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ABSTRACT 

This study investigates three-dimensional (3D) flow fields 
around a flapping wing with a span of 20 cm.  Numerical simu- 
lations are performed by varying the simulation mesh density 
for a half-flapping-wing profile with wind tunnel domain for 
flapping stroke angles of 53 and 90.  Wind velocities ranging 
from 1 to 3 m/s, variation in flapping frequency of 14-15 Hz, 
and corresponding lift characteristics are obtained.  Compara-
tive evaluation of numerical and experimental lift force data re- 
veals the translational and rotational lift phenomena of Dick-
inson’s mechanisms.  The stream line that flows over the 3D 
wing profile is found to be in good agreement with the existing 
smoke trace experimental data.  The motions of a flapping wing 
obtained through 3D stereo photography and COMSOL Multi- 
physics simulation are compared and the aerodynamic charac- 
teristics are exploited.  The streamwise and spanwise 3D velocity 
fields with intercepting planes at three chord sections are ex- 
plored, and the reverse Kármán vortex sheet is observed.  The 
comparison of the simulation and experimental results for a 3D 
flapping wing provides insight into the motion characteristics 
of a flapping wing and flapping wing aerodynamic analysis of 
micro air vehicles. 

I. INTRODUCTION 

Flapping wing micro air vehicles (FWMAVs), or ornithopters, 
have several advantages compared with vehicles with rotary and 
fixed wings because of their maneuverability, high power effi- 
ciency at low flight speeds, and durability.  Flapping wing ve- 
hicles have attracted research attention because of the behavior 

they can exhibit, such as hovering, low-speed flight, navigating 
in tight environments, short takeoffs and landings, perching, 
and efficient gliding.  FWMAVs are capable of adapting to chang- 
ing aerodynamic situations through their flight characteristics.  
They can vary their angle of attack (AOA), wingtip trace pat- 
tern, wing area, and flapping frequency, and their feather orien- 
tation can be adjusted to achieve cruising and forward flight.  
They are also capable of accomplishing several missions in in- 
door as well as outdoor locations and exhibit exceptional abi- 
lities in maneuvering, avoiding obstacles, navigating at low speeds, 
and switching quickly between forward and hovering flight. 

In 2011, AeroVironment Inc. and the US Defense Advanced 
Research Projects Agency announced a 6-year project, named 
the hummingbird hovering flapping machine (“Nano Humming-
bird” MAV), which has a 16.5-cm wingspan and wing stroke 
angle of 210 with a 30-Hz flapping frequency.  The machine 
can hover for up to 660 s and has a maximum flight speed of 
24 km/h (Keennon et al., 2012).  It was also demonstrated to 
have semiautonomous control and enable real-time transmission 
of video signals through an on-board micro camera.  On the basis 
of that research, several researchers began developing micro-
electromechanical system sensors and actuators for FWMAVs 
(de Croon et al., 2014; Phan and Park, 2015; Yang et al., 2015), 
which will play an important role in the near future.  Compared 
with that of quadrotors (Mellinger et al., 2010), the design of 
FWMAVs is considered challenging because of the miniature 
size and shape of these vehicles, which have a crucial effect on 
their aerodynamic performance. 

Numerous studies have used computational fluid dynamics 
(CFD) analysis to investigate flapping in flow with low Reynolds 
number with reference to two-dimensional (2D) airfoils (Wang, 
2000; Wan and Huang, 2008; Chuang et al., 2012).  However, 
the three-dimensional (3D) wing feature of FWMAVs has been 
rarely evaluated using CFD analysis.  A 3D time-varying, flap- 
ping wing profile and the inherent fluid-structure interaction 
(FSI) (Yang, 2012) appears to be beyond the simulation capa- 
bility of the conventional finite element method (FEM) software 
such as Fluent, CFDRC, CFX, and StarCD.  The flapping wing 
flow field (Wan and Huang, 2008; Chuang et al., 2012; Niu  
et al., 2012) has been analyzed by using Fluent and the user- 
defined function (UDF) to describe the moving boundary of the 
flapping wing in terms of precisely given functions with respect 
to time.  CFD analysis of a flapping wing through the UDF at 
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time t and (t  t) for solving the Navier-Stokes equations to- 
ward convergence for varied flapping strokes is difficult and 
ineffective because it involves a preprogrammed UDF that is 
invariant during the whole CFD computation.  Moreover, this 
analysis can be used only for rigid or prescribed wing shapes, 
and the wings’ FSI from past iterations cannot influence future 
iterations, which is not the case with the real-time scenario of 
flapping wing motion. 

