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Unmanned aerial vehicles (UAV) are gaining popularity due to their application in military, private and
public sector, especially being attractive for fields where human operator is not required. Light-weight
UAVs are more desirable as they have better performance in terms of shorter take-off range and longer
flight endurance. However, light weight structures with complex inner features are hard to fabricate using
conventional manufacturing methods. The ability to print complex inner structures directly without the
Keywords: need of a mould gives additive manufacturing (AM) an edge over conventional manufacturing. Recent
UAV development in composite and multi-material printing opens up new possibilities of printing lightweight
3D printing structures and novel platforms like flapping wings with ease. This paper explores the impact of additive
Rapid prototyping manufacturing on aerodynamics, structures and materials used for UAVs. The review will discuss state-of-
Additive manufacturing the-art AM technologies for UAVs through innovations in materials and structures and their advantages
Smart materials and limitations. The role of additive manufacturing to improve the performance of UAVs through smart
Structures material actuators and multi-functional structures will also be discussed.
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1. Introduction

Evolution of unmanned aerial vehicles (UAVs) that started dur-
ing World War II has come a long way for both military and
non-military operations. UAVs are finding wide-spread use in fields
where employing human operator is either cumbersome and un-
safe, or not required altogether. Applications and mission of UAVs
now range from agricultural surveillance [1], meteorological data
acquisition [2] to disaster monitoring [3], with size varying from
that of a small bird to helicopter. Recent trends and reports sug-
gest that the number for UAVs will increase by few thousand
for various applications in the near future [4,5], with the final
shape and size of the UAV being mission dependent. Table 1
briefly summarizes the classification of UAVs as defined by UVS
International [6]. Fixed wing and rotorcraft are the most common
types of UAVs available in the market. Fixed wing UAVs have rigid
aerodynamically-streamlined wing structure to generate lift as they
move. Rotorcraft UAVs, on the other hand, use propellers to gener-
ate the lift. This difference allows rotorcraft UAVs to stay stationary
and hover at one point, while fixed wing UAVs constantly need
to move. Flapping wing UAVs, also called ornithopters, have also
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gained popularity among researchers. The design of such UAV takes
cue from nature to mimic birds and insects. Flapping wing UAV has
several potential benefits over fixed wings devices like better ma-
noeuvring, low speed, vertical take-off and landing [7].

Although a UAV design is specific to its mission profile, one
common goal for all is to have high endurance. Higher endurance
translates to longer flight time with longer breaks for refuelling
or recharging the battery. The basic parameters affecting the en-
durance of a fuel-powered propeller-driven fixed wing UAV can be
calculated using the classical Breguet method as follows:

E=K(—1I° ¢ ! [ ! —1} (1)
B (BSFC>(CD )Jﬁ(%)”2 1- (3512

where E is the endurance, K is a constant, 1, is the propeller
efficiency, BSFC is the brake specific fuel consumption, C; is the
lift coefficient, Cp is the drag coefficient, p is the air density, w; is
the initial weight of aircraft, w is the weight of fuel, and S is the
wing area.

In order to have longer endurance, one should maximize the
3/2

. C .. . .
aerodynamic parameter CLT and minimize the structural weight

so as to reduce wing loading % and increase fuel weight fraction

':/VV—{. The term B'g—;c is related to propeller and engine efficiency,
and is out of the scope of discussion for this article. Although the


http://dx.doi.org/10.1016/j.ast.2016.12.019
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/aescte
mailto:WYYeong@ntu.edu.sg
http://dx.doi.org/10.1016/j.ast.2016.12.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ast.2016.12.019&domain=pdf

G.D. Goh et al. / Aerospace Science and Technology 63 (2017) 140-151 141

Table 1

Classification of UAVs as defined by UVS international.
UAV Category Range [km] Flight altitude [m] Endurance [hr] Max. take-off Example

weight [kg]

Micro <10 250 1 <5 Wasp III
Mini <10 150-300 <2 <30 Raven
Medium range 70-200 5000 6-10 1250 Sky spirit
Medium altitude long endurance >500 14000 24-48 1500 Predator
High altitude long endurance >2000 20000 24-48 12000 Global hawk

above equation only holds for fuel-powered propeller-driven fixed
wing UAV, it gives general idea that having a good aerodynamics
and light aircraft structure is of utmost importance for any type of
flying vehicle.

Another important aspect in the design phase is the manufac-
turability of the UAV, which in turn is dependent on the material.
Conventional fabrication technologies for UAVs include CNC hot-
wire cutting for foam and balsa wood, and manual lay-up for com-
posite. Conventional fabrication technologies are mature as they
have been around for long. However, they do suffer from some
disadvantages like multi-steps, labour intensive processes [8], high
costs for moulds [9] and long processing time [10]. In addition
to that, for UAV fabrication, the conventional methods are more
process dependent than design oriented and this puts a glass ceil-
ing for building innovative structures. For instance, recent research
on topology optimization and cellular structures have resulted in
complex lightweight UAV structures that cannot be fabricated us-
ing conventional manufacturing techniques [11]. These limitations
have coaxed researchers to look for alternate methods.

