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Influence of Area Distribution Along the
Span Direction on Flapping Wing Aerodynamics
in Hover Based on Numerical Modeling Analysis

Guilin Wu , Shuanghou Deng, and Qingxi Li

Abstract—This study performed a numerical investigation to
explore the effect of span-wise area distribution on flapping wing
aerodynamics in hovering configuration using an in-house devel-
oped flow solver. The span-wise area distribution was defined using
a morphological beta function and the flapping motion was set
to a sinusoidal movement manner. Results show that moving the
area distribution toward the tip region can generate more lift and
simultaneously expense more power, whereas an optimum area
distribution (̄r1 = 0.45) was observed because of its aerodynamic
efficiency. In general, the temporal profiles of aerodynamic forces
are slightly sensitive concerning span-wise area distribution rather
than the peak and mean force. Detail flow structure visualization
illustrated that the flapping wing locomotion produces complex
spatial and temporal vortex structures, including vortex genera-
tion, development, and shedding of leading-edge vortex, trailing
edge vortex, and root vortex. For flapping wing with a larger area
on the tip is in principle capable of enhancing the vortex strength,
particularly for the leading-edge vortex which dominates the lift
generation during flapping motion. Meanwhile, the smoother pro-
file bounded by the tip and leading edge is beneficial for stabilizing
the leading edge and tip vortex.

Index Terms—Aerodynamics, beta function, flapping-wing, in
hover, span-wise area distribution (SWAD).

I. INTRODUCTION

F LYERS in nature, such as insects, birds, and bats have
drawn considerable attention in both academic and indus-

trial communities due to extraordinary flying characteristics.
Early studies have demonstrated the flow behavior at the size,
flapping frequency, and flight speed of flapping wing propulsion
as it occurs in nature is significantly different from the well-
established aircraft aerodynamics. According to the principles
of quasi-steady aerodynamics, insects or birds in nature cannot
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be able to produce enough lift to stay aloft or forward fly.
The mechanism whereby they achieve flight must benefit from
unsteady flows interacting with the dynamically changing wing
surfaces. Till now, five unsteady high-lift mechanisms associ-
ated with flapping wing aerodynamics have been well-revealed
[1], viz., Wagner effect, leading-edge vortex (LEV), delayed
stall, wing rotation, wake capture, and clap-and-fling. Using the
aforementioned collected knowledge related to flapping wing
aerodynamics, kinematics, control strategy, etc., some flapping
wing prototypes have been successfully developed with exam-
ples such as DelFly [2], Robobee [3], Microbat [4], etc.

The wing geometry, generally regarded as the morphological
planform or outline, and kinematics of flapping wings are crucial
parameters that dominate the aerodynamic performance, partic-
ularly in hover configuration. Over the years, extensive research
has been conducted on kinematic parameters such as flapping
frequency, stroke amplitude, pitching angle, tip trajectory, and
the phase offset between pitch and stroke angles. Alternatively,
the effect of flapping geometry, such as spanwise/chordwise area
distribution, total area, location of the pivoting point, and aspect
ratio (AR) was seldom reported. Looking back into nature there
are millions of flying insects with diverse wing shapes, therefore,
it is difficult to find normalized morphological shape factors
for statistically describing the wing planform. The mechanical
importance of the moments of the wing area is emphasized,
which depends on the shape of the wing [5]. His pioneering study
approximated nearly all flying insects’ wings by a semiellipse,
the approximations were quite suitable for an initial investiga-
tion. Later, Ellington [6] of the University of Cambridge claimed
that by comparing the measured distribution’s values to those of
an appropriate analytical function, one can derive the precise
form of a distribution from its shape characteristics. He then
defined a beta distribution (see later in Section II) compared
with the wing area distribution, i.e., the planform of the wing,
and a very good agreement was revealed. The rules of shape
that relate the higher radii to the first radius may be used to
further compress the beta distribution to a coefficient for just
one parameter, giving rise to a useful tool for approximating
the planform of a wing utilizing only its centroid of the surface.
The air pressure distribution of the flapping wing under varied
Reynolds numbers and the variation trend of pressure distribu-
tion on the wing surface with different Reynold numbers was
observed, while the influence of Reynold numbers on the force
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production ability was also investigated [6]. And they tried to
optimize the morphological parameters of rectangular flapping
wings depending on the simulation cases. Their results show
that the adaptive amendment methods based on the air pressure
distribution improve the aerodynamic performance which is
consistent with the evolutionary characteristics of forewings
of some large insects. Later, the LEV of hovering artificial
flapping wing in different AR, Reynold numbers, and Rossby
numbers by solving unsteady incompressible Navier–Stokes
equations [7]. In their study, four variations of AR and two
orders of magnitude variations of Reynolds number were set
to research. In computational fluid dynamics (CFD) solvers, the
Navier–Stokes equation is pivotal. It governs fluid flow behavior,
allowing CFD simulations to predict velocity, pressure, and other
flow properties. Accurate solving of this equation is vital for
modeling complex fluid dynamics, such as those involved in
flapping wing locomotion. Results show that the best AR of
the flapping wing was consistent with the results observed in
natural flapping insects at different Reynolds numbers, while it
was found that decreasing the Rossby numbers with a certain
range would improve the spanwise flow, leading to maintaining
the intensity of LEV, inducing a higher force production. Stewart
et al. [8] developed a set of multiobjective optimization meth-
ods based on gradient optimization solver and error constraint.
By modeling the optimization characteristics of the flapping
wing. The aerodynamic performance of rigid flapping wings
in forward flight and hovering state was investigated. Results
show that the aerodynamic performance of the flapping wing
surface was improved at the same Reynolds number through the
optimization solver. Shahzad et al. [9] tried to find a collaborative
solution to solve the fluid structural interaction problems of
flapping wings, it contains two solvers, the immersed boundary
method (IBM) is designed for solving the three-dimensional
(3-D) Navier–Stokes equations, and the finite-element method
solver is for structural deformation which was used to provide
boundary conditions for the flow field. The results show that the
absolute force of the flexible flapping wing with a larger AR is
smaller than that of the rigid flapping wing, but the aerodynamic
efficiency is higher. This difference is due to the deformation
of the flexible wing during the pitching motion, which leads
to a decrease in the equivalent pitching angle. When the AR
is larger (AR = 6), the aerodynamic efficiency of the flapping
wing surface area distribution near the wing tip is higher than
that of the wing root, but when the AR is smaller (AR = 3), the
opposite conclusion will be obtained.

