condition, the LEV generated by the
corrugated airfoil loses the benefit of unsteady stabilization and
detaches earlier, before it is fully developed. As a result, at a = 19.5°
during the downstroke phase (Fig. 15b), the LEV of the corrugated
airfoil is not fully developed, with reduced strength and coherence
as it sheds away from the surface, leading to a reduced instanta-
neous lift.

b C, -
-4 =3 -2

-1 0 1

Fig. 13 Contours of (a) spanwise vorticity and (b) pressure coefficient at the peak lift for both the corrugated and flat-plate airfoils at k = 0.02, 0.05, 0.1,

and 0.2
a -7 b -7
k=10.02 k=0.05
=5t -5
Un“ -3t ——— Flat-plate o DQ“ -3
Corrugated airfoil
-1t -1
1t 1
0 02 04 ,06 08 1 0 02 04 ,06 08 1
x/c x/c
c -7 d -7
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Fig. 14 Chordwise pressure coefficient distributions at the maximum angle (a = 20°) for the flat-plate and corrugated airfoils from k = 0.02 to 0.2 in panels

(@)—(d).
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Fig. 15 Contours of dimensionless spanwise vorticity and chordwise pressure coefficient distributions at a = 19.5°, where the angle of attack approaches

its maximum a = 20° during (a) upstroke and (b) downstroke phases.

Overall, the corrugated airfoil exhibits a delayed stall relative to
the flat plate. This behavior is consistent with the observations in
the section “Influence of corrugation on dynamic stall,” and it also
persists across most of the reduced frequencies examined, except
for the high-k condition discussed above. We speculate that further
increasing the pitching amplitude would still lead to the advantage
of the corrugated airfoil, namely delayed stall and an enhanced peak
lift coefficient.

Influence of the pitching angle range

The effect of the pitching angle range on aerodynamic perfor-
mance was examined at k = 0.05 and Re = 34,000. Three pitching
amplitudes were considered: a,,,; = 10° o,,, = 20° and o,,3 = 30°,
corresponding to a = 0°-10°, a = 0°-20°, and a = 0°-30°. Figure 16
compares the lift and drag coefficient histories of the two airfoils.

As shown in Fig. 16, for both airfoils, increasing the pitching angle
leads to higher stall angles and peak lift and drag coefficients. This
trend is consistent with the findings of previous studies!’3:35-37], In
general, the hysteresis loop for a given airfoil remains similar in
shape at larger pitching amplitudes, whereas the enclosed area
increases with amplitude, indicating stronger unsteady effects.
Across all amplitudes tested, the corrugated airfoil maintains a
higher stall angle and lift peak than the flat plate, consistent with
the behavior described in the section “Influence of corrugation on

........... a,,, Flat plate

— a,,, Corrugated airfoil

= = -0y, Flat plate
a,,, Corrugated airfoil ——a«

dynamic stall.” During the upstroke phase, stronger LEV and delayed
separation jointly contribute to higher lift peaks and later stall onset
at larger amplitudes. During the downstroke phase, the lift and drag
responses of the corrugated airfoil are comparable to those of the
flat-plate airfoil over the range of amplitudes considered.

Flow-field observations during the upstroke phase in Fig. 17
show that, at a = 8.5°, the extent of LEV separation decreases with
increasing pitching amplitude for both airfoils, indicating that larger
pitching amplitudes delay the onset of separation. At o = 15°, this
trend in LEV development for the cases of a3 = 30° and a,,, = 20°
becomes more pronounced. The a,,,; = 30° case maintains a stronger
and less detached LEV than the a,,, = 20° case, which corresponds
to the higher lift level in Fig. 16a. At the same angle of attack, under
different pitching-amplitude conditions, the LEV over the corru-
gated airfoil consistently exhibits less separation than that over the
flat plate, indicating that the corrugated airfoil still maintains a stall-
delaying effect.