The motivation of this review paper is to keep research commu-
nity abreast with latest technological advancements in materials
and structures of additively manufactured UAVs. This paper dis-
cusses the emergence of AM for UAVs and how they differ from
conventional manufacturing methods. Research direction in mate-
rials and structure for UAV is discussed in-depth. Particularly, the
advantages and potential of AM technologies on the improvement
aerodynamics and structural efficiencies of UAVs are emphasized.
The paper highlights issues, challenges and future directions for
the realization of fully printed lightweight UAV with desired fea-
tures.

2. Additive manufacturing

Additive manufacturing (AM) refers to a group of fabrication
techniques in which parts are fabricated layer by layer directly
from CAD file [12-14]. Introduction of AM has not just revolu-
tionised field of UAVs but has impacted the entire manufacturing
arena by simplifying the design and easing the fabrication process.
AM, more than any other technology, has served as the bridge
between digital and physical disruption. The ability to turn digi-
tal file into physical objects allows people to design, scan, share,
and send digital representations of physical objects. The disruptive
technology of AM has changed the way the object is assembled
and has simplified designing of complex parts [15]. Fig. 1 shows
the differences in design processes between conventional and ad-
ditive manufacturing methods. The agile nature of AM processes
enables rapid production without necessitating major change in
manufacturing setup. The economic benefit of the AM processes
is manifested especially in the low volume production.

Several additive manufacturing materials for aerospace applica-
tions have been researched on like metals [16-18], ceramics [19],
thermoplastics and composites [20,21]. UAVs and aerospace com-
ponents routinely exploit additive techniques like fused deposition
modelling (FDM), selective laser sintering (SLS), stereolithography
(SLA), selective laser melting (SLM) and electron-beam melting
(EBM). To date, FDM, SLA, polyjet and SLS have been used to ei-
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Fig. 1. Flow-chart depicting the differences in the process-flow for conventional and
additive manufacturing techniques.

ther fully print the UAV structures or fabricate certain parts of
UAV structures. Fig. 2 shows the timeline of the development of
additive manufacturing technologies and their applications in UAV.
Below we discuss the various AM techniques employed to fabricate
UAVs in-depth. The section studies the state-of-the-art, potential,
advantages and limitations of the AM methods used for UAVs.
A summary of the advantages and disadvantages of different AM
techniques for UAV is shown in Table 2.

2.1. Fused deposition modelling (FDM)

In this method, objects are created layer-by-layer by extrud-
ing a heated plastic filament through a nozzle. A wide range of
thermoplastics can be processed via this method such as polylac-
tic acid (PLA) [37], Nylon [38] and aerospace grade Ultem™ [39].
Fig. 3(a) shows the schematic of fused deposition modelling tech-
nique. The exploitation of AM for fabricating flapping wing UAVs
can be traced back to 1998 when Michelson et al. used FDM to
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Fig. 2. Timeline representing development of main additive manufacturing processes and AM fabricated UAVs.

Table 2
Advantages and disadvantages of different AM techniques employed to fabricate UAV.
Types of AM Advantages Disadvantages Name of UAVs/ Ref.
techniques printed parts
FDM o High strength material such as Ultem is available e Obvious stair stepping effect in z-direction Fully printed [22]
e ABS plastic has higher survival rate compared to balsa e Poor surface finish compared to polyjet and SLA UAV structure
during impacts AMRC UAV [23]
VAST UAV [24]
Entomopter [25]
frame, gear, tail [26]
Polyjet o Ability to create functionally graded parts with e Slow recovery rate from high loading condition Lattice structure [27,28]
multi-material printing o strength of AM material is still inferior to that of the wing strut
e Ability to print fine features biological bone Bat-like [29]
e Good surface finish ornithopter
o Insignificant stair stepping effect Replica of insect [30]
wing
SLA e Ability to print fine feature size e Degradation of photosensitive materials leading to Entomopter [25]
e Good surface finish poor performance under load. Stingray UAV [31]
e Insignificant stair stepping effect e Low tensile strength of material Flap [32]
Wind tunnel [33]
UAV model
SLS e Ability to print parts with good mechanical strength e Rough surface finish SULSA UAV [34]
e Large build area Scaled-down UAV [35]
o Relatively low cost model for wind
tunnel test
Spotter UAV [36]
filament
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Fig. 3. (a) Schematic of fused deposition molding (FDM) process and (b) stair stepping effect observed on the wing structure when fabricated using FDM technique.
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Table 3

Summary of properties of different materials processed through additive manufacturing techniques.
Material Techniques Density Tensile Young modulus Fatigue Specific tensile Ref.