It is also interesting to see from the archived document that
the aerodynamic performance related to the wing planform or
shape has contradictory results. In the experimental studies from
Phillips et al. [10] and Wang et al. [11], similar flow topology
for a variety of shapes of flapping wings have been reported,
however, there is no force, particularly the temporal force vari-
ation during flapping cycles provided. Some studies [12], [13],
[14], [15] reported that there is a less than 5% difference in the
instantaneous lift coefficient within 10 wing planforms based on
a fruit fly’s wing. Luo and Sun [13] and Wilkins [14] conducted
a comprehensive investigation involving both quasi-steady
and computational analyses of flapping wings. Their findings

revealed that wings with larger outboard areas generate in-
creased lift but at the expense of higher power consumption.
Harbig et al. [16] carried out a computational study focusing
on four distinct flapping wing planforms: rectangle, ellipse,
reverse ellipse, and four ellipses. Three different kinematics
were applied—thrips kinematics for a Reynolds number of
12, honeybee kinematics for a Reynolds number of 1134, and
2-angle insect-inspired kinematics at Re = 13 500. The results
indicated that as the Reynolds number increased from 10 to
10 000, inertial effects became the predominant factor in force
generation. This phenomenon resulted from both pressure dif-
ferences and the formation of vortical structures. Ke et al. [17]
propose a solution for the intricate dynamics of highly coupled
nonlinear hovering wingbeats with two degrees of freedom.
They employ an extended quasi-steady aerodynamic and inertial
forces/moments model and a numerical approach involving ordi-
nary differential equations to achieve a solution. In addition, the
study investigates the variable phase offset rule between wing
pitch angle and flapping angle, enabling bioinspired flapping
wing microaerial vehicles to maintain a high variable angle
of attack (AoA). In a related study, Lang et al. [18] examine
the influence of wing geometry and kinematic factors on the
aerodynamic performance of flapping wing microair vehicles
(FWMAVs). The findings emphasize that wing area has the
most significant impact on lift and power loading, while a
moderate sweeping amplitude with advanced rotation enhances
lift. The study provides conceptual recommendations for the
development of FWMAVs, highlighting the importance of these
factors in optimizing aerodynamic performance.

Besides, the planform of the flapping wing shape, the effect of
AR, which also can be regarded as an important morphological
parameter of the flapping wing has also drawn considerable
attention [19], [20], [21], [22], [23]. By enabling researchers
to control and manipulate these features in a controlled envi-
ronment, numerical models and simulations play a crucial role
in studying the relationship between morphological features
and aerodynamic performance without being constrained by
physical experiments. The variation in the lift coefficient for
different ARs is insignificant, say less than 10% while for some
cases the difference is a noticeable trend. Generally, a low AR
was recommended for producing a higher lift coefficient, and the
efficiency for different AR wings was barely discussed in detail.

Because morphological characteristics of flapping wings have
significant influences on the aerodynamic performance and there
is no systematic study to identify the aerodynamic mechanism
associated with flapping wing planform. Achieving appropriate
surface roughness or texture to simulate natural wing character-
istics is difficult when trying to replicate specific morphological
traits of engineering flapping wing designs. Other difficulties
include ensuring the scaling is exact and the structural flexibility
is replicated. This study is dedicated to investigating the effect
of shape parameters, i.e., span-wise area distribution (SWAD)
on the aerodynamic performance of flapping wing locomotion
utilizing high-fidelity numerical simulation. The aerodynamic
performance and flying behavior of the wing are impacted by
the SWAD of the flapping wing movement, which is crucial.
With variations in wing width or form along their span, insect
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wings frequently have intricate SWADs. Lift, drag, and stabil-
ity during flight are all impacted by this distribution. To help
with takeoff and maneuverability, tapered wings with broader
bases produce greater lift at the wing root, while wings with
narrowing tips produce less generated drag. Overall, the distri-
bution of span-wise area is a crucial adaptation that improves
the effectiveness and maneuverability of insect flying systems.
Accurate wing geometry, precise fluid dynamics representa-
tion, quality meshing, suitable boundary conditions, numerical
solvers, vortex modeling, time integration, force calculations,
validation through comparisons, and postprocessing for analysis
are essential elements of high-fidelity numerical simulations of
flapping wing locomotion. Together, these elements produce a
simulation that accurately captures the intricate aerodynamics
during movement.

This article is organized as follows. In Section II, the flapping
wing model and numerical methodology are introduced and
subsequently validated in Section III. Section IV will present
the results and discussion followed by a conclusion given in
Section V.

II. MODEL AND NUMERICAL SETUP

A. Physical Model and Kinematics

As aforementioned, the platform, i.e., the morphology of the
insects in nature varied significantly and thus required some
shape parameter to quantify the morphology of flapping wings.
In the work of Ellington [6], it is stated that the SWAD of the
insect wings can be statistically quantified by using a polynomial
distribution and a beta distribution. Shape parameters are essen-
tial for understanding and representing the diverse morphologies
of insect wings. They quantify features like AR, camber, and
wing shape, offering insights into flight performance and evolu-
tionary adaptations. The formulations to generate wing planform
shape from Ellington [6] are written as follows:

r̄1 =

∫ 1

0

c̄ · r̄dr̄ (1)

r̄2 = 0.929(r̄1)
0.732 (2)

p = r̄1

(
r̄1 (1− r̄1)

r̄22 − r̄21
− 1

)
(3)

q = (1− r̄1)

(
r̄1 (1− r̄1)

r̄22 − r̄21
− 1

)
(4)

B (p, q) =

∫ 1

0

r̄p−1 (1− r̄) dr̄ (5)

c̄ =
r̄p−1(1− r̄)q−1

B (p, q)
(6)

where c̄ and r̄ are the chord length of the flapping wing and the
distance between the wing root in a spanwise direction, which
are normalized by the mean chord length c and wing half-wing
span R, respectively. r̄2 is the nondimensional radii of the first
and second moments of the flapping wing area. B (p, q) is the beta
function which is defined by p and q, computed from r̄1 and r̄2.
As documented in Ellington [6], r̄1 generally fall within the range

Fig. 1. Tested wing planform defined by different beta distributions r̄1 for AR
= 3.0.

