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ABSTRACT 

Biomimetic Micro Air Vehicles (BMAV) are unmanned, micro-scaled aircrafts that are 

bioinspired from flying organisms to achieve lift and thrust by flapping their wings.  

Micro Air Vehicles (MAV) are a relatively new and rapidly growing area of aerospace 

research. They were first defined by the US Defense Advanced Research Projects 

Agency (DARPA) in 1997 as unmanned aircraft that are less than 15 cm in any 

dimension. This allows BMAV to potentially be smaller and more lightweight than the 

other two types. These characteristics make BMAV ideally suited for flight missions in 

confined areas (e.g. around power lines, narrow streets, indoors, etc.). Therefore, 

BMAV structural components must be ultra-lightweight, compact, and flexible. Most 

past MAV research has focused on fixed wings, which are essentially scaled-down 

versions of wings on conventional fixed wing aircraft. These wings are unsuitable for 

BMAV due to their lack of flexibility. So a new type of structural wing design is 

required for BMAV. In this work, a dragonfly wing structure is mimicked to construct a 

new BMAV wing design. A dragonfly (Odonata) was selected for biomimicry, because 

they are highly maneuverable flyers, capable of hovering, rapid forward flight, or 

reverse flight. Therefore, structurally analyzing these wings could yield results that 

inspire the design of more effective wings for BMAVs. The overall objective of this 

research is to develop a simplified wing model for a BMAV, bioinspired from actual 

dragonfly wings. A simplified model was created using spatial network analysis, a 

topological optimization method. These simplified wing frame models were then 

fabricated using seven different types of materials. Stainless steel type 321, balsa wood, 

red pre-impregnated fiberglass, black graphite carbon fiber, polyvinyl acid, acrylic and 

acrylo-nitirile butadiene styrene. These wing frame structures were fabricated using 

laser cutting machine and a 3D printer. These wing frames were then immersed in a 

chitin-chitosan membrane by a casting method. These wing frames were subjected to 
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mechanical testing’s such as bending and tensile to study its suitability for use in a 

BMAV. A flapping mechanism was also created and used to produce flapping motion 

on these BMAV wings and an actual dragonfly wing (for comparison). The aero elastic 

properties of both the BMAV and actual dragonfly wings were examined using two 

high speed frame camera. The bending angle, displaced distance or deflection, wing tip 

angle, and the wing tip rotational twist speed were analyzed at the flapping frequencies 

of 10,20, 30 Hz, 60 Hz and 120 Hz. 
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ABSTRAK 

Kenderaan udara mikro biomimetic merupakan sebuah jentera yang tidak memerlukan 

pemandu dan bersaiz mikro. Inspirasi untuk mereka bentuk kenderaan seperti ini 

diperoleh dari melihat serangga yang boleh terbang. Kenderaan udara mikro ini 

merupakan teknologi yang baharu dan sedang berkembang di dalam bidang 

aeroangkasa. Kenderaan mikro ini memporeleh definisi daripada US Defense Advanced 

Research Projects Agency (DARPA) pada tahun 1997. Mereka mengkategorikan 

kenderaan tanpa pemanudu ini haruslah mempunyai ukuran dimensi yang kurang 

daripada 15 cm. Ini menjadikan BMAV kecil dan ringan berbanding kenderaan udara 

yang lain. Ini juga membolehkan BMAV sesuai digunakan di kawasan yang kecil dan 

sukar dilalui manusia ( kawasan yang dikelilingi kabel voltan tinggi serta lorong yang 

sempit). Maka, komponene struktur BMAV mestilah ultra-ringan, padat dan fleksibel. 

Kajian terdahulu memberi tumpuan kepada sayap yang statik yakni mengurangkan skala 

kapal terbang yang sedia ada.  Sayap seperti ini tidak sesuai bagi kenderaan udara mikro 

disebabkan kurangnya fleksibiliti. Jadi, struktur sayap yang baharu direka untuk BMAV 

ini. Di dalam penyelidikan ini, sayap pepatung telah dimimik untuk merekabentuk 

sayap baru bagi BMAV ini. Spesis pepatung (Odonata) telah dipilih untuk dimimik 

keranapepatung merupakan serangag terbang yang sangat efisien. Pepatung boleh 

melakukan pelbagai aksi sewaktu terbang seperti terbang tanpa mengibas sayapnya 

untuk waktu yang lama, terbang sambil menukar arah, atau  terbang songsang. Objektif 

penyelidikan ini adalah untuk merekabentuk sayap model sayap yang telah 

disimplifikasikan untuk BMAV. Sayap pepatung menjadi model inspirasi kami. Sayap 

pepatung ini disimplifikasikan menggunakan kaedah optimasi yang dinamakan “ spatial 

network analysis’. Tujuh jenis bahan digunakan untuk menghasilkan model sayap ini. 

Keluli tahan karat jenis 321, kayu balsa, fiberglass merah, carbon fiber, polyvinyl acid, 

acrylic and acrylo-nitrile butadiene styrene. Sayap ini dihasilkan menggunakan mesin 
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laser dan printer 3D. Sayap ini kemudiannya disalut dengan membran chitin-chitosan. 

Ujian tegangan dan lenturan dijalankan ke atas sayap ini. Sebuah mekanisme yang 

memiliki kebolehan mengimbas disediakan bagi menguji kebolehan sayap-sayap yang 

dihasilkan ini. Bagi membandingkan kebolehan sayap-sayap ini, sayap pepatung yang 

sebenar juga diuji di atas mekanisme ini. Kebolehan aero-elastik sayap sayap ini diukur 

dan dibandingkan dengan sayap pepatung yang asal menggunakan dua kamera halaju 

tinggi. Ukuran seperti sudut lenturan, jarak imbasan, sudut hujung sayap, sudut putaran 

hujung sayap dan halaju putaran hujung sayap diuji pada frekuensi 10, 20, 30, 60 dan 

120 Hz.  
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CHAPTER 1: INTRODUCTION 

1.1 Biomimetics 

Biomimetics or biomimicry is a concept of imitating elements of nature to solve or 

to ease complex human tasks. The terms biomimetics and biomimicry come from Ancient 

Greek: biosmimesis or biosmios which means imitating life (Julian et al. 2006). The 

development of biomimetics has created new bio-technological solutions at macro and 

nanoscales. The application of biomimetics can be seen in many fields from cars to 

computers. Optimization methods such as swarm intelligence and artificial neural networks 

were inspired by biomimetics.  There are three areas in where biotechnological solutions 

can be applied (Rhett Butler, 2015): Replicating natural production methods (chemical 

compounds from plants), Mimicking mechanisms found in nature (dragonfly, Velcro) and 

finally observation of social behavior of organisms (ants and bees). 

1.2 Unmanned aerial vehicles (UAVs) 

The Unmanned Aerial Vehicle or commonly known as UAV, is an aircraft with no 

pilot on board. UAVs can be controlled by a ground control station, routed by pre-

programmed flight plan or fitted with a complex automation system. UAVs are currently 

used for a number of missions, including reconnaissance and attack roles.  

Micro air vehicles (MAV) are a new type of unmanned air vehicle which is 

significantly smaller than a UAV. Defense Advanced Research Projects Agency defines a 

MAV as an aircraft which has a size less than 15 cm in length, width or height. This puts 

MAV smaller than any UAV developed to date. MAVs should be thought of as aerial 

robots, whose mobility will allow them to be deployed to remote or hazardous locations to 

perform a variety of missions which includes surveillance, targeting and even rescue 
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missions. (Michelson et al, 2002). There are different types of MAVs such as fixed wing 

models, (FMAVs) rotary wing models (RMAVs) and insect-like (flapping wing) models, 

(BMAVs). FMAVs are micro-scaled air vehicles with fixed (stationary) wings that 

generates lift but not thrust. There is a separate system attached (propulsion) to generate 

thrust. They are used in non-confined spaces because they should maintain a continuous 

forward velocity in order to generate lift (wings). Rotors are used to achieve lift and thrust 

for RMAVs. Since they are able to hover they are much efficient than FMAV. However, 

the size is their limitation. RMAVs are generally larger than FMAVs or BMAVs. BMAVs 

are micro or nano-scaled aerial vehicles biomimicked from a biological organism. BMAVs 

are the smallest MAVs designed and they have flexible flapping wings. Due to their small-

size range, the BMAVs are able to travel in confined spaces. According to James and 

Michael (1997) the system components in a MAV should be integrated and possess 

multifunctional characteristics to be able to overcome the challenge faced in designing an 

aircraft with constrained dimensions. A MAV may only weigh about 50 grams yet; MAVs 

must be capable of hovering as long as 20 to 60 minutes while carrying a load of 20 grams 

a distance of approximately 10 km. It is essential to find the suitable materials and the 

optimum structural balance for a MAV (James and Michael, 1997).  

1.3 Problem statement 

The study of biomimetics as mentioned earlier has motivated research into a new 

class of micro-sized unmanned aircraft called Biomimetic Micro Air Vehicles (BMAVs). 

Due to their small size and weight, BMAVs would be ideal for flying indoors or in 

enclosed spaces. The primary payloads envisioned for a BMAV are ultra-lightweight, 

compact electronic and surveillance detection equipment. Their miniature size makes them 

difficult to detect, easy to quickly deploy by a single operator and relatively inexpensive to 

fabricate, and allows the potential to fly them inside buildings or compact spaces. BMAVs 
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are envisioned for use on civil and military missions that are of a limited duration, such as: 

remote sensing of hazard sites (e.g. chemical spill, radiation, high voltage power lines etc.), 

indoor video mapping, and police or military surveillance.  

Some research has been conducted to biomimic the wing structure of dragonflies. 

TU Delft researchers have developed the DelFly Explorer, a low weight (20 grams) MAV 

which flaps and avoid obstacles autonomously (Michelson et al, 2002). Festo created 

BionicOpter, a fully functional robotic dragonfly which is able to perform the aerial 

acrobats of an actual dragonfly. BionicOpter is much larger than an actual dragonfly with a 

weight of 175grams (TA Ward et al, 2015). Dragonflies (Odonata) have a highly 

corrugated wing structure that consists of complex, wing membrane patterns (e.g. 

quadrilaterals, pentagons and hexagons). Each pattern contributes to the wing’s flexibility 

and stiffness, which determine its ability to withstand deformations. Although some 

research has been conducted to biomimic the wing structure of dragonflies. (Tu Delft, 2013 

and Yirka, 2013), none of these works biomimicked the actual wing structures of 

dragonfly. Although other insect wings (e.g. cicada, beetle, etc.) have been replicated, 

dragonfly wing structures are very complex making this difficult. Dragonfly wings are 

highly corrugated in pattern, with differing thickness and tubular structures. Replicating an 

exact copy is not a practical approach, due to limitations in fabrication methods. So a 

simplified model is needed that takes these limitations into consideration. Like the wings of 

a flying insect, the artificial wings of a BMAV not only must be flexible but also strong 

enough to endure the aerodynamic forces produced by flapping motion. During flight, the 

wings undergo significant bending and twisting deformations that can alter the direction 

and magnitude of the aerodynamic forces generated (Combes S, 2003, 2010, Shang J.K et 

al, 2009)  
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Several fabrication methods for small insect-scale artificial wings have been 

proposed. Combes and Daniel (2010) measured the wing flexibility of several insects and 

found that the spanwise flexural stiffness was one to two orders of magnitude larger than 

the chordwise flexural stiffness. The scope of their investigation was limited due to the 

diversity in venation as well as the complex cross-sectional and planform geometries of the 

insect wings. In contrast, the morphology and materials of artificial wings can be 

manipulated to understand the effect of these properties on wing flexibility. Tanaka and 

Wood (2010) investigated the effects of flexural and torsional wing flexibilities on lift 

generation in hoverfly flight using an insect-scaled mechanical model of an artificial wing. 

There are several past research studies that focus on insects such as hoverfly, beetle and 

humming (Tanaka et al. 2010, Nguyen et al. 2010 and David et al. 2014). Also, most past 

literature involves wing membrane materials (Bao, 2011, Ko, 2012, Joong, 2013). Very 

little has been written about the BMAV wing frame structures that encase the membrane. 

Several past research publications have been conducted on flying insect wing structures to 

understand their aeroelastic properties. Ward et al. (2015) conducted a review on the 

percentage of flying organisms studied; hawkmoth (44%), dragonfly (23%), beetle (10%), 

butterfly and humming bird (7%), bat (4%), fruit fly (3%), honey bee (2%) and damselfly 

(1%). Herbert et al. (2000) conducted numerical investigations on a tethered desert locust 

(Schistocerca gregaria). They concluded that the wings must undergo an appropriate 

aeroelastic wing deformation (through the course of a wing beat) in order to achieve an 

efficient aerodynamic flow suitable for lift and thrust generation. Several studies showed 

that flexible wings, capable of changing their camber, generate higher peak lift forces than 

rigid wings (Mountcastle and Young, 2009).  

Wing flexibility also prevents small tears or warping from occurring. Newman et al 

(1986) suggested that dragonfly wings appear to be adapted for reversible failure in 
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response to excess loads, enabling them to avoid permanent structural damage. Most past 

research examined the effects of wing flexibility on aerodynamic performance by either 

using numerical models or experimentation. However, very few researchers have attempted 

to mimic the detailed structure of an actual insect wing. Hence, the overall objective of this 

research would be to create a simplified dragonfly wing model for use in a BMAV. This 

wing model is envisioned to be able to match the performance of an actual dragonfly wing.  

1.4  Objectives 

  The overall objective of this research is to model a simplified dragonfly wing that 

matches the performance and capabilities of an actual dragonfly wing. Firstly, a simplified 

model of the complex corrugated dragonfly wing is created. As previously stated, this 

model has a simplified design to suit appropriate machining tolerances. A mode analysis 

and static bend-twist coupling studies were made on computer simulations of these models. 

Secondly, these simplified models were fabricated using different materials. Simulations 

and tensile and bending experimental tests were done to determine the most suitable 

material. Thirdly, the most promising materials were attached onto a flapping mechanism 

and their aero-elastic properties were measured. These were compared with an actual 

dragonfly wing for comparison purposes. Listed below is a summary of the objectives 

performed: analysis of dragonfly-inspired BMAV wing structures (e.g. patterns, veins, and 

tubules of dragonfly wings) includes designing a simplified wing structure optimized using 

spatial network analysis, conducting finite element analysis including modal analysis and 

other mechanical simulation testing on the simplified design (static bend-twist coupling), 

fabricating simplified wings using different materials (e.g. steel, balsa wood, carbon fiber, 

red fiberglass, acrylic, ABS, and PLA), conducting mechanical testing on fabricated wings 

to ensure it matches the capability of an actual dragonfly wing and finally to test the 
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fabricated wings (chosen material) on a flapping mechanism to assess the performance of 

each design. 

1.5 Procedures 

Figure 1.1 below shows the summary of the procedures involved in the fabrication 

of these wings. 