Overall, increasing the pitching amplitude intensifies the
unsteady aerodynamic response and promotes stronger vortex
development, while the corrugated airfoil still retains its advantages
of delayed stall and higher peak lift under the studied conditions.

The instantaneous aerodynamic responses indicate that the
corrugated airfoil generally retains delayed-stall characteristics over
a range of reduced frequencies and pitching amplitudes. Neverthe-
less, the corresponding cycle-averaged force characteristics have

—————— a,4 Flat plate

w3 Corrugated airfoil

a 3 b 1

2.5 0.8

2 0.6

15
) S04

1

05 0.2

0 0

0 5 10 15 20 25 30 0 5 10 15 20 25 30
AOA (°) AOA (°)

Fig. 16 Hysteresis loops of (a) lift coefficient and (b) drag coefficient for the corrugated and flat-plate airfoils at a,; = 10°, o, = 20°, and a3 = 30°.

Yang et al. International Journal of Micro Air Vehicles 2026, 18: e008

Page 90f 12


https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009

International Journal

of Micro Air Vehicles https://doi.org/10.48130/mav-0026-0009
a a=8.5
a,, =10 a,, =20° a,, =30° Wy
_— ,\\ ———— 20
\_ —_— .
—— —~———— ~— -20
b a=15
20 ., =30
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20° and a,,3 = 30°.

not yet been clarified. This trade-off will be further discussed in the
following section.

Mean forces

The instantaneous-force analysis in the section “Influence of
corrugation on dynamic stall” demonstrated that the corrugated
airfoil exhibits delayed stall and a higher maximum lift compared
with the flat plate, and these effects are influenced by both reduced
frequency and pitch amplitude. However, instantaneous forces
alone do not provide a direct quantitative assessment of the overall
aerodynamic performance. Therefore, mean aerodynamic coeffi-
cients are introduced as performance metrics.

Figure 18 summarizes the cycle-averaged aerodynamic coeffi-
cients of both airfoils over the tested reduced frequencies and pitch
amplitudes. According to Fig. 18, when the pitch amplitude is fixed,
both C;. and Cp generally increase with reduced frequency for both
airfoils. The increase remains modest at low reduced frequencies
but becomes more pronounced at higher k. At a fixed reduced
frequency, increasing the pitching amplitude enhances C;. and Cp.
Across all amplitudes, (L/D)ean generally decreases with increasing
amplitude for both airfoils. The difference in (L/D)yean between the
two profiles is small for a,,, and a3 but at «,,, the corrugated
airfoil shows a significant advantage, especially at higher k.

A comparison of the aerodynamic behavior between the corru-
gated and flat-plate airfoils is given in Table 2. When a = 0°-10° and
k = 0.2, the corrugated airfoil achieves the highest relative gain
(approximately 38%) in (L/D)mean compared with the flat-plate airfoil
among the originally tested cases. The cycle-averaged C; of the
corrugated airfoil increases by approximately 10%, compared with
that of the flat-plate airfoil.

Overall, under the tested conditions, the results indicate that the
corrugated airfoil exhibits a relatively pronounced advantage in the
mean lift-to-drag ratio over the flat plate for a = 0°-10°, and
achieves the highest mean lift-to-drag ratio at k = 0.2. The condi-
tions tested in this study are close to typical MAV operating states,
such as gust response, attitude adjustment, and moderate maneu-
vering. These results provide a reference for MAV wing design and
operating-parameter selection within the investigated range. It
should also be noted that dynamic stall is not fully developed
in some of the cases considered in the study. The interpretation of
the results should be limited to the present range of investigated
conditions.