Fig. 2. Schematic of kinematics illustrating pitching (θ) and sweeping (σ)
angle variation of the flapping wing within one flapping cycle.

[0.43, 0.563] for natural flying insects. Swing wing aerial drone
(SWAD) team developed a drone with a dynamic wing design.
This drone may be launched and operated by a single person. The
SWAD is used to evaluate wing attributes at various sweep angles
to determine if a two-position wing is appropriate for a small
aircraft. To evaluate the effect morphology in terms of SWAD on
the aerodynamic characteristics, five beta distributions, i.e., r̄1 =
0.4, 0.45, 0.5, 0.55, and 0.6 are considered as shown in Fig. 1. The
AR of the tested flapping wing stayed constant at 3.0 throughout
the study. The half-span and mean chord of the flapping wing is
10 cm and 3.33 cm, respectively, and thus resulted in the wing
area equal to 33.3 cm2.

The kinematics of flying insects and vertebrates in nature
temporally varied in flapping in sweeping planes and pitching
as shown in Fig. 2. The kinematics in terms of sweeping and
pitching of the flapping wing in this study is defined as follows:

θ (t) = θ0 cos(2πft) (7)

α (t) = α0 cos(2πft+ 90◦) (8)

where θ and α are the sweeping angle and pitching angle of the
investigated flapping wing, respectively. The sweeping strokes
θ0 and pitching stroke α0 are set to 45° (π/4) throughout the
study. Keep in mind that the sweeping axis is at the wing root,
whereas the pitching axis is at the leading edge. The pitching
angle (θ) and sweeping angle (σ) are crucial in determining
the movement of a flapping wing during a cycle of motion.
The pitching angle balances lift and thrust by tilting the wing
relative to airflow, while the sweeping angle represents the lateral
movement of the wing as it flaps. These variations enable the
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wing to generate lift, thrust, and maneuver effectively during
flapping-wing flight. The leading edge, the part of the wing
that first contacts the air and is the foremost edge of an air-
foil section, has a maximum curvature and minimum radius.
Moreover, the thickness of the flapping wing is set to 0.02c. The
use of a single AR (AR = 3) and fixed flapping and pitching
amplitudes of 45° simplifies analysis, improves comparability
between experiments, relates to biological examples, enables
sensitivity analysis, and accommodates practical constraints.
These parameters may be selected based on research objectives
and the need to isolate specific factors to develop a better
understanding of aerodynamic principles. However, they may
change depending on the objectives and constraints of the study.

The pitch axis in flapping wing aerodynamics, representing
the rotational axis during pitching motion, is revealed to be
positioned not at the leading edge but at approximately 1/4 of the
wing’s chord, as depicted in kinematic schematics illustrating
pitch (θ) and sweep (σ) angle variations within a flapping cycle.
The chord, defined as the straight-line distance between the
leading and trailing edges, places the pitch axis a quarter of
the way from the leading edge toward the trailing edge. This
distinctive placement holds significance in the study of flapping
wing aerodynamics, influencing the understanding of aerody-
namic performance in both biological flyers like birds and insects
and the design of biomimetic flapping-wing robots. Precise
knowledge of the pitch axis location is crucial for analyzing the
complex motion of flapping wings and for designing efficient
and maneuverable flapping-wing systems.

B. Numerical Methodology and Setup

Employing a custom CFD solver, the unstable viscous fluid
pattern of the flapping wing is quantitatively calculated. When
determining a low Reynolds number for flapping wing locomo-
tion, one compares the characteristic size (usually the length
of the wing chord) and the speed of the flapping motion to the
kinematic viscosity of the fluid. Small values of this ratio indicate
low Reynolds number flow, which is frequently characterized by
laminar, viscous flow characteristics. CFD simulation software
solves complicated flow equations using numerical techniques.
In CFD, there are two kinds of solvers: pressure-based and
density-based. For low-speed flows, Mach numbers less than
0.3, and incompressible flows, pressure-based solutions are
implemented. Density-based solutions are employed for high-
speed and compressible flows. Advanced techniques such as
high-order spatial and temporal discretization, adaptive grid
refinement, turbulence modeling (such as RANS or LES), and
aeroelastic coupling are used in the in-house numerical method
for modeling the turbulent airflow around a flapping wing.
These characteristics allow for a highly accurate and detailed
simulation of the wing’s unsteady motion and interaction with
the surrounding fluid. With the help of these properties, com-
plex flow behavior connected to flapping wing locomotion can
be accurately and effectively simulated. A low-mach-number
preconditioning methodology is used to widen the code’s use
in the low-speed realm, enabling the acquisition of relevant
convergency, security, and precision findings. The code resolves

the Navier–Strokes equation via a finite volume approach. In
CFD solvers, the low-mach-number preconditioning technique
is used to improve the stability and accuracy of simulations in
situations where fluid velocities are low relative to the sound
speed. It is frequently used to simulate incompressible flows in
low-speed aerodynamics, interior pipe flows, and heat transfer
issues. This method guarantees effective and trustworthy out-
comes in a variety of engineering and scientific simulations.
Furthermore, there is the dual-time-stepping method, which
involves introducing a pseudo-time to move the outcome along
at every physical time layer. The dual-time-stepping method
divides the time integration process into two steps: pseudo-time
and physical time, improving simulation stability and accuracy.
Equations are iteratively solved in the pseudo-time step to ar-
rive at a steady-state solution inside each physical time step.
This decoupling enables more steady convergence, particularly
in transient or complex flows, which ultimately enhances the
accuracy and dependability of simulations. It is possible to write
the formulas that govern with a preconditioned pseudo-time-
dependent component as follows:

Γ
∂

∂τ

∫
Ω(t)

QdV +
∂

∂t

∫
Ω(t)

WdV

+

∮
S(t)

[F (W )− νgW ] dS =

∮
S(t)

FvdS (9)

in which τ and t are the pseudo- and physical time, respectively.
W and Q are the conservative variables and primitive-variable
vectors, whereas F(W) and FV are the convective and viscous
fluxes. νg is the contra-variant velocity of the boundary S(t)
of the control volume Ω(t) and Γ is the low Mach precon-
ditioning matrix. Due to the relatively low Reynolds number
of the flapping wing movement, the simulations successfully
resolve the laminar flow. The decision to solve for totally laminar
flow is influenced by the comparatively low Reynolds number
in flapping wing movement by making it a meaningful factor.
At lower Reynolds numbers, viscous effects predominate, and
laminar flow may continue over a larger area of the wing’s sur-
face. Because laminar flow behavior greatly affects aerodynamic
performance and lift generation, it is essential to precisely char-
acterize and anticipate it when simulating flapping wing action.
It should be noted that a convergence condition is established
(residual down to 10-3) to put an end to the computation. Our
earlier work [24] has further information about the CFD solver.

The present CFD solver is combined with a hierarchical
overset grid method to instantly simulate the movement of
the flapping wings. In the computational setup, overset grid
schematics are essential because they allow for dynamic grid
interactions. They simulate realistic motion by allowing the
flapping wing grid to move with the background grid’s fixed
position. The simulations are more reliable because of this
dynamic capability, which guarantees a precise portrayal of
intricate aerodynamic interactions during the flapping process.
The overset-grid-schematics used throughout the calculation are
shown in Fig. 3 together with the computational grid zones. As
can be seen in Fig. 3(a), there are two meshes in total, including
the base mesh and a submesh for the flapping wing. It is crucial
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Fig. 3. Computational setup of the flapping wings. (a) CFD mesh zones of the
flapping wing and (b) overset mesh schematic shown at a certain time instant.

for obtaining accurate simulations to use two meshes in the
computational setup—one for the flapping wing and another
as a backdrop mesh. While the background mesh serves as a
stable frame of reference for computations involving computa-
tional stability and boundary conditions, the wing mesh enables
accurate modeling of the wing’s geometry and aerodynamics.
This results in a more accurate depiction of the flapping motion
and its interactions with the surrounding fluid. The global size
of the computational domain is 30×20∗30c and meshed with
structured hexahedron, whereas the boundary layer is refined to
Y+ = 1.0 to guarantee computational accuracy. The grid cell
amount of the flapping wing and background meshes for all the
test cases are about 2 and 7 million, respectively. The overset
mesh in CFD is a method used to simulate complex fluid flow
problems like flapping wings. It involves dividing the problem
domain into separate grids and determining the overlap between
them. The overset approach uses two unstructured meshes that
simulate the displacement of a flapping wing: the background
mesh representing the wind tunnel and the overset mesh con-
taining the wing surfaces. The computational setup consists of a
primary solution domain and one or more secondary grids that
combine the primary domain. At each time step, the overset mesh
is determined based on the position of the flapping wings and
other moving bodies. Information is then exchanged between
these grids in the overlapping regions, and the CFD solver
computes the fluid flow. This approach enables the simulation
of dynamic and unsteady flow phenomena accurately.

In this study, the most representative parameter that can
provide important information on the effect of the SWAD of
flapping wing is the lift coefficient CL, power coefficients CP,
a, and propulsive efficiency η (the ratio of lift to power) defined,
respectively, as follows:

CL =
L

0.5ρŪtip
2
Swing

(10)

CP,a =
P

0.5ρŪtip
3
Swing

(11)

η =
CL

CP,a
(12)

where Ūtip is the mean tip velocity within one flapping cycle
and Swing is the projected area of the flapping wing.

Fig. 4. 3-D heaving airfoil simulation configuration computational realm; for
a specific time instantaneously, an overset grid layout.

III. SOLVER VALIDATION

The proposed numerical methodology has been validated on
a 3-D wing heaving in a sinusoidal manner, where the incoming
freestream-based Reynolds number is 10 000. On an annular
wing with a NACA0012 cross-section as well as a semi-AR of
2.0, their studies [24] were carried out. Both aerodynamic force
and flow structure were measured through force sensors and 2-D
particle image velocimetry (PIV) techniques. PIV, which tracks
moving particles, calculates the fluid’s velocity. The two primary
PIV techniques are laser-based PIV and Doppler PIV. Calibra-
tion and other methods, such as phase-Doppler anemometry and
laser extinction, can be used to measure the particle density in
PIV. In the current investigation, the case Strouhal number (St
= fc/U�) with a 20° AoA has been selected for validation.
Validation challenges are tackled by calibrating instruments,
reducing errors, conducting repeated trials, comparing with
established benchmarks, and refining methods to enhance ac-
curacy and reliability. The grid cells for the airfoil, the backdrop
meshes, and the computational domain as depicted in Fig. 4(a)
comprise around two million. The reliability and accuracy of
the validation process are greatly improved by grid cell refining
for the backdrop and airfoil meshes. In areas of interest, such as
those closest to the wing surface and vortex shedding zones, it
enables greater resolution, enabling more accurate modeling of
flow behavior. This enhancement guarantees that the simulation
accurately depicts the aerodynamics, improving the validity and
realism of the process. The grid on the heaving airfoil is refined
at Y+ = 1.0.

Fig. 4(b) shows the overset scheme at a certain time. Note
that, during the simulation, the k-ω SST turbulence model
was employed to close the governing equation. The k-ω SST
turbulence model was selected to close the governing equations
during the simulation because it combines the benefits of the k-ε
and k-ω models, providing accurate predictions for a wide range
of turbulent flows. This choice improves the model’s ability to
capture the complex turbulence effects seen in flapping wing
locomotion, enhancing the accuracy of the simulation results.