Several CFD computations have been performed to investi- 
gate the effect on FSI of 2D flapping wings through experiments 
such as wind tunnel tests measuring the lift and thrust of flexi- 
ble flapping wings (Pornsinsirirak et al., 2001; Yang et al., 2012).  
3D stereophotographic analysis of the instantaneous profiles of 
flexible wings (Yang et al., 2013, 2014) and the flow visuali-
zation involving smoke track experiments and particle image 
velocimetry (Dickinson et al., 1999; Hubel and Tropea, 2010) 
were investigated.  The experimental data obtained in these studies 
not only justified why the corresponding MAVs work success- 
fully (Yang et al., 2009; de Croon et al., 2014; Phan and Park, 
2015) but will also enable comparison with newly obtained CFD 
results for 3D flapping wings. 

The 3D, time-varying, and flexible nature of the flapping wing 
obviously cannot be simply represented by a 2D flow simulation 
using a UDF.  Therefore, 3D flow simulation of the flexible flap- 
ping wing is inevitable.  COMSOL Multiphysics with FSI capa- 
bility is computationally powerful, and studies on 2D flapping 
flows have proved the usefulness of this software (Bucur et al., 
2016; Kumar et al., 2016; Nokia Bell Labs Team, 2017).  Nu- 
merically simulation of the 3D flapping flow has been performed 
using COMSOL Multiphysics to approximate the actual flapping 
situation.  This 3D simulation of unsteady motion uses the mesh 
or grid number test for checking the data convergence.  The so- 
called convergence can be determined by observing the peri-
odic behavior of the numerical result of velocity or pressure field 
after several flapping cycles.  The convergence is also confirmed 
by checking the cycle-averaged lift values.  If the numerical re- 
sults of 3D flapping are converged, they are compared with other 
experimental data.  Comparisons have been made for a 20-cm- 
span FWMAV named “Golden Snitch” (Shu, 2008; Yang et al., 
2009, 2012, 2013, 2014; Chen, 2010) and include the follow- 
ing three parts: 

 
(1) Comparison of the flow patterns, especially the existence 

of a reverse Kármán vortex in the flow field around a flap- 
ping wing, using the results of COMSOL Multiphysics and 
earlier wind tunnel data (Shu, 2008; Chen, 2010). 

(2) Comparison of the time history or waveforms of lift force 
obtained in CFD analysis and experimental results (Shu, 
2008; Chen, 2010). 

(3) Comparison of the influence of FSI on the 3D surface pro- 
file of the flexible wings over a full flapping cycle due to its 
aeroelasticity using the results of COMSOL Multiphysics 
and earlier high-speed stereo photography (Yang et al., 2013, 
2014). 

 
This paper obtains the 3D flapping motion flow fields and  
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Fig. 1. Right-side half domain of a half flapping wing with its preliminary 

mesh. 

 
 

aerodynamic characteristics of a flapping wing by using the 
COMSOL Multiphysics platform. 

II. NUMERICAL SIMULATION 

The simulated subject in the 3D flow field used in this study 
was the aforementioned 20cm-span FWMAV “Golden Snitch” 
(Shu, 2008; Yang et al., 2009, 2012, 2013, 2014; Chen, 2010; 
Yang, 2012), whose wing membrane thickness measured 24 m 
and was made of polyethylene terephthalate (PET) (the half wing 
is shown in Fig. 1).  Assuming that the flapping wing was bila- 
terally symmetrical, only half of the 20-cm span (i.e., 10 cm for 
the right half wing) was simulated.  The FSI governing equations 
and numerical scheme in COMSOL Multiphysics are outlined 
as follows: 

Fluid Part 

Mass conservation: 
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Eulerian equation of motion: 
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Fig. 2.  Right-side half domain of a single flapping wing with wind tunnel. 

 

 
denotes the deformation vector of the solid in the problem; P 

denotes the hydrostatic pressure;   denotes the stress tensor; 

I  denoes the identity tensor; and F


 denotes the external force 
vector.   and  are the fluid density and viscosity, respectively.  
The upstream velocity regimes are considered to have a speed 
of 0-3 m/s, and the corresponding Reynolds number is appro- 
ximately 0-13,380 at a temperatu re of 300 K. 