(g/em3) strength (MPa) threshold (MPa) strength
(MPa)

ABS FDM 1.07 10-20 1400-2000 9-14 10-20 [40-43]
Nylon SLS 1.01 44-45 1600-1700 18 44-45 [44-48]
Ultem FDM 1.27 45-60 1500-1800 N.A. 37-47 [39]
PPSF FDM 1.29 70 2340 N.A. 54.26 [49]
Verowhite Polyjet 117 23-35 1200-1800 NA. 19-30 [50]
ABS-like SLA 119 28-34 2534-2740 N.A. 23-29 [51]
ABS Injection molding 1.0063 34-41 2500-2700 N.A. 34-41 [52,53]
Balsa wood 0.27 64 10400 N.A. 236 [54]

Object and support
materials UV lam

Inkjet heads

|Z—stage

(a)

Flapping wing UAVs
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Fig. 4. (a) Schematic of Polyjet additive manufacturing technique and (b) different flapping wing designs fabricated using Polyjet for UAV application [30].

build strong and intricate wing rib structure of entomopter [25].
Tiny features such as the hollow micro passages were incorporated
into the wing structures to allow venting of gas for directional
control. Easter et al. explored acrylonitrile-butadiene-styrene (ABS)
material for printing wing structure using FDM printer [22]. Their
group showed that parts could be redesigned and reprinted quickly
several times without the need of mold, thus reducing the over-
all time and cost. They did a comparative analysis between ABS
and Ultem™, stating that although Ultem™ has better mechani-
cal properties (Table 3), the ability of ABS to print complex inner
features outweighed them. This was due to the lack of dissolvable
support materials available for Ultem™, thus restricting the design
flexibility. The work also concluded that ABS plastic has higher
survival rate compared to balsa during impacts. These scientific
conclusions were used to design and build a blended-wing-body
UAV. A blended-wing-body UAV, commonly known as the flying
wing, fabricated by the University of Sheffield Advanced Manufac-
turing Research Centre (AMRC) also used FDM method to save cost
and processing steps [23]. Zhang et al. attempted to print frame,
tail, and gears for flapping wing UAV using Acrylonitrile Butadi-
ene Styrene copolymers (ABS) material [26]. However, they found
out that using ABS alone was not sufficient to provide the required
strength, and they eventually reinforced the parts with carbon fi-
bre rods and polyester films for better strength. Revisiting the de-
signs through elimination of support structures further helps to
save time and material. Researchers from Massachusetts Institute
of Technology (MIT) eliminated the need of support structure for
wings [24] by placing the structure at an angle of 45°. This simple
modification eliminates post-processing complexities and reduces
the overall weight of the structure as internal support structures
can be avoided.

It can be observed that FDM is extensively used to fabricate
critical structures of UAVs due to its ability to print high strength
materials. However, due to the limitation of the build size of FDM,
the structures were mostly printed in modular parts and later con-
nected using carbon rod to enhance the stiffness. Bigger build plat-
form in the future would benefit the fabrication of one-piece wing
structures to preserve the structural integrity and to allow the real-
ization of the full-scale topology. Another limitation of FDM is the
stair-stepping effect observed in the z-direction (Fig. 3(b)), which
roughens the contour of the final structure. Hence, care should be
taken when deciding the printing direction of the wing structure
to have a good surface finish on the wing.

2.2. Polyjet™

PolyJet™ 3D Printing operates much like inkjet printing, but
as opposed to jetting drops of ink onto paper, PolyJet™ jets out
layers of curable photo-sensitive resin onto the building platform
[12]. Fig. 4(a) shows the schematic of Polyjet™ Technique. This
technique uses soluble resin for the support structures, making
it easier to be removed later either by hands or by soaking in
bath. Post-processing is not needed for the printed parts mean-
ing that parts are ready directly after printing. One advantage of
Polyjet™ is the ability to mix and print different materials into
a single model giving users the flexibility to achieve more optimal
designs. The work by Moon et al. was motivated by the need to de-
velop agile, fuel efficient and flexible UAV design, fully capable of
operating in variable environment. Using AM technology the group
could incorporate various lattice structures, such as 3D Kagome, 3D
pyramidal and hexagonal diamond into the wing truss to achieve
light weight UAV [27]. They used polypropylene-like photopoly-
mer to construct the lattice structures. Their work demonstrates
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Fig. 5. (a) Image depicting the smooth surface finish of a Polyjet printed part with no stair stepping effect and (b) smooth surface finish can be obtained around the
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Fig. 6. Schematic diagrams illustrating the working mechanism of (a) stereolithography (SLA) and (b) selective laser sintering (SLS).

AM’s flexibility in creating negative mould with intricate inner fea-
tures, a feat difficult to achieve using conventional methods [28].
Functional parts have also been fabricated via Polyjet™ using UV
curable acrylic plastic material such as skeletal structure of a bat-
like Ornithopter [29]. Through the use of CAD and AM techniques,
the biomimetic skeleton structure with good joint flexibility was
achievable. The skeleton was fabricated using an Objet Connex 500
(Objet, Ltd, Rehovot, Israel), which has an improved resolution of
0.002 mm. This enables small features to be placed throughout the
structure. However, they noted that the strength of AM material
was inferior to that of the biological bone. Richter et al. also ad-
ditively manufactured different wing designs using Polyjet™ tech-
nology. The designs were replica of real insect wings (Fig. 4(b))
[30] and do not need moulds and tooling, thus shortening the de-
sign process and lowering the prototyping cost.