Table I compares the aerodynamic force coefficients among
the computational and experimental data, showing that our
computational model undervalues both lift and drag while being
within a suitable range.

In investigating aerodynamic forces, the methodology typi-
cally involves setting up an experiment with a scaled model,
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TABLE I
AERODYNAMIC FORCE COMPARISON BETWEEN THE EXPERIMENTAL AND

NUMERICAL RESULTS

Fig. 5. Flow structure comparison between the PIV measurement [24] and
computational results.

equipping it with sensors, and collecting data during flapping
motion. Analysis and visualization techniques are then used to
study forces, flow patterns, and vortical structures. Numerical
simulations and comparisons to theoretical models provide ad-
ditional insights, allowing for a comprehensive understanding
of aerodynamics. The process concludes with summarizing
findings and making recommendations for further research or
practical applications. Similar numerical results were also given
by Tay et al. [24] using the IBM. Except for the aerodynamic
forces, the flow detail in terms of vortex topology around the
heaving wing is illustrated in Fig. 5. As can be seen, the numer-
ical method in this study can accurately capture the generation,
translation, and shed of both leading and trailing edge vortices,
moreover, the computed vortex pattern has good agreement with
the experimental result.

IV. RESULTS AND DISCUSSION

Except for the effect SWAD on the aerodynamic perfor-
mance of the flapping wing, three flapping frequencies, i.e.,
f = 7, 14, and 28 Hz are also considered, corresponding to
the tip-velocity-based Reynolds number around 5000, 10 000,
and 20 000, respectively. In investigations of flapping motion,
the Reynolds numbers (5000, 10 000, and 20 000) are essential
for identifying the various flow modes. These numbers are
chosen by researchers to accurately match particular flapping

Fig. 6. Effect of SWAD and Utip velocity-based Reynolds number on the lift
generation over one flapping cycle.

frequencies, ensuring a realistic depiction of aerodynamic or
hydrodynamic forces. This part addresses and discusses the
calculated aerodynamic forces and the flow framework, such
as the surface-pressure gradient and vortex morphology.

A. Aerodynamic Forces in Hover

In the majority of the archived articles investigating the flap-
ping wing shapes, the aerodynamic forces have been examined
by plotting the averaged values of aerodynamic forces. To better
understand the mechanics of flapping flight, researchers are
examining the aerodynamic forces generated by flapping wings.
These forces, including as lift and drag, are important because
they influence the wing’s capacity to provide lift for flight
and control its trajectory. Designing effective biomimetic flying
devices and gaining insights into the intricate aerodynamics of
flapping flight depends on an understanding of these forces.
However, the temporal variation in force generation during
flapping cycles also requires a deep insight in terms of its perfor-
mance. The impact of SWAD and flapping frequency on the force
generation of a flapping wing, with a focus on the computation
of lift forces for various test cases. The temporal variation of lift
generation throughout a flapping cycle is illustrated in Fig. 6. In
each cycle, two distinct lift force peaks are observed: the first
peak occurs around 3/4 of the forward stroke, while the second,
with a lower magnitude, occurs around 3/4 of the backward
stroke. The findings reveal a nuanced pattern in lift generation,
highlighting specific timing and magnitudes during the wing’s
flapping motion under the tested conditions. The flapping cy-
cle having two lift maxima improves the wing’s aerodynamic
efficiency. These two peaks work together to provide lift more
steadily and smoothly, lowering the possibility of stalling and
increasing overall efficiency during flapping action. It is also
logical to see that the flapping locomotion in this study can
generate positive lift throughout the flapping cycle. Similar force
variation for different SWADs indicates that moving the area
along a spanwise direction is not sensitive to the force variation
topology but only influences the magnitude.

Fig. 6 shows the effect of SWAD and Reynolds number on
the lift generation over one flapping cycle: (a) lift generation for
different SWAD; (b) temporal lift generation for all the test 15
cases, note that five clusters (say different SWAD) are plotted,
and the red, green, and blue color represents different Reynolds
number, i.e., flapping frequency.
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Fig. 7. Effect of SWAD and Reynolds number on the averaged aerodynamic
properties. (a) Lift generation and power consumption. (b) Propulsive efficiency.

The research is centered on assessing the combined impact
of SWAD and the Utip velocity-based Reynolds number on
lift generation throughout a single flapping cycle. SWA and
SWD are key parameters determining wing motion and, sub-
sequently, impacting aerodynamics and airflow patterns. Si-
multaneously, the Utip velocity-based Reynolds number, de-
noted by the hues red, green, and blue, acts as a measure of
variations in flapping frequency. To understand the complex
equilibrium between enhanced lift and heightened drag with
more SWA, research evaluates lift generation across various
SWAD situations. The temporal history of lift across SWAD
clusters is graphically represented with unique hues, allowing for
the study of lift patterns across time. The varied hues correlate
to different Reynolds numbers, providing a visual representa-
tion of how flapping frequency influences the dynamics of lift
production.

Because higher Reynolds numbers signify a change from
laminar to turbulent flow, increasing the Reynolds number typ-
ically results in enhanced lift generation. Reduced drag and
increased lift are produced by turbulent flow, which produces
more vortices and less airflow separation. However, there can
be outliers at particular Strouhal numbers (SWAD), such as 0.4
and 0.6, where the interaction between vortex shedding and
wing flapping frequency may disturb lift generation, leading
to fluctuations or reductions in lift. Fig. 7 shows the variation
of the period-averaged lift generation (herein denoted by CL),
power consumption (CP, a), and propulsive efficiency (CL/CP, a)
of the flapping wings with different SWAD flapped at different
Reynolds numbers. As seen, the lift generation increases with
increasing ther̄1, i.e., moving the wing area toward the wing tip,
which is as expected. Another point should be noted that a higher
Reynolds number, defined by the mean tip velocity, can increase
the lift generation for some cases, however, it is not the case for
r̄1 = 0.4 and 0.6. It is also surprising to see that the lift generation
is not sensitive concerning the Reynolds number, or flapping fre-
quency. The presence of flow separation, boundary layer effects,
and complex interactions between vortices that can lessen the ex-
pected impact of these parameters on lift production are factors
that contribute to the surprising observation of insensitivity in lift
generation to Reynolds number or flapping frequency. A similar
tendency is also found in the power consumption coefficients that
different SWADs significantly influence the power consumption
during flight, whereas moving the area outside requires more
power input. The main determinants of power consumption in
flapping-wing flight are wing kinematics (flapping frequency,