Using COMSOL Multiphysics software to conduct a flow si- 
mulation of the flapping wing, the wing membrane coordinates 
data were first imported, followed by the establishment of a rec- 
tangular wind tunnel that served as a surrounding boundary.  
The wind tunnel was 1 m long, 0.3 m wide, and 0.3 m tall, and 
was identical to the tunnel used in the previous FWMAV wind 
tunnel test, depicted in Fig. 2(a) (Yang et al., 2009, 2012, 2013, 
2014; Yang, 2012.)  To reduce the computation time, the flapping 
wing was bisected together with the wind tunnel (0.15 m wide), 
whereby the incision site was configured as a symmetrical plane.  
Thus, the simulation results could be viewed as a flapping wing 
flow field simulation of a flapping wing within a wind tunnel, 
both of which were in complete symmetry.  The preliminary mesh 
of a single flapping wing with wind tunnel are illustrated in Fig. 
2(b). 

Triangular elements were first set up on the surface of the  

Table 1. Number of elements in the various mesh configu- 
rations. 

Mesh Location and Shape Normal mesh Fine mesh Extra Fine mesh

Tetrahedral elements 5,498 6,835 57,341 

Triangular elements 850 3,730 9,568 

Boundary elements 121 203 397 

Endpoint elements 22 22 22 

Total elements 6,491 10,790 67,328 

 
 

Table 2. COMSOL Multiphysics simulation configuration 
process. 

Step Task Description 

1 Input wing membrane coordinates data 

2
Rotate the wing (20) along its wingspan axis into an inclined 
angle 

3 Construct the wind tunnel 

4
Form the right-side half domain of the flapping wing and 
wind tunnel 

5 Select the materials for the wind tunnel and flapping wing 

6 Set air as the space material for the wind tunnel 

7 Input the flapping wing material parameters 

8 Set the flapping wing as a linear elastic material 

9 Configure the wind tunnel entrance and wind velocity 

10 Configure the wind tunnel exit 

11
Configure the fixed constraint for the leading edge (L.E.) of 
the flapping wing 

12 Configure the symmetrical plane of the flow field 

13
Configure the predetermined time-varying displacement func-
tion for the leading edge of the flapping wing 

14 Initiate mesh configuration 

15 Construct the triangular meshes of the flapping wing 

16 Scan the entire flapping wing 

17 Initiate conversion 

18 Construct the tetrahedral meshes 

19 Configure the fineness of the mesh size 

20 Complete configuration and initiate FEM calculation 

 
 

flapping wing, followed by a scan and conversion of the entire 
wing surface to establish the mesh configuration of the flapping 
wing surface (Fig. 1).  Subsequently, tetrahedral elements were 
created according to the wind tunnel space, thereby completing 
the mesh configuration outlined in Fig. 2(b).  After selecting the 
different mesh sizes in COMSOL and using the corresponding 
three sets of mesh number distributions, the meshes were divided 
into Normal (Fig. 2(b)), Fine (Fig. 3(a)), and Extra Fine (Fig. 3(b)) 
configurations.  The number of elements for each set is listed 
in Table 1, and the complete procedure of CFD analysis in the 
COMSOL Multiphysics environment is detailed in Table 2. 

Simulations are performed for the case of flapping frequency = 
14 Hz and upstream wind velocity = 0 m/s with an inclined an- 
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(a) Fine mesh configuration

(b) Extra Fine mesh configuration
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Fig. 3.  Right-side half domain of a single flapping wing with wind tunnel. 

 

 
gle of 20.  The generated lift force for the three types of mesh 
is shown in Fig. 4; an increase in the number of elements en- 
hances the lift force, which indicates the obtainment of more 
favorable predictions.  Additionally, Fig. 4 indicates that a mini- 
mum of three flapping cycles is required to reveal a periodic 
lift trend showcasing the changes.  The COMSOL simulation 
does not use the turbulent model because of the zero upstream 
velocity and small Reynolds number of the fluid. 

Notably, the periodic changes increased with the number of 
meshes, particularly in the Extra Fine mesh configurations where 
in, the lift trend demonstrated the most periodic changes with 
smaller disturbances to the lift waveforms.  Under the limited com- 
puting power of the multicore computer, the 67,328 extra-fine 
meshes required approximately 154 h and 43 min to calculate 
8 flapping cycles. 