In general Polyjet™ provides a better surface finish and struc-
tural accuracy compared to FDM making it ideal to fabricate func-
tional parts [55]. Fig. 5 shows a landing gear for UAV printed in
one-build using Polyjet™ technique. It can be seen that the stair-
stepping effect on the gradient contour of the wheel is barely no-
ticeable resulting in smooth surface. Although this technique is ca-
pable of fabricating parts with material properties similar to those
of ABS thermoplastics (Table 2), one disadvantage is the slow re-
covery rate from high loading condition. Experiment on evaluating
the recovery rate of the Polyjet™ printed honeycomb structures by

Yap et al. showed that only 80% of the shape was recovered after
one hour of unloading [56]. This makes it less ideal for fabrication
critical UAV structures.

2.3. Stereolithography (SLA)

Stereolithography is the first commercially available additive
manufacturing process developed by 3D Systems in 1986 [57]. This
technique uses ultraviolet (UV) light to polymerize photosensitive
liquid resin in a layer-by-layer manner. There are two types of
stereolithography setups, namely the micro-stereolithography and
the digital light projection (DLP) [58]. In the microstereolithogra-
phy, the direction of the laser beam is controlled by the computer
and the laser will scan through the resin bit by bit, resulting in
higher resolution (Fig. 6(a)). In DLP system, a digital mirror de-
vice (DMD) consisting of an array of mirrors, that can be rotated
independently, is used. By controlling the mirrors, the pattern on
each layer can be illuminated to completely polymerize the layer
at one go. However, unlike Ployjet post-processing is needed in
SLA to fully cure the printed parts. Michelson et al. used SLA to
build intricate wing rib structure of entomopter [25]. SLA enabled
easy fabrication of intricate wing structure designs consisting of
hollow micro-passage and mechanical parts such as 4-bar link-
age [59], servo holder [60] and camera gimbal [61]. Farnsworth
et al. also explored SLA to manufacture a 14% scale model of a
stingray UAV [31]. Williamson et al. used SLA to manufacture flap
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and its supporting components in one piece eliminating the need
for assembly and glue joint [32].

The use of SLA in the fabrication of critical structural compo-
nents of UAV is very limited due to the stability of the SLA mate-
rial. Artzi et al. noted that SLA printed UAV models kept at room
temperature sagged considerably under their own weight after a
few months [33]. Kim et al. estimated that the strength decreased
by 25% at 30°C, and by 50% at 40°C [62].

2.4. Selective laser sintering (SLS)

Selective laser sintering process employs selective melting and
solidifying of each successive powder layers to build complex 3D
parts made of thermoplastics, metal or ceramics [63]. The work-
ing principle of SLS is depicted in Fig. 6(b). Continuous wave
carbon-dioxide (CO,) laser, with average power of several 100 W
to kW, is guided by the Galvano mirrors and selectively scans
the layer of powder according to the CAD file. The unsintered
powder acts as support for the successive layers and overhang-
ing portion of the printed parts [64]. The use of SLS on fixed wing
type UAV was first demonstrated by researchers from Southamp-
ton University in 2011 [34]. They printed both fuselage and wing
out of nylon material [34]. Stiff, lightweight and complex geode-
tic structures were used in this UAV design. In addition to that,
the main wing was designed elliptical to demonstrate the abil-
ity to fabricate conventionally-hard-to-fabricate wing design. Parts
were finally put together using a “snap fit” technique requiring no
fasteners. Researchers from University of New South Wales used
Carbonmide to manufacture UAV model via SLS for wind tunnel
test [35]. The scaled down model of the UAV can be printed with
ease by resizing the CAD model, thus demonstrating the ability
of AM to fabricate object of different sizes without the need for
new tooling. Carbonmide exhibited good flexural strength (75 MPa)
and flexural modulus (2.8 GPa) at density of 1.158 g/cm> (30% car-
bon fibre content), which make it ideal for parts that require high
strength [65]. Ferraro et al. attempted using SLS system to manu-
facture a twin-fuselage UAV, Spotter, with Nylon material [36]. This
work explores the potential of AM in designing a complex main
fuel tank for the Spotter UAV. Converting the complex design with
intricate inner features into physical form would not have been
possible by conventional manufacturing. The design was essential
to add multi-functionality to the structure by contributing to lift,
wing support and sine-wave baffle, which prevents the fuel from
sloshing from side to side.

One disadvantage of SLS printed part is the rough surface fin-
ish of printed parts. It has been shown by Sachdeva et al. that the
surface roughness (Ra) of SLS as-printed part is about 6.9 micron
[66], which is about 5 times higher than SLA [67]. Radeztsky et al.
has shown that micro-meter surface roughness has a strong influ-
ence on crossflow-dominated transition, which is critical to swept
wing [68]. Hence, post-process surface treatment such as polishing
and buffering is usually needed after printing.

3. Roles of AM in improving the structural and aerodynamics
efficiencies of UAV

This section discusses the role played by AM in improving the
structural and aerodynamic efficiencies for the UAV.

3.1. Improving structural efficiency

Structural efficiency of an UAV can be improved via two meth-
ods, i.e. the use of lightweight structures and the use of high-
strength-to-weight materials.