Page 100f 12

.5°and [b] a = 15°) for the corrugated and flat-plate airfoils at o,; = 10°, apy =

Conclusions

This study numerically investigated the aerodynamics of a two-
dimensional dragonfly-inspired corrugated airfoil undergoing pitch-
ing motion, with a flat-plate airfoil for comparison. Simulations were
performed over reduced frequencies (k = 0.02-0.2) and pitching
angle ranges (a = 0°-10°, a = 0°-20°, and a = 0°-30°) at Re = 34,000.
These conditions were chosen to reflect practically relevant pitch-
ing scenarios, although fully developed dynamic stall may not occur
in every case. Aerodynamic performance and flow-field differences
between the two types of airfoil were analyzed to quantify the
advantages of corrugation relative to those of a flat plate. This study
also identified the conditions under which the corrugated airfoil
exhibits relatively favorable cycle-averaged aerodynamic perfor-
mance within the investigated low-frequency range, providing
reference data for low-frequency lift-generation scenarios in small
aerial vehicles.

Three significant findings were obtained. First, compared with the
flat-plate airfoil, the corrugated airfoil exhibited a higher stall angle
and a higher maximum lift during pitching. This advantage was
attributed to a more dispersed vorticity distribution near the lead-
ing edge, which delayed LEV shedding and thereby enhanced lift
while delaying stall. This trend is consistent with the steady-flow
observations reported by Barnes and Visbal22,

Second, both reduced frequency and pitching angle range
markedly affected the dynamic-stall responses of the two airfoils.
Within the investigated conditions, increasing k or enlarging the
pitching angle generally increased the stall angle and lift peak for
each type of airfoil. For most conditions considered, the corrugated
airfoil maintained slower LEV development than the flat-plate airfoil,
leading to delayed stall and higher lift peak. However, at sufficiently
high k, the LEV did not fully develop before the maximum pitching
angle and detached prematurely, which in turn reduced lift and led
to the underperformance of the corrugated airfoil compared to the
flat plate in selected cases.

Third, the cycle-averaged aerodynamic performance indicates
that, among the tested cases, the corrugated airfoil shows its largest
relative gain in mean lift-to-drag ratio at k = 0.2 and a = 0°-10°.
Under this specific tested condition, the cycle-averaged C, and the
cycle-averaged lift-to-drag ratio are approximately 10% and 38%
higher than those of the flat plate, respectively. Overall, this work
suggests that dragonfly-inspired corrugation can delay LEV

Yang et al. International Journal of Micro Air Vehicles 2026, 18: e008
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Fig. 18 Averaged values of lift, drag, and lift-to-drag ratio for the corrugated and flat-plate airfoils under different k and ranges of a: (a) lift, (b) drag, and

(c) lift-to-drag ratio.

Table 2. Cycle-averaged aerodynamic behavior of different k for a = 0°-10°.

k Airfoil type C_L C_D (L/D)mmean
0.02 Flat-plate 0.437 0.086 5.107
Corrugated 0.474 0.083 5.725
0.05 Flat-plate 0.436 0.086 5.117
Corrugated 0.479 0.085 5.624
0.1 Flat-plate 0.462 0.090 5.143
Corrugated 0.515 0.088 5.865
0.2 Flat-plate 0.520 0.099 5.263
Corrugated 0.576 0.079 7.289

development under the unsteady pitching conditions used in the
present study. This delayed LEV development helps explain the
delayed stall behavior and the relatively favorable cycle-averaged
aerodynamic performance observed in selected tested cases. It
should also be noted that the present conclusions are obtained
from a two-dimensional rigid isolated-airfoil model. Although they
are useful for understanding the aerodynamic mechanisms and
parametric effects of corrugated airfoils, their applicability to

Yang et al. International Journal of Micro Air Vehicles 2026, 18: e008

realistic three-dimensional flexible MAV flight scenarios still has
certain limitations. Further studies considering finite-span effects,
structural flexibility, fluid-structure interaction, and the effects of
key geometric parameters of corrugated airfoils are needed for a
more comprehensive assessment.

Author contributions

The authors made the following contributions to this study:
conception and design of the research: Yang P, Meng X; data collec-
tion: Yang P, Chen Z, Wang S, Yang J; analysis and interpretation of
results: Yang P, Chen Z, Wang S, Yang J, Meng X; draft manuscript
preparation: Yang P; review and editing: Meng X, Yang P. All authors
reviewed the results and approved the final version of the
manuscript.

