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Abstract 

 

   The following study demonstrates the design and experimental results of the insect-

mimicking Flapping-Wing Micro Air Vehicle (FWMAV) mechanism utilizing a six-bar 

linkage. The designed vehicle has the distinctive ability to tightly maneuver in limited 

spaces through only a small alteration in the location of the joint connecting the linkage's 

end and the fuselage, which in turn radically changes the wing trajectory. We mapped 

this wing trajectory in order to implement the concept of fully-controlled the FWMAV 

using Recurdyn; a multibody dynamics software. Upon research of the wing trajectory, 

the concept of fully controlling the FWMAV was solidified. The multi-body dynamic 

analysis allowed us to predict the amount of stress existing in each link prior to 

fabrication, enabling the construction of a more reliable component. As a result, possible 

operational errors during the production process were minimized. A test-bed was 

constructed to validate the assembled FWMAV’s performance, where the FWMAV’s 

aerodynamic forces and moments were confirmed through the experiment and generated 

sufficient vertical force to carry out guided flight test. 
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Chapter 1 

Introduction 

1.1  Background 

In the recent increase in attention toward biomimicry, rigorous research and 

experiments are being conducted at universities and research institutions around 

the world in order to develop flapping-wing micro air vehicles (FWMAV) which 

imitate the motion of wings found in birds and insects [1-2]. A biomimetic 

FWMAV under the proposition of Defense Advanced Research Projects Agency 

(DARPA) is limited to a maximum length and weight of 15 cm and 100 g 

respectively. Figure 1.1 represents well-known FWMAV. In the United States, 

AeroVironment Inc.’s Nano Hummingbird succeeded in a controlled 3-axis flight 

[3], whereas the Harvard University research team utilized piezoelectricity in 

order to achieve flight with Robobee [4], the smallest MAV in the world at merely 

3cm and 80mg. In Europe, Delft University of Technology’s DelFly was mounted 

with a camera and an image recognition software, with which it achieved indoor 

flight while autonomously avoiding obstacles [5]. Figure 1.1 shows representative 

FWMAV of the world. 
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Figure 1.1 Representative FWMAV 

 

The purpose behind the development of FWMAV is its ability to hover as 

opposed to fixed-wing aircraft, and superior flight efficiency (Figure 1.2) 

compared to similar sized rotary-wing aircraft, offering a wide range of 

possibilities in various duties [6]. 

 

 

Figure 1.2 Comparison of efficiency 
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 The basis of this development lies in the wing motions of birds and insects. 

However, insects stabilize their flight solely with their wings as they do not 

possess tail feathers which birds use to fine-tune their flight. Research regarding 

these complex control methods and mechanisms for maintaining stable flight are 

currently underway. Figure 1.3 shows various MAVs under investigation. 

 

 

Figure 1.3 Existing MAVs 

 

1.2  Features in insect flight 

Historically, research regarding the basics of insect flight have been mainly led 

by biologists. To this day, they continue to actively investigate the fundamentals 

in various types of insect flight. Though it cannot be confirmed that every aspect 
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has been completely identified, key principles regarding winged flight have been 

analyzed to an extent. Many biologists including Ellington have contributed 

immensely to the effort of identifying insect flight. Dickinson discovered three 

essential principles of insect flight by analyzing robotized wings of a fly. He found 

that the leading edge vortex (LEV) produced from the wing motion of insects does 

not separate in a high angle of attack, but attaches to the leading edge, thus 

resulting in a delayed stall. Secondly, rotational lift was found to be generated 

from a discrepancy in air speeds between the top and bottom areas from the wing. 

