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Abstract

The enabling technologies for the development of micro air vehicles (MAV) are matured and
realistic in the application arena. The foldable MAYV is a family of MAV, which are gaining interest due
to its unique storing capability in field of operation. The recent developments in foldable wing MAV
are enhancing wing design with foldability characteristics including wing profile, material selection
and canister capability. The overall objective of this work is to design and develop a mission based
foldable wing MAV, which can be packed in minimal volume, unpacked in minimum time and
deployed in time-critical situations. In this paper, the main objective is to show the foldable wing
capability with the help of canister design. It also discusses the foldable wing profiles, identification of
suitable composite materials, orientation, 3D printing and component selection. To consider the
suitable wing shape, rectangular and taper wing has been taken. The structural stress analysis of these
wing configurations for CFRP and GFRP materials have been analyzed and compared. Analysis of
these wing has variation in deformation, strain and factor of safety. Besides, foldable wings and
canister design are fabricated. The development and widespread use of MAV in the real life
environment have constraint and limitations with respect to handling the vehicle because of its size of
the wing and sensitive components attached to it. Foldable wing structures and storage capability in
canister is one of the alternatives and has created lots of interest among the MAV development activity.
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1. Introduction
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The foldable wing gets folded downwards by apply-
ing a force to the tip of the wing similar to umbrella fold-
ing and the wingspan gets reduced its size and easy for
storing the MAV inside the canister. This is an innovative
idea because MAV can change the configuration of its
wings because many of the MAV are difficult to carry
into the field of operation due to its size. It can be remote
— controlled or flown autonomously, not only in civilian
roles such as search and rescue operations during natural
disasters, but also in military operations for reconnais-
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sance, suspect monitoring, and planning the strategy for
attack. It has many applications like urban areas, surveil-
lance and sensing of biological agents etc. MAV is tough
to carry, especially in the hill areas, forest regions and
higher altitude of military applications [1-24] during na-
tural disasters. Some MAV has roll-able wings like rub-
ber tubing; these kinds of wings have required more jo-
ints and assembly [2]. These MAV requires a series of as-
sembly steps to transform the MAV from a deployable
condition to a storage condition. The development of these
kinds of MAV is really a challenge due to their wing fold-
ing, and suitable composite materials [3] for construc-
tion, etc. Systematic research needs to be undertaken in
several areas in order to meet the various design chal-
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lenges [4,5] to develop highly mission capable MAV that
has an airframe, optimised power and propulsion, high
fidelity controls and robust airframes. In order to arrive
at a highly optimised design, materials etc. are required
to carry out systematic studies. Figure 1 shows the fold-
able wing MAV.

2. Wing Design and Profile

The preliminary design for foldable wing consists of
a selection of airfoils, aspect ratio, acrodynamic aspects,
etc. For foldable wing, two types of wing design have
been considered. Initially, the existing flying fixed wing
MAYV model with rectangular wing configuration of 300
mm wing span has been considered [5—7] because most
of the work depends on to identify the suitable composite
materials. The second approach is to identify the suitable
wing profile with various platforms. In general, an airfoil
defined as the cross section of a body that is placed in an
airstream in order to produce a useful aerodynamic force.
It is known that the airfoils [8,9] and aerodynamic shaped
objects are extensively used in all types of air vehicles,
for example, space shuttle, helicopters, aircrafts, and even
various types of missiles. Besides, when it comes to fluid
machineries such as the shape of the impeller, propeller
pump, turbine, windmill, is very important. All the para-
meters are vital to express the characteristics of airfoils.
Figure 2 shows the typical airfoil nomenclature.

The cambered profile shape like NACA2412, NACA
4412, S5010 is identified for rectangular wing and ta-
pered wing platform with wingspan 200 mm and chord
70 mm because camber profile will give a smooth con-
cave surface. It will resist flexing upwards and trans-

Figure 1. Foldable wing MAV [4].

ferred uplift forces, and also it will regain its original
shape better when compared to asymmetric profile while
folding the wing downwards. Using CAD software the
wing has been designed with minimum thickness. Based
on the aerodynamic aspects [5,8] of existing model from
different angles of attack, the rectangular wing profile
NACA4412 is considered for the first step of foldable
wing. Figure 3 shows the various 3D wing shapes and
profiles.

3. Wing Structural Analysis

3.1 Structural Analysis for Rectangular Wing

For meshing, the patch conforming method was used.
The patch conforming tetra mesh method is a tetra me-
sher with an advancing-front point insertion technique
used for mesh refinement. Figure 4 shows mesh with
nodes of 85949 and elements of 26062. The patch con-
forming tetra mesh method provides:

Leading Edge Chord Line
— L Thickness

Mean Camber Line

Relative Wind

Figure 2. Typical airfoil nomenclature [8].