3.1.1. The use of lightweight, lattice & topology optimized structures

Taking cue from the nature, honeycomb structures have been
widely used in the form of sandwich panels by aircraft designers
to reduce the weight. To date, different types of cellular struc-
tures have been tested. It is known that the strut size and the
pattern of the cell affects the stiffness of the resulting mesoscopic
structure [69,70]. Varying the size and type of cellular structure in
different parts gives the designers more flexibility to create func-
tionally graded objects, which would eventually result in a more
optimized assembly. It was observed that the performance of a
conformal truss with variable strut sizes and orientation is supe-
rior to a uniform truss [71-73]. However, unlike uniform cellular
honeycomb structures, functionally graded structures with vary-
ing sizes and orientation are hard to manufacture via conventional
method. AM, on the other hand, can successfully fabricate func-
tionally graded structures with ease [74]. Topology optimization is
the process of determining the optimal shape and distribution of
materials in the design domain while preserving the structural re-
quirements [75] and is fast gaining interest of researchers. Several
topology optimization software such as Optistruct, Tosca, and Gen-
esis, are now available to help enhance design performance [76].
This approach has been applied to optimize aircraft structures such
as fuselage [77], wing box ribs [78] and nacelle hinge brackets [79].
Manufacturing limitations such as sizing constraints, casting direc-
tions, symmetry and repeated patterns are taken into consideration
while performing topology optimization [80]. Additive manufactur-
ing having the ability to fabricate complex part from the digital
file complements the topology optimization techniques. For in-
stance, in a feasibility study of applying topology optimization on
wing structure, Walker et al. printed the optimized wing structure
using photopolymer plastic and aluminium via Polyjet™ and se-
lective laser sintering respectively [11]. In their study, they found
out that the thin features should be thickened to avoid structural
failure. They also noticed the inability of SLS to create overhang
features. Deaton et al. noted that there is a need to study the addi-
tional considerations that are essential to efficiently convert topol-
ogy optimized designs to additive manufactured parts [75]. These
comprised of enhanced modelling for residual stresses, interface
conditions and manufacturing constraints such as overhang angle
and minimum deposition tolerances. In short, AM techniques en-
able the creation of the functionally-graded structures, conformal
mesoscopic cellular structures, and complex topology optimization
with ease. All these features are direct consequence of layer-by-
layer nature of the AM techniques.

3.1.2. The use of high-strength-to-weight materials

Last decade has seen paradigm shift in terms of material us-
age. Both aviation and UAV industries are now moving towards
composite materials, which combine numerous advantages like
high strength, low weight, high corrosion, fatigue resistance and
easy processing [81]. Composites are materials consisting of two
or more materials, which together produce beneficial properties
that cannot be attained with any one constituent alone. The pro-
cessing of composites using conventional fabrication techniques is
often tedious and additive manufacturing has demonstrated re-
placing labour intensive steps with simpler ones. UAVs such as
the Dark Star, Pioneer, Searcher, Eagle Eye and Phoenix have been
fabricated using composite materials [82]. Composites can also be
tuned to provide ‘stealth’ capabilities and low thermal expansion
[81], making them attractive for defence and high altitude applica-
tions. One example of UAV incorporated with stealth technology is
the Boeing’s X-45B [81]. Recent trends have also seen rise in use
of graphite, Kevlar and glass fibre based composites for UAV ap-
plications [83,84]. However, carbon-fibre reinforced plastics (CFRP)
stand out for the niche application of UAV [85-87|. The CFRP
material is known for high specific strength-to-weight ratio ow-
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(a)

(b)

Fig. 7. (a) Additively manufactured UAV employing fibre composite material for wing structures. Continuous Filament Fabrication (CFF™) was employed to print the parts.
Picture courtesy, Singapore centre for 3D printing, Nanyang Technological University, Singapore. And (b) fused deposition molding (FDM) printed structure with intricate core

design and woven fibres encapsulating the core.

ing to its unique structure, consisting of load bearing fibre and
load transmitting resin material. Conventional technologies take a
complex route and require a mold for printing CRFP materials. Fi-
bre and resin have to be laid out manually in alternate fashion
and cured under high pressure to achieve desired strength [88].
CFRP can be easily additively manufactured using stereolithography
and fused deposition modelling [89-96]. FDM remains the popular
choice as it allows the flexibility of printing through simple mod-
ification in printer head or nozzle. Ning et al. used short carbon
fibre and achieved a tensile strength of 40 Mpa [90]. Currently,
the tensile strength of additively manufactured CFRP is about 100
MPa [92]. The authors have also attempted fabrication of UAV
wing using fibre (carbon, glass and Kevlar) and Nylon to create
high strength-to-weight structure through additive manufacturing
(Fig. 7(a)). Ueda et al., however argued that AM printed CFRP has
low tensile strength and attributed it to the low printing resolu-
tion of the FDM printer. Hence, the performance of CFRP is lim-
ited by the printer capability instead of the material. Like CFRP,
microscale-fibre reinforcement (MCF) also suffers from drawbacks
like poor out-of-plane performance and presence of gaps between
fibres, thus resulting in cracks. Research community is now turn-
ing towards nanoscale materials like carbon nanotubes (CNT) to
replace microscale fibres for selective reinforcement of matrix-rich
regions. Bekyarova et al. carried out a work on development of
advanced structural composites based on engineered multiscale
CNT-carbon fibre reinforcement [97]. They infiltrated CNT-coated
carbon fabric panels with epoxy resin to enhance inter-laminar
shear strength and out-of-plane performance.