Fig. 8. Iso-surface of Q-criterion (Q= 0.03) colored with pressure distribution
for r̄1= 0.6 and Re = 20 000 during one flapping cycle.

amplitude, and stroke pattern), wing shape, airfoil properties,
and the aerodynamic forces produced, which together determine
the energy needed to maintain and control flight. Moving to
the propulsive efficiency as seen in Fig. 7(b), the propulsive
efficiency peaks at r̄1 = 0.45, Re = 20 000. Besides, increasing
the flapping frequency can augment the propulsive efficiency,
i.e., generating more lift with identical power input. To conclude
on the effect of SWAD on flapping wings, moving the wing area
toward the tip can significantly generate more lift and require
more power input, while there exists an optimum propulsive
efficiency.

B. Effect of SWAD on Flow Topology

The vortical structures at various time instants are visualized
using the Q-criterion, which is displayed with pressure coeffi-
cient for the identical purpose of describing the pressure gradient
as seen in Fig. 8, to obtain a comprehensive understanding of
the 3-D flow patterns of the flapping wing in circling arrange-
ment. Using the Q-criterion visualization technique, vorticity,
and strain rate are used to determine the presence of vortical
structures in the flow field of a flapping wing. As a way to see and
understand these patterns, vortical zones are found when the Q-
criterion is greater than a certain threshold. As can be observed,
the vorticity map shows a variety of intricate vortex formations,
with the LEV, root vortex (RV), trailing vortex (TV), and shaded
vortex (SV) being the four most noticeable ones. Studying
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complex vortex structures in vorticity plots reveals fine-scale
flow details and vortex interactions critical for understanding
and optimizing aerodynamics in flapping wing systems, insights
often missed by other analyses. Location on an aerodynamic
surface is the primary difference between the LEV, trailing edge
vortex (TEV), and RV. To increase lift, LEV develops close to
the leading edge. Drag is increased by TEV, which happens at the
trailing edge. Spanwise flow is regulated and induced drag is de-
creased by RV, which arises at the base of a lifting surface. At t/T
= 0.0, when it is at the onset of the new flapping stoke, the LEV,
TEV, and RV that are generated during the previous outstroke
are experiential to shed from the leading edge, trailing edge, and
root, respectively. From t/T = 0.0 to 0.1, the flapping wings are
starting to move, at this moment the LEV, TEV, and RV shedding
from the previous flapping cycle were merged with the newly
generated vortices on the flapping wing leading edge, trailing
edge, and root. Because it may affect aerodynamic effectiveness
and lift production, the merger of previously shed vortices with
the fresh vortices produced during the beginning of flapping
wing motion is significant. The overall flight performance and
stability of flapping-wing systems can be affected by the way this
process affects flow stability and vortex interactions. Moving to
t/T = 0.2, the leading and trailing edges are getting stronger but
still attached to the wing which results in a force lift peak as
evidenced in the force variation, see Fig. 1. When the flapping
wing moves to t/T= 0.3, the LEV starts to shed from the leading
edge, and the trailing edge is already shed in space forming a
revolving SV as indicated by SV. At this moment, the aerody-
namic lift starts to decline along with the LEV shedding. At t/T
= 0.4, the leading edge transverse velocity is much slower than
the trailing edge, and thus the shed LEV from t/T= 0.3 and TEV
at this moment are interacted and merged on the low-pressure
side of the flapping wing. When t/T = 0.4, the vortices on the
low-pressure side of the flapping wing interact and merge, which
improves lift production. A stronger vortex is produced as a
result of the merging process, which promotes lift and aids in
flight or propulsion during flapping motion by maintaining low
pressure on the wing’s upper surface. At t/T = 0.5, when it is
at the end of the half-stoke, the leading edge stays at a fixed
location with only trailing edge locomotion, and the LEV and
TV are shed from the leading edge and trailing edge, indicating
there is no lift generation at this moment, seen in Fig. 1. From the
t/T=0.6 to 0.9, another half-stroke occurs, and the flow topology
is identical to what happened during t/T = 0.0 to 0.5, this can
be also revealed from the symmetric temporal force variation in
Fig. 1. At the beginning of a new flapping stroke (t/T = 0.0) and
the end of a half-stroke (t/T= 0.5), vortices are typically smaller
and closer to the flapping object, whereas at the end (t/T = 0.5),
larger vortices have formed and are further downstream due to
the accumulation of fluid momentum during the stroke.

To reveal the flow structure associated with different SWADs
and flapping frequencies, the flow topology in terms of Q-
criterion and surface pressure coefficients distribution at a cer-
tain time instant (t/T = 0.8) are plotted in Figs. 4 and 5,
respectively. In flapping wing flight, analyzing the flow topology
and surface pressure coefficient distribution provides impor-
tant information about vortex formation, pressure distribution
affecting lift and drag, flow separation sites, control systems,

