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KEYWORDS Abstract This article examines the suitability of fabricating artificial, dragonfly-like, wing frames
enftiese miem actkil from materials that are commonly used in unmanned aircraft (balsa wood, black graphite carbon
vehicle; fiber and red prepreg fiberglass). Wing frames made with Type 321 stainless steel are also examined
Carbon fiber; for comparison. The purpose of these wings is for future use in biomimetic micro aerial vehicles
Finite element analysis; (BMAYV). BMAYV are a new class of unmanned micro-sized aerial vehicles that mimic flying biolog-
Glass fiber; ical organisms (like flying insects). Insects, such as dragonflies, possess corrugated and complex vein
W%ng membrane; structures that are difficult to mimic. Simplified dragonfly-like wing frames were fabricated from
Wing structure these materials and then a nano-composite film was adhered to them, which mimics the membrane

of an actual dragonfly. Finite element analysis simulations were also performed and compared to
experimental results. The results showed good agreement (less than 10% difference for all cases).
Analysis of these results shows that stainless steel is a poor choice for this wing configuration, pri-
marily because of the aggressive oxidation observed. Steel, as well as balsa wood, also lacks flexi-
bility. In comparison, black graphite carbon fiber and red prepreg fiberglass offer some structural
advantages, making them more suitable for consideration in future BMAV applications.
© 2016 Chinese Society of Aeronautics and Astronautics. Published by Elsevier Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction by rapidly oscillating its wings, allows BMAV to attain lift
with a very small wing surface area. This also allows them to
be highly agile. The US Defense Advanced Research Projects
Agency (DARPA) released a Broad Agency Announcement
(BAA 97-29) in 1997, defining micro aerial vehicles to be less
than 15 cm in any dimension. Later in 2005, DARPA defined

A biomimetic micro aerial vehicle (BMAYV) is a type of micro-
scaled aircraft that mimics the flapping wing motion of insects
or small birds (e.g. hummingbirds). The additional lift gained
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E-mail address: DrTomWard@um.edu.my (T.A. Ward). 7.5 cm or heavier than 10 g (carrying a 2 g payload). The pri-
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compact electronic and surveillance detection equipment.
Their miniature size makes them difficult to detect, easy to
quickly deploy by a single operator, relatively inexpensive to
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fabricate, and allows the potential to fly them inside buildings
or compact spaces. BMAVs 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 volt-
age power lines, etc.), indoor video mapping, and police or mil-
itary surveillance.

Like the wings of a flying insect, the artificial wings of
BMAY must be flexible but strong enough to endure the aero-
dynamic forces produced by flapping motion. During flight,
the wings undergo significant bending and twisting deforma-
tions that can alter the direction and magnitude of the aero-
dynamic forces generated.' Several fabrication methods for
small insect-scale artificial wings have been proposed.
Pornsin-sirirak et al. presented the first microelectromechani-
cal systems (MEMS) photolithography and etching method,
in which the vein and membrane of the wing are fabricated
using a titanium alloy (Grade 5) and parylene-C, respec-
tively.” Combes and Daniel 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 is 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 proper-
ties on wing flexibility. Tanaka and Wood investigated the
effects of flexural and torsional wing flexibilities on lift gener-
ation in hoverfly flight using an insect-scaled mechanical
model of an artificial wing.” Phan et al. created artificial wings
that mimic the main venation structure of a beetle using pre-
preg carbon/epoxy fiber for the framing structure and thin
Kapton film for the membrane.® Bao et al. describes the
design and micromachining of a three-dimensional BMAV
wing from SU-8 material using MEMS lithography.” Truong
et al. created an artificial foldable wing that mimics the rota-
tional motion of a beetle’s wing base using a four-bar linkage
system.'” Kumar et al. created an artificial flapping wing
inspired by a hummingbird. The wing frame was fabricated
from carbon fiber and a polyethylene film was laminated on
this to form the wing membrane.'' Ko et al. presented a micro
and nano-fabrication process that mimics a realistic beetle
(Atlas Dichotoma) wing having the vein—-membrane structure
with an anti-wetting (hydrophobic) function. A vein structure
made up of titanium-alloy was constructed. A Teflon mem-
brane was designed using a centrifugal spinning process and
“nanopillar forests” (like those on the surface of leaves and
insect wings) were generated using a closely monitored ion
treatment. The duration of ion treatment controlled the
nanopillar pattern, which affected the hydrophobic character-
istics of the wing created. Heat treatment was done to create
superhydrophobic characteristics, bio-mimicking an actual
beetle.'> Cho et al., replicated the surface nano-structure of
a dragonfly wing, which has an important role in its
hydrophobic characteristics. The nano-structure on a dragon-
fly’s wing consists of an array of nano-sized pillars (100 nm in
diameter). Various substrates were used: silicon, glass, curved
acrylic polymer and flexible polyethylene terephthalate (PET)
film. The nano-structure was replicated using ultraviolet cur-
able nano-imprint lithography (NIL) and polydimethylsilox-
ane (PDMS) molding. The hydrophobicity was measured by
water-based contact angle measurements. The water contact
angle of the replica made of cured polymer was 135° + 2°,