Data availability

The datasets supporting the findings of this study may be
obtained from the corresponding author upon reasonable request.

Page 110f12


https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009

International Journal
of Micro Air Vehicles

Acknowledgments

This research was supported by the National Natural Science

Foundation of China

(Grant Nos. 12172276, 12572268, and

125B2053) and the Fundamental Research Funds for the Central
Universities, China (No. xzy022025070).

Conflict of interest

The authors declare that they have no conflict of interest.

Dates

Received 25 January 2026; Revised 2 June 2026; Accepted 10 June
2026; Published online 25 August 2026

References

1l

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[

[10]

(111

2]

[13]

[14]

[18]

[16]

Wang L, Song B, Sun Z, Yang X. 2023. Review on ultra-lightweight flap-
ping-wing nano air vehicles: artificial muscles, flight control mecha-
nism, and biomimetic wings. Chinese Journal of Aeronautics 36(6):63—91
Xiao S, Shi Y, Wang Z, Ni Z, Zheng Y, et al. 2024. Lift system optimiza-
tion for hover-capable flapping wing micro air vehicle. Frontiers of
Mechanical Engineering 19(3):19

Zhou X, Zhong H, Zhang H, He W, Hua H, et al. 2024. Current status,
challenges, and prospects for new types of aerial robots. Engineering
41:19-34

Kumar SSG, Gudipalli A. 2024. A comprehensive review on payloads of
unmanned aerial vehicle. The Egyptian Journal of Remote Sensing and
Space Sciences 27(4):637—644

Xue D, Zhu Z, Song B. 2024. Key technologies of bird inspired flapping-
wing micro aerial vehicles: review. Acta Aeronautica et Astronautica
Sinica 45(17):529984

Choi S, Oh C, Kang T, Park J. 2025. Design and flight experiment of a
motor-directly-driven flapping-wing micro air vehicle with extension
springs. Biomimetics 10(10):686

Shiv JK, Kumar K, Ranjan C. 2024. Flight of inspiration: mimicking
nature’s mastery in micro air vehicle design. International Journal on
Interactive Design and Manufacturing (IJIDeM) 18(6):3603—-3611

Chen L, Cheng C, Zhou C, Zhang Y, Wu J. 2024. Flapping rotary wing: a
novel low-Reynolds number layout merging bionic features into micro
rotors. Progress in Aerospace Sciences 146:100984

Wei B, Gao Y, Hu S. 2023. Experimental and numerical study on
dynamic stall under a large Reynolds number. Advances in Aerodynam-
ics 5:16

Song F, Yan Y, Sun J. 2023. Review of insect-inspired wing micro air
vehicle. Arthropod Structure & Development 72:101225

Gardner AD, Jones AR, Mulleners K, Naughton JW, Smith MJ. 2023.
Review of rotating wing dynamic stall: experiments and flow control.
Progress in Aerospace Sciences 137:100887

Tripathi D, Vishal S, Bose C, Venkatramani J. 2022. Stall-induced fatigue
damage in nonlinear aeroelastic systems under stochastic inflow:
numerical and experimental analyses. International Journal of Non-
Linear Mechanics 142:104003

Bashir M, Zonzini N, Longtin Martel S, Botez RM, Ceruti A, et al. 2024.
Numerical investigation of the dynamic stall reduction on the UAS-545
aerofoil using the optimised aerofoil method. The Aeronautical Journal
128(1321):441-468

Liu T, Wang S, Liu H, He G. 2023. Engineering perspective on bird flight:
scaling, geometry, kinematics and aerodynamics. Progress in Aerospace
Sciences 142:100933

Lurans E, Alhinai A, Viswanathan H. 2025. Aerodynamics of corrugated
wings: past, present, and future. Aerospace 12(3):262

Rees CJC. 1975. Aerodynamic properties of an insect wing section and
a smooth aerofoil compared. Nature 258:141-142

Page 120f 12

171

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26

[27]

[28

[29

[30

[31

[32

[33]

