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Abstract—This paper deals about the dynamic behavior of
flapping wing with an aid of stereo photography measurement using
charge coupled device (CCD) camera. The three dimensional (3D)
flapping motion was captured and coordinates are measured with the
specific markers on the wing. The curved surface fitting was obtained
from the 3D discrete coordinates using SURFER software.
Consequently, a two dimensional (2D) cross section of flapping
motion of the wing surface is sliced from 3D mesh. It was used further
for the quasi-steady state computational fluid dynamics (CFD)
simulation in Fluent. Utilizing two adjacent 2D trajectories, the
upwind direction of flow filed was computed in this study. The
computed dynamic velocity was considered to be input for the CFD
analysis. The velocity and pressure distribution due to quasi-steady
state flapping motion is observed in Fluent. The unsteady lift
coefficient was obtained which was compared with experimental
results from the wind tunnel. It was observed that, both theoretical and
experimental results shows similar trend to validate the assumptions
considered in the study.
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l. INTRODUCTION

LAPPING wing flight was one of the complex flights found

in nature and over 10,000 birds and bats flaps their wings
for locomotion [1]. The study on the aerodynamics of flapping
wing micro-air-vehicle (MAV) plays vital role to understand its
behavior. Especially two and three dimensional flapping wing
motions are critical area for scientific understanding. In the low
Reynolds number regimes of MAVs of the order 10°-10°, the
fixed wing aerodynamic performance drops while flexible
flapping wing effectively propels. The researchers have
realized that steady state aerodynamics may not capture the
flying characteristics or forces present in the flapping wing
motion [2]. In order to understand the aerodynamics behavior at
various wind conditions, unsteady flow study is necessary.
Various researchers [3-13] studied the unsteady aerodynamics
of flapping wing vehicles. Recently, Moelyadi et al. [14]
conducted the quasi-steady state and unsteady state analysis
using computational fluid dynamics (CFD). However, they
have not considered real-time data of upwind direction in their
analysis. The present study focuses on obtaining the proper
upwind direction and the magnitude of the uniform flow for the
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quasi-steady CFD.

The MEMS research group at Tamkang University has
devoted to the development of palm-size flapping MAVs for
many years [15-19]. Electrical-discharge-wire-cutting (EDWC)
technology was first used to fabricate the 4-bar linkage flapping
mechanism of a palm-size biomimetic MAV “Golden Snitch”
with the total mass of 6g in 2009 [15]. In 2012, the fabrication
of a polymeric “Golden Snitch” is successful implemented, and
the precision injection molding technique shows its feasibility
in commercial realization and mass production of this MAV
[16]. While studying the effects of wing configuration and
stiffness on the aerodynamic performance of “Golden Snitch”
in wind-tunnel testing, a well-designed flapping wing foil made
by PET is proposed [17]. The modified MAV “Golden Snitch”
prolongs its flight endurance record to 8 min.
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Figure 1 The triangle research framework of flapping MAVs
“Golden Snitch” at Tamkang University: (a) Comparing the
theoretical trajectory with the stereo image trajectory; (b)
Providing the dynamic wing boundary for CFD simulation; (c)
Comparing the lift/thrust with the wind tunnel data.

In 2012, the figure-8 trajectories of the MAVs’ wing tips
were confirmed by their proper function of the carbon-fiber
wing frames and the parylene wing skin [18]. The authors
moreover constructed the research framework in Figure 1
which necessitates the numerical computation and investigation
of the unsteady flapping flow field using CFD.



In most CFD flow calculations around flapping wings, the
real time wing kinematics is prescribed and the velocity of the
wing is computed by differentiating the wing kinematics in
time. Thus, the wing velocities in the three axes directions are
implemented for CFD calculation [19] or other numerical
methods [20]. However, when we conventionally used the
captured 3D coordinates of the time-varying wing trajectory
from the stereo photography, it was hard to prescribe and
transform the real 3D wing profiles into well-posed functions to
act as the user-defined functions (UDF), e.g. in Fluent. Our
previous work in [21] therefore presented the quasi-steady CFD
to avoid using the UDF in some CFD software. Another
advantage of the quasi-steady CFD over the exactly unsteady
CFD is that the consumption of time is very less.

The time-varying lift data of 15.4 Hz flapping from the
quasi-steady CFD results seems to have the similar changing
trend with the wind tunnel data in the conclusion of [21].
However, the computed quasi-steady lift coefficient is actually
improper due to the crude inlet boundary conditions. In our
previous work does not consider the real time data of upwind
direction for the numerical simulation. Hence, in this work we
tried to artificially modify the upwind boundary conditions by
the captured wing kinematics for the quasi-steady CFD analysis
of flapping MAVs.

Figure 2 Capturing flapping motion
Il. FLAPPING MOTION SENSING AND POST PROCESSING

In order to measure the flapping motion of wing, two high
speed stereo vision CCD cameras were used which are placed
at different angles so that the discrete 3D coordinates of the
complete flapping wing foil motion will be measured [5] which
is shown in Figure 2.

The captured 3D coordinates were transferred into
MATLAB and the corresponding flapping motion of the foil
was visualized. Figure 3 shows the deforming profiles of the
flapping membrane wing corresponding to every 60° phase
angle of a wing beating cycle which was obtained by the
driving voltage of 3.7 V.