Using a time-dependent solver, yielded an initial flap inclined 
angle of 20° and a flap stroke angle of 53 and 90, are set up 
in advance.  The three sets of boundary condition configurations 
for flapping frequency and wind tunnel entrance wind velocity 
were as follows: (1) 14 Hz and 1 m/s; (2) 15 Hz and 2 m/s; and 
(3) 15 Hz and 3 m/s, respectively.  The simulation results in- 
dicated that when the flapping wing was situated in the wind 
tunnel and activated, the airflow around it and the correspond-
ing lift were extremely chaotic.  Running the simulation with three  
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Fig. 4.  Lift force diagram different meshes. 

 

 
wind velocities demonstrated that the lift of the flapping wing 
displayed a more periodic change after 3 flapping cycles.  More- 
over, comparing the lift force values observed from the fore 
mentioned configurations were shown in Figs. 5 and 6.  Fig. 5 
revealed that the simulation with a wind velocity of 2 m/s for 
the stroke angle of 90 showed a higher average absolute lift  
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Fig. 5. Average lift values for different flapping cycles by COMSOL 

Multiphysics subject to a larger flapping stroke angle (90°); here, 
the lift denotes half flapping wing of Fig. 1 and the case of 2 m/s 
with 5 % fluctuation. 
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Fig. 6. Average lift values for different flapping cycles by COMSOL 

Multiphysics subject to a larger flapping stroke angle (53°); here, 
lift denotes half flapping wing of Fig. 1 and the case involving 3 
m/s with 21% fluctuation. 

 
 

with 5% fluctuation for the last 5 cycles, and the average total lift 
(8.76 gf; gram force) was close to the body mass of “Tamkang 
Humming bird” FWMAV (9.62 g) (Yang et al., 2015).  Fig. 6 
indicates that the simulation with a wind velocity of 3 m/s for 
the stroke angle of 53 showed a higher average lift with 21% 
fluctuation for the last 6 cycles; however, its average total lift 
(3.95 gf) was less than the body mass of “Golden Snitch” 
FWMAV (5.9 g) (Shu, 2008; Yang et al., 2009, 2012, 2013, 2014).  
The transient lift data demonstrates that COMSOL Multiphysics 
underestimated the unsteady lift of FWMAV “Golden Snitch”.  
Moreover, the lift simulation was more favorable for the case 
involving a larger flapping stroke angle (90).  The lift error or 
fluctuation generated using COMSOL Multiphysics became lar- 
ger as the flapping angle because smaller. 

III. FLOW PATTEN COMPARISON BETWEEN 
NUMERICAL AND WIND TUNNEL DATA 

(a) Downstroke

(b) Upstroke (Yang et al., 2017)  
Fig. 7. Vortex (smoke line) of the “Golden Snitch” flapping wings (in-

clined angle = 20°; stroke angle = 53°; upstream velocity = 1 m/s; 
flapping frequency = 14 Hz.). 

 
 
Chen conducted a signal interception experiment on the 

FWMAV “Golden Snitch,” using a six-axis force gauge and a 
high-speed camera to capture the flow field marked by smoke 
trace (Chen, 2010).  After the experiment was completed, sig- 
nal comparison was subsequently conducted using LabVIEW 
software as well as Phantom 675, an accompanying software 
for high-speed cameras recording smoke trace; subsequently, 
the lift and thrust signals of the FWMAV were obtained. 

The smoke trace indicated an anticlockwise vortex pattern 
had formed above the trailing edge (T.E.) during the wing down- 
stroke as shown in Fig. 7(a).  Conversely, a clockwise vortex 
pattern was formed below the trailing edge during the wing up- 
stroke as depicted in Fig. 7(b).  The simulation was performed 
under the conditions as below: inclined angle of 20, stroke  



302 Journal of Marine Science and Technology, Vol. 26, No. 3 (2018 ) 

 

 

(a) Downstroke (b) Upstroke  
Fig. 8. Vortex (CFD analysis) of the “Golden Snitch” flapping wings (inclined angle = 20°; stroke angle = 53°; upstream velocity = 1 m/s; flapping 

frequency = 14 Hz); Red, yellow, and green colors on the wing surface denote the maximum, median, and minimum displacements, respectively; 
red, yellow, and blue colors in the flow field denote the maximum, median, and minimum velocities, respectively (Yang et al., 2017). 