Lastly, lingering LEV separated from the previous wing stroke generated lift in 

the next stroke, which was identified as wake capture [7-8]. According to 

Dickinson, these three principles are the general basis of insect flight. In order to 

generate these occurrences, insects have a relatively large stroke-plane angle, and 

rotate its wings at the joint so that the upper surface of the wing faces downwards 

during a downstroke, and the bottom surface facing upwards during upwards. This 

generates effective aerodynamic force in both directions of wing strokes. Figure 

1.4 shows Reynolds number charts of flight objects [9]. As the range of Reynolds 

number in insect flight is lower than that of a bird’s at only 103 and 104, there are 

difficulties of considering abnormal aerodynamics in order to predict aerodynamic 

forces of an insect. 
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Figure 1.4 Reynolds number chart 

 

1.3  Control force generation in insect flight 

As insects do not possess a tail capable of fine-tuning flight as birds do, they 

are limited to controlling flight only through flapping motions of the wings. The 

variables that insects alter in order to generate control force during flight are as 

follows [10]: 

 

- Change the flapping amplitude 

- Change the offset of the flapping plane 

- Change the flapping frequency 

- Change the stroke plane 
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- Change the wing angle of attack 

- Change the tension of each wing membrane 

 

   Control force generation systems can vary between different species of insects, 

but studies have shown that insects will use a combination of more than one 

method simultaneously depending on the situation. A biomimetic aircraft also 

does not possess an independent control system. Therefore, the principal concept 

for the generation of control in the MAV is equivalent to that of actual insects. In 

order to develop a reliable control mechanism, it is advantageous to apply and 

develop multiple control methods instead of a single method; this practice is 

actually adopted in the development of MAVs in many research facilities. 

 

1.4  Objective 

   The following study aims to design and successfully test FWMAV using a six-

bar linkage with a wing span less than 150mm, a fuselage of 30mm and a 

maximum weight of 17g. Prior to the actual design process, a multibody dynamics 

analysis program (RecurDyn) will be used to establish a procedure in order to 

reduce operational errors. Furthermore, utilizing the fundamental characteristics 

of a six-bar-linkage, early designs from the basic actuator to designs considering 

the control mechanism was proceeded. Experiments were conducted on the 

actuator by using a high-speed camera to test the performance of flapping motion, 

as well as using a load cell to determine the amount of force generated. Typical 
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flight conditions were selected in experiments to confirm whether control force 

was generated through selected control methods. Subsequently, the flapping wing 

MAV constructed with results of the experiments will confirm generation of both 

lift and pitch moment and ultimately achieve guided flight. 
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Chapter 2 

FWMAV conceptual design 

2.1 Design process 

   Presently, several aircrafts that have been already developed do not have an 

established analytical procedure regarding kinematic link structure from its initial 

design phase. In the case of the flapping wing MAV, RecurDyn has been used from 

the conceptual design phase to identify in advance the dynamic mechanism and 

detailed design variables in order to determine the production potential. By 

applying this process, the design procedure was established. Through this 

procedure, errors that could occur from production were minimized. Accordingly, 

the actual production potential of the initial conceptual design was by motion 

analysis through RecurDyn. By repeating the design procedure loop in Figure 2.1, 

an overall more robust airframe was designed by optimizing the actuator and 

making precise adjustments to the linkages for rigidity as well as fluid wing 

movement.
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Figure 2.1 Design process loop 

 

2.2 Flapping mechanism conceptual design 

2.2.1 Concept design 1 

   The possibility of the slider-crank mechanism based on a four-bar linkage 

found in a paper was confirmed, and was recognized as a simple but reliable 

mechanism as it converted a single-directional rotary motion of a motor into 

vertical movement, thereby limiting the number of motors as well as matching the 

movement of the wings. The following design is based on the slider-crank 

mechanism based on the four bar linkage (Figure 2.2(a)) [11].  

It is a simple link mechanism capable of putting both drivers into motion while 

being able to rotate in place due to the drive shaft’s connection to the wings. 

Motion is transferred through the grooves in the linkage itself as the driving link 
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moves through the grooves (Figure 2.2(b)). 

 

Figure 2.2 Concept design 1 based on the four bar linkage 

 

Upon analyzing the motion and operating amplitudes through RecurDyn 

simulations, the maximum operating angle was predicted to be approximately 90° 

as observed in Figure 2.3.  

 

 

Figure 2.3 Kinematic analysis of concept design 1 using RecurDyn 
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2.2.2 Concept design 2 

The second designing process was carried out with reference to the patent 

designed for a conventional internal combustion engine. Focusing on a patented 

mechanism that induced compression and exhaust through skewed rotary motion 

of the linkage within a certain range of angles, a mechanism of winged motion 

was designed from through a similarly skewed link between a circular disk and a 

powered axis of rotation.  