3.2. Improving aerodynamic efficiency

It has known that at high lift coefficients, the induced drag can
account for as much as 50% of the total drag [98]. Hence, it is
desirable to reduce the induced drag. From aerodynamic theory,
elliptical wing offers the lowest induced drag providing an ellip-
tical span-wise lift distribution. This shape, however, is hard to
manufacture using conventional techniques but can be achieved
using AM techniques. For aerospace applications, it is always desir-
able to that have multi-purpose aircrafts that can perform various
missions and fly in different flight conditions. Major improvement
can be obtained by changing or morphing the shape of the wings

to maximize its performance in different flight environments [99].
Morphing wings require actuators to reconfigure their air foil pro-
file and adapt to changing flight environments. Thus, alterations in
the geometry of the wing might be used to control flight, suppress
flutter, reduce buffeting effects, and maximize fuel economy.

A detailed review on morphing wing of aircrafts by Sofla et al.
concluded that for low-speed-small UAVs, smart materials should
be used for actuation [100]. Also, it is necessary to have integrated
and distributed smart materials actuators to support aerodynamic
loads and avoid transmission loss. Although the printing of smart
materials for shape changing structures is still new, it has got a lot
of potential in realizing the integrated and distributed actuators,
in which materials can be selectively deposited and orientation to
produce a functional object.

4. Potential of additive manufacturing for UAVs
4.1. Multi-material printing

Aspiration to have a smart system with various functionalities
on one platform has surged the need to look for multifunctional
materials, where different parts will be fabricated using combina-
tion of materials. Multi-material systems offer several advantages
for UAV application like high strength, high resistance to corrosion,
low weight and low density. It is envisioned that multi-materials
with higher mechanical strength can replace the existing single
material components and thus reduce the wear and tear [101].
It is also possible to further reduce the overall weight of the
UAV by designing a single platform system using multi-materials.
Although multi-materials add extra flexibility and uniqueness to
the final structure, their processing increases complexity. Additive
manufacturing helps to assimilate materials that can be melted,
e.g. metals, ceramic and composites. So far AM techniques have
been exploited to fabricate single-material parts only. Research to
use AM for multi-material fabrication has gained momentum re-
cently, and particularly limited to FDM, laser sintering and stere-
olithography. There are few approaches can be employed to pro-
duce multi-material components viz. discrete, layered and graded.
Discrete formation allows materials to have different and distinct
material boundaries; layered technique positions different materi-
als layer by layer; and for functionally graded material the com-
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position is varied over distance. FDM presents itself as a viable
candidate for multi-material fabrication as it has separate nozzles
for build and support materials. Espalin and coworkers [102,103]
modified the existing FDM system by incorporating a sliding plat-
form to transport components in-between two FDM machines to
demonstrate variable layer thickness material fabrication. Lappo et
al. conducted advanced research in selective laser sintering (SLS)
to process multi-materials [104]. SLS can process any material that
can be obtained in powder form and can be fused by heat, thus
opening the door to experiment with wide material combinations.
In another research carried out by Ott et al. recoating mechanism
was used, which included appertaining process model to enable
precise control of multi-material structures [105]. Stereolithogra-
phy is especially attractive for multi-material processing as it offers
high quality surface finish and dimensional accuracy [106-108]
and a simple modification of commercial machine can enable it
to work with combination of materials. However, multi-material
printing technology is still in its infancy, and there is a lot of room
for improvement. Investigations are necessary to study separation
and compatibility of various materials, obstruction due to previous
layers and order of the process flow.

4.2. Smart materials for morphing

Morphing UAV has the advantage of changing the shape to
adapt to different flying conditions, making sure that the UAV’s
aerodynamics performance is optimum for all flight conditions.
Smart materials have been extensively explored by researchers
as actuators for wing morphing, thus permitting the replacement
of conventional servo, pneumatic, hydraulic, or motor-like actu-
ation devices [109]. There are three basic requirements for the
smart material actuators for wing morphing, namely to be flexi-
ble enough to have large shape change; to be able to withstand
aerodynamic loads, and to have fast response time [110]. A com-
prehensive review by Barbarino et al. details the use of smart
materials for wing morphing through conventional methods [109].
However, there has been still no report on additively manufactured
smart material actuators to date in author’s knowledge. Additively
manufactured smart materials such as such as piezoelectric (PZT)
materials and shape memory polymers (SMPs) have received vast
attention recently. An additively manufactured prototype of smart
and soft composite, capable of achieving tip deflection of 57 mm,
was fabricated by Ahn et al. using multi-nozzle FDM through ex-
trusion of ABS filament and deposition of SMA wires [111]. Raasch
et al. observed that annealing of the materials enhances the shape
recovery process. However, the speed of recovery (about 15 min)
was still found to be too low for any real application [112]. Piezo-
electric composites have also been studied for morphing UAV ap-
plications. Piezoelectric composites can be processed using FDM
via two methods, i.e. through direct fused deposition of ceramics
(FDC), where PZT powder is mixed with the base material to cre-
ate the filament [113] and through an indirect method, AM mould
is first created and PZT slurry is filled in the void. In the work by
Safari, they showed that the maximum tip deflection can be con-
trolled and changed between 20-76 mm by varying the ratio of
PZT to electrostrictive of the monolithic monomorph bending ac-
tuators from 1:3 to 3:1 [114]. In another work, Turcu et al. showed
that orientation angle of the raster had an effect on the piezoelec-
tric voltage coefficient, thus highlighting the capability of AM to
modify the piezoelectric effect of the printed part [115]. In another
work Zarek et al. explored a shape memory polymer (SMP) called
polycaprolactone (PCL) to print complex structures using SLA tech-
nique [116].