which was slightly lower than that of the original dragonfly’s
wing (145° + 2°)."> As can be seen, most past literature
involves wing membrane materials. Very little has been writ-
ten about the BMAV wing frame structures that encase the
membrane.

In this article we describe a novel methodology of fabricat-
ing BMAV wings (based on the Diplacodes Bipunctata drag-
onfly) using three materials that are commonly used in
unmanned aircraft structures: balsa wood, black graphite car-
bon fiber and red prepreg fiberglass. These are compared to
wings made from stainless steel (Type 321), which are repre-
sentative of metals that have a high load bearing capacity.
(In contrast, the balsa wood wings represent a lightweight,
low load bearing capacity material.)

Actual dragonfly wings consist of a highly complex pattern
of vein structures. It is not practical to fabricate a BMAV wing
that exactly matches this complex structure. A simplified
model of this wing was created using spatial network analysis.
This is a method that can be used to simplify a model based on
the venation pattern density. This is described in detail in
another article written by the authors of this work.'* The wing
membrane was formed by immersing the wing frame structures
in a chitosan nano-composite suspension, with chitin whiskers
as a physical reinforcement and tannic acid as the crosslinking
agent, using the casting evaporation method.'> After 48 h of
solidification a nano-composite film with a thickness of
0.03 mm was created. Finite element analysis was conducted
on the simplified models of these wings and compared to ten-
sile and bending test measurements to verify the simulation
results.

2. Methodology

2.1. Wing structure overview

Fig. 1 shows a comparison between the detailed vein structure
models of the dragonfly wings and their corresponding simpli-
fied vein structure models. As Fig. 1 illustrates dragonflies have
different forewing and hindwing geometries, so both were con-
sidered. As previously described, the simplified models were
created using spatial network analysis.'*

2.2. Fabrication of wing frame structures for experiment

Several geometrically identical wings were fabricated based on
the two simplified models. (These models have exactly the
same planform dimensions as the actual dragonfly wing.)
Although the same nano-composite was used for each wing
membrane, the frames were fabricated from four different
materials: stainless steel (Type 321), balsa wood, black gra-
phite carbon fiber laminates and red prepreg fiberglass lami-
nates. Three samples of each wing type were tested to
determine their tensile strength and bending performance.
The mechanical properties of these materials are as stated in
Table 1 (Note: the relatively thick stainless steel wing
(0.01 m) is due to a fabrication limitation with our laser cutting
machine. Attempts to fabricate thinner structures failed
because of melting.). The compromise between minimizing
the weight and maintaining adequate tensile and bending
strengths are critical for BMAV wings.
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(a) Detailed model of forewing

(c) Detailed model of hindwing

Fig. 1

(d) Simplified model of hindwing

Models of a dragonfly wing.