 

 

   Figure 2.4 Concept desing 2 fabricating the patent of internal combustion engine 

 

As shown in Figure 2.4, the mechanism that connects both wings to a central 

motor transfers rotary motion into a vertical motion. The analysis of the operating 

amplitude through RecurDyn is shown in Figure 2.5, with the maximum operating 

amplitude estimated at approximately 110° 
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Figure 2.5 Kinematic analysis of concept design 2 using RecurDyn 

 

2.2.3 Concept design 3 

With reference to an existing completed MAV, the third mechanism was 

designed. The reference mechanism was designed to move a vertically grooved 

link horizontally upon rotating the link with a bent end.  

The newly designed mechanism applied a similar concept of rotation the bent 

link. However, the size was significantly reduced, and added a mechanism that 

could change the driving sides of winged motion. There are two main parts to the 

mechanism. 
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Figure 2.6 Linkage connection part 

 

 

Figure 2.7 Changing part of stroke plane  
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Figure 2.8 Kinematic analysis of concept design 3 using RecurDyn 

 

As seen in Figure 2.6, one transfers rotary motion into a horizontal motion by 

rotating an axis bent at the link. The other mechanism adjusts the height of a link’s 

end in order to change the sides of wing motion, thereby changing the 

aerodynamic characteristics. (Figure 2.7) The above mechanism design simplifies 

the design to facilitate comprehension of the operation concepts prior to the 

detailed design. Analytic results of operating angle through RecurDyn results were 

estimated to be less than existing designs, at a maximum of about 50° (Figure 2.8).  

 

2.2.4 Six-bar Linkage  

In this study, an actuator utilizing a six-bar linkage was devised into the initial 

concept design after several operational errors. In the case of using a six bar 

linkage mechanism, adding an additional link system to a combination of links 
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provides the advantage of amplified wing amplitudes. In addition, it was estimated 

that a mechanism would be implemented so that wing amplitudes could be 

changed through an adjustable joint, as the final wing amplitude was given by the 

sum of angles from other links. 

 

 

Figure 2.9 Two-step system of the six-bar linkage 

 

Figure 2.9 shows a schematic diagram of the six bar linkage mechanism.       

Moving the joint through the links to determine the controllability of the schematic 

diagram confirmed the flapping motion through RecurDyn, and the links achieved 

larger operating angles than to previous designs. 

In order to verify the two-step motion from the current six-bar linkage, it is 

approached below in an analytical manner. In the first step of the six-bar linkage, 

each movement and length of the link is equivalent to the schematics in Figure 
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2.10. Here, θ1 represents the input rotational angle created by the rotation of the 

motor. , θ4 represents the initial rotational angle of the second mechanism, and 

𝛼 represents the bending angle of link 𝑟8 In addition, the first phase of the slider-

crank mechanism converts motor motion at the position 𝑃3 to linear motion. This 

resulting angle θ4 of from this linear motion is equivalent to that shown in (2.1). 

 

 

Figure 2.10 Kinematic scheme of the present six-bar linkage 

 

 

 
𝜃4 =  

√𝑟3
2 − (𝑟2𝑠𝑖𝑛𝜃1)2 + 𝑟2𝑐𝑜𝑠𝜃1 − 𝑟1

𝑟4
 

 

(2.1) 

 

   The second mechanism can be derived through the closed-loop equation of the 

four-bar linkage. Each angle of the link is derived as follows: 
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𝜃6 = cos−1( 

𝐶

√𝐴2 + 𝐵2
 ) + tan−1( 

𝐵

𝐴
 ) 

 

(2.2) 

 

 
𝜃5 = sin−1( 

𝑟6𝑠𝑖𝑛𝜃4 − 𝑟8𝑠𝑖𝑛𝜃6

𝑟7
 ) 

  

 (2.3) 

 

 

𝜃7 = cos−1( 
𝑟6

2 + 𝑟7
2 − ( √(−𝑟5 + 𝑟8𝑐𝑜𝑠𝜃6 )2 + ( 𝑟8𝑠𝑖𝑛𝜃6 )2 )

2

2𝑟6𝑟7
 ) 

 

(2.4) 

 

 

   Here, A, B, C are determined as follows by the geometry of the link. 