4.3. Multifunctional structures

A multifunctional structure by definition performs multiple
functions on a single platform. [117]. In the traditional structural
design approach, the load-bearing and non-loadbearing functions
are considered separately, which normally leads to a sub-optimal
part with penalty of unnecessary weight [117]. With the advent
of AM techniques, multifunctional structures can be printed via
the use of hybrid manufacturing technologies, where layering pro-
cess is combined with subtractive process [118-123] or two AM
processes can be integrated [124]. Fig. 7(b) shows FDM printed in-
tricate core structure with woven fibres encapsulating the core, a
possibility of hybrid manufacturing to create lightweight and high
strength parts. Multifunctional structures are being explored for
UAV, where energy harvesting and storage devices are fabricated
on load-bearing parts. These devices will allow optimum weight
and space when manufactured additively. Solar cells for UAV has
been attempted using direct write technologies like inkjet print-
ing, where AM techniques fabricate grid lines [125-127] and ac-
tive layer [128,129] on the UAV body. Ho et al. [130] and Goh et
al. [131] have also demonstrated zinc-manganese dioxide micro-
battery for energy storage and patch antennas respectively using
additive manufacturing. Printing electronic components directly on
to the UAV will help further reduce the total weight of the struc-
ture.

4.4. Printing on-site on-demand

It is a normal practice to have excess of spare parts of UAV and
aircrafts stored away in for maintenance and emergency. However,
cost of holding the parts in the inventory can be high [132]. Fur-
thermore, there is a risk in piling up spare parts as that might
render then obsolete and unusable after certain time. Additive
manufacturing could potentially simplify this supply chain prob-
lem by printing on-demand and on-site [15]. According to a study,
printing on-site and on-demand reduces lead time, inventory stor-
age and transportation cost [133]. US Navy saw the potential of
this approach and envisioned a 30% cost reduction and yield in-
crease in parts on-demand [134,135].

4.5. New UAV concepts

There are some applications where UAV may not be recov-
ered after completing its mission, either due to shortage of power
supply or destruction. [136]. Hence, it is desirable to build low-
cost UAVs for such applications [137]. Conventional manufacturing
techniques such as injection moulding require substantial process-
ing and expensive tooling. Additive manufacturing provide an alter-
native and easy way to fabricate inexpensive and disposable UAVs.
The cost cutting comes from the AM’s ability to reduce manufac-
turing steps and fabricate parts without the need for expensive
tooling.

5. Challenges of AM

UAVs are now being employed for diverse applications and have
to function in multiple environments. Changes are sought in their
physical form, altitude, weight, strength and durability to meet the
ever growing functionalities. The motivation of using AM is to de-
rive a solution that can meet the end user requirements. However,
the field of AM is in its infancy and there are road-blocks to be
crossed to adopt it as a commercial solution. Some of the limita-
tions encountered are discussed below.
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5.1. Limited choice of high performance materials

Materials play an important role in determining the final
weight and performance of the UAV. The material innovation in
carbon-fibre reinforced polymer (CFRP) through additive manufac-
turing concentrates more on short-fibres [90,138,139], which gen-
erally have poor mechanical properties compared when compared
to those fabricated using conventional methods. Poor mechanical
strength is also exhibited by additively manufactured continuous-
fibre reinforced composites [140]. The mechanical strength can be
improved by enhancing the adhesion between carbon-fibre and
matrix polymer. Moreover, CFRP can only be printed in straight
and horizontal directions and it is difficult to manipulate the fibre
orientation freely, thus limiting the applications of CFRP on curved
structures. Research can be directed to explore more ways to freely
lay the fibres for better mechanical properties.

5.2. Anisotropic material properties

Another disadvantage of the additive manufacturing is the in-
herent anisotropic property of the printed parts. AM techniques
uses layer-by-layer approach to fabricate a part by melting a fil-
ament, curing the photo resin and melting the powder bed, thus
introducing a thermal gradient. As a result, the microstructure of
the materials would tend to grow in certain direction causing dif-
ferent mechanical property along the layer (x- and y-directions)
and across the layers (z-direction) [42,141]. A typical example of
such anisotropy is brittle nature of FDM-produced part, which has
good strength only in x- and y-direction [22,142]. Whiskers of car-
bon fibres can be introduced in the z-direction to enhance the
mechanical strength.