Table 1 Mechanical properties of frame structure materials.'''® 2

Material Density (kg/m>) Modulus of Poisson ratio Shear modulus of Thickness (mm)
elasticity (GPa) elasticity (GPa)

Stainless steel (Type 321) 7920.0 190 0.3 77 10

Balsa wood 130.0 3 0.5 0.15 20

Black graphite carbon fiber 1750.0 200 0.5 240 0.4

Red prepreg fiberglass 1522.4 200 0.5 30 0.3

Stainless steel (Type 321) is in the high carbon grade cate-
gory, meaning that it contains a minimum and maximum of
0.04% and 0.10% of carbon, respectively. Higher carbon helps
the material retain strength at extreme temperatures. (Type
321) is commonly used in aircraft applications, because of its
low 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 bound-
aries are dispersed into the metal matrix by the annealing pro-
cess. (Type 321) stainless steel offers 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 nec-
essary 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. If these protective sprays are not used, oxidation will
occur, 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 mem-
brane coating the entire wing, as previously described.
Figs. 2(a) and (b) show the finished stainless steel wings.

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
strength. Balsa wood was chosen for this study because it rep-
resents a minimum weight solution. The balsa wood wing
frames were cut manually with wood carving knives and then
immersed into the nano-composite solution. Figs. 2(c) and (d)
show the finished balsa wood wings.

Black graphite carbon fiber sheets were purchased and visu-
ally inspected to make certain that they were uniform in

appearance and free from foreign material. The specifications
are listed in Table 2.

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
2 h at a constant temperature of 45 °C. The forewing and hind-
wing shapes were then carved out of the hardened laminates
manually with a knife, using the stainless steel wings as a ref-
erence. 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 in delamination of the
material. However, the overall size and shape of these wings
are the same as the others. Figs. 2(e) and (f) show the finished
black graphite carbon fiber wings.

Red prepreg fiberglass plies with a thickness of 0.03 mm 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 are 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.
Figs. 2(g) and (h) show the finished red prepreg fiberglass wings.

2.3. Chitosan nano-composite solution

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.'> The
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(a) Forewing (Stainless steel, Type 321)

(b) Hindwing (Stainless steel, Type 321)

(c) Forewing (Balsa wood)

(d) Hindwing (Balsa wood)

(e) Forewing (Black graphite carbon fiber)

() Hindwing (Black graphite carbon fiber)

(g) Forewing (Red prepreg fiberglass)

(h) Hindwing (Red prepreg fiberglass)

Fig. 2 Fabricated wing frames.

Table 2 Specifications of black graphite carbon fiber.

Value

0.04 mm

Four per 0.45 kg per strand
Warp tracer weave spacing (0.3 = 1.0) m across fabric width
Fill tracer weave spacing (0.6 = 1.0) m apart

Length to diameter ratio (L/D) > 10

(see Fig. 3)

PN

— —

Parameter

Thickness
Carbon yarn spacing

Fig. 3 Carbon fiber yarn waviness.

suspension was transformed into a thin 3 mm film by the cast-
ing evaporation method. This film was chosen because it clo-
sely mimics the material properties of a dragonfly wing
membrane. The 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 cross-linking agent is also
added to alter the mechanical properties of the film created.
Tannic acid is fully biodegradable and less expensive to pro-
duce, 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 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 struc-
ture are evenly coated with the solution. Once cured, the film
created a shiny, transparent film layer that adheres firmly to
the frame structure.

2.4. Simulation setup

A three-dimensional solid model was constructed using the
Rhinoceros 5.0 computer aided design (CAD) software. This
was then exported to AutoCad 2015. Autodesk Simulation
Multiphysics software (2013 version) was used to perform
the finite element analysis (FEA) of this model. Since the phys-
ical wing models were subjected to tensile and bending tests,
the same conditions and constraints (used in these experi-
ments) were input into the software in order to allow compar-
ison between the measured and simulated results.

2.4.1. Finite element analysis

The general structural equation used by Autodesk FEA soft-
ware is shown in Eq. (1).

