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Abstract

The aim of this paper is to investigate the possibility of drone optimization by selecting and testing the best material suitable
for additive manufacturing technology and generative design approach, i. e. shape optimization. The use of additive manufacturing
technology enables the creation of models of more complex shapes that are difficult or impossible to produce with conventional
processing methods. The complex and unconventional design of the drone body can open up many possibilities for weight reduction
while maintaining the strength of the drone body. By using 3D printing in addition to FEM (Finite Element Method) analysis, and
generative design it can identify areas of the drone body that are overdrawn, allowing it to either lift off material or simply change
the design at these areas. Choosing the right material for this application is crucial in order to optimise the mechanical properties of
the material with weight, material cost, printability and availability of the material and the 3D printing method, while at the same
time reducing environmental pollution. The goal is to reduce the drone mass by 15-20 % using generative design tools. Mass is an
important segment when prototyping a drone. If the drone is too heavy, more lift power is needed to keep the drone in the air, so the
propellers have to turn faster and use more energy. Consequently, the reduction of drone mass should increase the take-off weight.
In this article 5 commercial drones of similar characteristics are compared with the final proposal of our 3D printed drone (Proto-
type 1). The rotor distance between the drones, the weight of the electric motor and the take-off weight are compared. The goal was
to produce a prototype with a big rotor distance-to-weight ratio, and take-off weight bigger than observed drones have.

The defined goal function was optimized in order to evaluate characteristics of 12 different 3D printed materials. Following
properties: ultimate strength, stiffness, durability, printability of the material, and required bed and extruder temperature for printing
were taken in consideration to select optimal material. Polycarbonate proved to be the best choice for 3D printing UAVs.
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1. Introduction

Until a few years ago, the unmanned aerial vehicle (UAV) industry relied mostly on widely
used conventional machining methods, which can often have a large carbon footprint. In recent de-
cades, additive manufacturing (AM) offers a possible significant reduction in manufacturing costs,
production with complex design and numerous advantages over «traditional» manufacturing [1].
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AM technology can produce complex design that is impossible for achieving by using of
conventional methods [2—6]. New geometries such as grids, cell structures in form of honeycombs
and optimized structures with bionic look-a-like design can improve the overall performance of
the aircraft [7-10].

UAVs are often used in various industrial and medical fields. Transporting the cameras
and other photographic equipment allows various operations, as coastal surveying [11], agricul-
ture monitoring [12, 13] fishing observing [14], forest monitoring [15], meteorological data acqui-
sition [16], disaster monitoring, societal impacts and public safety [17-21], flood disaster moni-
toring [22], archaeological evaluation [23], surveillance, offensive, defensive manoeuvring and
reconnaissance [24], building modelling for architectural usage [25] and supporting communica-
tion platforms [26].

Recent reports predict the number for UAVs will increase with the final shape and size de-
pending on its main task [27]. UAVs raise their popularity in the military and maritime domains,
from the use of heavy fuels to reduced logistical footprints and ease of maintenance [28]. Many
civil industries are becoming aware of the tasks UAVs can complete. In 2019, the civil UAV market
had a global volume of about 5.5 billion USD and the market for production and services applica-
tions is forecasted to grow at around 11 % per annum over the next five to six years, largely driven
by the infrastructure sector. Today’s civil UAV market's categories are infrastructure inspection
and maintenance, environment inspections and maintenance, and transportation and leisure. Some
of the challenges [29, 30] that drones face vs conventional transportations are: the regulatory frame-
work (lack of rules and standards regarding drone operations), availability of landing pads and
charging pods, the high turnaround time between landing and take-off etc. Therefore, it is desirable
to have the possibility to build low-cost UAVs for such applications [31]. Applying AM technology
in UAV production can drastically reduce costs and significantly shorten development times [32].
AM offers further advantages for the manufacturing of UAVs: diverse polymeric materials that
could lead to light construction. Layer-by-layer way of manufacturing allows complex forms ap-
plication with free-form surfaces for the wings and tails [33]. Gregorski [34] proposed changes and
planned new regulations of unmanned aerial vehicles in European and international law.