and overall flight efficiency and stability. Collectively, these
discoveries advance our knowledge of the aerodynamics under-
lying flying with flapping wings. As seen in Fig. 4, for a given
flapping frequency, i.e., the same Reynolds number, the LEV
becomes stronger when moving the wing area toward the wing
tip. The local chord length of an airfoil or wing directly affects
the LEV’s strength. Typically, a stronger and more prominent
LEV is produced by a greater chord length. The reason for this
connection is that a longer chord offers more surface area for the
airflow to interact with, increasing the vorticity and circulation
close to the leading edge. As a result, a stronger LEV aids in
increasing lift and enhancing aerodynamic performance in wing
systems that flap. Such phenomenon can be explained by two
reasons: first, increasing r̄1 end with a relatively smaller local
chord length which allows a shorter traveling distance for an
easier LEV formation, particularly for a slower root tangential
velocity; second, moving the area toward the wing tip allows a
comprehensive interaction between the flapping wing and the
flow field in the near field thus resulting in a higher pressure
difference between lower and upper surfaces. Looking into the
effect of different Reynolds numbers, e.g., Fig. 4(a)–(c), the
flow topologies are almost identical concerning the flapping
frequency, while the only dominant difference is the vortex
strength, this again can be reflected from the aerodynamic force
variation in Fig. 1. Except for the leading edge, the tip vortex
also resulted from the pressure gradient between the suction and
pressure surfaces. The tip vortex contributes to overall lift gen-
eration during flapping motion by reducing the wing’s pressure
on the upper surface, creating downwash, and enhancing lift
through the circulation of air around the wingtip. Since the tip
velocity reaches its maximum at t/T = 0.8, it is therefore the
vortex strength is correspondingly larger. Whereas for a smaller
r̄1, the tangential line of the root profile has a smaller angle
with the leading edge and hence the interaction area between
the tip vortex and LEV becomes even more serious, which
accelerates the LEV shedding and energy dissipation (see the
vortex sequences in Fig. 9 and Fig. 10). While the situation is
altered for a larger r̄1, the angle between the leading edge and
tangential line w.r.t the wing trailing edge becomes bigger and
declines the interaction area of LEV and TV so that the LEV can
be attached to the surface more easily. When taking into account
a bigger 1/r value for the wing shape (showing a more rounded
wing), particular changes in flow behavior often include reduced
vortex strength, lowered drag, and possibly lower lift because of
smoother flow separation and reduced vorticity compared with
sharper-edged wings lead to these changes in flow behavior.

V. CONCLUSION

Given the massive variation in flapping wing morphological
characteristics in nature flyers. The effect of morphological fea-
tures on the aerodynamics of flapping locomotion is still unclear.
This study is dedicated to investigating the effect of SWAD on
flapping wing aerodynamics in hovering configuration through
an in-house developed flow solver. Five SWAD wing profiles
were defined using a morphological beta function proposed by
Ellington at Cambridge University. Conclusions can be drawn
as follows.
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Fig. 9. Iso-surface of Q-criterion (Q= 0.03) colored with pressure distribution
at t/T = 0.8. (a)–(c) r̄1 = 0.40, Re = 5000, 10 000, and 20 000. (d)–(f) r̄1 =
0.45, Re = 5000, 10 000, and 20 000. (g)–(i) r̄1 = 0.50, Re = 5000, 10 000,
and 20 000. (j)–(l) r̄1 = 0.55, Re = 5000, 10 000, and 20 000. (m)–(o) r̄1 =
0.60, Re=5000, 10 000, and 20 000.

1) Moving the area distribution toward the tip region can gen-
erate more lift and simultaneously expense more power,
whereas an optimum area distribution (0.45) was observed
because of its aerodynamic efficiency.

2) The temporal variation of aerodynamic lift is slightly
sensitive for SWAD rather than the peak and mean force.

3) Detail flow structure visualization illustrated that the
flapping wing locomotion produces complex spatial and
temporal vortex structures, including vortex generation,
development, and shedding of LEV, TEV, and RV. For
flapping wing with a larger area on the tip is in principle
capable of enhancing the vortex strength, particularly for
the LEV which dominates the lift generation during flap-
ping motion. Meanwhile, the smoother profile bounded
by the tip and leading edge is beneficial for stabilizing the
leading edge and tip vortex.
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The data underlying the results presented in the study are
available within the manuscript.

CODE AVAILABILITY
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Fig. 10. Flapping wing surface pressure distribution at t/T=0.8. (a)–(c) r̄1 =
0.40, Re = 5000, 10 000, and 20 000. (d)–(f) r̄1 = 0.45, Re = 5000, 10 000,
and 20 000. (g)–(i) r̄1 = 0.50, Re = 5000, 10 000, and 20 000. (j)–(l) r̄1 = 0.55,
Re = 5000, 10 000, and 20 000. (m)–(o) r̄1 = 0.60, Re = 5000, 10 000, and
20 000.

ETHICAL APPROVAL

This article does not contain any studies with human partici-
pants or animals performed by any of the authors.

INFORMED CONSENT

Informed consent was obtained from all individual partici-
pants included in the study.

AUTHOR CONTRIBUTIONS

Methodology, G Wu.; Investigation, G Wu and S Deng;
Writing—original draft preparation, G Wu; Writing—G Wu and
S Deng; Visualization, G Wu and Q Li.

All authors have read and agreed to the published version
of the manuscript. Please turn to the CRediT taxonomy for the
term explanation. Authorship must be limited to those who have
contributed substantially to the work reported.

DECLARATION OF COMPETING INTEREST

There is no potential conflict of interest in this article, and
all authors have seen the manuscript and approved to submit to
your journal. We confirm that the content of the manuscript has
not been published or submitted for publication elsewhere.

REFERENCES

[1] S. P. Sane, “The aerodynamics of insect flight,” J. Exp. Biol., vol. 206,
no. 23, pp. 4191–4208, 2003.



6692 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

[2] G. De Croon, K. de Clercq, R. Ruijsink, B. Remes, and C. de Wagter,
“Design, aerodynamics, and vision-based control of the DelFly,” Int. J.
Micro Air Veh., vol. 1, pp. 71–97, 2009.

[3] R. J. Wood, “Design, fabrication, and analysis of 3DOF, 3 cm flapping-
wing MAV,” in Proc. IEEE/RSJ Int. Conf. Intell. Robots Syst., 2007,
pp. 1576–1581.

[4] T. N. Pornsin-Sirirak, Y. C. Tai, C. M. Ho, and M. Keennon, “Microbat:
A palm-sized electrically powered ornithopter,” in Proc. NASA/JPL Work-
shop Biomorphic Robot., 2001, pp. 14–17.

