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Abstract - Aeroelastic studies of flapping wings on Micro 

Aerial Vehicle (MAV) that adopts bird or insect wing 

motion are very important because of their excellent 

maneuverability. Analysis in this simulation study with 

Unsteady Vortex-Lattice Methods (UVLM). The 

simulation results can be noted that in the downstroke 

motion, high vortex strength values produce significant lift 

force and vice versa in the upstroke. The greater flow 

deflection at high angles of attack and airfoil curvature 

that depends on the camber value produce pressure 

differences at the bottom and top of the wing. The lift force 

value affects the pitching moment value and induced drag 

value. 
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I. INTRODUCTION 

The flapping wing motion in birds and insects has 

inspired many scientists to adopt it as a wing motion design in 

UAVs. Flapping wings have high aerodynamic efficiency at 

low Reynolds numbers by producing good lift and thrust and 

allowing for extraordinary maneuvers with rapid acceleration 

and deceleration [1]. This inspiration is applied in various 

fields, one of which is MAV which is used for various fields 

including civil and military [2]. The development of MAV 

design involving flapping wing motion is known as Flapping 

Wing Micro-Aerial Vehicle (FM-MAV). To maximize the 

performance of this FM-MAV, understanding wing 

kinematics, aerodynamics, and flexibility is the key to its 

success [3]. Understanding the unsteady aerodynamic loads 

generated by flapping wings is very important in the 

development of FM-MAV [4]. Known aerodynamic loads can 

improve system performance and become the basis for 

aeroelasticity analysis in the fluid-structure interaction of the 

wing [5][6]. However, flapping wings have very complex 

fluid-structure interactions due to flow unsteadiness. Wing 

flapping with frequency and amplitude will produce unstable 

flow patterns, vortices, and complex wing kinematics [7][8]. 

An efficient and effective analytical method is needed to 

understand the complexities of flapping wing aerodynamics. 

UVLM is a well-known aerodynamic model for calculating 

unsteady aerodynamic loads [9]. This method uses potential 

flow theory, neglects viscous effects at low Reynolds 

numbers, and provides results with inviscid and 

incompressible flows [10][11]. This method can also calculate 

aerodynamic loads in unsteady flows and handle the geometric 

complexity of flapping wing kinematics. This method allows 

modeling aerodynamic loads with fast computation time and 

high accuracy [13]. Python programming offers flexibility in 

implementing the numerical model. A simulation algorithm 

was developed by Urban (2021) to provide a suitable model 

and analysis [14]. 

II. METHODOLOGY 

2.1 Unsteady Vortex-Lattice Method (UVLM) 

UVLM is a development method of the Vortex-Lattice 

Method (VLM). This method can analyze the interaction of 

structures with fluids by observing the vortices formed on the 

surface of objects that change with each change in time. The 

surface of the object is divided into several lattices, each panel 

of which has a vortex formed and a control point. The vortex 

at the control point or panel has an induced velocity that 

changes because it is influenced by several factors. This 

method assumes incompressible, irrotational, and inviscid 

flow. In this method, the potential flow equation with zero 

normal flow conditions, namely no flow passing through the 

control points of the panels. To calculate the induced velocity 

value, it can be calculated using the Biot-Savart equation. The 

induced velocity is used to calculate the vortex strength value. 

The vortex strength value is used to calculate the force value 

on each panel using the Kutta-Joukowski theorem. 

2.2 Model Test 

This simulation uses Ptera software developed by 

Cameron Urban and has been validated [14][15]. Several 

parameter variations in this study such as airfoil profile, angle 

of attack (α), flap frequency (f), free stream velocity (U), air 

density (ρ), kinematic viscosity (ν) and sideslip angle (β) as in 

Table 1. The rectangular wing type is simulated with three flap 

steps, and the half span has 18 spanwise panels and 5 

chordwise panels or has 90 panels. The flapping motion on the 
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wing utilizes fourth-order Fourier series data owned by Yeo et 

al., 2012. 

Table 1: Measurement Parameters 

NACA 0012; 2412 

𝛼  °  15; 10; 5; 0; -5; -10; -15 

𝑓 (Hz) 4.0; 4.5 

𝜌 (𝑘𝑔/𝑚3) 1.204 

𝜈 (𝑚2/𝑠) 1515.06 × 10−6 

𝛽  °  0 

 

2.3 Validation 

The validation conducted by Urban (2021) is the 

reference in this study. The results of the validation conducted 

by Urbancan be seen in Figure 1. 