 

 

Figure 1.1: Illustration of the overall procedures in developing a BMAV wing frame 

 

 Figure 1.1 describes the overall steps involved in this research. It starts with a 

comprehensive literature review which includes a research of dragonflies and BMAV in 

general and research of dragonfly wing structures specifically. The second step involves 

design and modeling of simplified wing structures using spatial network analysis, FEA 

(finite element analysis), modal analysis, and static bend twist analysis. The third step 

involves fabrication of the wings using different method (manual carving, laser machining 

and 3D printer) and finally testing these fabricated wings on a flapping mechanism. 
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1.6 Outline of thesis 

 There are five chapters in this thesis, and a list summarizing them is as stated. The 

first chapter introduces BMAV and their potential applications. It provides an overview of 

this research and lists the primary objectives. It also lists layout of the procedure for 

accomplishing these objectives, the second chapter reviews past researches done with a 

similar objective. It gives a brief review of past research done on dragonflies and other 

related topics that subsequently contributes to this research. Other review on related topics 

include mechanism of insect flight, simulation of insect flights, flapping mechanism 

created by other researchers, finite element analysis studies done on insect flight, 

fabrication of artificial wing frame and membranes of insect and the high speed camera 

imaging technique. In the third chapter, experiments are discussed extensively. Sufficient 

details are given so that future readers can replicate this work. It discusses the topological 

optimization method used which is spatial network analysis, the finite element analysis 

options chosen and the mode analysis study made for both detailed and simplified wings, 

the mode shape comparison, the static bend-twist study conducted, the materials used for 

the fabrication of the simplified wing models, the simulation and experimental tests done 

on the fabricated wing frames and, finally, the high speed camera technique used to capture 

the parameters necessary for an aero-elastic study, The fourth chapter discuss and assesses 

all the data acquired from the experiments. Where possible, these results are compared with 

data collected by other researchers, and the last chapter summarizes and concludes this 

research. It lists the experience and challenges faced while performing these studies and 

also suggest improvements that can be done in future studies. 
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CHAPTER 2: LITERATURE REVIEW` 

2.1 Introduction  

  This chapter highlights several subtopics that were studied to support this research. 

The chapter introduces insect flight concepts, the wing structure of dragonflies, the spatial 

network analysis, the type of artificial wings fabricated in previous insect studies, testing 

conducted in previous studies, types of flapping mechanisms, and data collected from 

previous high frame rate imaging system studies. 

 2.2 Insect flight 

  The size of insect wings is not an indication of the insects’ ability to fly. Flies and 

certain types of ants (Dobsonflies and Antlions) with large wings are poor fliers when 

compared to wasps and bees that have smaller wings (Smithsonian, 2010). Flight in insects 

enabled them to protect themselves from danger, as a means of survival (food hunting), 

reproduction, and to search for new habitats (Monarch Butterflies) (Rose, n.d)  

Wing flapping patterns of insects can vary significantly from one species to another. 

The African Grasshopper, has the ability to fly hundreds of miles in search of food. This is 

mainly attributed to their complex wing structure (“Smithsonian”, 2010). Wings typically 

make up approximately 1%-2% of an insect’s total body mass. In dragonflies, they must 

flap a million times in an average lifespan of an insect but not without enduring collisions, 

torsional loads and other various forms of deformation (Kutsch, 2002).  

2.3 Dragonflies 

Separate muscles control the fore and hind wings, making the phase relation 

between the 2 parts as a distinctive feature of the dragonfly’s wing movement. For an 

example, both parts tend to beat closer in phase during takeoff but out of phase when 
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hovering. A reduction in oscillation is the main reason the dragonfly varies the phase for 

different maneuvers. The relatively close distance between the fore and hind wings, about a 

wings width apart, allows both parts to interact aerodynamically (Jane, 2004).  

Dragonflies have shown different flight styles. The four different flight styles 

observed in dragonflies are (Norberg, 1975): Counter stroking (fore and hind wings move 

up and down about 180 degrees non-symmetrically), phase stroking (hind wings cycle 

about 90 degrees before the fore-wings), synchronized stroking (fore and hind wings move 

in unison) and gliding 

 

Figure 2.1: Dragonfly species used in this study 

 

Of the 4 different styles, the counter stroking is the most used when they are either 

hovering or flying very slowly. This is both a powerful and efficient way of flying and 

generates a lot of lift (Rüppell, 1989). 

 When flying at average speeds, phase stoking is the preferred style. This method 

generates more thrust but provides less lift when compared to the counter stroke. In order to 

maximize thrust or to change directions fast, the synchronized stroke is employed by the 

Univ
ers

ity
 of

 M
ala

ya



10 

 

dragonfly. Finally, gliding where three different types of gliding have been recognized 

(Reavis et al, 1988); free gliding ; where the insect stops stroking and glides slowly down, 

updraft gliding at hill crests ; where the insect adjusts its wing position to float in the air 

without the need to beat its wings, gliding in towed females ; where the female insect in the 

wheel position holds her wings out and glides while the male provides the motion force. 

(This is during the mating position). The muscles used to flap the wings are attached to the 

wing base. Elevated muscle temperature increases flapping efficiency. For this reason the 

dragonfly spends a lot of time and energy to maintain their flight muscles at elevated 

temperatures (Reavis et al. 1988, Saharon et al. 1987). The dragonfly thorax appears 

skewed when at rest, but at flight, the head is held low and the stroke of the wings are 

parallel to the long axis of the flight muscles. This is done to improve mechanical 

efficiency. During each stroke, smaller controller muscles (operating at the base of the 

wings) adjust the wing shape and angle of attack. Four different thrust generating 

mechanics may be employed by the dragonfly (Sun, 2002). The four different mechanisms 

used by the dragonfly are: classical lift, supercritical lift, vortices and vortex shedding. 

When the attack angle of the wing passes a critical value, supercritical lift occurs. 

Similar to hovering, a high lift is generated over a short distance after which the wing stalls. 

Dragonflies can maintain this position continuously by using short wing strokes. The use of 

vortices and shed vortices in insect flight by Usherwood et al. (2002) was explored. Both 

the movement of the wings through the air and the twisting of the wings at the end of each 

stroke to generate thrust.  

Dragonfly wings are not simple planar objects but complex dynamic structures. The 

corrugations in the wings holding an aero-foil of air around the wings have the following 

effects: Lower friction, wings are able to flex around several axes, and being able to 

respond to both muscle actions and to inertia effects. The pterostigma on the leading edge 
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near the tip of the wings are weights that improve the aerodynamic efficiency by causing 

the wing tip to flex during a wing stroke. Dragonflies can fly with asymmetrical wing 

stokes. This is achieved by varying what their wings are doing in a coordinated fashion. 

They have to master to adjust wing shape, stroke length, angle of attack, stopping either 

wings independent of the other and adjusting the relationship between any two wings on 

either side of the body are among a few of the many  subtle adjustments made in order to 

maintain their flight style (Ellington, 1984 (a),(b) and 1985). 

Dragonflies have a natural frequency range of 120-200 Hz and a wingbeat 

frequency of around 30Hz. The flapping of the wings creates a whirlwind surrounding the 

wing area. A dragonfly uses a rowing motion along an inclined stroke plane. When 

hovering, the body lies almost horizontal while the wings push backward and downward 

with the addition of the feathers slicing upwards and downwards at the end of each stroke 

(Grodnitsky, 1999). In contrast to the dragonflies asymmetrical rowing motion, many other 

insects use symmetrical back and forth strokes near a horizontal stroke plane. This type of 

motion also allows a dragonfly to support much of its weight by the upward drag created 

during the down-stroke. The flapping motion of an actual dragonfly is shown in Figure 2.2. 
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Figure 2.2: The front view of a dragonfly in flight. 

 

From observation and inspection on high speed films, dragonfly wings are found to 

have plastic like features. Observations from high speed films show that the torsional wave 

propagates from the wing tip to the root during pitch reversal.  This would be in the 

opposite direction if the muscles were actively pitching the wing, as one would expect the 

propagation to start from the root. Aerodynamic forces and wing inertia are responsible for 

pitching the wing in this tip-to-root direction (Ellington, 1999). The aerodynamic torque 

and inertial force associated with the observed wing motions can be computed and 

confirmed that they are sufficient to pitch the wings of dragonflies and other observed 

hovering wing motions. In order to simplify control and save energy, insects can take 
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advantage of the natural swinging motion near the end of its wing stroke (Lehman et al, 

2005).  

Dragonflies have a very respectable power to weight ratio. (The dragonfly has a 

mass of less than 0.028 kg and can reach a speed of 1.6 km/h). This allows them to 

accelerate up to 4g in a straight line and up to 9g in turns. This has been documented in 

high speed videotapes of free-flying dragonflies as they pursue prospective prey or when 

trying to break off attacks. The agility of a dragonfly is the reason it gets much interest 

from BMAV researchers (Luttgess, 1989).  

A dragonfly achieves efficient structural performance because of the variations on 

its wing pattern. Its ability to withstand deformation can be attributed to the wings 

flexibility and stiffness. The highly corrugated wing pattern structure is made up of 

quadrilateral, pentagonal, and hexagonal shapes. Studies have shown that these wing 

patterns promote rigidity and flexibility along the span of the wing allowing for efficient 

use of energy required for flight. Conclusions generated by Maybury et al. (2004) are: The 

wing patterns in general follow the tensile forces exhibited on the wing and the variation in 

shape determines the amount of flexibility and stiffness in that specific area of the wing  

For an example, the more rigid and stiff portions of the wing are the quadrilateral 

shaped areas, while the more compartmentalized hexagonal areas are regions where 

bending and swaying take place (Figure 3.1). Also, the degrees at which cells are free to 

bend are determined by the connections between the cells. Two main types of joints occur 

in the dragonfly wings, mobile and immobile. Some longitudinal veins are elastically 

joined with cross veins, whereas other longitudinal veins are firmly joined with cross veins. 

Scanning electron microscopy reveals a range of flexible cross-vein and main-vein 

junctions in the wing, which allows local deformations to occur (Miller et al. 2004). The 
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occurrence of resilin, a rubber-like protein, in mobile joints enables the automatic twisting 

mechanism of the leading edge (Akira et al. 1988).  

2.4 Biomimetic Micro Aerial Vehicles (BMAVs)  

BMAV are micro or nano-scaled aerial vehicles. These vehicles are biologically-

inspired from flying insects, birds and bats to achieve lift and thrust by flapping their 

wings. BMAV are lightweight and highly maneuverable. They are capable of flying in 

confined areas, rubbles and even indoors. The flapping wings are able to produce a much 

larger lift compared to a fixed wing. There are many technical challenges involved with 

designing BMAV such as modelling and unsteady aerodynamics, compact flapping 

mechanisms, ultra-lightweight materials and structures and importantly an ultra-lightweight 

power supply. Because of all these factors, there are currently no operational BMAVs but 

only research based prototypes. Researchers from Delft University of Technology have 

published numerous articles on their BMAV called Delfly (Tu Delft, 2009). This BMAV 

only weighs 3 g, and a wing span of 10 cm.  

 

Figure 2.3. Delfly from TuDelft 

 

There are numerous articles published on BMAVs. Various categories are studied 

under the BMAV field which includes aerodynamics (47%), propulsion and mechanisms 
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(22%), system design and guidance and control contributes 11% and the studies of 

structures and materials which is 9% of the total. An ultra-light weight, micro-sized 

mechanism and power supply to enable free flight is the most challenging task in 

developing a BMAV. Madangopal et al. (2005) analyzed the energetics of a BMAV design 

with a four-bar flapping mechanism. Conn et al. (2007) created a parallel crank-rocker 

mechanism that allows unconstrained, integrated flapping and pitching motion. Bolsman et 

al. (2009) created an actuation mechanism that reduces energy expenditure and amplifies 

flapping amplitude. Guo et al. (2012) created an actuated flapping wing rotor model using 

an piezoelectric actuator and did a comparison with their numerical model simulation. 

The structures and materials of BMAV are often inspired from flying organisms, 

such as insects or birds or even bats. Song et al. (2004) made a comprehensive analysis on 

the mechanical properties of the forewing of the cicada. This serves as a baseline for 

BMAV materials. Dirks and Taylor (2012) showed that the cross veins of a locust wing 

provides a barrier against crack propagations. A simplified insect wing model (inspired by 

a dragonfly) was modeled by Sivasankaran and Ward (2015) based on spatial networking 

analysis. Rubentheren et al. (2015) produced a chitosan membrane to biomimic a dragonfly 

wing membrane and applied them to simplified wing frame structures.  

2.5 Fabrication of artificial insect wings 

 Hisayoshi et al. (2014) measured the first natural frequency and the passive 

deformation of a dragonfly wing. An artificial wing that exhibited the same characteristic 

was fabricated and the first natural frequency was found to be 120 Hz. This proves that the 

dragonfly wing does not flap at its natural frequency to avoid resonance effect. Previously, 

researchers concluded that dragonfly wings flap at their natural frequency to conserve 

energy (Seiichi et al. 2008). The wing beat frequency of a flapping dragonfly is 30 Hz. 
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There is a twist at the nodus of the natural wing which increasingly deforms from the base 

to tip. A carbon rod was used to replicate the leading edge. By this, the artificial wing was 

able to produce a natural frequency similar to an actual dragonfly wing. The aerodynamic 

power created was five times higher in magnitude than a carbon wing. Tanaka (2010) 

demonstrated a method to fabricate corrugated artificial insect wings using a hoverfly as a 

model. The wing, made of a thermosetting resin, contained veins on a corrugated 

membrane. This mimics the wing structure of an actual hoverfly wing. The veins and 

membranes are created by a single 3D mold. The molds were created using a layered UV-

laser micro machine.  

The surface profile of the fabricated artificial hoverfly wing matched the original 

mold. The spanwise stiffness of the artificial wing was 2.2 × 10−7 Nm−2, which is the 

same magnitude of a natural hoverfly wing. This research has managed to produce an 

artificial 3D insect wing with micron order precision. Shang (2009) fabricated an artificial 

wing with defined static properties that were comparable to a natural wing (first 

approximation). The method described by Shang can be modified to accommodate camber 

or corrugated profiles. The polydimethylsiloxane (PDMS) mold can be shaped according to 

the wing pattern and then cured. Spin-coating can be used to allow free flow of the mold 

onto the venation pattern (although other methods are allowed as well). PDMS or another 

appropriate polymer can be chosen as a membrane. Etching will further aid in the 

distribution in a confined area. This can also aid in introducing complex folds and flexion 

lines just like a biological wing. Dynamic bending and stiffness will be greatly affected by 

wing mass disproportionality. Since the venation pattern correlates with mass distribution, 

it is likely that biologically inspired artificial wings can be optimized to exhibit the 

dynamic properties found in real dragonfly wings. Francis et al. (2001) have fabricated a 

MEMS polymer structure which integrates the thorax, two wings, and a tergum. These 
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parts were connected with a non-integrated actuator. Based on the experimental results and 

observation, it was shown that this structure is able to adequately mimic the flexures and 

twist of real wing motion.  

2.6 Frequencies of insect wings 

 Several studies have been done to find the flapping and natural frequencies of flying 

insects. Ngoc et al. (2013) conducted experiments to compare the natural frequencies of an 

actual beetle hind-wing and an artificial wing which biomimics it. Both of these wings 

were subjected to dynamic vibrations to measure resonance frequencies. The wing mass 

was measured by an electronic balance. A total of 29 points on an actual beetle hind-wing 

and 25 points on the fabricated artificial wing were painted to aid the laser sensor in 

measuring the deflection of the wing. The recorded frequencies of beetle hind wing were 

47.5 Hz, 88 Hz, and 176 Hz, respectively. Since the flapping frequency of a beetle ranges 

from 35 to 40 Hz, it was assumed that the higher mode shape would have little effect on the 

shape of the wing (deformation). Additionally, Ngoc et al. 2013, studied the relationship of 

eight different insect species. The wingbeat frequency of these flying insects was measured 

using a high-speed camera (imaging technique) while the natural frequency was determined 

using a laser displacement sensor. Ngoc found that there is a prominent ratio between 

wingbeat frequency and natural frequency. This ratio is 0.12-0.67 for insects flapping less 

than 100 Hz and 1.22 for those with higher wingbeat frequencies. These findings suggest 

that these frequencies do correlate with each other. 

 

 

 

2.7 Static test conducted on real and artificial insect wings 
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 Rajabi et al. (2011) performed a detailed study on dragonfly wings using SEM. 