 

 𝐴 =  −2( 𝑟6𝑟3𝑐𝑜𝑠𝜃4 ) +  2𝑟5𝑟8 

𝐵 =  −2𝑟6𝑟8𝑠𝑖𝑛𝜃4 

𝐶 = 𝑟7
2 − 𝑟6

2 − 𝑟8
2 − 𝑟5

2 − 2𝑟5𝑟6𝑐𝑜𝑠𝜃4 

 

(2.5) 

    

   Through this, it can be analytically verified how each of the links behave. In 

addition, the length of each link constituting motion has been produced to be larger 

than 2 mm, which is shy of the minimum length the CNC is able to produce. The 

length of each link to satisfy the dimensions is shown in Table 2.1 below. 
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Table 2.1 Length of the designed links 

Link 𝑟1 𝑟2 𝑟3 𝑟4 𝑟5 𝑟6 𝑟7 𝑟8 

Length 

(mm) 
4.094 2.42 7.76 3.5 4.5 8 3.5 11.5 

    

To ensure that the correct movement with respect to the designed model was 

performed, the data was analyzed with RecurDyn. As seen in the Figure 2.11, the 

objective of 160° angle in wing motion can be observed. Furthermore, it is 

confirmed that the asymmetric linear motion in the first step through the fourth 

step of the second link section is outputted as a symmetrical motion similar to that 

a sinusoidal graph. 

 

 

Figure 2.11 Rotation angle of the present flapping wing mechanism  
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2.3 Control Mechanism Conceptual Design 

2.3.1 Wing Trajectory Plot 

As described above, a mechanism utilizing the six-bar linkage has the 

advantage of amplified wing amplitudes through a combination of links. As such, 

it was estimated that a mechanism would be implemented so that wing amplitudes 

could be changed through an adjustable joint, as the final wing amplitude was 

given by the sum of angles from other links. Figure 2.12 shows the conceptual 

schematics of the six-bar linkage. The joints from the schematics were moved to 

different positions, and were tested through RecurDyn in order to determine the 

controllability of the wing movement at each position. As a result, the wing 

trajectory plot was completed. Figure 2.13 indicates a wing trajectory leading to 

the right wing in accordance with the joint positions; the blue and red dotted lines 

in the figure each represents the offset of the stroke plane (ø) and the flapping 

amplitude (Φ) respectfully.    

 

Figure 2.12 Concept schematics of six-bar linkage 
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Figure 2.13 Wing trajectory plot 

 

2.3.1 Establishment of Concept of Control  

With reference to the about wing trajectory plot [12], the concept of control 

regarding the flapping motion Figure 2.14 was established. In order to generate 

pitch moment, both wings must either be moved to the front or the back. 

Movement of the Aerodynamic Center (A.C) from the Center of Gravity (C.G) 

will cause a pitching moment. A rolling moment will be generated from the 

imbalance of lift, which is caused from reducing the flapping amplitude of one 

side, while increasing the other. Lastly, the yawing moment will be generated by 

moving one wing forward, and the other backwards, which moves the A.C from 
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the C.G. 

 

Figure 2.14 Concept of three-axis control 

 

2.3.3 Control Mechanism Concept Design 

By incorporating the previously plotted wing trajectory and concept of the 

control mechanism, the conceptual design was carried out. The resulting design 

surrounds the left and right link by crossing the rail-shaped linkages into an X-

shape. In order to achieve 3-axis control, a total of three precise micro servo motor 

are needed, two of which are responsible for the left and right movements of the 

blue and green linkages respectively, as seen in Figure 2.15a). The third servo 

motor is responsible for the left and right movement of the red link; the vertical 

motion of the servo motor in accordance with the red link is always reversed at 

the left and right joint. With reference to the concept of motion and trajectory plot 

of the established linkage, 6 crucial cases were configured for FWMAV attitude 

control, as shown in Figure 2.15c). The servos’ simple linear movement displaced 

the joint in two-dimensional directions, satisfying the change in trajectory 

necessary for generating moment, thereby generating control.  

The detailed design of the control mechanism is planned to proceed following 
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the production of the actuator. The control mechanism will be combined with the 

completed actuator in order to determine the generation of control. 