 
 

(a) drag (b) thrust  
Fig. 9.  Kármán vortex street display of thrust and drag force (von Kármán, 1963). 
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Fig. 10. Lift force diagram displaying four wing beat cycles of the flapping wing.  The blue solid lines represent the simulation results, whereas the 

brown dotted lines represent the measured values from the wind tunnel experiment using a six-axis force gauge (Chen, 2010).  (a) The flapping 
frequency is 14 Hz; the flapping stroke angle is 53°; the wind tunnel entrance wind velocity is 1 m/s.  (b) The flapping frequency is 15 Hz; the 
flapping stroke angle is 53°; the wind tunnel entrance wind velocity is 2 m/s.  (c) The flapping frequency is 15 Hz; the flapping stroke angle is 
53°; the wind tunnel entrance wind velocity is 3 m/s (Chen, 2010). 

 
 

angles of 53, upstream velocity of 1 m/s, and flapping frequency 
of 14 Hz.  The simulated flow field in Fig. 8 adequately matches 
the smoke trace in Fig. 7, known as the reverse Kármán vortex 
street, a mechanism found by von Kármán to explain lift and 
thrust production (von Kármán, 1963).  In the case of conven-
tional fixed wings, clockwise vortices formed above the trail- 
ing edge and an anticlockwise vortex formed below the trailing 
edge, which produced a backward jet and led to the drag forma- 
tion (Fig. 9(a)).  Conversely, in the case of flapping wings for 
the present investigations, an anticlockwise vortex is formed above 

the trailing edge and a clockwise vortex is formed below the trail- 
ing edge, which produced a forward jet and led to the formation 
of thrust (Fig. 9(b)). 

IV. AERODYNAMIC FORCE COMPARISON 
BETWEEN NUMERICAL AND  

WIND TUNNEL DATA 

Fig. 10 depicts three lift force diagrams of a flapping wing 
which includes numerical simulations using the flapping stroke  
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Fig. 11.  3D stereo photography of the wing surface of the “Golden Snitch” (Yang et al., 2013). 

 
 

angle of 53, the flapping frequency of 14-15 Hz, and the wind 
velocity of 1 m/s, 2 m/s, 3 m/s (blue solid line).  It also includes 
the wind tunnel experimental values (brown dotted line) (Chen, 
2010).  Notably, the flapping lift measured by the 6-axis force 
gauge in the wind tunnel experiment shared similar character-
istics partially with that of the numerical simulation, with both 
displaying a large and small peak (bi-peak) in the positive lift 
stage.  A similar but weakened “bi-peak” phenomenon was again 
observed during the negative lift stage in the wind tunnel ex- 
periment, whereas the simulation result by COMSOL Multi- 
physics in this work did not show this feature. 

Although the downstroke and upstroke motions of the flap- 
ping wing were designed with the same stroke distance, the wave 
patterns of positive and negative lift were not symmetrical.  Within 
a single cycle in Fig. 10, the time duration ratio of the downstroke 
and the upstroke acquired from both the experiment and simu- 
lation was approximately 6:4.  This value was confirmed by the 
high-speed photography results, wherein the duration of the 
downstroke was longer than that of the upstroke.  In addition, 
the peak amplitude of positive lift was larger than that of nega- 
tive lift in both the experimental and numerical cases.  The ratio 
of maximal positive lift to maximal negative lift in the wind tunnel 
was approximately 1.4, whereas the simulation obtained a ratio 
of 1.6. 

The lift phenomenon depicted in Fig. 10 shows that negative 
lift at the beginning of the downstroke became positive lift with- 
in a short timeframe.  The lift increased continuously and reached 
its first peak at approximately 1/8 of the cycle (e.g., 0.48 s in 
Fig. 10(c)), after which it slowly declined and then increased 
again to the highest peak before the end of the downstroke 
(e.g., 0.50 s in Fig. 10(b) or 0.505 s in Fig. 10(c)).  The subse- 
quent decline from this peak simultaneously marked the end of 
the downstroke and the beginning of the upstroke.  The lift gra- 

dually became negative before reaching a minimum at appro- 
ximately 3/4 of the cycle.  After a slight recovery, the lift reached 
a second minimum at approximately 7/8 of the cycle and at-
tained its maximum negative value (e.g., 0.635 s in Fig. 10(a) 
or 0.525 s in Fig. 10(c)). 