These images are used to study the morphology and microstructure of an actual dragonfly 

wing. A micro tensile tester was used to study the mechanical behaviors of the wing. An 

overall observation shows that the wings have a highly corrugated structure. This is 

believed to increase the overall stiffness of the wing and possibly prevent initial crack and 

tear. This indirectly provides a tough barrier to the wing (preventing crack propagation by 

closing the crack tip). The critical region of the wing is the nodus. The corrugations also 

provide a high load bearing capacity and flexibility. The hollow shaped tubules can be 

assumed to provide a high fatigue resistance especially when the wings are subjected to 

dynamic loadings (flapping motion). They also increase the flexibility of the wing 

structure, thereby affecting its fatigue resistance. Rajabi presents the fracture strains 

obtained as a percentage value whereby the forewing and hindwing values are 5.65% and 

5.58%, respectively.  

Song et al. (2004) tested longitudinal veins (costa and radius) extracted from four 

damselflies and tested in a micro-tensile machine. The specimens were held with a special 

paper frame. The specimens were classified into two categories: fresh and dry. The average 

tensile strength of the actual (fresh) and dry costa are 251 MPa, and 232 MPa. The average 

modulus value for the actual (fresh) and dry costa are 14.37 GPa, and 14.43 GPa, 

respectively. These values are found to be essentially the same which shows that aging 

does not give any significant impact on tensile properties (costa was left to dry for a year). 

The average tensile strength of fresh (actual) and dry radius are 285 MPa and 278 MPa. 

The modulus of an actual (fresh) radius and dry radius are 16.87 GPa, and 14.89 GPa, 

respectively. 

 

2.8 Flapping mechanism  
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Francis et al (2001) proposes a novel micro flying machine concept based on 

MEMS technologies, which could potentially perform ascending, linear movement and 

rotation. The principal advantage of using such technologies is that the solutions proposed 

in the design process can be easily scaled down. The first step involves studying the 

feasibility of design and machining a type of stainless steel artificial wing. Few flying 

insects (weighing 1 gram) are able to flap their wings which have dimensions in the range 

of 10mm to 30 mm. These insects flap with a frequency of 20 Hz to 150Hz.  Secondly, a 

linear electromagnetic actuator was proposed to excite the wings. Usage of the actuator has 

proven advantageous as the excitation frequency can be adapted to the wing resonance 

frequency. In the near future as proposed by the authors, a simple control mechanism can 

be integrated to control the mechanism by having different oscillations on both sides (right 

and left) without modifying the original mechanism. There should be more research done 

focusing on the improvisation of the flapping mechanism. 
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CHAPTER 3: RESEARCH METHODOLOGY 

 

3.1 Introduction  

 This chapter introduces the methods employed to conduct the experiments and 

simulations in this research project. It is ordered as follows: wing model overview, 

topological optimization, method and types of analysis used, wing frame fabrication 

process, static stress experiments, the flapping mechanism and the high speed imaging 

technique set up. 

 

3.2 Wing model overview 

 The dragonfly species used in this study is called Diplacodes Bipunctata. This 

species has a distinct red discoloration with a wing span and body length of approximately 

0.055 m and 0.035 m, respectively. A digital image (resolution 1600 dpi) was taken of this 

dragonfly using a Nikon D7000 camera (Figure 3.1). Both the fore and hind wings were 

modeled from this digital image.  
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Figure. 3.1   Main parts of a dragonfly wing 

 

a) Radial ; b) Costa- leading edge (rectangular pattern throughout) the stiffest pattern of all 

parts; c) Nodus (part of the vein which is much thicker than the others, plays a pivotal role 

in the dissipation and storage of mechanical energy); d) Pterostigma (behaves as a 

dampener);  

e) Anal margin and supercosta; f) Small hexagonal patterns which are compactly arranged 

ranging from 0.0001 to 0.0002 m in size; g) Large quadrilateral and hexagonal patterns 

ranging from 0.0002 to 0.0004 m in size. 1-15) Dragonfly wing patterns that are divided 

into several regions for further study. 
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3.3 Spatial network analysis 

 Spatial network analysis as mentioned in Chapter 2 is a graphical topological 

optimization method that is used in various fields involved with geographical maps. A 

spatial network (sometimes also called geometric graph) is a graph in which the vertices or 

edges define spatial elements associated with geometric objects, which means the nodes are 

located in a space within a specified unit (e.g. radius or distance). There are various 

methods of conducting spatial network analysis. Geographical Information Systems used 

this method to explore geographic spatial patterns (Angel, 2010). Our methodology is 

similar, but we are applying this algorithm (based on shape, angle and density) to a 

biological structure (a dragonfly wing). The idea of simplifying a dragonfly wing based on 

spatial network analysis was inspired by observing its compactly arranged geometrical 

patterns. Although there are a variety of methods available to conduct a spatial network 

analysis, the proximity proposition method was chosen for this analysis because of its 

conformity of use to a wing structure. The proximity proposition states that among all 

shapes available, the circle has the shortest average distance to its center (Angel, 2010). 

Since there are many possible centers for a known shape, it is essential to define at least 

one appropriate center of a shape before defining a Proximity Index:  The Proximate Centre 

is defined as the center of gravity of a shape. The Proximity Index: ratio of the average 

distance from all points in the equal-area circle center: average distance to the Proximate 

Centre from all points in the shape.  

Frolov (1975) computed that the mean distance to the centre of a circle is equal to two 

thirds of its radius and suggested that it would be quite accurate to be used as a measure of 

compactness. The Proximity Index therefore uses Frolov’s equation. In our case, this new 

approach is initiated due to the fact that after close observations, it could be noted that the 

 

Univ
ers

ity
 of

 M
ala

ya



23 

 

3.3.1 Canny edge detection algorithm 

  The image was imported into Matlab and segmented using the Canny edge 

detection algorithm, resulting in a logical image illustrated with point clouds. This 

grayscale image was then smoothed with a Gaussian filter to suppress noise. The main 

vein structures were manually traced out and divided into sections using splines and 

polygons. An edge detection algorithm was required to define the different regions 

separated by veins in the image of the wing. The Canny edge detection algorithm is one of 

the most popular algorithms, because of its detection of edge at a low error rate. The 

algorithm runs in five steps which are:  

1) Using Gaussian filter to smooth the image and remove noise;  

 All camera digital images will possess some amount of noise (blurry lines or edges, 

dots, etc). Noise must be reduced to avoid errors caused by wrongly assuming the noise as 

a part of the edge. This is an essential first step for Canny edge detection algorithm. The 

image must then be smoothed using a Gaussian filter. The filter is applied using a matrix 

quadrant as shown in (1) below:                                                                 

                                              
1

𝑥 |
|

𝑎 𝑏 𝑐 𝑏 𝑎
𝑏 𝑑 𝑒 𝑑 𝑏
𝑐 𝑒 𝑓 𝑒 𝑐
𝑏 𝑑 𝑒 𝑑 𝑏
𝑎 𝑏 𝑐 𝑏 𝑎

|
|                                                                    (3.1) 

 2) Edges are detected where the computed intensity gradients are the largest; 

 The Canny algorithm finds edges where the grayscale intensity of the image 

changes the most. These areas are found by determining pixel gradients in the image. 

Sobel-operator (feature detection filter in Matlab) is applied to determine the pixel 

gradients in the smoothed image. Gradients are approximated in the x- and y-directions by 

applying the kernels shown in (3.2) and (3.3). In these equations 𝐾𝐺𝑋 and 𝐾𝐺𝑌 represent 

the kernel  
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matrices and a and b are unknowns;  

  
  

                                                   𝐾𝐺𝑋

= |
−𝑎 0 𝑎
−𝑏 0 𝑏
−𝑎 0 𝑎

|                                                                      (3.2) 

𝐾𝐺𝑌 =  |
𝑎 𝑏 𝑎
0 0 0

−𝑎 −𝑏 −𝑎
|                                                                  (3.3) 

 

The strongest edges can then be assumed as an Euclidean distance. This can be measured 

by applying the law of Pythagoras. It can also be simplified by applying Manhattan 

distance formula as shown in Equation 3.2. The Euclidean distance value is then applied to 

the image. The computed edge stresss are then compared to the smoothed image; 

|𝐺| =  √𝐺𝑥
2 + 𝐺𝑦

2                                                           (3.4) 

where Gx and Gy are the gradients in the x- and y-directions respectively. 

Equation 3.5 shows the method to determine the direction of the edges. 

 𝜃 = arctan (
|𝐺𝑦|

|𝐺𝑥|
)                                                           (3.5) 

   

 3) Local maxima are marked as edges;  

The blurred edges are converted to sharp edges in this step. The highest value (maximum) 

gradient is preserved and the others are deleted. The algorithm for each pixel in the gradient 

image is outlined below:  

1. Convert or round all the nearest θ (gradient) to the nearest 45◦.  

2. The edge stress of the current pixel in both positive and negative directions are 

compared. For example, if the gradient direction is north (90◦), compare with the pixels to 

the north and south.  
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3. Check to see that the edge stress of the current pixel is the largest. If not, remove the 

value.  

4) Use double threshold to detect potential edges;  

The non-maximum values of the gradients may be the true edges of the image but 

they were not strong due to the large effect of noise or color variation. The simplest way to 

distinguish them is to use a threshold. The Canny edge detection algorithm uses a double 

thresholding method (Matlab)  

5) Track edges via hysterisis whereby final edges are determined by suppressing all non-

connected edges to a prominent edge.  

Strong edges can immediately be included in the final edge image. Even if there is a 

lot of noise interference, this noise will not be strong enough to mask strong edges. (for 

threshold levels that are properly adjusted). Weak edges are included if they are deemed to 

be a part of the true image and only if they are connected to strong edges. BLOB-analysis 

(Binary Large Object) was used for edge tracking. This preserves strong edges are 

preserved while suppressing weak edges.  

 

3.3.2 Proximity index 

The smaller vein structures were then modeled, in a similar way, to match the 

detailed patterns and densities shown in the logical image. The spatial network analysis 

method (proximity index) was employed to perform the segmentations. Although there are 

a variety of methods available to conduct a spatial nework analysis, the proximity 

proposition method was chosen for this analysis because of its conformity of use to a wing 

structure. A circle is the most compact geometric shape possible, so this was selected as a 

reference defining the specified unit (radius) (de Smith et al. 2007). The proximity 
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proposition is defined as the shortest average distance of a circle in a given area of 

symmetrical shapes. The proximity index is the ratio of the proximate center from all points 

in the shape. Where (xi, yi) are the coordinates of a particular node (i), n is the total number 

of nodes, and (xc, yc) are the fixed coordinates of bref (point of reference). 

The mean distance (dCA) of any point bounded by the circle (of radius RA) to its center is 

given in Eq. 7( de Smith et al. 2007): 

 

            𝑑𝐶𝐴 =
1

𝜋𝑅2 ∫ 2𝜋𝑟2𝑅𝐴

0
𝑑𝑟 =

2

3
𝑅𝐴                                                   (3.7) 

Since 

 𝑅𝐴 = √𝐴 𝜋⁄                                                                  (3.8)  

Where A is the area of the proximity circle                                         

Therefore: 

   𝑑𝐶𝐴 =
2√(𝐴 𝜋⁄ )

3
                                                              (3.9) 

The proximity index (Iy) is the ratio of the proximate center from all points in the shape. 

The 𝑑𝐶𝑆 is the radius of the circle. The equation for calculating the proximity index can be 

written as: 

 

𝐼𝑦 =
𝑑𝐶𝐴

𝑑𝐶𝑆
=  

2√(𝐴 𝜋⁄ )      

3𝑑𝐶𝑆
                                                      (3.10) 

 

Nodes were manually placed at the vein structure intersections on the dragonfly wing 

model selected for biomimicry (Figure 3.2). The nodes were only placed on intersections of 

veins that are 3.0 x 10
-7

 μm thick or lesser. Each circle was manually sized to be the 

minimum radius required to encompass all of the minor vein patterns (thickness less than 
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3.0 x 10
-7

 μm) surrounding a single node. In this manner, all of the minor vein patterns 

were encompassed in one of the many proximity circles inserted.  

A fixed wing reference point (bref) is defined as the midpoint of the maximum spanwise 

length of a single wing (from root to tip). The averaged distance to the fixed reference point 

(bref) from all nodes is defined by (de Smith et al. 2007): 

 

 

Figure 3.2:  Spatial Network Model  

[Note: nodes are widely spaced in an exaggerated manner for figure clarity] 
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3.3.3 CAD model 

An initial wire frame, two-dimensional scaled model was constructed using a CAD 

software Rhinoceros 5.0. This was then exported into AutoCad 2015 to create a three 

dimensional solid model (Figure 3.3 (a) and (b)). Although there is a difference in thickness 

across the wing, it is small. For example, the vein at the base and the tip of the wing differ 

by only 2 × 10
−6

 m (Li et al, 2009). Therefore in order to simplify the model, average vein 

and membrane thicknesses of 2.5 × 10
−6

 m and 3.0 × 10
−7

 m were used, respectively 

(Maria, 2011, S. Combes 2010, Jerzy, 2008). 

 

(a) 

 

 
 

(b) 

 

Figure 3.3: (a) Digital image of the forewing of a dragonfly; b) Forewing created by Canny 

edge algorithm; c) Canny edge forewing created after noise minimization and main pattern 

identification; d) Forewing CAD model 
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(c) 

 

 
 

(d) 

 

Figure 3.3: (continued)  a) digital image of the forewing of a dragonfly; b) forewing 

created by Canny edge algorithm; c) Canny edge forewing created after noise minimization 

and main pattern identification; d) forewing CAD model 

 

 

3.4 Finite element analysis (FEA) 

 FEA or more commonly known finite element analysis modeling follows three 

general rules: pre-processing, analysis and post processing. Equation (3.11) is a general 

structural equation (Bucalem, 1997): 

                                        |M| Ü + |C|u + |K|u= F cos (At + r)                 (3.11) 
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Where |M| is the mass matrix, Ü is the acceleration, C is the damping matrix, K is the 

stiffness matrix and F is the force vector. The software shall assemble the matrix equation 

of the structure. The first part would be to solve the matrix equation below: 

                                                        |M| Ü + |K|u = 0                                                      (3.12)

      

This equation was used to solve the free vibrations of structure. The solution to the 

equation above gives the natural frequencies (eigenvalues) and the undamped mode shapes 

(eigenvectors). These are the parameters needed to define the basic dynamical properties of 

a structure. Since, the main focus is natural frequency, which is a dynamic response, these 

values are needed in subsequent analysis for dynamic displacements and stresses. For 

harmonic motions: 

                                                             U ̈= -ω^2 u                                                          (3.13)  

In this equation ω is circular frequency. Substituting equation (3.14) into equation (3.13) 

gives the matrix eigenvalue expression of:   

                                                          |K|-1 = |M| u = |I| u                                                (3.14) 

In this equation |I| is the identity matrix. The back substitution method is used to obtain the 

corresponding matrix of eigenvectors |Ҩ|. The matrix equation of motion for the structure 

contains off-diagonal terms. The matrix equation may be deduced by introducing the 

following transformation: 

                                                           u = |Ҩ| x                                                                (3.15) 

and writing the following expressions: 
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                                                         |Ҩ|T |M||Ҩ| = |M*|                                                   (3.16) 

                                                           |Ҩ|T |K||Ҩ| = |K*|                                                   (3.17) 

                                                           |Ҩ|T |C||Ҩ| = |C*|                                                   (3.18) 

In these equations Ҩ is modal displacement matrix, M* is modal mass matrix, K* is modal 

stiffness matrix and C* is modal damping matrix. The expressions contain only diagonal 

terms. The damping matrix may be uncoupled on the condition that the damping terms are 

proportional to either the corresponding stiffness matrix terms or the corresponding mass 

matrix terms. The uncoupled matrix expressions are: 

                          |M*|x + |C*|x + |K*|x = |Ҩ|T F cos (At + r)                                   (3.19) 

Each equation in this expression then has the form: 

                                            Mrxr + Crxr + krxr =drcos (At + rr)                                       (3.20) 

to which the solution is:  

                                              𝑛𝑟 =  
𝑑𝑟 cos(𝐴𝑡+𝑥𝑟)

√𝑘𝑟−𝑚𝑟𝑋2)
2

+(𝑐𝑟𝑋)2
                                                     (3.21) 

where c is modal damping coefficient, k is modal stiffness, and m is modal mass. The 

dynamic displacements, u at frequency ω may then be obtained from the transformation. 