 

Figure 2.15 Concept design of control mechanism 
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Chapter 3 

FWMAV detailed design and manufacturing 

3.1 Detailed Design 

   Similarly to the conceptual design phase, the detailed design phase follows pre-

established design procedures. However, the prospect of production has to be 

determined in the conceptual design phase before proceeding with the detailed 

design phase. The detailed design is conducted using a 3D CAD program, which 

secures clearance for joint movements in a confined space.  

After the repeated production and processing through a CNC machine, errors 

produced from tolerancing, or specific component dimensions are optimized. 

Design modifications are performed on parts causing friction, as well as ultimately 

reducing the weight of the FWMAV. 

 

 

Figure 3.1 Kinematic analysis using RecurDyn 
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Figure 3.2 Prototype of FWMAV 

 

 

Figure 3.3 Detailed design using 3D CAD 
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3.2 Components 

3.2.1 Wing 

   The artificial wing was fabricated with reference to the wings manufactured by 

Konkuk University [13]. Aspect ratio of artificial wing is 3.7 similar to the average 

value of the insect. In order to meet the target wing span of 150mm, each of the 

wings were fabricated within 60mm. The wing membrane was fabricated using a 

Mylar material with a film thickness of 15 micron. Wing veins, which are used to 

support the membrane, are fabricated by curing carbon fiber. It is used to mix an 

epoxy resin and a curing agent in an appropriate proportion so as to cure the carbon 

fiber. The appearance of carbon fiber was created by soaking in an epoxy mixture 

and then curing for a couple of days at room temperature. The result is a solidified 

vein of the desired form. A 1mm carbon rod was used for the wing leading edge. 

The leading edge is surrounded by membrane securing margin spaces instead of 

directly attaching to the membrane. By applying the above method, the membrane 

is able to rotate around the leading edge passively by inertia during the flapping 

motion. It is difficult to attach a vein cured by epoxy to the membrane using Mylar 

because Mylar has a non-stick property to the epoxy-based adhesive. Purchasing 

and using various types of adhesives did not yield satisfactory results as well. 

However, applying thin, transparent tape that is easily acquired at the local market 

ensure that the vein dodid not fall from the membrane during the flapping motion.  
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Figure 3.4 Artificial wing 

 

3.2.2 Motor 

   Since there are not many motors developed specifically for FWMAV currently, 

a small, light, and high-performance electric motor, which is commercially 

available in the market and applicable to FWMAV, was selected. Among the 

motors being sold, Maxon’s RE6 and RE8 model, which are known to have the 

highest motor efficiency, were tested. However, motor efficiency is not the crucial 

point at the current phase because of an external power supply. In addition, the 

above-mentioned motors are very expensive. For the high frequency flapping, 

motor requires a much faster RPM than the RPM at the motor’s rated voltage. 
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Applying an external voltage much greater than the rated voltage is required to 

obtain a large RPM. However, prolonged tests have reduced the service life of the 

motor. The price of the motor is expensive, and frequent replacement of motor is 

burdensome. Finally, the decision was made to use the Didel’s MK-07 model. 

When the voltage of 6 V is applied to the MK-07, it drives at a speed of 35000 

RPM. Through an appropriate gear ratio, it is determined that the FWMAV will 

have sufficient flapping frequency. 

 

3.2.2 Gear Ratio 

   At first, planetary gear motors that gearheads are normally equipped with ball 

bearings at the foreside of motor were used for the motor decelerate. It has a great 

disadvantage because of its relatively greater weight compared to general motors 

even though it has the advantage of simplifying the internal driver. Even if this 

complicated matters further, it was decided to compose a hand-made gearbox to 

fabricate the FWMAV. As it is impossible to manufacture gears under the worst 

research conditions, the closest product to the requirements had to be found. 

Among the surveyed gears, Didel’s module 0.3 gear, which is the most widely 

used and easy to find in the market, was selected. 