5.3. Manufacturing-induced porosity

Layer-by-layer manufacturing approach can lead to induced
porosity in the designed part due to incomplete densification
[143]. The formation of voids due to improper deposition of ma-
terial or sub-optimal processing parameters will eventually cause
the additively manufactured parts to have higher porosities than
the design values [22]. This is undesirable as the strength of the
printed part might be inferior to the predicted value. Improvement
in densification is required to alleviate the discrepancy between
the design and printed parameters.

5.4. Characterization of AM materials

Sufficient and reliable data on the mechanical properties of the
AM materials are needed for good finite element analysis. Insuf-
ficient knowledge on AM material properties may lead to inaccu-
rate prediction of strength and material usage, just as what Easter
et al. encountered [22]. Hence, characterization of AM materials
is an important step before embarking on printing. Mechanical
properties of materials are normally characterized at the coupon
level, where coupons are oriented in the x-, y-, and z-directions
to capture the anisotropic mechanical properties of the additively
manufactured parts [42]. Mechanical properties of the AM parts
will vary in printing directions, raster orientation and raster style.
Hence, a detailed characterization of the printed material proper-
ties in different orientations will help account for some limitations.

5.5. Small build volume

Small build platform poses assembly and flexibility issues,
where UAVs must be broken down into smaller sections. Assembly
of smaller parts not only introduces complexity but also increases
the overall weight as additional fasteners are required [22]. In

Table 4
Cost comparison of different manufacturing processes employing various materials.
Processes Materials Costs ($/Ib) Ref.
FDM ABS 7-115 [147]
Polycarbonate 113
Polylactic acid 7-25
Stratasys ultem 220
SLS Nylon 40
Injection molding ABS 1.29 [146]
Nylon 66 1.81

addition to that, redesigning the structure into smaller modular
parts would also lower the structural integrity. UAV manufacturing
would definitely benefit from larger build platforms in AM ma-
chines.

5.6. Certification and quality assurance

Certification and quality assurance is an important step be-
fore the additively manufactured UAVs can be commercialized.
AS/EN9100 is one of earliest standard that is used worldwide in
aerospace industry [144]. Various standards on small UAV systems
have been developed by the American Society for Testing and Ma-
terials (ASTM) committee together with the Federal Aviation Ad-
ministration (FAA). For instance, ASTM F3003 ascertains the quality
assurance requirements for the design, manufacture and produc-
tion of a small unmanned aircraft system (sUAS) [145]. There is
need to have quality assurance and control of materials used in
AM methods. As of now, there is only one certified aerospace grade
thermoplastic material Ultem™ available. In addition, ASTM F3003
requires the process to be carried out in controlled conditions. If
such standards are to be followed for AM systems then new means
need to be devised to develop in-situ monitoring and feedback
mechanisms.

5.7. Material and manufacturing costs

As discussed extensively in earlier sections, AM techniques
eliminate the need for tooling. With cost for tooling out of equa-
tion, the manufacturing cost per unit for AM UAVs becomes rela-
tively constant as shown in Fig. 8. For instance, a 2 m UAV (with
structural weight of 3.92 kg) printed by Easter et al. costed about
$5700 [36]. On adding the tooling cost, a rough estimate of to-
tal UAV price comes close to $740,000 if injection molding was
to be used to manufacture the UAV and it would have required
to produce 130 units to break even [146]. This means that addi-
tive manufacturing is more economical when total build volume is
lesser than 130 units, beyond which injection molding should be
used instead. Material costs of AM materials are, however, higher
than that of the conventional techniques. This is because additional
processes are needed to make the material into the forms that are
suitable for AM processes. For example, materials are made into
filament in the case of FDM whereas for SLS process, materials are
pulverized. The costs of the AM materials are shown in Table 4.
This makes AM a less viable and economical solution for higher
build volumes. In nutshell, there seems to be a threshold pro-
duction volume below which employing AM technique is cheaper.
However, above the threshold build volume the conventional man-
ufacturing methods are more cost effective. It is predicted that the
cost of material and equipment will continue to drop as AM be-
comes more common [147], thus lowering the cost of additively
manufactured UAV.
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Fig. 8. A graph depicting the cost per unit vs quantity for conventional and additive
manufacturing techniques.

6. Conclusion

Additive manufacturing techniques have garnered much interest
for fabrication of UAVs. AM gives flexibility to designers to fabri-
cate complex structures, which are hard to fabricate using con-
ventional methods. AM techniques do not require moulding and
tooling, thus saving time, cost and effort. The paper discusses in-
depth how AM methods can improve structural and aerodynamic
efficiency of UAV. It is also envisioned that AM can provide viable
solutions for supply chain issues and reduce the operating costs
by providing on-site and on-demand printing capability. Despite
all the advantages of AM, it still suffers from limitations that need
to be addressed. Lack of high strength-to-weight materials, dearth
of characterization methods, anisotropic properties and small build
volumes mar the scope of AM to become a viable commercial
solution. Recent surveys have suggested that the fabrication of
small-volume manufacturing of UAVs will increase tremendously
by 2025 [148]. With focused effort in development of materials,
design, structure and printer technology, AM will find increasing
application in the production of UAV components. Hence, there is
no doubt that AM has indeed carved its niche in UAV application
area and will only continue to grow in future.
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