                                                                u=|Ҩ|ŋ                                                              (3.22) 

where ŋ is modal displacement. 
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3.4.1 Element and mesh 

 The purpose of building an Autodesk model was to calculate the natural frequency 

and displacement of the wing under a load. The mesh sizes of the elements were viewed 

visually to ensure the mesh distribution was fine throughout the structure. The mesh was 

chosen based on the results of a grid study. A grid study was performed to determine the 

mesh size required for accurate results. The program was run with both coarse and fine 

grids, with mesh sizes of 0.001 m and 0.0001 m respectively. The difference in results 

between the coarse mesh and a fine mesh was found to be less than 2%. However, a 

comparison of the run times of these mesh sizes was 70 % faster for the detailed model and 

50% faster for the simplified models. (4 hours for detailed and 2 hours for simplified in the 

former mesh size). Therefore a mesh size of 0.001 m was used for all subsequent runs. 

Shell based elements are often used in finite element analysis models to calculate 

the displacement. Each element in this model was specified as a shell, in order to simulate 

the highly efficient load bearing capabilities of an insect wing (Jiyu et al, 2012, Combes, 

2010, Tu Delft, 2013, Du Mont, 2009). Teflon was specified as the material for each shell. 

This is because past research has identified Teflon as possessing similar characteristics to a 

real dragonfly wing (made up of chitin and chitosan) (Antonia et al, 1998). The model is 

assumed to have identical material properties in all directions with a single modulus of 

elasticity and Poisson Ratio value. The properties are summarized in Table 3.1. 

Table 3.1:  Properties of Teflon 

 

 

 

 

Density 1260 kg/m
3
 

Modulus of elasticity 6.0 GN/m
2
 

Poisson’s ratio 0.25 
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Autodesk’s Algebraic Iterative Multi-Grid Scheme, with a third order Newton 

Raphson integration method, was used as the finite element solver. A general element 

formulation was selected, because this provides a robust solution for thin and thick 

elements. This was necessary because the wing model is designed with two different type 

of thickness (vein and membrane). The analysis formulation is set to nonlinear for natural 

frequency analysis and linear for static stress analysis. The shell element model is set to be 

isotropic, as it is assumed that the parts will only experience deflection in the elastic region 

of the material.  

3.4.2 Modal analysis: Mode shapes and MAC 

 A fixed constraint was placed at the base of the wing. This mimics a real dragonfly 

which flaps with a fixed joint at the base. The modal analysis computes the natural 

frequencies, mode shapes, the |M|, |C| and the response analysis matrices. Ten modes of 

interest were computed in this experiment. The cut-off frequency was set to 100Hz as a 

constraint for the simulation results. A lumped mass representation is used with an 

allocated ratio of 0.2 percentage of data storage (S. Combes, 2003).  

Correlation analysis of the similar mode shapes between the detailed and simplified 

model were carried out. MAC (Modal assurance criterion) requires mode shape data from 

two similar modes of the structure. Due to the large size of the finite element models in 

terms of their number of nodes, it is not practically possible to include all the nodes into 

analysis. Therefore 30 nodes were chosen, along the center of the wing span, at an interval 

of 0.0002 m (distance between each node) were chosen as the representative of the mode 

shape. The modal assurance criterion was calculated based on the mode shapes obtained 

from the simulation results which will be discussed in Chapter 3. Mode was calculated 
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using MathCAD Prime Express 3.0 (Parametric Technology Corporation, 2013) based on 

this formula: 

                                       𝑀𝐴𝐶𝑛 =
(𝑈𝑛

𝑇.𝐷𝑛
𝑇)2

(𝑈𝑛
𝑇.𝑈𝑛).(𝐷𝑛

𝑇.𝐷𝑛)
                                                         (3.23) 

where Un stands for detailed mode shape matrix of the n
th

 similar mode, Dn stands for the 

simplified mode shape matrix of the n
th

 similar mode, Un
T
 and Dn

T
 is the transpose of the 

detailed and simplified mode shape matrices respectively and MACn is the value for the n
th

 

similar mode shape (the dots represent multiplying these variables). 

 

3.5 Artificial wing frames and nano-composite chitosan membrane 

Several geometrically identical wings were fabricated based on the simplified 

model created. The frames were fabricated from seven different materials:  stainless steel 

(Type 321), balsa wood, black graphite carbon fiber laminates, red prepreg fiberglass 

laminates, polylactic acid (PLA), acrylic sheet and acrylonitrile butadiene-styrene (ABS).  

Three samples of each wing type were tested to determine their tensile stress and bending 

performance. The same nano-composite was used as a membrane for each wing frame 

(which will be discussed in section 3.5.8). The mechanical properties of these materials are 

as stated in Table 3.2. The compromise between minimizing the weight and maintaining 

adequate tensile and bending stresss are critical for BMAV wings. 
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Table 3.2: Mechanical properties of frame structure materials (David 2014, D. Akin et al 

2014, Arcy, 1961, Shyy, 2010, Rahman, 2012, Marcin, 2011, Boeing, 2003 and 2004, 

Borrega, 2015, Da Silva, 2007, Leban, 2013, and Osei, 2014) 

Material  Density 

(kg/m
3
) 

Modulus of 

Elasticity 

(N/m
2
) 

Poisson 

Ratio 

Shear 

Modulus of 

Elasticity 

(N/m
2
) 

Thickness 

(m) 

Stainless steel (Type 

321) 

7920.0 1.90 x10
11 

0.3 7.7 x 10
10 

0.01 

Balsa wood 130.0 3.00 x10
9 

0.5 1.5 x 10
8 

0.02 

Black graphite carbon 

fiber 

1750.0 2.00x10
11 

0.5 2.4 x 10
11 

4x10
-4 

Red prepreg fiberglass 1522.4 2.00x10
11

 0.5 3.0 x 10
10

 3x10
-4

 

Polylactic acid (PLA)  1190.0 3.50x10
9
 0.36 3.37x10

9
 2x10

-4
 

Acrylic  1180.0 3.32x10
9
 0.35 6.20x10

7
 2x10

-4
 

ABS  1050.0 2.80x10
9
 0.35 1.03x10

9
 2x10

-4
 

 

3.5.1 Fabrication of stainless steel (Type 321) wing frames 

  

(a) (b) 

Figure 3.4: Stainless steel type 321 wing frames; a) forewing, b) hindwing 

 

Stainless steel (Type 321) is in the high carbon grade category, meaning that it 

contains a minimum and maximum of 0.04% and 0.10% carbon, respectively. Higher 

carbon helps the material retain stress at extreme temperatures. Type 321 is commonly used 

in aircraft applications; because it is low in density (e.g. relative light weight) and high 

temperature resistance.  In our experiment, the stainless steel was subjected to solution 

annealing. This is a common process done to ensure the smoothness of the grain structure.  

This means only the carbides which may have precipitated to the grain boundaries are 
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dispersed into the metal matrix by the annealing process. Type 321 stainless steel offer 

higher creep and stress rupture properties. 

 The stainless steel wing frames were laser cut from sheet metal. These frames were 

then coated with an anti-rust layer and spray painted using an acrylic lacquer spray. This 

was necessary because the nano-composite film membrane will expose the wing frame to 

oxidation. This is because the film contains concentrated glacial acetic acid and tannic acid 

as a cross-linker. The anti-rust layer and acrylic lacquer spray hinder the oxidation due to 

the presence of the acids. Oxidation is visibly indicated by purple blotches appearing on the 

frame. After these processes, the frames were then immersed in the nano-composite 

suspension which formed a film membrane coating the entire wing, as previously 

described. Figure 3.4 shows the finished stainless steel wings. 

 

3.5.2 Fabrication of balsa wood wing frames 

Balsa wood is the most widely-used material used in hobby remote-controlled 

aircraft. This is because of its extremely low density (making it very lightweight) and high 

mechanical stress. Balsa wood was chosen for this study because it represents a minimum 

weight solution. The balsa wood wing frames were cut manually with wood carving knives 

and then immersed into the nano-composite solution. Figure 3.5 shows the finished balsa 

wood wings.  

 

 

(a) (b) 

 

Figure 3.5: Balsa wood wing frames; a) forewing, b) hindwing 
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3.5.3 Fabrication of black graphite carbon fiber wing frames  

Black graphite carbon fiber sheets were purchased and visually inspected to make 

certain they were uniform in appearance and free from foreign material. The specifications 

are listed in Table 3.3. 

Table 3.3: Specifications of black graphite carbon fiber 

 

 

The woven laminate was hardened using an epoxy resin with a hardener (Araldite 

rapid kit). Both epoxy resin and hardener were mixed with a ratio of 1:1 and then applied 

evenly to the laminate in a thin layer. The laminate was then left to cure in a Memmert 

UNB 300 convection oven for about two hours at a constant temperature of 45°C. The 

forewing and hindwing shapes were then carved out of the hardened laminates manually 

with a knife, using the stainless steel wings as a reference. The only difference between the 

black graphite wings and the others, were that the inner gap regions were not carved out 

according to the simplified model. Attempts to do so proved impossible, because it resulted 

Thickness 0.04 mm 

Carbon yarn spacing Four per 0.45 kilograms per strand 

Warp tracer weave spacing 0.3 ± 1 m across the fabric width 

Fill tracer weave spacing 0.6 ± 1 m apart 

Length to diameter ratio (L/D) (See 

Figure 3.6) 

> 10 

 
 

Figure 3.6:  Waviness of carbon fiber yarns 
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in delamination of the material. However, the overall size and shape of these wings are the 

same as the others. Figure 3.7 shows the finished black graphite carbon fiber wings. 

 

3.5.4 Fabrication of red prepreg fiberglass wing frames 

 

Red prepreg fiberglass plies with a thickness of 0.03mm were purchased and 

visually inspected. After curing, the red prepreg fiberglass exhibits a plastic-like 

characteristic unlike carbon fiber which will retain its strand-like properties. This increases 

the chance of delamination if a resin and hardener is not applied. The red prepreg fiberglass 

(after curing) does not require an extra application of resin or hardener. In order to create 

the wing frame structure, the material was warmed as necessary to enable easier manual 

carving with a knife. Figure 3.8 shows the finished red prepreg fiberglass wings. 

  
 

(a) (b) 

 

Figure 3.8: Red pre-preg fiberglass wing models after immersion in chitosan nano-

composite solutions; a) forewing, b) hindwing 

 

 

 

  

 

(a) (b) 

Figure 3.7: Black graphite carbon fiber wing frames; a) forewing, b) hindwing 
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3.5.5. Fabrication of polylactic acid (PLA) wing frames 

The PLA wings were fabricated using a Maker Bot Replicator 2X 3D printer. PLA 

is chosen for its biodegradability, lightweight, flexibility and elasticity (Joong, 2013). The 

fabricated PLA wing models are shown in Figure 3.9. 

  

(a) (b) 

Figure 3.9: PLA wing models after immersion in chitosan nano-composite solutions; a) 

forewing, b) hindwing 

 

3.5.6 Fabrication of acrylic wing frames 

The acrylic wings were fabricated using micro laser machining. Acrylic or 

polyacrylate are generally known for their resistance to breakage, elasticity and flexibility 

(David, 2014). Fabricated acrylic wing models are as shown in Figure 3.10. 

 

 
 

(a) (b) 

Figure 3.10: Acrylic wing models after immersion in chitosan nano-composite solutions; 

a) forewing, b) hindwing 
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3.5.7 Fabrication of acrylonitrile butadiene styrene (ABS) wing frames 

Models made out of ABS are constructed from a thermoplastic. ABS is very useful 

for functional applications because it matches 80% of the properties of the real injected 

production material. ABS models are very accurate and have intermediate level of printed 

details. You have a lot of freedom for the design of your model. However, the surface 

quality of the models is rougher compared to other materials. The ABS wings were 

fabricated using a Maker Bot Replicator 2X 3D printer. ABS is chosen due to its stress, 

flexibility, and machinability (Hwan, 2012). The fabricated ABS wings are shown in 

Figure 3.11. 

 

 

 

 

(a) (b) 

Figure 3.11: ABS wing models after immersion in chitosan nano-composite solutions; a) 

forewing, b) hindwing 

 

 

3.5.8 Chitosan nano-composite solution (membrane) 

The chitosan nano-composite suspension as mentioned earlier was made up of a 

chitosan suspension reinforced with nano-sized chitin whiskers and cross-linked using 

tannic acid. This nano-composite film was processed by our research team for this specific 

purpose and is featured in another article (Rubentheren et al, 2015). The suspension was 

transformed into a thin 3 mm film by the casting evaporation method. This film was chosen 

because it closely mimics the material properties of a dragonfly wing membrane. The 
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mechanical properties and water resistivity of chitosan film can be controlled by the 

addition of chitin whiskers and tannic acid as a cross-linker. Utilizing nano-sized whiskers 

as a filler material elevates the composite film’s mechanical property (rigidity). A 

crosslinking agent is also added to alter the mechanical properties of the film created. 

Tannic acid is fully biodegradable and less expensive to produce, compared to the other 

chemical derivatives. Tannic acid also has a high antioxidant capacity and can interact with 

other biological macro-molecules. Addition of tannic acid as a cross-linking agent reduces 

the swelling behavior, solubility and the rigidity of the nano-composite film. In order to 

ensure that the immersion is uniform, the structure was submerged in the solution. This also 

ensures that both sides of the frame structure are evenly coated with the solution. Once 

cured, the film created a shiny, transparent film layer that adheres firmly to the frame 

structure. 

  

(a) (b) 

Figure 3.12: Wing structure immersed in chitosan nanocomposite solution; (a) fore 

wing, (b) hind wing  
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3.6  Numerical Bend-Twist Coupling and Static Stress Simulation Analysis 

 

3.6.1 Numerical bend-twist coupling analysis 

  

The bend-twist coupling is one of the most relevant analyses for a wing cross 

section. The effect of the bend-twist coupling appears in a wing structure as a link between 

its two deformation states – bending and torsion. A static bend-twist coupling analysis was 

performed for further validation of the models created. As previously described, the 

analysis was set up with a constraint fixed at the base to mimic an actual dragonfly flapping 

mode. Figure 3.13 shows the placement of constraints for a natural frequency analysis 

 

 

3.6.2 Static stress simulation analysis 

A fixed constraint was placed at the base of the wing tip to mimic the hinge of an 

actual dragonfly wing. Nodal forces were applied at the tip of the wing to mimic the 

tensile and bending test experiments. Simulations were done for all eight wings (forewing 

and hindwing fabricated from all four materials). In addition, simulated bending and 

tensile tests were done for the frame structures without the membrane to record the effects 

of the chitosan nano-composite film on the frame structure. The stresses computed in the 

static analysis are used to form the stress-dependent contribution to the tangent-stiffness 

 

 

 
 

Figure 3.13: Placement of constraints fixed in a natural frequency analysis 
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matrix. Static stress analysis, enables the study of stress, strain, displacement, and shear 

and axial forces that result from static loading. Figure 3.14 shows the static stress 

simulation model for a static stress analysis. Numerical analysis was not constructed until 

failure due to the fact that dragonfly wings do not flap until they fail. Hence, a linear 

model was used. 