Even if providing various gears compared to other manufacturers, the number 

of the gear ratio, which consists of gear combinations, is limited. The gear ratio of 

the three cases were selected; 15:1, 16:1, 20:1. In addition, the performance test 

of FWMAVs differently applied by each cases of gear ratio was carried out 
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respectively. As a result, the output torque of the motor failed to overcome the 

load of the wings in case of using the gear ratio of 15:1, 16:1. Regardless of the 

output voltage, wing frequency did not increase over the certain frequency any 

further. Even the gear joints had broken. Therefore, the gear ratio was selected as 

20:1.  

 

 

Figure 3.5 Didel gear 

 

3.2.2 Actuator Manufacturing 

The designed size of the FWMAV is as small as 25 x 26 x 30 mm. In order to 

compose internal components in consideration of the target weight, it requires light, 

but strong material. Precision machining is necessary as well. All components 

except the gears were machined using a precision CNC machine with a 0.005mm 

accuracy. First, the ABS material was used with the convenience of processing and 
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friction between components in mind. However, the durability of fabricated 

components was fragile and easily broken. Therefore, it was necessary to change 

the material. An alternative material selected was an epoxy/glass laminate. This 

material has a heavy density. However, the workpieces are so small that it did not 

significantly affect the total weight. Due to its excellent strength properties, it was 

possible to process using relatively thin sheet material compared to the previous 

material. As a result, the total weight was reduced. The brass bearing was inserted 

into the every connected part between linkages and joint in order to minimize the 

mechanical friction factor. The weight of manufactured FWMAV is 9.4 g without 

battery. 

 

 

Figure 3.6 Manufactured FWMAV 
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Chapter 4 

FWMAV Performance Verification Test 

4.1 High-Speed Camera Capture 

A series of performance tests was conducted to determine and validate how 

much the flapping amplitude, the flapping offset and the flapping frequency of 

actual production corresponds with calculated values. The fabricated FWMAV 

was excited by an external DC Power voltage of 6 V because it has the advantage 

to provide constant voltage for prolonged periods. As shown in Figure 4.1, using 

a high-speed camera (Phantom Miro M100) operating at 1900 fps to capture the 

flapping motion of the FWMAV, we examined the motion images to calculate the 

flapping amplitude, the flapping offset and flapping frequency. The experiment 

was performed by dividing into four cases; neutral, pitching (+), rolling (+), and 

yawing (+). Each of the joint positions was selected based on the wing motion 

trajectory plot. These points were selected so that we can clearly see the flapping 

motion changes.  



 

31 

 

Figure 4.1 High-speed camera and experimental mount 

 

4.1.1 Frequency 

   In order to obtain a great lift, high flapping frequency is required. Flapping 

frequency can be easily determined using the method of counting the number of 

frames in a cycle of flapping taken by high-speed camera. According to the 

correlation between motor RPM and gear ratio, estimated value of the flapping 

frequency is around 30 Hz. When artificial wings are attached to the FWMAV, the 

flapping frequency drops to 24Hz the significant reduction in flapping frequency 

is due to the aerodynamic forces and inertia forces acting on the flapping wing. 

These forces are transmitted to the motor through the linkage system, and the 

transmitted forces cause a payload on the motor shaft. If the torque of the motor 
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is not large enough to overcome this payload, the rotational speed of the motor is 

reduced, resulting in a decreased flapping frequency. Thus, to ensure that the 

flapping frequency approximates the beetle’s flapping frequency, we need to 

install a motor with a higher stall torque.  

 

4.1.2 Flapping Amplitude 

    The flapping amplitude of the flapper was determined by measuring the angle 

of difference between the end of a downstroke and the end of an upstroke. From 

the high-speed camera images, Figure 4.2-4.5 show an experimental result for 

each flight condition. In the case of neutral condition, Angles shown in each figure 

represents the estimated value through analysis. Angles in the parentheses indicate 

the values actually measured. The design value of each wing amplitude is 160°. 