By restating the bipeak waveform of lift in Fig. 10, the wave- 
form is more precisely obtained in the measured lift for the wind 
tunnel experiment.  The timing of its highest peak and lowest 
minimum are comparable to that in the waveform of the nu-
merical simulation with monotonously up-and-down features, 
which can be explained by the first lift mechanism’s “delayed 
stall” of flapping (Dickinson et al., 1999).  This translational 
lift mechanism achieves the largest lift peaks for the downstroke 
(e.g., 0.27 N at 0.505 s in Fig. 10(c)) and upstroke (e.g., 0.13 N 
at 0.525 s in Fig. 10(c)), respectively.  The positive lift peak of 
0.27 N is greater than the negative lift peak 0.13 N because of 
the 20 inclined angle of the FWMAV body.  The positive AOA 
during the downstroke always has a larger magnitude than the 
negative AOA during the upstroke.  Hence, the global net lift for 
a full cycle is positive and also supports the weight of FWMAV. 

In addition to the translational lift, a rotational lift exists that 
is part of the measured lift and is due to the wing motion of stroke 
reversals.  In addition to the stroke reversal characteristics, a 
counterclockwise pronation was observed at the beginning of 
the downstroke and a clockwise supination occurred at the be- 
ginning of the upstroke.  This is analogous to the Magnus effect 
and is known as “rotational circulation,” the second lift mecha- 
nism of flapping (Dickinson et al., 1999).  Moreover, there is 
an additional lift mechanism, namely the “wake capture” of flap- 
ping (Dickinson et al., 1999). 

However, the rotational lift of Dickinson’s second and third 
mechanisms is not found in the numerical simulation data of 
this study.  The kinematic reason for this will be discussed in  
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T.E. T.E.

(a) Downstroke (a) Upstroke (Yang et al., 2014)  
Fig. 12. 2D profile diagram of the wing surface center line of the “Golden Snitch” from Fig. 11; L.E. and T.E. denoting leading edge and trailing edge, 

respectively. 
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Fig. 13.  3D simulation of the flapping wing surface of the “Golden Snitch.” 

 
 

the next section.  Although there is an excess lift contribution 
beyond the simulation wave form from the “bipeak” measured 
data in Fig. 10, the rotational lift contribution appears veiled and 
is comparable or coupled to the wing inertia plugging force 
(Sun et al., 2002).  The excess lift waveform or “bipeak” phe- 
nomenon in Fig. 10 must be further investigated either expe- 
rimentally or numerically in the future. 

V. WING PROFILE COMPARISON  
BETWEEN NUMERICAL SIMULATION  

AND 3D TRAJECTORY USING 
STEREO-PHOTOGRAPHY 

Figs. 11 and 12 illustrate the experimental data on the wing 
surface of the FWMAV “Golden Snitch,” which was obtained 
using 3D stereo photography and Kwon3D software.  The flexi- 
bility of the overall flapping wing typically results in deforma- 

tion of the FWMAV through the membrane of the PET wing 
and carbon fiber spar at the leading edge of the wing (Yang et 
al., 2013, 2014).  The measured kinematic information resulted 
in detailed, dynamic, wing profiles including stroke reversals 
and aeroelastic deformation. 

Images of a 3D simulation using COMSOL Multiphysics of 
the wing surface of the “Golden Snitch” for one cycle of flap- 
ping motion are presented in Fig. 13.  Because of the limitations 
of using COMSOL Multiphysics to assign different materials 
for the wing in Fig. 1, the carbon fiber at the leading edge could 
be only configured as PET, the same material as the wing mem- 
brane.  In addition, the predescribed upstroke and downstroke 
sinusoidal motions were applied to the leading edge spar of the 
wing (in Step 13 of Table 2), which was equivalent to the mo- 
tion of a rigid body with displacement but without deformation.  
The 3D flow obtained using COMSOL Multiphysics was there- 
fore unable to exactly reflect the flapping wing profile observed  
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L.E.
L.E.

T.E. T.E.

(a) Downstroke (a) Upstroke (Yang et al., 2014)  
Fig. 14.  2D profile diagram of the wing surface center line of the “Golden Snitch”. 
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Fig. 15.  3D flow structure plots for a wind speed of 1 m/s and flapping frequency of 14 Hz: (a-g) velocity field; (h-u) intercepting streamwise cross section. 
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Fig. 16.  3D flow structure plots for a wind speed of 1 m/s and flapping frequency of 14 Hz: (a-u) intercepting spanwise cross-sections at three chord positions. 