 

Figure 3.14: Constraints for a static stress analysis 

 

3.7     Experimental Set Up 

Tensile and bending experimental tests were done on the physical models using the 

Instron Universal Testing Machine (Model 5569). Increasing loads were incrementally 

applied to the wings until they failed. The data was compiled and integrated by Instron 

MERLIN software. A specific jig was designed for both bending and tensile test to clamp 

the fabricated models, whereby the slots were used to clamp the thin structures firmly. All 

testing was repeated three times for each wing type, necessitating the fabrication of three 

identical copies of each wing type. Since the wing frame test specimen is a sheet-like 

structure, the same ratio of width-to-gage length (18:18 for forewing and 20:20 for 

hindwing) was maintained in order to compensate for the elongation that occurs during 

diffuse necking. ASTM test specifications were followed throughout the experiment.  Each 

base of the wing models were clamped at a fixed point and the tips were clamped at the 
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moving point. The load was then increased gradually with a speed rate of 0.013 m/s. The 

rate of extension and the stress-strain curve was observed until the wing model experienced 

a structural failure. This point can be observed in the collected data as a sudden decrease in 

the load. Data obtained in RAW file (not processed) was then converted to Microsoft Excel 

for further analysis. The high speed camera imaging technique was then employed after 

close observation of all these seven materials, and three best materials were chosen based 

on performances. The main criteria of selection were the ability to withstand high tensile 

stress and possess a high compression stress vs strain. Due to the complexity of an actual 

dragonfly wing (due to the corrugations and veins) it was impossible to conduct tensile 

testing on an actual wing. However, previous research has provided sufficient values to aid 

in setting a benchmark for the criteria of the suitable material. Referring to previous 

research, the value of tensile and compression stress for an actual dragonfly wing was 

found to be 285 MPa and 16.87 GPa, respectively (Rupan et al, 2013). As mentioned 

earlier, in order to test the aero-elastic properties of the dragonfly wings, the final step of 

the research was two test it on an actual flapping mechanism. This is a static mechanism 

which is able to produce a flapping motion frequency up to 250 Hz.  

Previous researchers have conducted studies using high speed camera. Gui et al. 

(2010) applied simple optical modifications to replace an expensive two-camera system for 

taking stereo videos of fire ant alate wingbeat motion. Many have utilized the high speed 

camera technique to capture wing motion of birds and insect flights. (Norris 2001; Sudo et 

al. 2001, 2005; Dalton 2002; Gorman 2003). Recent advances in high-speed imaging 

technique make it possible to capture insect wing motion not only at high phase resolution 

but also at high digital resolution, e.g. the Photron Ultima APX high-speed camera used in 

our lab is capable of capturing partial frames of 1024256 pixels at 8,000 frames per second 

(fps). High digital resolution and high phase resolution together enable a precise analysis of 
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the wing motion within a wingbeat period. However, at least two images from different 

view angles, e.g. provided by a stereo imaging system, are necessary to determine the three 

dimensional shape and orientation of the wing surface. A stereo imaging system requires at 

least two cameras that view an object from two different directions, and in an ideal 

situation, these two view directions should be perpendicular to each other, (Sudo et al. 

2001, 2005). 

 
Figure 3.15: Schematic diagram of Gui et al (2010) of fire ant alate wing motion 

 

In order to capture the motion of the wing motion of the wings, two Phantom Miro 

310 (Vision Research) high frame rate cameras were used to view the flapping wings from 

two different directions in Figure 3.15. The camera’s high frame rate enables a precise 

sequence of images to be captured of the flapping wing motion within a single wing beat. 

Two cameras were necessary in order to determine the three-dimensional shape and 

orientation of the wing surface (Figure 3.16 (a) and (b)). The cameras were placed 

perpendicular to one another following the procedures established by Gui et al. (2010). 
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Both cameras were equipped with a Nikon F lens. A multiple LED lighting system was 

used to provide sufficient illumination. Imagery was recorded at a resolution of 320 x 240 

pixels and a frame rate of 35000 per second, which allowed the wing beat motion to be 

precisely captured. The motion video was stored in a computer via two high speed Ethernet 

cables. It was played-back and analyzed using the Vision Research Phantom Camera 

Control Software (version 2.6.749.0).   
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(a) 
 

 

           Figure 3.16: (a) Actual experimental set up of the high speed camera imaging 

technique, (b) Schematic diagram of the experimental set up 

 

(b) 

Figure 3.16: (continued) (a) Actual experimental set up of the high speed camera 

imaging technique, (b) schematic diagram of the experimental set up 

 

 

X 10 

Univ
ers

ity
 of

 M
ala

ya



48 

 

 
 

(a) (b) 

Figure 3.17: Front view (a) and side view (b) of the wing motion captured and 

measurement axes. 

 

Measurements were taken using each of the three wings while flapping at varying 

frequencies: 10, 20, 30, 70, 120, 200 and 250 Hz. Figure 3.17 shows the front and side 

view of the wing motions that were measured and recorded from captured imagery. Figure 

3.17(a) illustrates the bending angle (θ) and displaced distance or deflection (d).  Figure 

3.17 (b) defines the wing tip angle (α) and the wing tip rotational twist speed (ω). 

3.8  Flapping mechanism 

 The wing flapping mechanism used in this study is an electromagnetic flapping 

wing actuator. The power supply used in this flapping wing drive is 9 volts DC. A LM555 

crystal clock oscillator integrated circuit (shown in Figure 3.18) is used to generate a stable 

oscillation. The free running frequency and duty cycle are accurately controlled with two 

resistors and one capacitor. The generated oscillation is fed to a Power MOSFET fast 

switch. The output of the Power MOSFET is used to actuate the miniature PC Board Relay. 

The frequency of the switch (corresponding to the wing beat frequency) can be adjusted by 

a 22 kW potentiometer. Each of the different wings is attached to a flat iron plate (2 mm 

long and 2.75 mm thick) using super glue. This plate (wing platform) is oscillated by an 

electromagnetic actuator (3 x 3 mm).  Figure 3.18 shows the wing structures attached to the 

actuator. The plates are attached to the hinge of the wing to mimic the joint of an actual 
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dragonfly. This flapping mechanism is able to create a linear up-down stroke motion at 

variable wing beat frequencies, up to a maximum frequency of 250 Hz. The flapping 

degree was set to be 60° which corresponds with an actual dragonfly wing flapping angle 

during hovering flight (Jane, 2004 and Xinyan, 2008). 

 

 

 

 

Figure 3.18:  Flapping mechanism used in this research 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Introduction  

  This chapter includes discussion pertaining to the results obtained. It includes the 

simulation results, the experimental results, application of the chosen wings in a flapping 

mechanism and the images of this application.  

4.2 Simplified model creation 

 Two models were created for each wing. The first model (or detailed model shown 

in Figure 3.3) closely approximates the fine detailed structure of an actual dragonfly wing. 

This was built using the Canny edge detection algorithm previously described in Section 

3.3.1. Due to its small size and complexity, this model proved to be too difficult to fabricate 

using laser micro machining. Therefore a second model (or simplified model) was created 

that simplifies the structure into its major constituents, by grouping dense patterns and vein 

structures into single regions. Fabricated simplified model examples are shown (Figure 

4.1). These samples were laser cut from thin (1 mm thickness) stainless steel sheet metal. 

Careful consideration was taken into keeping within machining tolerance, with the 

objective of fabricating a wing for a BMAV design in the near future. The ratio of the 

quadrilateral, pentagons and hexagons are 10:30:60 based on observation. Therefore, 

although the hindwing has a larger area than the forewing, the number of regions created is 

justified by considering the ratio of patterns. Examples of dragonfly wing patterns can be 

seen in Figures 4.2 (a) and (b). The costal part of the wing consists of several uniformally-

arranged rectangular membrane patterns. These were grouped together in different regions 

(consisting of 10 to 15 rectangles per region). There are many small, hexagonal membrane 

patterns at the anal margin and wing tip. These were grouped into several regions 

(consisting of 30 to 50 patterns per region). Table 4.1 shows a summary comparing the 

pattern densities of the detailed and simplified models. 
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(a) 
 

(b) 

 

Figure 4.1:  Fabricated simplified model (a) Forewing; (b) Hindwing 

 

Table 4.1: Model specifications in terms of number of membranes, density and patterns 

 

The spatial network analysis method was implemented by dividing the wing model 

into circles with diameters of 0.00025m and 0.0005 m, for smaller and larger regions 

respectively. The size of regions correspond to the pattern density in that particular area. 

Smaller regions are used in higher density areas. The center of the circle was determined by 

looking at the starting point of a branch of the main vein. Previous research was used as a 

reference to determine the center of the circle (HuaiHui et al. 2013).  

 

 

 

 

CAD model Properties 

 No. membrane 

regions 

Area ( m
2 

) Average pattern 

density 

(region/m
2
) 

Forewing Hindwing Forewing Hindwing Forewing Hindwing 

Detailed 

Model 

787 900 0.00055 0.000577 14309 15517 

Simplified 

Model 

17 16 0.00055 0.000577 30900 27586 
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(a) 

 

(b) 

 

Figure 4.2: Typical dragonfly wing membrane pattern arrangement 

 

 

Figures 4.2 (a) and (b) shows membrane patterns that are typical of dragonfly 

wings. A number of proximate cells are located between two main veins and arranged in 

one row to form quadrilateral shapes. Sometimes there are two rows of cells, intercalated 

between a pair of main veins. As shown in Figure. 4.2 (b) in this case, one row will fit into 

another at an angle of 120° as a result of coequal tension, but  both cells are at right angles 

when it meets the main vein as in the former case. For numerous rows of cells, all the 

angles between them tend to be co-equal angles of 120°, and hence the cells resolve into a 

hexagonal or polygonal meshwork. The cell arrangement in dragonfly wings was explained 

through soap bubble experiment (Arcy,1961). When four soap bubbles meet in a plane, 

they arrange in symmetrical ways either with four or five partition-walls intersecting at 

right angles. Five partition walls are known to be unstable. The point where the patterns 

branch into four to five patterns was determined to be the center of the circle. The hindwing 

of a dragonfly is slightly broader in size compared to the forewing, but the pattern it 

comprises remains the same (e.g. quadrilateral, pentagons and hexagons). The number of 

patterns that make a region is therefore drawn by observation with the appropriate ratio 

(10:30:60) applied to it.  

Figure 3.2 in the previous section, shows how the circles were placed on the 

detailed model in order to formulate what will become the simplified model. The nodes 

(that determine the center of each proximity circle) were placed at branching points, 

according to the soap bubble theory. A past article reports that a good index value should 
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be close to 1.0 (de Smith, 2007). This value indicates the compactness of the geometric 

pattern enclosed by the circle.  If the index is within an acceptable range, this validates the 

creation of a polygonal region within the selected area. The proximity index for the circles 

were found (from Equation 10) to be between 0.66 to 0.83.  

It is difficult to fit circles into regions near edges of the wing that are highly 

cambered (Figure 4.3). Trying to do so will either create large gaps or lap over the edge. 

Because of this, point clouds were used instead of circles in these regions.  The Canny edge 

detection algorithm played a pivotal role in determining the shape of a region by 

highlighting the vein with the strongest edge from the orientation of point clouds. The 

shape of the bounded region was drawn by connecting these strong edges (Figure 4.3).  

 

 
 

Figure 4.3:   Example of connecting strong edges using cloud points 

 

Figures 4.4 (a) and (b) shows the resulting simplified model of the forewing and 

hindwing, respectively. The overall shape and size of the detailed and simplified model are 

the same, only the internal vein and membrane pattern was redesigned.  
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4.3 Mode shape analysis and MAC 

 The mode shape similarities are shown in Figures 4.5 and 4.6. Out of ten mode 

shapes computed, the five best matching mode shapes were selected and compared between 

these two models. The modes were distinguished by the deflection shape of the structure. 

Higher mode shapes were included because these mode shapes will be able to determine 

the flutter speed in future work. Therefore Figures 4.5 and 4.6 also include the higher mode 

shape comparison. The natural modal frequencies were also listed in Figures 4.5 and 4.6. It 

is known from the structural dynamics that natural frequency is directly proportional to the 

square root of the stiffness and inversely proportional to square root of the mass. Due to the 

minimization of patterns (reduction of number of regions), the overall mass has been 

minimized with the detailed model having a mass of 0.0216 kg and the simplified model 

having a mass of 0.0182 kg. This reduction has been achieved by utilizing spatial network 

analysis. Minimization of mass and reduction in stiffness will result in an increase of 

natural frequency and the results shows a good agreement with this. The increase in natural 

frequency was in the range of 3-10% for all simplified models. 

 

  

(a) (b) 

 

Figure 4.4:  Simplified models, (a) forewing, (b) hindwing 
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f= 21.1 Hz f= 22.2 Hz 

Mode 2 Mode 1 

(a) 

 

 

 

 

f = 39.9 Hz            f = 41.9 Hz 

Mode 3         Mode 2 

(b) 

  

f = 59.1 Hz       f = 61.1 Hz 

Mode 5      Mode 6 

(c) 

  

f = 68.3 Hz f = 73.7 Hz 

Mode 6 Mode 5 

(d) 

  

f = 94.6 Hz f = 99.9 Hz 

Mode 8 Mode 8 

(e) 

Figure 4.5:Mode shapes and corresponding natural frequencies for both detailed (left) and 

simplified models (right) : forewing 
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f = 10.0 Hz f = 11.4 Hz 

Mode 2 Mode 1 

(a) 

  

f = 24.4 Hz f = 27.9 Hz 

Mode 3 Mode 2 

(b) 

  

 

f = 38.2 Hz f = 40.6 Hz 

Mode 4 Mode 3 

(c) 

  

 

f = 44.4 Hz f = 48.5 Hz 

Mode 6 Mode 4 

       (d) 

Figure 4.6: Similar mode shapes and corresponding natural frequencies for both detailed 

(left) and simplified models (right) : hindwing 
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The slight difference in natural frequency between the models is due to the fact that there 

are fewer membranes in the simplified models, which reduces the torsional rigidity of the 

wing (HuaiHui, 2013). The calculated natural frequency and deformed modals are in 

accord with previous vibration test experiments that have been conducted (Ching, 2009, 

Rajabi, 2011). The mode shapes of the wings are defined as: up-down flapping, bending, 

and twisting (Rajabi, 2011). Figures 4.5 (a) and 4.6 (a),  shows the detailed wing model 

with a prominent up-down flapping mode;  a bend upwards at the posterior main vein; and 

a twist at the group of transverse vein at the wing base. Similarly, Figures 4.5 (c), (d) and 

4.6 (c), (d) shows the detailed wing model with up-down flapping and a significant bending 

and twisting along the anterior and posterior of the group of main veins. Figures 4.5 (e) and 

4.6 (e) shows that the simplified models exhibit a slight up-down flapping with a clear bend 

at the wing tip. This agrees with  previous research conclusions that the membranes 

increase wing component rigidity (Du Mont, 2009, Combes, 2003, Tanaka and Shyy, 

2010).  

The MAC values from Equation (23)  obtained for the five compared mode shapes 

are shown in Table 4.2. A MAC value indicates that a unique mode shape should ideally be 

1 and it reduces to 0 with reducing degree of correlation. 

 

 

 

 

 

f = 62.9 Hz f = 65.6 Hz 

Mode 7 Mode 7 

(e) 

Figure 4.6: (continued) Similar mode shapes and corresponding natural frequencies for 

both detailed (left) and simplified models (right) : hindwing  
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Table 4.2: MAC values for all five compared mode shapes for both forewing and hindwing 

nth mode 

shape 

1 2 3 4 5 

Forewing 0.709 0.987 0.944 0.664 0.909 

Hindwing 0.935 0.948 0.768 0.622 0.602 

 

The values shown in Table 4.2 prove that both the detailed and simplified models have a 

close degree of correlation which further validates the simplifed model (Rahman, 2012). 