The use of topology optimization techniques presents the critical factor to minimize the
weight of the components and to improve the productivity of the machines while preserving the
structural requirements [35, 36]. UAV industries ordinarily use composite materials [37], which
combine advantages as, low weight, high strength, high corrosion, fatigue resistance and ecasy
processing [38]. Recent trends include the use of graphite, Kevlar and glass fibre based composites
for UAV applications [39, 40]. Carbon-fibre reinforced plastics (CFRP) stand out for the niche ap-
plication of UAV.

Structural efficiency of a UAV can be improved via two methods, i. e. the use of light-
weight structures and the use of high-strength-to-weight materials [41]. This paper’s main goals
are focused toward possible economic and ecological savings when new design has been applied.
In addition, by using new technologies combined, enlarging take-off weight was calculated with
aim of reduction operating cost (and improvement of the speed) of UAV design. The impact of the
UAV technology parameters optimization was analysed and presented.

FEM analysis and topology optimization in the designing phase was used to minimize the
components mass while preserving structural requirements. Merging topology optimization with
additive manufacturing, enabled an optimal balance of strength and mass that results in the UAVs
greater take-off weight.

Evaluating different materials (by optimization of the defined goal function) that can be
3D printed, different properties were taken in the calculation such as ultimate strength, stiffness,
durability, printability of the material, and required bed and extruder temperature for printing the
selected material. Taking all this into consideration, Polycarbonate proved to be the best choice for
3D printing UAVs.

The topic of Unmanned Aerial Vehicle (UAV) is of wide interest, and the significant num-
ber of existing publications to this topic, and the available developments proves so. In commercial
applications UAVs have the potential to dramatically alter several industries. With their ability
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to collect data and transport loads, drones are re-shaping the way we think and feel about our
physical environment [17]. Many researches of UAV wide applications have been conducted. From
an efficient and cost-effective survey tool for topographic mapping and measurement in the coastal
zone [11], monitoring crop fields with high tech sensing technology [12], reducing the costs to
maintain a long-term local-scale monitoring [15], to developing, testing and verifying meteorolo-
gical sensor package as payload for an already available carrier aircraft [16], and of course military
and cargo applications [28].

New technologies and designing processes have also been researched to optimise the ma-
nufacturing and the design of the UAVs. The emerging technology of additive manufacturing is en-
tering rapidly into the aerospace world and seems to be its future. Many manufacturing processes
are replaced by this technology [9]. It’s already shown that with the use of additive manufacturing
more complex designs, and light-weight construction of UAV components can be made, offering
several advantages compared to conventional manufacturing methods [33]. The challenge becomes
to optimize the size, weight, and aecrodynamics of the UAV based on the application [24], and this
has also been the topic of many researches, as has been the topic of modular UAVs that can easily
and quickly change its configuration [10].

The use of topology optimization techniques plays a key role to minimize the weight of the
components and to improve the productivity of the machines [35]. Topology optimization is the
process of determining the optimal layout of material and connectivity inside a design domain [36].

As it is possible to see, research in the field of UAV different applications, and in the field of
using additive manufacturing and topology optimization in the design and manufacturing process
of UAVs have already been made. However, no research has yet been done on choosing and testing
the best material for 3D printing UAVs, and implementing topology optimization to compare re-
sults with the goal of reducing the overall UAV mass, while preserving the structural strength and
safety factor.