NACA 4412 NACA 2412

NACA 4412

Figure 3. Various 3D wing shapes and profiles.
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Figure 4. Mesh model.

o Built-in pyramid layer for conformal quadrilateral-tet-
rahedral transition

o Built-in growth and smoothness control

o Support for 3D inflation

o The mesher will try to create a smooth size variation
based on the specified growth factor

In this structural analysis [10—12] the chord area is
fixed as a cantilever beam and pressure load is applied.
The analysis is done for rectangular wing [carbon fiber
reinforced polymer (CFRP) stiffener, glass fiber reinforced
polymer (GFRP) skin] having the properties in Table 1.

The structural analysis of the wing has variation in
the deformation, strain and factor of safety (FOS). Stress
value for all the materials remains same as stress is a
function of load and area. In this case, pressure load ap-
plied and area of the wing is constant in all the calcula-
tions. The maximum equivalent (von-Mises) stress value
and deformations are obtained for the applied pressure
load are 5.149 MPa and 0.20507 mm. Similarly, maxi-
mum equivalent elastic strain is obtained for the applied
pressure load is 0.00027803. Figure 5 shows the struc-
tural analysis outputs for the CFRP stiffener and GFRP
skin (rectangular wing).

As the minimum FOS value is greater than 1, the
wing can withstand the maximum pressure load which it
encounters during the flight. The mesh with nodes of
21828 and elements of 11409 were considered. Here also,
the patch conforming method was used. The patch con-
forming tetra mesh method is a tetra mesher with an ad-

Table 1. Material properties [3]

vancing-front point insertion technique used for mesh re-
finement. Similarly, the structural analysis [13,14] for ta-
per wing (CFRP and GFRP) was also analysed. Figure 6
shows the mesh model for taper wing.
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Figure 5. Structural analysis outputs for the CFRP stiffener
and GFRP skin (rectangular wing).

Young’s modulus E

Tensile ultimate Tensile yield

. . s . . 3
Material (GPa) Poisson’s ratio (L) strength (MPa) strength (MPa) Density (Kg/m”)
CFRP stiffner 1.5 0.28 550 200 1500
GFRP skin 26 0.28 530 125 1800
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Correspondingly Figure 7 and Figure 8 show the st-
ructural analysis of taper wing for CFRP and GFRP. The
comparison results of both CFRP and GFRP for rectan-
gular and taper wing are shown in Table 2.

4. Material Selection

The structural analysis of both rectangular and taper

L

0000 0500 1,000 (mm)
0250 0750

Figure 6. Mesh model for taper wing.
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Figure 7. Structural analysis outputs for the CFRP wing.

wing results shows that material selection of foldable wings
plays a major role. The material design also acts as bio-
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Figure 8. Structural analysis outputs for the GFRP wing.

Table 2. Comparison between rectangular and taper wing
results for both CFRP and GFRP

von-Mises Factor of
. Deformation  Elastic safety
Material ~ stress . .
(mm) strain (e) (min
(MPa)
value)
Rectangular wing
CFRP 60.16 3.5031 0.04045 3.3244
GFRP 60.16 0.2021 0.0023336 2.0777
Taper wing

CFRP 28.885 2.2946 0.01927 6.924

GFRP 28.885 0.13238  0.0011119 4.3275
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logical camouflage. MAV construction has consistently
implemented composites in airframe structure. The ad-
vantages of composites in MAV structures are threefold:
o High strength
o Light weight
e Good resilience

The foldable wing material has required elasticity
from which the wing returns to its original, steady state
shape. The materials used to form the wing have greater
flexibility and elasticity and folds rather than perma-
nently yielding. Each of the wings is formed of a suitable
lightweight, flexible and resilient material [15,16] and
wings are curved in transverse cross-section with the
concave surface facing downwards so as to help develop
lift for the MAV while providing sufficient folding stiff-
ness [13,17] to accommodate wing-lift loading. It is con-
cluded that carbon-fiber-reinforced polymer is used be-
cause it has a high strength-to-weight ratio and also re-
duces the weight of the MAV when compared to other
composite materials.