Figure 3 confirms the flapping motion of wing as in the
case of real time measurement using CCD camera. To conduct
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unsteady state CFD analysis of the flapping wing, the real time
dynamics boundary conditions are necessary. In view of this,
the curved surface fitting is obtained from the 3D discrete
coordinates using SURFER software. The modified Sheppard’s
method was used to interpolate the coordinates to obtain the 3D
mesh. From the 3D mesh of motion of the flapping wing, a 2D
time varying trajectory was sliced at the middle of the 3D mesh
which is shown in Figure 4. The reasons for selecting the 2D
wing section at the 50% wing span are addressed as below: (1)
The 2D wing section cannot be chosen at the wing tip because
of 3D trailing vortex which are beyond the capability of 2D
flow simulation. (2) The wing root or the centerline of the
flapping wing is also not a good candidate for the 2D wing
section because no more flapping motion can be observed in
that region. Based on the above two reasons, the authors
selected the chord-wise trajectory at 50% of wing span which
has the classical feature of flapping flow pattern for a 2D case
to achieve.

Figure 5(a) shows the tracing of wing motion in the
upstroke and Figure 5(b) depicts the down-stroke wing beat.
These trajectories are further considered to determine the
upwind direction and magnitude. In order to consider the
dynamic boundary conditions for unsteady state flow analysis,
the two adjacent 2D trajectories were considered to explain the
upwind direction and magnitude of velocity. As shown in
Figure 6, utilizing the two adjacent 2D trajectory coordinates
for the time interval of At, instantaneous flapping velocity (Vy,
V,) of the aerofoil leading edge due to the flapping motion was
determined which will be further used as the boundary
conditions for quasi-steady state CFD analysis.

V, = XZA;txl @
_Y,-Y,
vy == )

I1l. QUASI-STEADY STATE FLOW ANALYSIS AND VALIDATION

A. Numerical Study Using CFD

The sliced 2D profile was considered to perform the quasi
steady state flow analysis. In order to improve the accuracy and
also save time, a fine mesh was created by forming the circle
around the 2D aero foil and also outside the circle, a coarse
mesh was considered. The uniform velocity of 3 m.s™ and also
the instantaneous flapping velocity obtained from the 2D
profile in equations (1) and (2) were given as boundary
conditions in Fluent to perform CFD analysis. As the flapping
wing beat cycle is divided into 70 segments, for each segment
the boundary conditions were varied and corresponding CFD
analysis was carried out until the solution converges.

The detailed setup or procedure of the Fluent is as follows:
(1) Define the whole computation domain of 0.6 m x 0.3 m
and read the 2D wing section coordinates corresponding to
a certain time step into Gambit software;
(2) Define a circle with a diameter of 0.2 m around the
flapping wing section;
(3) Generate coarse mesh of 3,350 triangular grids outside the



circle and fine mesh of 2,000-4,500 squared grids inside
the circle;

(4) Command the “velocity-inlet” by equations (1)-(2) at the
left boundary and command other boundaries with
“outflow”;

(5) Select the “2™-order upwind” scheme to solve the steady
state flow field for each time step until the cumulative error
converges to 10*;
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(6) Output the pressure field, velocity field and the Ilift
coefficient for each time step up to the complete flapping
cycle.

The velocity contour for the aforementioned boundary
conditions and for the flapping frequency of 15 Hz is shown in
Figure 7. It is evident from the figures that, the flow pattern is
bended and also able to visualize the flapping phenomena of
down-stroke and upstroke, respectively.
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Figure 3 The deforming profiles of the flapping membrane wing corresponding to every 60° phase angle of a wing beating cycle; driving
voltage=3.7V [21]: (a) 60°; (b) 120°; (c) 180°; (d) 240°; (e) 300°; (f) 360°.
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Figure 4 (a) 3D mesh fitting by SURFER;
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Figure 5 (a) Upstroke flapping
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Figure 6 Two trajectory and velocity calculation of the leading edge.

B. Lift Force Validation

To compare the experimental data of the lift force,
quasi-steady state lift coefficient was obtained from the CFD
analysis was taken into account. The Figure 8 shows the
experimental setup for the measurement of lift force using wind
tunnel subject to one flapping cycle. Figure 9(a) shows the
trend of lift force coefficient for the flapping frequency of 15
Hz which is almost similar pattern of experimental results as
shown in Figure 9(b) obtained from the wind tunnel. Even

though it’s hard to combine together a small difference in time
scale, the authors still trimmed Figure 9(a) and (b) into a full
cycle for easy comparison. In general, the measured force from
the wind tunnel always includes inertial force, and the CFD
provides only the aerodynamic force [20, 22]. This is also the
reason why these two sets of data differ a lot during the
upstroke reversal or the down-stoke reversal. However, the
authors cannot subtract the inertia force from the wind-tunnel
data without the vacuum testing chamber at the current stage
and this will be considered in our future work.
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Figure 7 Equi-velocity contour (unit: ms™) of the flapping flow field operated at 3.7V; wingbeat frequency is 15Hz; freestream velocity is
3ms’%; (a)-(c) denoting the upstroke and (d)-(f) denoting the down-stroke in a flapping cycle.
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IV. CONCLUSIONS

The proposed work determines the direction of upwind from
the real time flapping motion of the wing which is considered to
be an input to the CFD analysis. Capturing of 3D flapping
motion of the wing using stereo vision camera and slicing into
2D profile provided the path for the quasi-steady state CFD
analysis. The CFD analysis provided greater insight for the up
and down stream velocity of the flapping wing for the real time
boundary conditions. The conducted CFD analysis also reveals
that the determination of lift coefficient would ensure the lift
force characteristics as like the real time measurement using
wind tunnel. In future, 3D flapping motion and corresponding
unsteady flow simulation will be carried out.
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Figure 9 The unsteady lift force information: (a) the lift coefficient history of a flapping cycle predicted by this work; (b) the
experimental lift data of the “Golden Snitch” in a wind tunnel subject to one flapping cycle [17].
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