[34

[35]

[36]

[37

https://doi.org/10.48130/mav-0026-0009

Kesel AB. 2000. Aerodynamic characteristics of dragonfly wing sections
compared with technical aerofoils. Journal of Experimental Biology
203(20):3125-3135

Hord K, Liang Y. 2012. Numerical investigation of the aerodynamic and
structural characteristics of a corrugated airfoil. Journal of Aircraft
49(3):749-757

Hu H, Tamai M. 2008. Bioinspired corrugated airfoil at low Reynolds
numbers. Journal of Aircraft 45(6):2068—2077

Murphy J, Hu H. 2010. An experimental study of a bio-inspired corru-
gated airfoil for micro air vehicle applications. Experiments in Fluids
49(2):531-546

Vargas A, Mittal R, Dong H. 2008. A computational study of the aerody-
namic performance of a dragonfly wing section in gliding flight. Bioin-
spiration & Biomimetics 3:026004

Barnes CJ, Visbal MR. 2013. Numerical exploration of the origin of aero-
dynamic enhancements in [low-Reynolds number] corrugated airfoils.
Physics of Fluids 25(11):115106

Meng XG, Sun M. 2013. Aerodynamic effects of wing corrugation at
gliding flight at low Reynolds numbers. Physics of Fluids 25:071905

Sun W, Wang Y, He G, Wang Q, Yu F, et al. 2024. Effects of kinematic
parameters and corrugated structure on the aerodynamic perfor-
mance of flexible dragonfly wings. Journal of Fluids and Structures
125:104058

Shyy W, Lian Y, Tang J, Viieru D, Liu H. 2009. Aerodynamics of low
Reynolds number flyers. New York: Cambridge University Press

Flint TJ, Jermy MC, New TH, Ho WH. 2017. Computational study of a
pitching bio-inspired corrugated airfoil. International Journal of Heat
and Fluid Flow 65:328—341

Wang Y, Shi L, Bayeul-Lainé AC, Coutier-Delgosha O. 2023. Investiga-
tions on vortex evolution and wake dynamics of bio-inspired pitching
hydrofoils. Proceedings of the Institution of Mechanical Engineers, Part G:
Journal of Aerospace Engineering 237(9):1967—1991

Vakilipour S, Zarafshani H, Al-Zaili J. 2021. Numerical study of longitudi-
nal vein effects on the aerodynamic characteristics of a corrugated bio-
airfoil. Computers & Fluids 216:104821

Mohren F, Bergmann O, Janser F, Braun C, Schroder K-U. 2025. Rapid
dynamic load estimation procedure for lifting propellers in forward
flight. CEAS Aeronautical Journal 16:1105-1125

Lilong C, Yu Y. 2024. Maneuvering characteristics of bilateral ampli-
tude-asymmetric flapping motion based on a bat-inspired flexible
wing. Biomimetics 9(3):148

Liang J, Zheng M, Pan T, Su G, Deng Y, et al. 2025. Development of a
dragonfly-inspired high aerodynamic force flapping-wing mechanism
using asymmetric wing flapping motion. Biomimetics 10(5):309
McAlister KW, Pucci SL, McCroskey WJ, Carr LW. 1982. An experimental
study of dynamic stall on advanced airfoil sections. Volume 2. Pressure
and force data. NASA TM 84245 https://ntrs.nasa.gov/api/citations/
19830003778/downloads/19830003778.pdf

Sudharsan S, Narsipur S, Sharma A. 2023. Evaluating dynamic stall-
onset criteria for mixed and trailing-edge stall. AIAA Journal
61(3):1181-1196

Siala FF, Liburdy JA. 2019. Leading-edge vortex dynamics and impulse-
based lift force analysis of oscillating airfoils. Experiments in Fluids
60(10):157