The range of accepted values would be from 0.65 - 0.9 (values which are closer to 1). It can 

be noted that there is a slight difference in mode no 4 which is negligible (0.622) since the 

percentage difference is 4.6%. 

4.4 Numerical bend-twist coupling analysis  

 Anisotropic materials have elastic couplings related to shear and in‐plane/out 

plane/out‐of‐plane behavior. Most often undesired behavior include warping. Some of the 

elastic couplings include bending that induces twist. (bend-twist coupling). Elastic coupling 

in structures is a direct effect of having different laminate modulus in different directions, 

known as anisotropy. The bend-twist couplings in laminates are created by a variation in 

thickness (plane modulus) which is not balanced by an opposing coupling effect of another 

ply. Dragonfly wings are anisotropic in nature which means that there is a significant 

amount of bend-twist effect in them. In order to be structurally correct the simplified wing 

model has to possess the same equivalent axial and bending stiffness as the detailed 

(original) wing in order to properly predict wing deflections and stresses. Ideally, the wing 

tip deflection of the simplified model should match the deflection of the real wing, for any 

given applied load. 

By graphically comparing the detailed and simplified model plots (Figures 4.7 and 

4.8) it could be observed that the twist angles for the simplified models are higher    
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(approximately 3-5%) than  those of the detailed model. Moreover, the trend of deflection 

(bending) is the same in all plots confirming the observation. The basal leading edge of 

dragonfly wings are highly corrugated structures, which improves its flexural and bending 

stiffness (Combes, 2003 and Tanaka, 2010). This prevents chord-wise flattening especially 

at the main veins. None of our models includes this complexity. The lack of corrugated 

edges will generally not be an issue for a BMAV wing if rigid, metallic structures are used, 

rather than the chitin-based structures in actual dragonfly wings. Studies have shown that 

the corrugation has only a slight effect on the wing’s aerodynamics, because the scale of 

corrugation is small compared to the separated flow region and size of the leading edge 

vortex (Xue Li, 2009). Therefore, corrugated wings will provide structural benefits without 

significant effect on aerodynamic lift production.  
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Figure 4.7: The static bend-twist coupling graph of both detailed and simplified models; 

forewing 
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Figure 4.8: The static bend-twist coupling graph of both detailed and simplified models; 

hindwing 
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4.5 Tensile test simulation results 

 Simulation results were obtained before the experiments were conducted. Both 

tensile and bending experiment results were analyzed and the stress distribution was 

observed.  Simulation tensile test results were observed and critical or high stress areas 

were marked as points of fractures. These results helped in identifying the weak areas 

(regions) of the wing models of different materials and the maximum stress that the models 

could withstand. 

 

4.5.1 Tensile test simulation results (wing frames without membrane) 

 The first experimental tests involved the wing frame structures without their 

membranes. (The material specifications for these models are stated in Table 3.2.) Figure 

4.9 shows the von Mises stress results of all the seven different frame structures. The ‘max’ 

(maximum) and ‘min’ (minimum) pointers indicate the area where the stress is the highest. 

The highest stress in the forewing recorded for stainless steel (Type 321), balsa wood, 

black graphite carbon fiber,red prepreg fiberglass, PLA, acrylic and ABS is: 2.54N/mm
2
, 

0.04N/mm
2
, 2.03 N/mm

2
, 0.03 N/mm

2
, 13 N/mm

2
, 17 N/mm

2
, 23 N/mm

2
 respectively. A 

close observation from the results shows that the high stress point for all seven materials, 

except for balsa wood and acrylic, occurs in the same region. This region is located where 

the surface-to-area ratio is at its minimum value. The maximum stress on the balsa wood 

wing occurred at the grip point. Based on previous studies (Da Silva, 2007), balsa wood, 

and acrylic to a certain extent, under compression in the axial direction exhibits a linearly 

elastic regime that terminates by the initiation of failure in the form of localized kinking.  

Geometric imperfections in the form of fiber waviness, and failure was found to 

lead to kink bands with distinct orientations and widths (Kyriakides, 1995). Subsequently, 
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under displacement-controlled compression, a stress plateau is traced that is associated with 

the gradual spreading of crushing of the cells through the material. The material is less stiff 

(i.e. weaker) in the tangential and radial directions. Compression in these directions crushes 

the tracheids (phloem of the wood) laterally. Figure 4.10 shows the results for the 

hindwing. The maximum stress occurs in approximately the same location for all the wing 

frame structures. This region corresponds with the minimum surface-to-area ratio. The 

minimum stress also occurs in a similar location for all of the wing frames, except for the 

balsa wood and acrylic frame. The readings are 2.31 N/mm
2
, 0.08 N/mm

2
, 1.39 N/mm

2
, 

0.02 N/mm
2
, 12 N/mm

2
, 17 N/mm

2 
and 24 N/mm

2
 for stainless steel (Type 321), balsa 

wood, black graphite carbon fiber and red prepreg fiberglass, PLA, acrylic and ABS  

respectively. The minimum stress for the balsa wood and acrylic frame occurs in the 

cambered edge, because it experiences the lowest compression stress. This has been 

observed for balsa wood in past studies (Borrega, 2015, Osei, 2013 and 2014) 

 

 

(a) (b) 

 
 

(c) (d) 

Figure 4.9: Von Mises stress simulation results of different forewing frame structures; (a) 

stainless steel (Type 321), (b) balsa wood, (c) black graphite carbon fiber, (d) red prepreg 

fiberglass e) PLA, f) acrylic, g) ABS 
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(e) (f) 

 

 

 

 

 

(g) 

Figure 4.9 (continued): Von Mises stress simulation results of different forewing frame 

structures; (a) stainless steel (Type 321), (b) balsa wood, (c) black graphite carbon fiber, (d) 

red prepreg fiberglass e) PLA, f) acrylic, g) ABS 

 

 

 

(a) (b) 

 
 

(c) (d) 

Figure 4.10: Von Mises stress simulation results of different forewing frame structures; (a) 

stainless steel (Type 321), (b) balsa wood, (c) black graphite carbon fiber, (d) red prepreg 

fiberglass, e) PLA, f) acrylic, g) ABS 
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(e) (f) 

 

(g) 

Figure 4.10 (continued): Von Mises stress simulation results of different forewing frame 

structures; (a) stainless steel (Type 321), (b) balsa wood, (c) black graphite carbon fiber, (d) 

red prepreg fiberglass, e) PLA, f) acrylic, g) ABS 
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4.5.2 Tensile test simulation results (wing frames with membrane) 

Simulation results were also obtained for the wing frames with their membranes. 

Figure 4.11 shows the forewing models of all four materials. Based on Figure 4.11, the 

maximum von Mises stress occurs at approximately the same location for all seven 

materials. This location is different from the models without membranes (Figure 4.9). 

However, the highest stresses occur again in regions where the surface-to-area ratio is 

minimum. An exception is seen in the wing frame made of black graphite carbon fiber 

laminate, where the maximum stress occurs in the cambered edge of the wing. This is due 

to the fact that carbon fiber undergoes delamination at areas where the kinks and curves are 

located. (Tamilarasan, 2015). The region where maximum stress occurs shows a potential 

area of delamination. The maximum stress recorded is: 2.05 N/mm
2
, 0.097 N/mm

2
, 49.3 

N/mm
2, 

2.10 N/mm
2
, 14.77 N/mm

2
, 17.29 N/mm

2
, and 24.23 N/mm

2
 for stainless steel 

(Type 321), balsa wood, black graphite carbon fiber, red prepreg fiberglass, PLA, acrylic 

and ABS, respectively. 
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Figure 4.11: von Mises stress simulation results of different forewing model structures; (a) 

stainless steel (type 321), (b) balsa wood, (c) black graphite carbon fiber, (d) red prepreg 

fiberglass, (e) PLA, (f) acrylic, (g) ABS 
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The stress distribution of the hindwings with their membranes (shown in Figure 

4.12) is also different than the wings without their membranes (shown in Figure 4.10). The 

maximum stresses for all of these wing models occurs on the membrane and not the frame. 

This is due to compression of the membrane in that region. This indicates that there is a 

high probability that the membrane in this region will be damaged. The maximum stress 

recorded is: 3.28 N/mm
2
, 1.04 N/mm

2
, 41.05 N/mm

2
, 3.09 N/mm

2
, 13.87 N/mm

2
, 16.96 

N/mm
2
, 23.46 N/mm

2 
for stainless steel (Type 321), balsa wood, black graphite carbon.  

  

(a) (b) 

  
(c) (d) 

  

(e) (f) 

Figure 4.12: von Mises stress simulation results of different hindwing model structures; (a) 

stainless steel (Type 321),(b) balsa wood, (c) black graphite carbon fiber, (d) red prepreg 

fiberglass, (e) PLA, (f) acrylic, (g) ABS 
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(g) 

Figure 4.12: (continued) von Mises stress simulation results of different hindwing model 

structures; (a) stainless steel (Type 321),(b) balsa wood, (c) black graphite carbon fiber, (d) red 

prepreg fiberglass, (e) PLA, (f) acrylic, (g) ABS 

 

4.5.3  Bending test simulation results (wing frames without membrane) 

Some of the wing frames without membrane were subjected to bending tests. Only 

the steel and balsa wood frame structures were subjected to this bending test. Attempts to 

conduct bending tests on the red prepreg fiberglass, black graphite carbon fiber laminates, 

PLA, acrylic and ABS wing frame structures gave trivial results. These materials do not fail 

when subjected to bending test experiments (Babukiran et al, 2014). Therefore, the 

simulation results for black graphite carbon fiber, red prepreg fiberglass laminates, PLA, 

acrylic and ABS were not included. 

Figures 4.13 and 4.14, shows the von Mises stress simulation results for the 

forewing and hindwing structures. The bending simulation results show uniformity in the 

stress distribution of all four frame structures for both forewing and hindwing. The 

maximum stress occurred in the same relative region for all four different frame structures, 

regardless of the wing type. This shows that bending creates a localized stress in both of the 

materials used. Combes et al. 2003 found that the flexural stiffness across the wing base 

line is maximum when it is subjected to bending (Combes, 2003). The hinge of a dragonfly 
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wing must be able to withstand different types of loads, including forces subjected to 

rotational and translational motion. Hence the maximum stress occurred at the region near 

the wing base (where the pivot point is located), as highlighted in the simulation results. 

The maximum bending stresses for the forewings of stainless steel and balsa wood are: 

0.80 N/mm
2
 and 0.11 N/mm

2
, respectively. The hindwing maximum stress was: 0.64 

N/mm
2
 and 0.05 N/mm

2
 for stainless steel and balsa wood, respectively. 

  

 (a) (b) 

Figure 4.13: von Mises stress simulation results of different forewing model structures; (a) 

stainless steel (Type 321), and (b) balsa wood 

 

  

(a) (b) 

Figure 4.14: von Mises stress simulation results of different hindwing model structures; (a) 

stainless steel (Type 321), and (b) balsa wood 
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4.5.4 Bending test simulation results (wing frames with membrane) 

 

  

(a)  (b)  

Figure 4.15:  von Mises stress simulation results of different forewing model structures; (a) 

stainless steel (Type 321), and (b) balsa wood 

 

 

 

(a) (b) 

Figure 4.16. Von Mises stress simulation results of different hindwing model structures; 

(a) stainless steel (Type 321), and (b) balsa wood 

 

Figures 4.15 and 4.16 shows the bending stress created on the wing frames with 

their membrane. The results show that the tips of the wings undergo damage faster than the 

base of the wing. The figures also indicate that there is a greater probability of the 

membrane undergoing damage than the frame structure. The region where the tip of the 

wing undergoes bending deformation matches previous studies that have been conducted 

(HuaiHui, 2012 and 2013, Wakelling, 1997, Jiyu Sun, 2012 and Jongerius, 2010). The von 

Mises stress for the hindwing is 2.09 and 0.09 N/mm
2 

for stainless steel and balsa wood, 
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respectively. However, only the results obtained here clearly show the effects of the 

bending load on the membrane of an artificial dragonfly wing.  

 

4.5.5 Tensile test experimental results 

Figures 4.17 and 4.18 compare the forewing and hindwing for all seven different 

frame structure materials. They also compare the results of models with and without 

membranes, allowing the effects of the chitosan film on the frame structures to be 

observed. All four materials (without membrane) exhibit their original properties under 

tensile stress, which agrees with previous studies (David, 2014, Borrega, 2015, da Silva, 

2007, Osei 2013 and 2014, Wang, 2013, Warren, 2015, and Tamilarasan, 2015). Both 

figures show a sudden decline in tensile stress, which indicates failure (fracture) has 

occurred (destructive testing). Figure 4.17(a) compares the steel forewing with and without 

membrane. The ultimate strength of the steel forewing with its membrane is 2.10 MPa and 

without membrane is 2.48 MPa. These values are 2.20 MPa with membrane and 2.45 MPa 

without membrane for the hindwing. These results show that the addition of the film 

membrane causes an 8% reduction of strength for the steel wing. The chitin nano-

composite membrane solution oxidizes the stainless steel wing frame. We observed 

aggressive oxidation in our samples, even though precautions were taken to avoid it. 

Therefore, it can be concluded that adhesion of the film membrane to the stainless steel 

reduces its overall stress resistance and increases its oxidation. Therefore, stainless steel is 

a poor choice of material for the wing frame, when desiring to use a chitin nano-composite 

film wing membrane. Referring to Figures 4.11(a) and 4.12(a), the percent difference 

between the simulation and experiments are approximately 4.0% and 3.52%, with and 

without membranes, respectively. The simulation results do not take into count the decrease 
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of strength caused by chemical degradation. The percentage results shows a good 

agreement between the experiment conducted and the simulation analysis obtained. 

Figures 4.17(b) and 4.18(b) shows a comparison of balsa wood with and without 

membrane for both fore and hindwings. In contrast to stainless steel, the membrane reduces 

the stress acting on the balsa wood wing frame. The ultimate strength of the balsa wood 

forewing, with and without membrane, is 0.09 MPa and 0.03 MPa, respectively. The results 

of the hindwing, with and without membrane, were: 0.09 MPa and 0.04 MPa, respectively. 

This equates to an increase in ultimate strength that ranges from 125% to 200%. Therefore 

it can be concluded that adhesion of the chitosan nano-composite film to the balsa wood 

increases its strength tremendously. Referring to Figures 4.11(b) and 4.12(b), the percent 

difference between the simulation and experiments are approximately 6.23% and 4.56%, 

with and without membranes, respectively.  

Figures 4.17(c) and 4.18(c) shows a comparison of carbon fiber wings, with and 

without film membranes. The adhesion of chitosan nano-composite film yields an immense 

increase in strength. The peak tensile strength for the forewings, with and without 

membranes, are 48.07 MPa and 1.32 MPa, respectively. The results for the hindwings, with 

and without membranes, are 40.06 MPa and 1.34 MPa, respectively. This shows that the 

addition of film increases the ultimate strength by 3000% to 3600%. This shows that the 

adhesion of the film to these carbon fiber models greatly intensifies its ultimate strength. 

Referring to Figures 4.11(c) and 4.12(c), the percentage differences between the simulation 

and experiments are approximately 5.23% and 3.87%, with and without membranes, 

respectively.  

Figures 4.17(d) and 4.18(d) shows the results obtained for red prepreg fiberglass 

model wings. These results also show an increase in ultimate strength after adhesion of the 

chitosan nano-composite film. The ultimate strength for the forewing, with and without 
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membranes, are: 2.03 MPa and 0.01 MPa, respectively. The ultimate strength for the 

hindwings, with and without membranes, is 3.04 MPa and 0.01 MPa, respectively. 