2. Materials and methods

3D print technology enables users to choose almost optimal material for each designed model.
Since one of the main goals in using this emerging manufacturing mode is to reduce environmental
pollution, few materials for building UAV are presented and analysed. Designing UAV from recycled
materials presents challenges in this fast growing area. Relatively small selection of recycled ma-
terials for 3D printing and its environmental effects can represent an obstacle in choosing the
material with the best properties. According to literature [42], some of the activities are utilization
of recycled plastics from bottles such as Polyethylene Terephthalate (PET), in order to rapidly print
foldable UAV airframes. They synthesized different densities from carbon fibres by vacuum bag
technique and analysed the material properties of commonly used 3D printing filaments with that
of the recycled filament. Aurora pioneered in 2016 the use of 3D-printed composite parts reinforced
with 25,4 mm-long carbon fibres for a new-development UAV [43]. Recent, many biodegradable
3D filaments (with a high percentage of organic material), made from recycled materials, have
been developed to be environmentally friendly and have become alternatives to plastic filaments.
UK 3D printing company Filamentive, in collaboration with Belgian recycling company, produced
100 % recycled PET filament. Their goal is to transform European plastic waste into the usable fila-
ment [44]. Plastic materials are classified based on their recyclability. As shown in Table 1, there are
7 main classification groups for plastic materials.

Unfortunately, not all plastics are recyclable, reusable and accepted by different public re-
cycling centres, therefore some of the proposed material for 3D printing the UAV in Table 2 will be
easier to be recycled then others based on the classification type.

In presented case, for twelve proposed materials that had been evaluated, the value of the
goal function was calculated, defined as the weighted average of different properties: 30 % Ultimate
strength, 20 % Durability, 30 % Density, 5 % Price, 5 % printability, 10 % Recyclability (Table 2).

As can be seen from the Table 2, the maximum value of the goal function of 7.6 has been
found for Polycarbonate material. According to the presented maximum value, this material pre-
sents the best choice for 3D printing UAV.
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Plastic classification

Identification code Plastic type Common application Melting temperature
Packaging
’\ Polyethylene Soft drink and water bottles
cm terephthalate Electrical and electronic connectors and components Tm=250 °C
PET (PET, PETE) Appliance components
Shampoo and mouthwash bottles
Detergent, bleach and fabric conditioner bottles
Transport cases
’\ High-density Pipes
CUZ polyethylene  Electrical fittings Tm=130 °C
PE-HD (HDPE) Sports equipment
Food and freezer containers
Toys
Credit cards
. Pipes for external use
'\ Polyvinyl Window and door frames
CU3 ) chloride . . Tm=240 °C
(PVC) Sheet for roofing or panelling
pPvC Blown bottles for oil, wine
Synthetic leather products
Film for packaging
’\ Low-density Food containers
COI. ) polyethylene Flexible bottles Tm=120 °C
PE-LD (LDPE) Irrigation pipes
Wire and cable applications
Automotive parts - bumper bars, ducts, fuel tanks
'\ Polvpropylene Food/packaging containers and boxes
c°5 ypropy Sterilisable hospital items Tm=173 °C
4—) (PP) .
PP Ropes and fibres
Most bottle tops
'\ Egg cartons
CU" ) Pol;g)tg)rene Video cases Tm=240 °C
PS Low cost brittle toys
'\ Other (often Nylon (PA? .
07 Acrylonitrile butadiene styrene (ABS) _ o
polycarbonate Tm=225°C
or ABS) Polycarbonate (PC)
0 Layered or multi-material mixed polymers
Table 2
The Goal function for chosen materials
q Ultimate Dura- Density Price Print- -~ Goal
Material strength [MPa]  bility [g/em?] per kg [€]  ability Recyclability function
1 2 3 4 5 6 7 8
40 1.04 8.5-35 Type 7
ABS 8 8 6.7
4 9.25 8.75 3
26-43 1.19 25-60 Type 3
TPU 9 6 6.8
3.5 8.75 6.75 7
65 1.24 8.5-35 Type 7
PLA 4 9 6.4
6.5 8.25 8.75 3
32 1.04 20-27 Type 6
HIPS 7 6 6.3
32 9.25 8.5 4
53