Carr LW, McAlister KW, McCroskey WJ. 1977. Analysis of the develop-
ment of dynamic stall based on oscillating airfoil experiments. NASA
Technical Note: D-8382 https://ntrs.nasa.gov/citations/19770010056
Kong W, Li Y. 2023. Experimental study on dynamic stall of airfoil in
rotor reverse flow region. Aerospace 10(2):170

Michna J, Sledziewski M, Rogowski K. 2025. The harmonic pitching
NACA 0018 airfoil in low Reynolds number flow. Energies 18(11):2884

Copyright: © 2026 by the author(s). Published by
Maximum Academic Press, Fayetteville, GA. This article

is an open access article distributed under Creative Commons
Attribution License (CC BY 4.0), visit https://creativecommons.org/
licenses/by/4.0/.

Yang et al. International Journal of Micro Air Vehicles 2026, 18: e008


https://doi.org/10.1016/j.cja.2023.03.031
https://doi.org/10.1007/s11465-024-0790-6
https://doi.org/10.1007/s11465-024-0790-6
https://doi.org/10.1016/j.eng.2024.05.008
https://doi.org/10.1016/j.ejrs.2024.08.001
https://doi.org/10.1016/j.ejrs.2024.08.001
https://doi.org/10.7527/S1000-6893.2024.29984
https://doi.org/10.7527/S1000-6893.2024.29984
https://doi.org/10.3390/biomimetics10100686
https://doi.org/10.1007/s12008-024-01967-z
https://doi.org/10.1007/s12008-024-01967-z
https://doi.org/10.1016/j.paerosci.2024.100984
https://doi.org/10.1186/s42774-023-00146-0
https://doi.org/10.1186/s42774-023-00146-0
https://doi.org/10.1186/s42774-023-00146-0
https://doi.org/10.1016/j.asd.2022.101225
https://doi.org/10.1016/j.paerosci.2023.100887
https://doi.org/10.1016/j.ijnonlinmec.2022.104003
https://doi.org/10.1016/j.ijnonlinmec.2022.104003
https://doi.org/10.1016/j.ijnonlinmec.2022.104003
https://doi.org/10.1017/aer.2023.62
https://doi.org/10.1016/j.paerosci.2023.100933
https://doi.org/10.1016/j.paerosci.2023.100933
https://doi.org/10.3390/aerospace12030262
https://doi.org/10.1038/258141a0
https://doi.org/10.1242/jeb.203.20.3125
https://doi.org/10.2514/1.C031135
https://doi.org/10.2514/1.37173
https://doi.org/10.1007/s00348-010-0826-z
https://doi.org/10.1088/1748-3182/3/2/026004
https://doi.org/10.1088/1748-3182/3/2/026004
https://doi.org/10.1063/1.4832655
https://doi.org/10.1063/1.4813804
https://doi.org/10.1016/j.jfluidstructs.2023.104058
https://doi.org/10.1016/j.ijheatfluidflow.2016.12.009
https://doi.org/10.1016/j.ijheatfluidflow.2016.12.009
https://doi.org/10.1177/09544100221140632
https://doi.org/10.1177/09544100221140632
https://doi.org/10.1016/j.compfluid.2020.104821
https://doi.org/10.1007/s13272-024-00782-2
https://doi.org/10.3390/biomimetics9030148
https://doi.org/10.3390/biomimetics10050309
https://ntrs.nasa.gov/api/citations/19830003778/downloads/19830003778.pdf
https://ntrs.nasa.gov/api/citations/19830003778/downloads/19830003778.pdf
https://doi.org/10.2514/1.J062011
https://doi.org/10.1007/s00348-019-2803-5
https://ntrs.nasa.gov/citations/19770010056
https://doi.org/10.3390/aerospace10020170
https://doi.org/10.3390/en18112884
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009
https://doi.org/10.48130/mav-0026-0009

	Introduction
	Materials and methods
	Airfoil geometry and kinematics
	Numerical method
	Mesh independence and time-step verification
	Solver validation

	Results and discussion
	Influence of corrugation on dynamic stall
	Influence of reduced frequency
	Influence of the pitching angle range
	Mean forces

	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	References