[5] T. Weis-Fogh, “Quick estimates of flight fitness in hovering animals,
including novel mechanisms for lift production,” J. Exp. Biol., vol. 59,
pp. 169–230, 1973.

[6] S. Bhat et al., “Evolutionary shape optimization enhances the lift coeffi-
cient of rotating wing geometries,” J. Fluid Mechanics, vol. 868, 2019,
Art. no. 369384.

[7] S. Bhat et al., “Uncoupling the effects of aspect ratio, Reynolds number,
and Rossby number on a rotating insect wing planform,” J. Fluid Mechan-
ics, vol. 859, 2019, Art. no. 921948.

[8] E. Stewart et al., “Parametric representation and shape optimization of
flapping micro air vehicle wings,” Int. J. Micro Air Veh., vol. 4, no. 3,
2012, Art. no. 179202.

[9] A. Shahzad et al., “Effects of flexibility on the hovering performance of
flapping wings with different shapes and aspect ratios,” J. Fluids Struct.,
vol. 81, 2018, Art. no. 6996.

[10] N. Phillips, K. Knowles, and N. J. Lawson, “Effect of wing planform
shape on the flow structures of an insect-like flapping wing in hover,”
in Proc. 27th Int. Congr. Aeronautical Sci., 2010. [Online]. Available:
https://api.semanticscholar.org/CorpusID:171088279

[11] Q. Wang, J. F. L. Goosen, and F. van Keulen, “Optimal hovering kinematics
concerning various flapping-wing shapes,” in Proc. Int. Micro Air Veh.
Conf. Flight Competition, 2013, pp. 1–12.

[12] S. A. Ansari, K. Knowles, and R. Zbikowski, “Insectlike flapping wings
in the hover part II: Effect of wing geometry,” J. Aircr., vol. 45,
pp. 1976–1990, 2008.

[13] G. Luo and M. Sun, “The effects of corrugation and wing planform on
the aerodynamic force production of sweeping model insect wings,” Acta
Mechanica Sinica, vol. 21, pp. 531–541, 2005.

[14] P. C. Wilkins, Some Unsteady Aerodynamics Relevant to Insect-Inspired
Flapping-Wing Micro Air Vehicles. Cranfield, U.K.: Cranfield Univ., 2008.

[15] T. Canchi, Numerical Simulation of Unsteady Aerodynamics in Insect
Flight Using Generic Planform Shapes. Sydney, NSW, Australia: Univ.
of New South Wales, Australian Defence Force Academy, School of
Engineering & Information Technology, 2012.

[16] R. Harbig, J. Sheridan, and M. Thompson, “Reynolds number and aspect
ratio effects on the leading-edge vortex for rotating insect wing planforms,”
J. Fluid Mechanics, vol. 717, pp. 166–192, 2013.

[17] X. Ke, W. Zhang, J. Shi, and W. Chen, “The modeling and numerical
solution for flapping wing hovering wingbeat dynamics,” Aerosp. Sci.
Technol., vol. 110, 2021, Art. no. 106474.

[18] X. Lang, B. Song, W. Yang, X. Yang, and D. Xue, “Sensitivity analysis
of wing geometric and kinematic parameters for the aerodynamic perfor-
mance of hovering flapping wing,” Aerospace, vol. 10, no. 1, pp. 1–27,
2023.

[19] C. Li and H. Dong, “Wake structure and aerodynamic performance of
low aspect-ratio revolving plates at low Reynolds number,” in Proc. 52nd
Aerosp. Sci. Meeting, 2014, Art. no. AIAA-2014-1455.

[20] C. Ozen and D. Rockwell, “Flow structure on a rotating wing: Effect of
wing aspect ratio and shape,” in Proc. 51st AIAA Aerosp. Sci. Meeting
including New Horiz. Forum Aerosp. Expo., 2013, pp. 1–17.

[21] A. C. DeVoria and M. J. Ringuette, “Vortex formation and saturation for
low-aspect-ratio rotating flat-plate fins,” Exp. Fluids, vol. 52, pp. 441–462,
2012.

[22] J. Fu, C. Hefler, H. Qiu, and W. Shyy, “Effects of aspect ratio on flapping
wing aerodynamics in animal flight,” Acta Mechanica Sinica, vol. 30,
pp. 776–786, 2014.

[23] J. W. Kruyt, E. M. Quicazán-Rubio, G. F. van Heijst, D. L. Altshuler,
and D. Lentink, “Hummingbird wing efficacy depends on aspect ratio and
compares with helicopter rotors,” J. Roy. Soc. Interface, vol. 11, 2014,
Art. no. 20140585.

[24] W. B. Tay, B. W. van Oudheusden, and H. Bijl, “Numerical simulation
of a flapping four-wing micro-aerial vehicle,” J. Fluids Struct., vol. 55,
pp. 237–261, 2015.

Guilin Wu was born in Guiyang, China, in 1981.
He received the M.Sc. degree in aerospace engineer-
ing from Cranfield University, Cranfield, U.K., in
2012. He is currently working toward Ph.D. degree
in aerospace engineering with the Nanjing University
of Aeronautics and Astronautics, Nanjing, China.

His research interests include aerodynamics, air-
craft design, flight control, and computational intel-
ligence.

Shuanghou Deng was born in Dalian, China, in 1987.
He received the Ph.D. degree from Delft University
of Technology, Delft, The Netherlands, in 2016.

He is currently an Associated Professor with Nan-
jing University of Aeronautics and Astronautics, Nan-
jing, China. His research interests include flapping
wing aerodynamics and computational fluid dynam-
ics.

Qingxi Li was born in Shanxi, China, in 1990. He
received the Ph.D. degree from Delft University of
Technology, Delft, The Netherlands, in 2018.

He is currently a Senior Researcher with Avic
General Aircraft Research Institute, Zhuhai, China.
His research interests include aircraft design and aero-
dynamics.

https://api.semanticscholar.org/CorpusID:171088279


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