However, the red fiberglass undergoes warping and shrinkage at a very early stage of the 

experiment (1 minute after starting the experiment). So this phenomenon must be taken 

under consideration when considering this material for fabrication purpose. Referring to 

Figures 4.11(d) and 4.12(d), the percent differences between the simulation and 

experiments are approximately 5.75% and 8.93%, with and without membranes, 

respectively. 

Figures 4.17(e) and 4.18(e) shows a comparison of PLA wings, with and without 

film membranes. The adhesion of chitosan nano-composite film yields an increase in 

strength. The peak tensile strength for the forewings, with and without membranes, is 

200.07 MPa and 175.46 MPa, respectively. The results for the hindwings, with and without 

membranes, are 197.33 MPa and 162.06 MPa, respectively. This shows that the addition of 

film increases the ultimate strength by 14% to 22%. This shows that the adhesion of the 

film to these PLA models moderately increases its ultimate strength. Referring to Figures 

4.11(e) and 4.12(e), the percentage differences between the simulation and experiments are 

approximately 2.62% and 3.81%, with and without membranes, respectively. 

Figures 4.17(f) and 4.18(f) shows a comparison of acrylic wings, with and without 

film membranes. The adhesion of chitosan nano-composite film yields noticeable amount 

of increase in strength. The peak tensile strength for the forewings, with and without 

membranes, is 173.27 MPa and 168.95 MPa, respectively. The results for the hindwings, 

with and without membranes, are 188.71 MPa and 179.16 MPa, respectively. This shows 

that the addition of film increases the ultimate strength by 2% to 5%. This shows that the 

adhesion of the film to these acrylic models slightly increases its ultimate strength. 

Referring to Figures 4.11(f) and 4.12(f), the percentage differences between the simulation 
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and experiments are approximately 2.12% and 3.55%, with and without membranes, 

respectively. 

Figures 4.17(g) and 4.18(g) shows a comparison of ABS wings, with and without 

film membranes. The adhesion of chitosan nano-composite film yields noticeable amount 

of increase in strength. The peak tensile strength for the forewings, with and without 

membranes, is 265.77 MPa and 275.23 MPa, respectively. The results for the hindwings, 

with and without membranes, are 244.88 MPa and 257.61 MPa, respectively. This shows 

that the addition of film increases the ultimate strength by approximately 5%. This shows 

that the adhesion of the film to these acrylic models slightly increases its ultimate strength. 

Referring to Figures 4.11(g) and 4.12(g), the percentage differences between the simulation 

and experiments are approximately 1.73% and 1.56%, with and without membranes, 

respectively. 
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(a) 

 
 

(b) 

  
 

(c) 

Figure 4.17: Tensile stress vs tensile strain (engineering) of all four forewing frame 

structures ; a) stainless steel (Type 321), b) balsa wood, c) black graphite carbon fiber, d) 

red prepreg fiberglass, e) PLA, f) acrylic and g) ABS 
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(d) 

 

 
(e) 

 

 
(f) 

Figure 4.17: (continued) Tensile stress vs tensile strain (engineering) of all four forewing 

frame structures ; a) stainless steel (Type 321), b) balsa wood, c) black graphite carbon 

fiber, d) red prepreg fiberglass, e) PLA, f) acrylic and g) ABS 
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(g) 

Figure 4.17: (continued) Tensile stress vs tensile strain (engineering) of all four forewing 

frame structures ; a) stainless steel (Type 321), b) balsa wood, c) black graphite carbon 

fiber, d) red prepreg fiberglass, e) PLA, f) acrylic and g) ABS 

 

 
(a) 

 
 

(b) 

Figure 4.18:  Tensile stress vs tensile strain (engineering) of all four hindwing frame 

structures; a) stainless steel (Type 321), b) balsa wood, c) black graphite carbon fiber, 

d) red prepreg fiberglass  
 

 

 

Univ
ers

ity
 of

 M
ala

ya



79 
 

  
(c) 

  
(d) 

 
(e) 

Figure 4.18: (continued) Tensile stress vs tensile strain (engineering) of all four hindwing 

frame structures; a) stainless steel (Type 321), b) balsa wood, c) black graphite carbon 

fiber, d) red prepreg fiberglass  
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(f) 

 
(g) 

Figure 4.18: (continued) Tensile stress vs tensile strain (engineering) of all four 

hindwing frame structures; a) stainless steel (Type 321), b) balsa wood, c) black graphite 

carbon fiber, d) red prepreg fiberglass  
 

 

 

4.5.6 Bending test experimental results 

Figures 4.19 and 4.20 show the compression stress vs strain of the wing models 

made of stainless steel and balsa wood, respectively. Figures 4.17 and 4.18 showed a 

reduction in the ability of the wing frame to undergo tension when the film membrane is 

adhered to the stainless steel. However, this testing shows that its resistance to compression 

is higher in the wing models with film. Figures 4.19(a) and 4.20(a) show results for the 

stainless steel frames, both the fore and hindwings. The peak strength is 2.02 MPa with 

membrane and 0.75 MPa without membrane. This is an increase of 167%. The hindwings 

are 2.03 MPa and 0.63 MPa, with and without membrane, respectively. This is an increase 
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of 140%. Referring to Figure 4.15 and 4.16, the percent difference between the simulation 

and experiments are approximately 9.97% and 8.74%, with and without membranes, 

respectively.  

Figures 4.19(b) and 4.20(b) show results for the balsa wood frame structures. The 

peak strength for the forewing structure, with and without membrane, is 0.08 MPa and 0.04 

MPa, respectively. The hindwings are 0.08 MPa and 0.04 MPa, with and without 

membrane, respectively. This is an increase of approximately 200% for both balsa wood 

fore and hindwings. Referring to Figure 4.16, the percent difference between the simulation 

and experiments are approximately 6.49% and 7.77%, with and without membranes, 

respectively. 

  

(a) (b) 

Figure 4.19:  Compression stress versus compression strain graphs of forewing 

wing models. (a) stainless steel (Type 321), (b) balsa wood 

 

 

Univ
ers

ity
 of

 M
ala

ya



82 
 

 

 

4.6 High speed camera image results analysis 

The high speed camera imaging experiment was conducted on each of the three 

types of wings; PLA, acrylic and ABS (both with and without the chitosan membranes). 

This was done to study the flexibility of each wing frame material and to determine the best 

material for use in a BMAV. An actual dragonfly wing (Diplacodes Bipunctata) was also 

tested to study its motion during passive flapping at different frequencies and compare it 

with the fabricated wings. The nomenclature for wing rotation about different axis is shown 

in Figure 4.21. This figure shows the types of rotation that an insect wing undergoes. 

Figures 4.22 and 4.23 shows a sequence of images, illustrating the wing motion of an actual 

flapping dragonfly wing during one complete flapping cycle. The wing beat frequency for 

these images is 30 Hz, which is the nominal wing beat frequency of this species of 

dragonfly. These figures show the common mode of flapping of an actual insect wing 

(dragonfly). At all frequencies from 10-250 Hz, the flapping motion is similar. As for the 

fabricated wings (all seven materials), the models only exhibit an up-down flapping 

motion. They lack the twist and bend motion exhibited in an actual insect wing.. The 

 

 

 

Figure 4.20: Compression stress vs compression strain for hindwing models. (a) 

Stainless steel (Type 321), (b) Balsa wood 
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twisting motion of an actual dragonfly wing can be seen clearly in Figures 4.22 (b), (c), (d), 

(e) and 4.23(b), (c), (d), and (e).  This twisting motion cannot be achieved by our fabricated 

wing models. This will affect the aerodynamics performance of the wing. However, the 

wing exhibits shown by these (PLA, acrylic and ABS) wings. Based on our previous 

simulation and experimental analysis mentioned in Section 4.5 and 4.6, it has been 

concluded that out of the seven materials, the three best materials were PLA, acrylic and 

ABS. These materials were chosen for following reasons: 

 The thickness of the material was much thinner compared to steel, balsa, 

carbon fiber and red prepreg ( less than 2mm). This matches the criteria of a 

dragonfly wing whereby the wings are supposed to be thin. 

 These materials were much more flexible than the first four materials 

mentioned above (steel, balsa, carbon fiber and red prepreg) 

 The simulation and experimental results shows a better agreement of when 

compared to an actual dragonfly wing. The percentage difference of strength 

between the actual dragonfly wing ( based on previous literature) and the 

three materials (PLA, acrylic and ABS) ranged about 2%-5% which further 

strengthens the rationale of selecting these materials 

Furthermore, in the flapping mechanism experiment, only the forewings were chosen to be 

tested. The difference between the forewing and hindwings tested previously (as mentioned 

in Section 4.5 and 4.6) yields strength results that were similar (with a percentage 

difference of 1%-2%) for both forewing and hindwing (with and without membrane).  

Also, according to previous literature, the hindwings act as a wing that generates lift during 

the flapping motion (Zheng Hu, 2009) Our experiments were based on a non-vacuum 
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environment, (open air), hence the larger surface area of the hindwing shall affect the 

measurement parameters greatly. (bend angle, displaced distance and twist angle) 

 
Figure 4.21:  Degrees of freedom for the wings of flying insects  
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a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 
 Figure 4.22: Side view of the actual dragonfly flapping wing (gray scale) captured by the 

high speed camera during one flapping cycle at 30Hz. a) start of downstroke, b) mid-

downstroke, c) end of downstroke, d) start of upstroke, e) mid-upstroke, f) end of upstroke 
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a) 

 
 

 

b) 

 

 

c) 

 

 

d) 

 

 

e) 

 
 

 

f) 

 

 

Figure 4.23: Front view of the actual dragonfly flapping wing captured by the high speed 

camera (gray scale) during one flapping cycle at 30 Hz. a) start of downstroke, b) mid-

downstroke, c) end of downstroke, d) start of upstroke, e) mid-upstroke, f) end of upstroke 
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Dragonfly wings greatly deform during flight. This was observed in our experiment 

as well as others (Hisayoshi, 2014). Despite having a certain degree of rigidity, dragonfly 

wings undergo a considerable amount of bending, twisting and rotational motions. Figure 

4.22 and 4.23 shows the motion of flapping wing in one complete cycle at 30 Hz (side and 

front view). It was observed that at both directions (chord and spanwise) an asymmetric 

twist-bend motion was observed. Figures 4.22(d), 4.22 (f), and 4.23(d) clearly show these 

asymmetric motions mentioned. At the end of an upstroke (observed in Figure 4.22(e), the 

wing momentarily exhibited a symmetrical twisting motion. A large feathering rotation 

range of 154° to 179° of the entire wing was observed during the beginning of the down 

stroke and end of the upstroke (for all frequencies) (Figure 4.23(a) and 4.23(e). Even 

during the steady phase (passive moment occurring when the flapping angle is zero), the 

wing is observed to undergo internal torsion. This corresponds well to previous studies 

made by Wootton et al. (Wooton, 1981 and 1993)  

Besides the nominal 30 Hz wing beat frequency, the dragonfly wing was also 

flapped at frequencies of: 10, 20, 70, 120, 200, and 250 Hz. The pattern of deformations 

was similar for all of the frequencies observed. The measured bending angle, wing tip 

deflection, wing tip twist angle and speed for the different wing frames (without and with a 

membrane) were plotted for comparison to the results obtained from an actual dragonfly 

wing in Figures 4.24-4.27.  

4.6.1 Bending angle versus flapping frequency 

The bending angle is directly proportional to the flexibility of the wing. Previous 

studies have shown that wing flexibility has a significant influence on the aerodynamic 

forces (e.g. lift and thrust) generated by the flapping wing ( Zhao, 2009). However, this 

study focuses only on the chordwise flexibility of a passive flapping wing. Bending angles 
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were measured along the chordwise direction. Chang et al.(2013) also investigated 

chordwise flexibility, but for simple, non-anisotropic wing structures. They presented a 

detailed assessment of the effects of structural flexibility on the aerodynamic performance 

of flapping wings. The Reynolds number (Re =100) considered in this study is relevant to 

small insect flyers, such as fruit flies. However, this study only includes the role of 

chordwise flexibility and passive pitch in two dimensional plunging motions.  

Our study involves a much more complex wing design than this past study by 

Chang, 2013.. Figure 4.24 shows the bending angles as the wing beat frequency is varied 

for the three fabricated wing frames (without and with a membrane) in comparison to an 

actual dragonfly wing. These figures show that the maximum bending angle (θmax) for all 

the wings occurs during the upstroke. This was observed for both frames (without and with 

a membrane). This agrees with previous research done by Jongerius et al. (2010)  in which 

this asymmetry (difference in bending angle between the upstroke and down stroke) was 

attributed to the directional bending stiffness in the wing structure (e.g. one-way hinge or a 

pre-existing camber in the wing surface)   

The maximum bending angle of dragonfly wings at 30 Hz is recorded to be about 

6°. The wings were observed to have a maximum bending angle of 10.7° at 120 Hz (natural 

frequency of an actual dragonfly). This is an increase of 78.3% from 30 Hz. ABS shows a 

high level of flexibility compared to the other two materials used. Figure 4.24 shows that 

the bending angle curves of the fabricated ABS wings are more similar to the actual 

dragonfly wing than the other two types. Figure 4.24(a) shows that the bending angle of 

ABS wing (without membrane) at 30 Hz is 8.5° and 5.9° at 120 Hz. At 30 Hz, the 

percentage difference between an ABS wing (without membrane) and an actual dragonfly 

wing is about 41.7%. The PLA and acrylic wings each recording a percentage difference 

(reduction) of 70%. In Figure 4.24(b), ABS exhibits much larger bending angles at 30 Hz 
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when the membrane is added. The value of the ABS wing (with membrane) is 20.1° at 30 

Hz and 34.9° at 120 Hz. This angle is much larger than the actual dragonfly wing. The 

percentage increase between the ABS and an actual dragonfly wing is 233.3%. The other 

two materials (PLA and acrylic) exhibited much lower bending angles than the actual 

dragonfly wing. The percentage reduction in PLA and acrylic (in comparison to an actual 

dragonfly wing) is 83.3% and 75%, respectively.   

These observations confirm that the overall flexibility of the wing decreases after 

the membrane is attached, except for ABS. At a frequency of 120 to 170 Hz, the dragonfly 

wing bends at a very high angle. Previous research shows that dragonflies do not flap at 

their natural frequency (120 to 170 Hz) (Maria, 2011). So this result is likely due to a 

resonance effect caused by the wing beat frequency being proximate to the natural 

frequency of the wing. This result confirms that dragonflies have a maximum wing beat 

frequency limitation in this range. The ABS wing frame shows a similar trend at 120 Hz. 

The bending angle is reduced at frequencies greater than 120 Hz for both the actual 

dragonfly wing and the three fabricated wings. 

  
 

(a) (b) 

Figure 4.24: Bending angle of different wing frames; (a) without membrane and (b) with 

membrane. 
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4.6.2 Wing tip deflection versus flapping frequency 

Figures 4.25(a) and (b) show the wing tip deflection for varying wing beat 

frequencies of the three fabricated wing frames (without and with membranes) in 

comparison to an actual dragonfly wing. Similar to bending angle, deflection is another 

measurement that can be used to assess a flapping wing’s flexibility. As mentioned earlier, 

past studies have shown that wing flexibility has a significant effect on the wing’s ability to 

generate a suitable time-averaged lift or thrust (Zhao, 2009). Similar to θmax in Figure 4.24, 

Figure 4.25 shows that the maximum deflection (dmax) occurs during the upstroke. This 

again was observed for both frames (without and with a membrane). This agrees with 

previous research done by Luo et al (2012). 