 

Figure 1: Validation of Simulation Result [13] 

III. RESULTS AND DISCUSSIONS 

3.1 Effects of the angle of attack 

Figure 2 is the result of CL simulation on NACA 0012 

with f = 4.5 Hz and U = 2.9 m/s. From the graph it can be seen 

that the amplitude of CL increases with the increasing value of 

α for both pitched up and pitched down wings. The maximum 

lift value is produced during the downstroke and vice versa at 

maximum downward push. Wings with high lift produce small 

downward push values and vice versa. Pitched up wings 

produce higher lift values than pitched down wings. The 

highest positive CL value is possessed by the wing with α = 15 

°, which is CL = 2.69 at θ = -8 ° and the highest negative CL is 

possessed by the wing with α = -15 °, which is CL = -2.50 at θ 

= 23.6 °. This happens because the greater the angle of attack, 

the greater the difference in pressure between the top and 

bottom of the wing. In the downstroke phase, the airflow 

velocity above the strong wing increases and the pressure 

under the wing increases, resulting in high lift. Conversely, in 

the upstroke phase, the flow velocity decreases and the 

pressure above the wing increases, resulting in higher 

downward push. 

The simulation results of CPM for the NACA 0012 profile 

are shown in Figure 3. From this plot, it is found that the CPM 

distribution has a periodic pattern. The positive CPM value is 

influenced by the downward push force value which indicates 

that its peak value is produced during the upstroke phase and 

vice versa. In addition, the highest positive CPM value is 

influenced by the position of the wing pressure center which is 

behind the center of gravity (CG). The highest positive CPM 

peak value is possessed by the object wing with α = -15° 

which has CPM = 1.17 at θ = 25.4° and the lowest positive CPM 

peak value is possessed by the object wing with α = 15° which 

has CPM = 0.27 at θ = 25.8°. Meanwhile, the highest negative 

CPM peak value is possessed by the object wing with α=15° 

which has CPM=-0.93 with θ=-18° and the lowest at α=-15°, 

namely CPM=-0.26 with θ=-17°. 

 

Figure 2: Distribution of 𝑪𝑳as a funtion of time at 𝒇 = 𝟒. 𝟓 Hz with 

NACA 0012 and U = 2.9 m/s 

 

Figure 3: Distribution of 𝑪𝑷𝑴at 𝒇 = 𝟒. 𝟓 Hz and U = 2.9 m/s for NACA 

0012 
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Simulation results of the induced drag for the NACA 

0012 is plotted in Figure 4. From this plot it can be shown that 

the greater the angle of attack on the wing, the greater the 

induced drag. The smallest induced drag occurs at the base 

degree. The pitched up wing has a positive peak CDI value 

during the upstroke and negative during the downstroke and 

vice versa. In the upstroke phase, induced drag increases due 

to unstable wingtip vortices, while the opposite occurs in the 

pitched down wing. The highest positive peak CDI value is 

possessed by the wing with α = -15°, namely CDI = 0.37 with θ 

= 24.3°. The lowest CDI value occurs at α = 0°, namely CDI = 

0.08 with θ = -17.5°. In addition, it is shown that the highest 

negative CDI peak value occurs at α=-15°, namely CDI=-0.56 

with θ=7.8° and the lowest at α=0°, namely CDI=-0.39 with 

θ=-17.5°. 

 

Figure 4: Distribution of 𝑪𝑫𝑰 at 𝒇 = 𝟒. 𝟓 Hz and U = 2.9 m/s for NACA 

0012 

3.2 Influences of the flapping frequency on the CL 

The simulation results of CL values for NACA 2412 with 

f=4.0; and 4.5 Hz are presented in Figure 5 and Figure 6. At 

the flapping frequency f=4.0 the highest CL peak value occurs 

at α=15°, namely CL=2.52 at θ=-7.2° and the lowest CL peak 

value at α=-15°, namely CL=0.28 at θ=-8.8°. The highest 

negative CL peak value is possessed by the wing at α=-15°, 

namely CL=-2.29 and θ=23.2° and the lowest negative CL peak 

value is possessed by the wing at α=15°, namely CL=-0.25 at 

θ=22.8°. Shown in Figure 6, there is an increase in the 

amplitude of the CL value and also the value of the flap angle 

change for each time change caused by the increase in flap 

frequency. According to this graph, the highest peak CL value 

in this plot is owned by the object wing with α=15° which has 

CL=2.69 when θ=-8° and the lowest peak CLat α=-15° which 

has CL=0.44 when θ=-9.3°. 

 
Figure 5: Characteristic of 𝑪𝑳 at 𝒇 = 𝟒. 𝟎 Hz and U = 2.9 m/s for NACA 

2412 

Meanwhile, the highest negative CL value is produced by 

the object wing with α=-15° which has CL=-2.50 when 

θ=23.6° and the smallest negative peak CL value is owned by 

the object wing with α=15° which has CL=-0.45 when 

θ=24.4°. This can happen when the wing flaps, the air around 

the wing will experience acceleration. The higher the flapping 

frequency, the higher the flow acceleration value. The higher 

the air acceleration value, the higher the force acting on the 

wing. 