MU + CU + KU = Fcos(At +r) (1)

where M is the mass matrix, U the displacement vector, C the
damping matrix, K the stiffness matrix, F the force vector, 4
the area and r the number of nodes. An important considera-
tion when performing finite element analysis is to ensure that
the model is properly meshed. In the present study, the mesh
sizes of the elements were viewed visually to ensure that the
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mesh distribution is fine throughout the structure. The mesh
size used for the dragonfly wing and the corresponding models
are 0.001 m. The mesh was chosen based on the results of a
grid study which gave a percentage difference of about 3%
between the fine and coarse mesh. Shell-based elements are
often used in finite element analysis models to calculate the dis-
placement. Each element in this model was specified as a shell,
in order to simulate the highly efficient load bearing capabili-
ties of an insect wing. Autodesk’s algebraic iterative multi-grid
scheme, with a third order Newton Raphson integration
method, was used as the finite element solver. A general ele-
ment 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 types
of thickness (vein and membrane). The analysis formulation
is set to static stress analysis. The shell element model is set
to be isotropic.

2.4.2. Static stress 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 materi-
als). 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 struc-
ture. The stresses computed in the static analysis are used to
form the stress-dependent contribution to the tangent-
stiffness matrix. Static stress analysis enables the study of
stress, strain, displacement, and shear and axial forces that
result from static loading.

2.5. Experimental setup

Tensile and bending experiments 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 tests 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, neces-
sitating the fabrication of three identical copies of each wing
type. Average measurements of the three tests of identical
wings are shown in the figures located in Sections 3.3 and
3.4 (The standard deviations of all these tests are less than
2%, which was too small to plot as error bars on the figures.).
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 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 were 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 was then con-
verted to Microsoft Excel for further analysis.

3. Results and discussion

3.1. Tensile test simulation results

Simulation results were obtained before the experiments were
conducted. Both tensile and bending tests were analyzed and
the stress distribution was observed. Simulation tensile test
results were observed and critical or high stress areas were
marked as point of fractures. These results helped in identify-
ing the weak areas (regions) of the wing models of different
materials and the maximum stress that the models could
withstand.

3.1.1. Tensile simulations of wing frames without membranes

The first experiments involved the wing frame structures with-
out their membranes (The material specifications for these
models are stated in Table 1). Fig. 4 shows the von Misses
stress results of all the four 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 and red prepreg fiberglass is 2.54,
0.04, 2.03 and 0.03 N/mm?, respectively. A close observation
from the results shows that the high stress point for all four
materials, except the balsa wood, occurs in the same region.
This region is located where the surface-to-area ratio is at its
minimum value. Maximum stress on the balsa wood wing
occurred at the grip point. Based on previous studies,”’ balsa
wood, under compression in the axial direction exhibits a lin-
early 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 were found to lead to
kink bands with distinct orientations and widths.”” Subse-
quently, 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. Fig. 5 shows the results for the hind-
wing. The maximum stress occurs in approximately the same
location for all the wing frame structures. This region corre-
sponds 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 frame. The readings are
2.31, 0.08, 1.39 and 0.02 N/mm? for stainless steel (Type
321), balsa wood, black graphite carbon fiber and red prepreg
fiberglass, respectively. The minimum stress for the balsa wood
frame occurs in the cambered edge, because it experiences the
lowest compression stress. This has been observed for balsa
wood in the previous studies.?’!2*2*

3.1.2. Tensile simulations of wing frames with membranes

Simulation results were also obtained for the wing frames
with their membranes. Figs. 6 and 7 show the forewing
and hindwing models of all four materials. Based on
Fig. 6, the maximum von Misses stress occurs at approxi-
mately the same location for all four materials. This location
is different from the models without membranes (see Fig. 4).
However, the highest stresses occur again in regions where
the surface-to-area ratio is minimum. An exception is seen
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(a) Stainless steel (Type 321)

(b) Balsa wood

(c) Black graphite carbon fiber

(d) Red prepreg fiberglass

.

T T T

von Misses stress (MPa) -90.3294 —73.7901 -40.2548 -24.7904 0.4334 24.3622 46.9785 724345 97.6511 122.4647 147.0004

Fig. 4

von Misses stress simulation results of different forewing frame structures (without membrane, tensile test).