Recorded results show that the flapping amplitudes of the left and right wings of 

the driver are 162-158°, respectively. Experimental results and analysis results are 

found to be nearly the identical. In the case of Pitching (+), rolling (-), yawing 

motion (+), it was standardized at 160° with 5° of forward and backward tilt, as 

well a condition was set in which where the joint was put in a position where it 

could expand and reduce wing amplitude. The data was then recorded with a high-

speed camera. We confirmed wings visible change through a small alteration in 

the location of the joint. Although there are some minute errors it was confirmed 

that almost results are the same as the expected value at the wing trajectory plot. 
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Figure 4.2 Neutral motion captured by High-speed camera 
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Figure 4.3 Pitching motion captured by High-speed camera 
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Figure 4.4 Rolling motion captured by High-speed camera 
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Figure 4.5 Yawing motion captured by High-speed camera 
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4.2 Force / Moment Analysis 

To measure and analyze force/moment, as well as control force generated by 

the FWMAV, we directly connected the FWMAV to a multi-dimensional load cell 

(ATI Industrial Automation, Nano 17, resonant frequency of 7.2 kHz, resolution 

of 1/1280 N) through an experimental mount made of carbon rod and epoxy/glass 

laminate [14]. This allowed for real-time verification of data values without 

additional data analysis. Figure 4.6 shows Nano 17. 

 

 

Figure 4.6 Nano 17, six-axis loadcell 

 

To collect more reliable data, we manufactured an experimental 3-axis 

adjustable mount and linked it the FWMAV with the load cell indirectly. Through 

this, it was possible to align the axis of the load cell and FWMAV during tests. 

However, as the degree of freedom became larger, the vibration caused by the 
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wing flapping was significantly increased to the point where it could even be 

observed that the mount was actively vibrating with the naked eye. Due to 

extremely sensitive sensors, distortion of data results from external vibration is 

essentially present at all times. Therefore, the mount with its large degree of 

freedom was rebuilt and reassessed by replacing it with a shorter, but wider carbon 

rod in order to attain the shortest distance possible between the load cell and the 

FWMAV.  

 

 

Figure 4.7 Loadcell and experimental mount 

 

Figure 4.8 represents vertical motion data, while the graph represents data from 

using a low-pass filter (cut-off frequency of 50Hz).  
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Figure 4.8 Vertical force 

 

The average value of the vertical force generated from operation of the 

FWMAV is 0.141 N, which is able to lift approximately 14 g of mass. The current 

aircraft, weighing at 9.3 g, is projected to achieve flapping flight in the near future. 

Next, generation of control force through pitching (+), rolling (+), and yawing (+) 

was confirmed. The experiment conditions were equivalent to the previously 

conducted experiment involving a high-speed camera. 
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Figure 4.9 Pitching moment 

 

Figure 4.10 Rolling moment 
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Figure 4.11 Yawing moment 

 

 

 Figure 4.9-4.11 represent resulting measurements from each of the three 

motions. Upon analysis, each average value was confirmed to be within our 

desired target. Even in the opposite case, the results of the experiment showed 

value outcome in reverse. However, it was found that flow vibration from pitching 

moment was relatively large. This was visually observed in the experiment as well. 

Even though the FWMAV itself was fixed as securely as possible during the 

experiment process, its specific traits produced a large amplitude of vibration in 

forward and backward directions. The primary cause behind this property is 

observed to be coming from the internal linkage of the FWMAV moving in a 
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forward and backwards crank motion, where the inertia resulting from the 

extremely fast motion of the linkage directly transmits this effect onto the 

FWMAV. Each of the measured moment values has no real significance 

quantitatively, because data gathered from the load cell actually comes from the 

center directly above it, which does not take into account the C.G of the FWMAV. 

To incorporate future control mechanisms, reliable data of the change in joint 

position and corresponding changes in flapping motion is mandatory. In order to 

do so, there is a lot of improvements to be made gradually. Nonetheless, we were 

able to confirm the operational capability of the desired control mechanism 

through this experiment.  

 

 

Figure 4.12 Vertical force analysis 
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Figure 4.13 Supination and pronation of wing motion 

 

In addition, as shown in Figure 4.12 cycle properties from the filtering data of 

vertical force was analyzed. In a cycle of two peaks, approximately 25 strokes per 

second were made. This was confirmed to be equivalent to the flapping frequency 

properties observed through the high-speed camera. The flapper’s supination and 

pronation (figure 4.13) produces two peaks in one cycle, and it is necessary to 

even out the rapidly decreasing lift after its two peaks in order to achieve an overall 

increase in average lift. A solution for this is to passively maintain the wing angle 

of attack in the positive direction upon immediate change of the stroke direction. 