 

Figure 6: Characteristic of 𝑪𝑳at 𝒇 = 𝟒. 𝟓 Hz and U = 2.9 m/s for NACA 

2412 

3.3 Influences of the flapping frequency on the CPM 

Figure 7 shows the results of the CPM simulation against 

time at f = 4.0 Hz. From this plot, it can be seen that the 

highest positive CPM peak value is owned by the object wing 

with α = -15 ° which has CPM = 0.99 at θ = 25.6 ° and the 

lowest positive CPM peak value is owned by the object wing 

with α = 15 ° which has CPM = 0.19 at θ = 25.8 °. For the 

highest negative CPM peak value itself, it is owned by the 
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object wing with α = 15 ° which has CPM = -0.82 with θ = -18 

° and the lowest is owned by the object wing with α = -15 ° 

which has CPM = -0.2 with θ = -16.3°. 

 

Figure 7: Characteristic of 𝑪𝑷𝑴 at 𝒇 = 𝟒. 𝟎 Hz and U = 2.9 m/s for NACA 

2412 

Figure 8 shows the CPM value at f = 4.5 Hz. It is shown 

that the highest positive CPM peak value is possessed by the 

object wing with α=-15° which has CPM=1.17 at θ=25.4° and 

the lowest positive CPM peak value is possessed by the object 

wing with α=15° which has CPM=0.27 at θ=25.8°. Meanwhile, 

the highest negative CPM peak value is possessed by the object 

wing with α=15° which has CPM=-0.93 with θ=-18° and the 

lowest is possessed by the object wing with α=-15° which has 

CPM=-0.26 with θ=-17°. As previously explained, the pitching 

moment value is greatly influenced by the lift force value. 

Therefore, the amplitude of the pitching moment value will 

increase along with the increasing amplitude of the lift force 

value due to the increasing frequency of wing flaps. 

 

Figure 8: Characteristic of 𝑪𝑷𝑴 at 𝒇 = 𝟒. 𝟓 Hz and U = 2.9 m/s for NACA 

2412 

3.4 Influences of the flapping frequency on the CDI 

Figure 9 shows the simulation results of the CDI as a 

function of time at f = 4.0 Hz. From the plot in this figure, it 

can be seen that the highest CDI value is produced by the 

object wing with α=-15° which has CDI=0.31 at θ=24.1° and 

the smallest peak CDI value is produced by the object wing 

with α=0° which has CDI=0.02 at θ=-17.6°. Meanwhile, the 

highest negative CDI value is produced by the object wing with 

α=-15° which has CDI=-0.46 at θ=9.2° and the smallest 

negative peak CDI value is produced by the object wing with 

α=0° which has CDI=-0.32 at θ=3.4°. 

 

Figure 9: Characteristic of 𝑪𝑫𝑰 as a fuction of time at 𝒇 = 𝟒. 𝟎 Hz and U = 

2.9 m/s for NACA 2412 

The CDI value increases with increasing flapping 

frequency to f=4.5 Hz as plotted in Figure 10. From this plot, 

it shows that the highest positive CDI peak value is owned by 

the object wing with α=-15° which has CDI=0.37 with θ=24.3° 

and the lowest is owned by the object wing with α=0° which 

has CDI=0.08 with θ=-17.5°. In addition, it is shown that the 

highest negative CDI peak value is owned by the object wing 

with α=-15° which has CDI=-0.56 with θ=7.8° and the lowest 

at α=0° which is CDI=-0.39 with θ=-17.5°. 

 

Figure 10: Characteristic of 𝑪𝑫𝑰 at 𝒇 = 𝟒. 𝟓 Hz and U = 2.9 m/s for NACA 

2412 
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IV. CONCLUSION 

Based on the simulation, the following important results 

can be summarized: The unsteady vortex-lattice method is 

used to analyze the interaction of fluid and solid objects to 

determine the aerodynamic loads. Increasing the angle of 

attack causes an increase in lift force and downward push due 

to the pressure difference on the wing. The position of the 

center of pressure relative to the center of gravity affects the 

pitching moment and induced drag depending on the 

downward push. Wing flapping at a higher frequency 

increases the applied force. Airfoils with camber produce 

more lift than symmetrical airfoils. Increasing the flow 

velocity decreases the vortex strength and the resulting force. 

The highest pressure is at the leading edge and decreases 

along the chord, with a non-uniform distribution along the 

spanwise due to wing tip vortex disturbances. 
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