 
 

in Figs. 11 and 12 (Shu, 2008; Chen, 2010; Yang, 2012).  The FSI 
function in COMSOL Multiphysics was only able to investi-

gate elastic deformation of the PET wing membrane. 
Fig. 14 indicates that the simulated wing profiles obtained 
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using COMSOL Multiphysics only include FSI to a very lim-
ited extent in this study.  Compared with the rapidly changing 
wing profile in Fig. 12, the wing profiles in Fig. 14 move up 
and down with only a small negative camber.  That is, the sinu- 
soidal time-varying boundary setting of the wing leading edge 
was passively accounted for in the simulation without stream- 
wise vibration or pronation/supination.  However, the wing 
deformation profiles shown in Figs. 13 and 14 also failed to 
predict the positive-camber pattern that should be visible du- 
ring the stroke reversal moments observed in Figs. 11 and 12.  
This may explain the difference in lift between the measured 
data and numerical simulation data in Fig. 10. 

The following text explains the significant difference between 
the simulation and measured data in Fig. 10 based on the afore- 
mentioned kinematic investigation. 

First, the lack of the wing trajectory of stroke reversal in Figs. 
13 and 14 indicates that the corresponding numerical simulation 
underestimated the contribution from the rotational lift, which 
often accounts for 35% of the total flapping lift (Dickinson et al., 
1999).  Second, a lack of positive camber in the wing profile in 
Figs. 13 and 14 also indicates less lift in the simulation compared 
with the experimental measured data; less lift is apparent for 
the negatively cambered wing based on potential flow theory. 

To demonstrate the consistency of the 3D flow analysis of a 
flapping wing, the pressure, net thrust, and streamline data will 
be discussed in the future.  Fig. 15 (Fig. 16) shows the 3D velo- 
city field during a full flapping cycle with intercepting planes 
in the streamwise (spanwise) direction.  The color bars of “Vel.” 
and “Def.” denote the units and magnitudes of the velocity and 
wing deformation. 

The reverse Kármán vortex sheets can be observed at different 
chord cuts in Fig. 15.  The velocity magnitude and vortex pat- 
tern are easier to discern the wingtip cut rather than the 0.25 chord 
cut.  The streamwise flow cuts of the 3D analysis are basically 
similar, except for the large air jet in Figs. 15(q) and 15 s.  In addi- 
tion, the wingtip vortex and downwash distribution are observed 
in all cases in Fig. 16.  Some larger air jets are seen in Figs. 
16(c), 16(e), 16(i), 16(j), and 16(m).  In summary, the 3D flow 
simulation provides considerably more advantages than the 
2D flow simulation. 

VI. CONCLUSIONS 

The following conclusions can be drawn from the present 
CFD analysis of the 3D flapping wing profile. 

 
1. The powerful computation abilities of the COMSOL Multi- 

physics finite element environment in analyzing FSI enabled 
creating a 3D simulation of a flapping wing that was very 
similar to a real wing.  According to the calculated time de- 
pendence value and convergence level, the results indicated 
that a flapping wing requires at least three flapping cycles 
after actuation to attain a periodic flow field change. 

2. According to the lift trend diagram, periodic changes increased 
with the mesh numbers.  The 67,328 finer meshes required 154 

hours and 43 mins to calculate eight flapping cycles due to 
the limitations of multicore hardware computing capability. 

3. Better average lift was achieved when the flapping wing had 
a stroke angle of 90, flapping frequency of 14-15 Hz, an 
inclined angle of 20, and a wind velocity of 2 m/s. 

4. According to the 3D simulation of the flapping wing flow 
field, as well as the images of the smoke-tracking experi-
ment in the wind tunnel, the reverse Kármán vortex street, 
which was also the thrust source of the flapping wing is ob- 
served. 

5. The COMSOL Multiphysics 3D flow field was unable to ex- 
actly simulate the flapping phenomenon because the FSI 
function could simulate aerodynamic deformation of only 
the PET wing membrane.  The simulation results for the lift 
underestimate the contribution of rotational lift, which often 
accounts for 35% of the total lift for flapping wings.  In ad- 
dition, the lack of positive camber in the wing profiles in the 
simulation implies that less lift was obtained in the simula- 
tion compared with the experimental measured data. 

6. The streamwise and spanwise wing tip vortex flow patterns 
and downwash were observed in the simulation. 
 
In summary, this work focuses the research on 3D flow 

simulation of flapping MAVs or natural flyers using COMSOL 
Multiphysics.  Further investigations on this topic are required 
in the future. 
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