(a) Stainless steel (Type 321)

(c) Black graphite carbon fiber

(b) Balsa wood

(d) Red prepreg fiberglass

von Misses stress (MPa) —90.3294 -73.7901 -40.2548 -24.7904 0.4334 24.3622 46.9785 724345 97.6511 122.4647 147.0004

Fig. 5

in the wing frame made of black graphite carbon fiber lam-
inate, 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.”® The region where maximum stress occurs
shows a potential area of delamination. The maximum stress
recorded is 2.05, 0.097, 49.3 and 2.10 N/mm2 for stainless
steel (Type 321), balsa wood, black graphite carbon fiber
and red prepreg fiberglass, respectively.

von Misses stress simulation results of different hindwing frame structures (without membrane, tensile test).

3.2. Bending test simulation results

3.2.1. Bending simulations of 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 bend-
ing tests on the red prepreg fiberglass and wing frame struc-
tures of black graphite carbon fiber laminates gave trivial
results. These materials do not fail when subjected to bending
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(a) Stainless steel (Type 321)

D N

(c) Black graphite carbon fiber

Sen.

(b) Balsa wood

(d) Red prepreg fiberglass

T ——

L

von Misses stress (MPa) -90.3294 -73.7901 -40.2548 -24.7904 0.4334 243622 46.9785 72.4345 97.6511 122.4647 147.0004

Fig. 6

(c) Black graphite carbon fiber

von Misses stress simulation results of different forewing model structures (with membrane, tensile test).

N

(a) Stainless steel (Type 321)

“

(b) Balsa wood

(d) Red prepreg fiberglass

-

.

von Misses stress (MPa) -90.3294 -73.7901 -40.2548 -24.7904 0.4334 24.3622 46.9785 72.4345 97.6511 122.4647 147.0004

Fig. 7

experiments.”’ Therefore, the simulation results for black gra-
phite carbon fiber and red prepreg fiberglass laminates were
not included.

Figs. 8 and 9 show the von Misses stress simulation results
for the forewing and hindwing structures. The bending test
results show uniformity in the stress distribution of all four
frame structures for both forewing and hindwing. The maxi-
mum stress occurred in the same relative region for all four dif-
ferent frame structures, regardless of the wing type. This shows

von Misses stress simulation results of different hindwing model structures (with membrane, tensile test).

that bending creates a localized stress in both of the materials
used. Combes et al. found that the flexural stiffness across the
wing base line is maximum when it is subjected to bending.>?
The hinge of a dragonfly wing must be able to withstand dif-
ferent 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 maxi-
mum bending stress for forewings of stainless steel and balsa



418

P.N. Sivasankaran et al.

(a) Stainless steel (Type 321)

Fig. 8

(a) Stainless steel (Type 321)

Fig. 9

wood is 0.80 and 0.11 N/mm?, respectively. The hindwing
maximum stress was 0.64 and 0.05 N/mm? for stainless steel
and balsa wood, respectively.

3.2.2. Bending simulations of wing frames with membrane

Figs. 10 and 11 show 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 defor-
mation matches previous studies that have been conducted.’® **
The von Misses stress for the hindwing is 2.09 and 0.09 N/mm?
for stainless steel and balsa wood respectively. However, only
these results clearly show the effects of the bending load on the
membrane of an artificial dragonfly wing.

3.3. Tensile test results

In Figs. 12 and 13, we compare the forewing and hindwing for
all four different frame structure materials. We 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 pre-
vious studies.'>° >*?® Both figures show a sudden decline in
tensile stress, which indicates that failure (fracture) has
occurred (destructive testing). In Fig. 12(a), we compare the
steel forewing with and without membrane. The maximum
load (at failure) applied on the steel forewing was 752.98 and
2367.47 N (with and without membranes, respectively). The
steel hindwing failed at 679.01 and 716.70 N (with and without

(b) Balsa wood

von Misses stress simulation results of different forewing model structures (without membrane, bending test).