Figure 4.25 (a) shows that all of the fabricated wing frames (without membrane) 

deflect at magnitudes that are similar (only slightly reduced) to the actual dragonfly wing at 

30 Hz which is about 7.1 mm. At 30 Hz, ABS has a percentage increase of 23.94%. PLA 

and acrylic both have a percentage reduction of 47.71% and 62% respectively.  However 

Figure 4.25 (b) shows that the fabricated wing frames (with membranes) have very 

different deflections than the actual dragonfly wing. Only the ABS wing showed a 

comparable level of deflection, however the dragonfly wing is 40.85% lower than the ABS 

wing. The PLA and acrylic wings have percentage reduction of 94.37% and 66.2%, 

respectively compared to the dragonfly wing. The actual dragonfly wing is able to undergo 

a large deflection at the tip region. This supports previous studies which explain that the 

difference between the deflection at the tip and the surface is created by differences of the 

rigidity (due to the vein and corrugations) along the wing surfaces (Charles, 2011).  

The difference in deflection between wing frames without a membrane and with a 

membrane shows that the attachment of a membrane causes an increase in rigidity. This 

increase in rigidity is observed to be the highest in the PLA wing. Only the ABS wing 
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shows a similar curvature trend with the actual dragonfly wing around 120 Hz. At 120 Hz, 

an increase in percentage of 81.7% (without membrane) and decrease in percentage of 

69.7% (with membrane) is seen in ABS wing frame. Compared to the PLA wing there is a 

percentage reduction of 82.6% (without membrane) and 64.2% (with membrane). The 

acrylic wing has a percentage reduction of 85.3%, both without and with the membrane 

attached. The trend of the graph again shows that there is a decrease in flexibility after the 

membrane has been attached. Two high peaks were observed for an actual dragonfly wing 

(30 and 120 Hz). As already stated, the natural frequency of dragonfly wings has been 

reported to be between 120 to 170 Hz (Maria, 2011). The extreme fluctuation observed in 

this range confirms the observation. 

 

 
 

(a) (b) 

Figure 4.25:  Wing tip deflection of different wing frames; (a) without membrane and (b) 

with membrane 

 

4.6.3 Wing twist angle versus flapping frequency 

 Figure 4.26 shows the maximum wing tip twist angle of the three fabricated wing 

frames in comparison to an actual dragonfly wing. The maximum twist angle was recorded 

during the stroke reversal (transition from upstroke to down stroke). The twist angle for an 

actual dragonfly wing at 30 Hz is 154.58°. Untwisted wings have large; drag producing 
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wing surfaces that are exposed to flow hence, the importance of twisting in wings is 

justified. Wing tip twist also plays an important role in enhancement of flight performance. 

The mid-stroke timing of wing deformation in the butterfly, examined by Lingxiao et al 

(2013), suggests that the deformation is not due to wing inertia, because the acceleration of 

the wing is small at this point in the stroke. They suggest that this is instead due to 

aeroelastic effects, since the aerodynamic forces are very large at mid-stroke.  

 Figures 4.26 (a) and (b) show that both the PLA and acrylic wing frames (both 

without and with membranes) closely match the performance of an actual dragonfly wing. 

At 30 Hz, the ABS (without and with membrane) has a percentage reduction of 19.8% and 

1.10% respectively in comparison to the actual dragonfly wing. The PLA wing (without 

and with membrane) has a percentage increase of 5.2% and 9.7% respectively. The acrylic 

wing (without and with membrane) has a percentage increase of 7.1% and 11.7% 

respectively. At 120 Hz, the ABS and acrylic wings (without membrane) has a percentage 

reduction of 10.2% and 2.5%, respectively compared to the dragonfly wing. The PLA wing 

(without membrane) has a percentage increase of 2.9%. The ABS wing (with membrane) 

has a percentage reduction of 35.9% compared to the dragonfly wing. While the PLA and 

acrylic wings have a percentage increase of 5.3% and 3.6% respectively.  Based on these 

results, the PLA and acrylic wings are more similar to the actual dragonfly wing than the 

ABS wing. The large fluctuation of the ABS wing across varying flapping frequencies (10 

to 250 Hz) makes it a more complicated BMAV option. Another trend observed from 

Figure 4.26 is that the wing tip twist angle of the dragonfly wing does not vary significantly 

as the flapping frequency is varied. This matches a previous study by Zhao et al. (2009).  

(mentioned earlier) which shows that the flexibility of insect wings increases more 

chordwise than spanwise, due to the rigid leading edge vein. This is true for both categories 

of wing frames (with and without membrane). 
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(a) (b) 

Figure 4.26:  Wing twist angle of different frames versus flapping frequency; (a) without 

membrane and (b) with membrane 

 

4.6.4 Wing tip twist speed versus flapping frequency 

Figure 4.27 shows the wing tip twist speed for the three wing frames (without and 

with membranes) in comparison to an actual dragonfly wing. Vogel (2013) stated that the 

wing tip twist speed varies according to size and must exceed a ratio with flight speed 

(wing tip twist speed: flight speed) by 3.7 or more to enable forward flight. Figure 4.27 

shows that the PLA and acrylic wing frames (both without and with membranes) show a 

similar curvature trend with the actual dragonfly wing. The wing tip twist speed of an 

actual dragonfly wing at 30 Hz is 9.2 revolutions per second. At 30 Hz, the PLA wing 

shows a percentage increase of 33.3% (without membrane) and percentage reduction of 

52.2% (with membrane) in comparison with the dragonfly wing. The acrylic wing shows a 

percentage increase of 30.4% (without membrane) and 44.4% (with membrane). The ABS 

wing shows a percentage reduction of 67.4% (without membrane) and 64.1% (with 

membrane). At 120 Hz, all of the fabricated wing frames without the membrane attached 

show a slight percentage increase in comparison to an actual dragonfly wing. The ABS, 
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PLA, and acrylic wings show a percentage increase of 6.4%, 4% and 5%, respectively. 

While the ABS, PLA and acrylic wing frames without membrane have a percentage of 

37.5%, 35.14% and 37.4%, respectively. The ABS wing frame shows a much different 

curvature trend than the others, both with and without membrane. Figure 4.27 shows that 

the wing tip twist speed is highly dependent on the flapping frequency and is less 

influenced by changes in the frame’s flexibility. This can be confirmed by observing the 

curves of the wing frames with membrane. The observed trend is the same across varying 

flapping frequencies (10-250 Hz) for both types of wing frames. 

 

 

 

 
 
 

(a) (b) 

 

Figure 4.27: Wing tip twist speed; a) without membrane and b) with membrane 

 

As mentioned before, the study conducted by Yang et al (2012), concludes that the 

spanwise flexible deformation should be limited to a small range to achieve higher 

aerodynamic performance for a flapping MAV. Alternatively a larger chordwise 

deformation could serve to enhance the aerodynamic performance (e.g. lift and thrust 

generation). The results of our experiments in flapping an actual dragonfly wing support 

this observation, by showing that chordwise deformation is very significant (Figures 4.24-
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4.27) compared to the spanwise deformation. These results suggest that BMAV wings 

should be designed with a stiff leading edge to limit the spanwise deformation and flexible 

ribs to keep chordwise deformation within a significant but suitable range. This indicates 

that the ABS wing design is better suited for use in a BMAV than the PLA and acrylic 

wing designs. The dragonfly wing was used as a comparison to test the effectiveness of the 

fabricated wings. No attempts were made to remove the membrane of an actual dragonfly 

wing since the idea was to test all the fabricated materials (with and without membrane) in 

comparison to an actual wing.  From the graphs above, it could be noted that the fabricated 

wings were much more rigid in certain ranges of frequency (significantly from 200-250 

Hz). These results show that the fabricated wings were not able to match the higher degree 

of flexibility exhibited by a dragonfly wing at larger frequencies. However, in the case of 

an actual dragonfly as stated earlier, the wing beat frequency is 30 Hz and the natural 

flapping frequency is 120 Hz. Hence, the rigidity of the fabricated wings beyond these 

frequencies is of least concern.  
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CHAPTER 5: CONCLUSION 

5.1 Conclusions  

 The overall objective of this study was to produce a working simplified wing 

model based on a dragonfly wing. In order to achieve our objective, various methods were 

employed which resulted in our final product. Firstly, a methodology for producing 

accurate but simplified dragonfly wing models was described. The first step was to create a 

detailed model, using the Canny edge detection method on digital images of dragonfly fore 

and hind wings. The spatial network analysis method was then used to create simplified 

models from this detailed model. Both sets of models were used to calculate the natural 

flapping frequency, deformation, and displacement using Autodesk. It was shown that the 

simplified models produced very similar results (less than 13% difference for all 

calculations). Therefore, this shows that the spatial network analysis is a suitable approach 

to simplify a complicated insect wing structure (like a dragonfly). It is possible to fabricate 

this simplified model, because it is within available micro laser cutting and 3D printing 

allowances which enable its fabrication.  

Secondly, a study that compares the mechanical properties of fourteen wing 

structures and analyzes the effect of adhering a chitosan nano-composite film membrane. 

Both FEA simulations and experiments were performed and all of the results showed good 

agreement (less than 10% difference). Each of the seven materials considered for the wing 

frame exhibited different characteristics. These seven materials were chosen because of 

their potential suitability for use as wing frames on a BMAV. Stainless steel (Type 321) has 

a high load bearing capacity, but experimental tests with steel wing frames showed that the 

addition of the film reduces its tensile resistance and causes aggressive oxidation. Steel is 

also relatively heavy making it a poor choice for this application. In contrast, film adhered 
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to a balsa wood wing frame increased its tensile strength by 125% to 200%, while the peak 

bending strength was improved by about 200%. However, both steel and balsa wood is 

relatively inflexible compared to the other two materials. The black graphite carbon fiber 

shows a remarkable Results show an increase in ultimate strength after it is adhered with 

the chitosan nano-composite film membrane. The ultimate strength for the forewing, with 

and without membranes are: 2.03 and 0.01 MPa, respectively. The ultimate strength for the 

hindwings, with and without membranes, are 3.04 and 0.01 MPa, respectively. The primary 

drawbacks in using red pre-impregnated fiberglass is that it undergoes warping and rapid 

shrinkage. The load bearing capacity is also low compared to the other materials.  

Use of PLA materials, fabricated using a 3D printer were also examined. The PLA 

wings showed a remarkable load bearing capacity. The peak tensile strength for the 

forewings, with and without membranes, is 200.07 MPa and 175.46 MPa, respectively. The 

results for the hindwings, with and without membranes, are 197.33 MPa and 162.06 MPa, 

respectively. This shows that the addition of film increases the ultimate strength by 14% to 

22%. This shows that the adhesion of the film to these PLA models moderately increases 

addition of the film reduces its tensile resistance and causes aggressive oxidation. Steel is 

also relatively heavy making it a poor choice for this application. In contrast, film adhered 

to a balsa wood wing frame increased its tensile strength by 125% to 200%, while the peak 

bending strength was improved by about 200%. However, both steel and balsa wood are 

relatively inflexible compared to the other two materials. The black graphite carbon fiber 

shows a remarkable load bearing capacity and its lightweight property makes it suitable for 

BMAV applications. Its primary disadvantage is the practical difficulties involved in 

carving it into the simplified wing frame structure. Wing frames fabricated from the red 

pre-impregnated fiberglass mimics the elasticity and flexibility of an actual dragonfly wing 

structure, making it the most suitable material to be used. Results show an increase in 
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ultimate strength after adhesion of the chitosan nano-composite film. The primary 

drawbacks in using red pre-impregnated fiberglass is that it undergoes warping and rapid 

shrinkage. The load bearing capacity is also low compared to the other materials. The PLA 

wings showed a remarkable load bearing capacity. The acrylic wings, exhibited similar 

results to PLA wings with the adhesion of chitosan nano-composite film significantly 

increased the strength. The adhesion of chitosan nano-composite film to ABS wing models 

yields noticeable amount of increase in strength. It shows that the adhesion of the film to 

these acrylic models slightly increases its ultimate strength. The percentage differences 

between the simulation and experiments are approximately 1.73% and 1.56%, with and 

without membranes, respectively. 

  One of the many challenges faced in constructing a working BMAV, involves the 

need to fabricate a highly deformable and flexible wing that has a large load bearing 

capacity. The third phase of the research was to conduct an experimental study to assess 

aero-elastic properties of flapping wings fabricated from the three chosen materials (PLA, 

acrylic, and ABS). These materials were chosen due to a number of criteria; the thickness 

of the material was much thinner compared to steel, balsa, carbon fiber and red prepreg 

(less than 2mm). This matches the criteria of a dragonfly wing whereby the wings are 

supposed to be thin. These materials were much more flexible than the first four materials 

mentioned above (steel, balsa, carbon fiber and red prepreg). The simulation and 

experimental shows a better agreement of mechanical strength when compared to an actual 

dragonfly wing compared to the first four materials. The percentage difference between the 

actual dragonfly wing (based on previous literature) and the three materials (PLA, acrylic 

and ABS) ranged about 2%-5% which further strengthens the decision of selecting these 

materials. The structural design of each of these wings is identical and based on 

biomimicry of an actual dragonfly wing. The experimental results were compared to the 
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actual dragonfly wing, on which they are based, in order to assess their potential 

application to a BMAV design. A flapping mechanism that uses an electromagnetic 

actuator is used. This mechanism was used to flap the wings at various frequencies from 10 

to 250 Hz. A high frame rate imaging system, that uses two cameras, was used to capture 

the three dimensional motion of the flapping wing. Several different aero-elastic parameters 

were measured: bending angle, wing tip deflection, wing tip twisting angle, and wing tip 

twisting speed. Analysis of wing bending angle and wing tip deflection indicates flexibility 

of the wing in the chordwise direction, while the wing tip twist angle and speed shows the 

flexibility of the wing in the spanwise direction. The ABS wing exhibited the highest 

chordwise flexibility (indicated by their large bending angles and wing tip deflections). 

Although the PLA and acrylic fabricated wings exhibited a much lower chordwise 

flexibility than the ABS fabricated wing and the dragonfly wing, their spanwise flexibility 

(indicated by their wing tip twist angles and speeds) closely matched the dragonfly wing.  

These experimental results show that an actual dragonfly wing has a highly 

deformable structure despite its rigidity. Our materials, though possess a certain amount of 

flexibility, they were unable to match the twisting motions exhibited by an actual dragonfly 

wing. The materials examined in this study (PLA, acrylic and ABS) were selected due to 

their high flexibility, low density, and low fabrication costs. The ABS wing design gave 

better results in matching the chordwise flexibility of the actual dragonfly wing, while 

limiting the spanwise flexibility to much greater degree than the other two designs. 
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5.2 Future Work 

 The choice of materials available to model a wing frame is limitless. There are 

many other new emerging materials such as ultra-PLA, and nano-ceramics which can be 

explored to fabricate these wing frames. The basic idea of creating a simplified model has 

been given in this research. This model can be used for future studies. Despite its 

corrugated structure and brittle nature, an actual dragonfly wing can exhibit a high degree 

of flexibility. It is hoped that by exploring different wing frame materials, this degree of 

flexibility can be achieved. The idea of the simplified model can further be expanded to 

create a 3D model which encloses the tubules (hollow structures in the frame) if possible. It 

is hoped that this optimization (simplification) method will be further explored and will 

open up new possibilities to mimic various insect wings (for BMAV) application purposes. 
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APPENDICES 

 

Appendix A: High speed camera images of PLA wing frame models 

 

 
 

(a) Side view of PLA wing frame 

 

(b) Front view of PLA wing frame 
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Appendix B: High speed camera images of acrylic wing frame models 

 

 

 

(a) Side view of acrylic wing frame 
 
 

(b) Front view of acrylic wing frame 

 

  Univ
ers

ity
 of

 M
ala

ya



118 

 

Appendix C: High speed camera images of ABS wing frame models 

 

 
 
 
 

(a) Side view of ABS wing frame 

 

 

(b) Front view of ABS wing frame 
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