To achieve this effect, further, consistent research and development is required. 
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4.3 Guided Flight 

   As a result of measuring a generating vertical force of the flapping device, 

FWMAV can be expected that it will take off vertically, Since the average lift force 

is greater than the weight of the flapping device. However, in the condition of 

absence of the control device that can ensure flight stability, needless to say, it 

would fall prone as soon as taking off.  

   we set up an experiment, as shown in Figure 4.14, to confirm that the flapping-

wing system can generate sufficient vertical force for taking off. We constructed 

experimental equipment helped by guide line to protect flapper fall down. Guide 

line penetrates center of FWMAV to avoid hitting the flapping wing [15].  

Brass bearing was inserted into the flapper in order to minimize the mechanical 

friction factor between penetrated guide. Figure 4.15 shows the flapper modified 

for guided flight test. Using an external power supply, the voltage of 6 V is applied.  

The situation was very hard and it had little chance of success, it finally barely took 

off. 
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Figure 4.14 Experimental set up for guided flight 

 

 

Figure 4.15 Modified flapper for guided flight 
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Chapter 5 

Conclusions 

In this study, a six-bar linkage was utilized in order to design and produce a 

FWMAV with a maximum wing span of 150mm and maximum weight of 20g. 

Through rigorous experiments, flapping performance and generation of control 

was confirmed, ultimately achieving guided flight. From conceptual design to 

detailed design phases, RecurDyn was used to establish design procedures, 

whereas 3D CAD and a CNC machine was used for precision production. In 

performance experiments, a high-speed camera was used to capture wing 

trajectory from neutral, pitching, rolling and yawing. The outcome was a wing 

trajectory that was nearly identical to a value predicted prior to the experiment. 

Furthermore, an experiment using six-axis load cells was conducted in order to 

determine generation of control. Although generation of control was confirmed as 

anticipated, it lacked the reliability of the quantitative aspect due to lack of 

consideration for the Center of Gravity (C.G) during mount production. 

Nonetheless, the experiment provided sufficient proof of generation of control. It 

has become imperative that a more reliable data collection is required before the 

next designing process for the control mechanism. The next goal is to combine an 

actuator with a detailed design and production of a control mechanism that can 

change the position of the next joint. In order to increase lift, the frequency of 
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wing strokes must increase as well. However, a design modification is necessary 

to reduce constant friction. A parametric study of the wing, as well as renewed 

effort and in-depth research of the wing is required to determine the optimal wing 

shape. Moreover, various high-intensity actuators will be produced for consistent 

research for the optimal wing shape. 
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국문 초록 

    

   본 연구에서는 6 절 링크를 이용한 날갯짓 구동기 메커니즘의 공력

설계와 실험을 수행하였다. 시행 오차를 최소화하기 위해 다 물체 동

역학 해석 프로그램(RecurDyn)을 이용한 설계 절차를 확립하였다. 

최초 구동기 설계 시부터 6 절 링크의 내제적인 특성을 이용해 제어메

커니즘을 동시에 고려한 설계를 진행하였다. 설계 된 구동기는 조인트

의 위치변화에도 날개운동의 큰 변화를 보이는 특징을 갖는데, 날갯짓 

운동 궤적선도를 미리 작성하여 구동기의 제어 개념을 정립하였다. 설

계 된 구동기는 정밀가공을 통해 제작하였고 초고속 카메라를 이용해 

성능을 확인하였다. 실험 결과 조인트 위치에 따른 날갯짓 운동변화가 

궤적선도상의 계산값과 거의 동일함을 확인하였다. 이를 바탕으로 동

일한 조건하에 6 축 로드셀을 이용한 구동기의 force/moment 값을 

측정하였다. 측정결과 날개의 움직임만으로 원하는 방향의 정성적인 

moment 값 발생을 확인하였다. 측정한 vertical force 의 경우 제작 

된 구동기에 비해 충분한 힘을 발생시키는 것으로 판단되어 강선을 이

용한 guided flight 을 수행하였으며, 최종적으로 비행을 성공시켰다. 

 

주요어: 날갯짓, 초소형 비행체, 6 절 링크, 날개 궤적, 다물체 동역학 
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