(b) Balsa wood

von Misses stress simulation results of different hindwing model structures (without membrane, bending test).

membranes, respectively). The ultimate strength of the steel
forewing with its membrane is 2.10 MPa and that without
membrane is 2.48 MPa. These values are 2.20 MPa with mem-
brane 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 stain-
less 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 mem-
brane 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
Figs. 6(a) and 7(a), the percent difference between the simula-
tion and experiments are approximately 4.0% and 3.52%, with
and without membranes, respectively. The simulation results
do not take into count the decrease of strength caused by
chemical degradation.

Figs. 12(b) and 13(b) show 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 maximum load
(at failure) of wood forewing was 60.02 and 26.85 N (with
and without membrane, respectively). The wood hindwings
failed at 59.54 and 58.91 N (with and without membrane,
respectively). The ultimate strength of the balsa wood forew-
ing, with and without membrane, is 0.09 and 0.03 MPa,
respectively. The results of the hindwing, with and without
membrane, were 0.09 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
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(a) Stainless steel (Type 321)

Fig. 10

(b) Balsa wood

von Misses stress simulation results of different forewing model structures (with membrane, bending test).

(a) Stainless steel (Type 321)

Fig. 11

increases its strength tremendously. Referring to Figs. 6
(b) and 7(b), the percent difference between the simulation
and experiments are approximately 6.23% and 4.56%, with
and without membranes, respectively.

Figs. 12(c) and 13(c) show a comparison of carbon fiber
wings, with and without film membranes. The adhesion of chi-
tosan nano-composite film yields an immense increase in
strength. The maximum load (at failure) applied to carbon
fiber forewings was 580.60 and 148.46 N (with and without
membranes, respectively). The carbon fiber hindwings failed
at 600.49 and 148.46 N (with and without membrane, respec-
tively). The peak tensile strength for the forewings, with and
without membranes, are 48.07 and 1.32 MPa, respectively.
The results for the hindwings, with and without membranes,
are 40.06 and 1.34 MPa, respectively. This shows that the addi-
tion of film increases the ultimate strength by 2976% to
3592%, which further shows that the adhesion of the film to
these carbon fiber models greatly intensifies its ultimate
strength. Referring to Figs. 6(c) and 7(c), the percentage differ-
ences between the simulation and experiments are approxi-
mately 5.23% and 3.87%, with and without membranes,
respectively.

Figs. 12(d) and 13(d) show the results obtained for red pre-
preg fiberglass model wings. These results also show an
increase in ultimate strength after adhesion of the chitosan
nano-composite film. The maximum load (at failure) for red
prepreg fiberglass forewings was 14.39 and 0.51 N (with and
without membrane, respectively). The fiberglass hindwings
failed at 21.34 and 0.62 N (with and without membrane,
respectively). The ultimate strength for the forewing, with
and without membranes, is 2.03 and 0.01 MPa, respectively.
The ultimate strength for the hindwings, with and without
membranes, is 3.04 and 0.01 MPa, respectively. However, the
red fiberglass undergoes warping and shrinkage at a very early

(b) Balsa wood

von Misses stress simulation results of different hindwing model structures (with membrane, bending test).

stage of the experiment (1 min after starting the experiment).
So this phenomenon must be taken into consideration when
considering this material for fabrication purpose. Referring
to Figs. 6(d) and 7(d), the percent differences between the sim-
ulation and experiments are approximately 5.75% and 8.93%,
with and without membranes, respectively.

3.4. Bending test results

Figs. 14 and 15 show the compression stress vs strain of the
wing models made of stainless steel and balsa wood, respec-
tively. Figs. 13 and 14 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. Figs. 14(a) and 15(a) show results for the stainless
steel frames, both the forewing and hindwing. 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 and 0.63 MPa, with and without membrane, respectively.
This is an increase of 140%. Referring to Fig. 9, the percent
difference between the simulation and experiments are approx-
imately 9.97% and 8.74%, with and without membranes,
respectively.

Figs. 14(b) and 15(b) show the results for the balsa wood
frame structures. The peak strength for the forewing structure,
with and without membrane, is 0.08 and 0.04 MPa, respec-
tively. The hindwings are 0.08 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
Fig. 11, the percent difference between the simulation and
experiments are approximately 6.49% and 7.77%, with and
without membranes, respectively.
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Fig. 12 Tensile stress vs tensile strain (engineering) of all four forewing frame structures.