5. Rapid Prototyping Fabrication

The results from the structural analysis and wing
profile configuration from the design aspects, initially,
the fabrication of the foldable wing is considered for ra-
pid prototyping (3D printing). It gave us a rough basic
idea to understand the foldable wing structure. Rapid
prototyping (RP) enables the quick fabrication of physi-
cal models using three-dimensional computer aided de-
sign (CAD) data. It can produce highly accurate and de-
tailed parts. Rapid prototyping allows designs from draw-
ing boards into successful end products rapidly and effi-
ciently. Soluble materials create the first layer geometry
and it is bonded to model materials according to their re-
spective XYZ planes. Three different layer resolutions
are considered for manufacturing the wing model such as
0.007 inch, 0.010 inch and 0.013 inch. In the case of mo-
del interior, either, sparse-high density or solid has to be
considered as shown in Figure 9.

Multiple iterations are carried out until the model is
completed. Typical materials used for fabrication are
acrylonitrile butadiene styrene (ABS) and layers of dif-
ferent thicknesses can be opted for deposition. ABS
((C8HS), * (C4H6), * (C3H3N)*,) is a common thermo-

plastic [18]. It is a copolymer made by polymerising sty-
rene and acrylonitrile in the presence of polybutadiene.

The 3D foldable wing model is shown in Figure 10.
Under various foldable conditions.

6. Canister Design

For making a suitable canister for foldable wing [4,
20-22] is not a big issue because it is mainly depends on
the wingspan and fuselage length.

e Wingspan (by.x)=27d
o [f by.x approximately 200 mm, the minimum diameter

(theoretical) achievable is approx. 32 to 35 mm
e Figure 11 give the rough estimation of canister design
For storing into a canister, it is essential to provide

Figure 9. Model interior: solid and sparse.

(A) Initial position of the wing (B) Half folded wing

(C) Fully folded wing (D) Wing retains its original shape

while releasing the load

Figure 10. 3D wing model: various foldable conditions.

Figure 11. Canister design.
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suitable clearance between the canister and wing for a
long duration before the vehicle is deployed. The authors
are trying to use 3D printing techniques to make a suit-
able configuration.

In addition to this, a preliminary testing was carried
out. Based on the wingspan and fuselage length, the can-
ister is chosen. Figure 12 shows the foldable wing de-
monstration with canister.

Based on this experiment, the stiffness, flexibility is-
sues and other aspects about the rapid prototyping tech-
nology (RPT) wing model has been understandable.

7. Composite Construction

Based on the experiment and structural results the
foldable wing should have the capabilities such as large

(A) Wing model and canister (B) Folded fully & dumped

into the canister

—

(C) Wing: Ready to release
from the canister

(D) Wing regains its original shape

Figure 12. Foldable wing demonstration with canister.

strain compatibility, large displacement and less stress in-
duction through thickness direction. Glass composite is a
good candidate to meet the requirement. It has large strain
capability. The stiffness can be tailor made to meet the re-
quirement. Glass fabric embedded with carbon unidirec-
tional fabric helps in attaining the required stifthess and
thermoset epoxy in a pre-impregnated form, which demon-
strated very high strength after cure, has been considered
for construction. In addition to this, the wing folds ability
would be achieved through processing of composites
(CFRP/Kevlar/GFRP) carbon fibre wing is coated with an
adhesive and a thin latex rubber is applied to the wing. And
also both unidirectional & bidirectional is considered for
construction [3,10,11]. Figure 13(A) shows the thin latex
rubber; (B) shows the uni-directional rolled and unrolled
condition and bi-directional rolled and unrolled condition.

8. Component Selection

One of the most important steps in designing the MAV
is component selection. Based on literature survey [4-9,
17,19-24], the authors concluded that the choice of compo-
nents is largely defined by the minimum diameter of the
canister. A high-aspect-ratio wing would result in a short
overall length, but needs grouping of components. This
would result in a larger packed diameter. A low-aspect-ratio
wing would allow greater distribution of the components
along the chord line, resulting in a smaller packed diameter
but it would result in greater overall length.

9. Conclusion

The suitable configuration for the foldable MAV has

GFRP

CFRP

(’/
\

(2) Rolled Condition

b) Un Rolled Condition (2) Rolled Condition

(A) B)

b) Un Relled Condition

Figure 13. Composite construction: uni and bi-directional.
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been arrived by designing the wing and wing profile. The
structural analysis of rectangular and taper wing were
analysed successfully and well understood for the CFRP
and GFRP. Furthermore, the rapid prototyping technique
(3D printing) was also studied. Besides, an attempt has
been made successfully to show the foldable wing dem-
onstration with the help of canister design. In addition to
this, the suitable composite materials for the fabrication
of the wing and airframe geometry have been identified.
Similarly, for canister design and manufacturing, the au-
thors are planning to use 3D printing techniques to de-
velop the suitable configuration for packing the entire
vehicle. Moreover, the component selection for the en-
tire foldable wing MAV is well studied and identified.
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