Static strength analysis of dragonfly inspired wings for biomimetic micro aerial vehicles

421

Tensile stress (MPa) Tensile stress (MPa)

Tensile stress (MPa)

60

40

20

Compression stress (MPa)

Without membrane

With membrane

1 1 1 1
100 200 300 400

Tensile strain

500
Tensile strain
(a) Stainless steel (Type 321)
With membrane
Without membrane >
"""" 100 ----+---200"""""""""300 400

(c) Black graphite carbon fiber

With membrane

.. Without membrane

1 1
400 800
Tensile strain

Fig. 13 Tensile stress vs tensile strain (engineering) of all four hindwing frame structures.

1200

(d) Red prepreg fiberglass

3

5 With membrane

F Without member
1 ! | L

0 1000 2000 3000 4000

Compression strain
(a) Stainless steel (Type 321)

Fig. 14 Compression stress vs compression strain

5000

Compression strain
(b) Balsa wood

of forewing wing models.

0.10
0.08 | With membrane
=
[-™
2 0.06 -
172
g
@
L 0.04 -
2
S
0.10 - Without
membrane
1 1
0 40 80 120
Tensile strain
(b) Balsa wood
1.6
= 12|
[-™
2
2
£ 08F
wv
]
iz Without membrane
& 04
1 1 1
0 100 200 300 400
Tensile strain
0.008
= 0.006 | Without membrane
A
e
2
£ 0.004
w
2
R7)
5
= 0.002
1 1 1
0 40 80 120 160
Tensile strain
0.08
With membrane
£ 006
=3
g
2 004
L
g Without membrane
£ oot
o]
1 1 1 1
0 1000 2000 3000 4000 5000



422

P.N. Sivasankaran et al.

2.5
£ 20L With membrane
S
S 15}
@ Without
g membrane
2 10|
=
8
£
U 0.5 r
1 1 1 1
0 1000 2000 3000 4000 5000

Compression strain
(a) Stainless steel (Type 321)

Compression stress (MPa)

0.12
With membrane
0.08 +
0.04 +
Without membrane
1 1 1 1
0 1000 2000 3000 4000 5000

Compression strain
(b) Balsa wood
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4. Conclusions

(1) Both FEA simulations and experiments were performed
and all of the results show good agreement (less than
10% difference).

(2) Experiments with steel wing frames show that the addi-
tion of the film reduces its tensile resistance and causes
aggressive oxidation. Steel is also relatively heavy mak-
ing it a poor choice for this application.

(3) Film adhered to a balsa wood wing frame increases its
tensile strength by 125%—-200%, while the peak bending
strength is improved by about 200%.

(4) Both steel and balsa wood is relatively inflexible com-
pared to the other two materials (black graphite carbon
fiber and red prepreg fiberglass).

(5) Black graphite carbon fiber shows a remarkable load
bearing capacity and its lightweight property makes it
suitable for BMAV applications. The peak tensile
strength for the forewings, with and without mem-
branes, are 48.07 and 1.32 MPa, respectively. The
results for the hindwings, with and without mem-
branes, are 40.06 and 1.34 MPa, respectively.
Addition of the film increases the ultimate strength
by 2976%-3592%.

(6) The primary disadvantage of black graphite carbon fiber

is the practical difficulties involved in carving it into the

simplified wing frame structure.

Red prepreg fiberglass mimics the elasticity and flexibil-

ity of an actual dragonfly wing structure. Results show

an increase in ultimate strength after adhesion of the chi-
tosan nano-composite film. The ultimate strength for the
forewing, with and without membranes is 2.03 and

0.01 MPa, respectively. The ultimate strength for the

hindwings, with and without membranes, is 3.04 and

0.01 MPa, respectively.

(8) The primary drawbacks in using red prepreg fiberglass is
that it undergoes warping and rapid shrinkage. The load
bearing capacity is also low compared to other
materials.

(9) The results from these experiments will be used for
future research and design of BMAV wings.
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