Engineering



Original Research Article:
full paper

(2020), «KEUREKA: Physics and Engineering»

Number 6
Continuation of Table 2
1 2 3 4 5 6 7 8
53 1.23 20-50 Type 1
PETG 8 9 7.5
5.3 8.75 7.5 9
40-85 1.14 20-55 Type 7
Nylon 10 8 7.5
6.2 8.75 7.25 3
Carbon 45-48 1.3 25-70 Non classified but possible
fiber filled 4.6 3 8 6.25 8 2 >3
55 1.07 30-35 Type 7
ASA 10 7 7.5
5.5 9.25 7.75 3
72 1.2 35-65 Type 7
Polycarbonate 10 6 7.6
7.2 8.5 6 3
32 0.9 50-100 Type 5
Polypropylene 9 4 6.6
32 10 3.5 5
20-30 4 40-100 Non classified
Metal filled 4 7 2.5
2.5 1 4 1
78 1.23 35-95 Type 7
PVA 7 5 7.0
7.8 8.25 4.5 3

3. Experimental procedures

For creating a computer prototype of the drone, the Autodesk software FUSION 360 has
been used [45]. Main goal was to minimize the mass of the drone housing and to preserve the
strength of the structure at the same time. A rotor distance of 580 mm was chosen. The pre-steps
that have been taken into account during the drone model prototyping were: total size of the model,
geometry and number of rotors. A sketch with dimensions of 780x758x155 mm has been generated.
Hexa-drone with six rotors was chosen. After getting a general concept, the motors, the propellers,
and the battery considering their weight needed to be chosen. The configuration with six brushless
motors that are ideally suited for 5 inches (127 mm) propellers, and for 2~4 lipo cell batteries was
chosen (Fig. 1). Each motor has a mass of 28 g and in ideal conditions, using the recommended set-
ups, and generates a thrust of 7.84 N (5045 prop/4 s). Two battery packs of 4 lipo cells, give power
to the motors. The first battery powers the first, the third and the fifth motor, while the second
battery powers the remaining second, the fourth and the sixth motor. Each battery weighs 173 g.
The 5-inch propellers have a mass of 4.6 g each, and can be rotated CW and CCW. The total mass
of the drone components, including the speed controller and the hex copter flight controller, was

estimated to be 705 g. The total thrust generated by six electric motors is 47 N.

The second phase, including all mentioned data, was building the first iteration of the
virtual 3D CAD model.
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Fig. 1. Rendered view of the 3D CAD model of the drone. Source: authors
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The FUSION 360 software has two environments which allow better optimization of the
created CAD models. These two modalities have the same goal but include different approaches.
The first mode is named Shape Optimization that uses the Finite element method (FEM) analysis,
generates iterations of the model with respect to the direction of stress movement in the model. The
new iteration of the model is within the initial geometry limit. This iteration allows to end up with
a better design solution for a model for the same load capacity and safety factors. The downside
of this mode, for now, is the impossibility to evaluate multiple materials in a single simulation and
it cannot consider model processing methods while generating new designs. The second mode is
named Generative Design, and like Shape Optimization, generates multiple iterations of the model
with respect to given stresses through FEM analysis. Unlike Shape Optimization, this mode is not
limited by the initial geometry, but provides the ability to evaluate multiple materials in a single
simulation and can consider model processing methods when generating new designs. A Gene-
rative Design has been used to improve the existing model, to reduce the weight and preserve the
strength at the same safety factor. Some of the Generative Design results are shown in Fig. 2.

Fig. 2. Some of the Generative Design results; Source: authors. Generative design study outcome:
a — 1 Tteration 61 — Volume 7.226e+6 mm?; b — 2 Tteration 57 — Volume 9.107e+6 mm?3;
¢ — 3 Iteration 46 — Volume 1.539¢+7 mm?; d — 4 Iteration 23 — Volume 4.524e+7 mm?

After evaluation of all presented cases, the chosen design is shown in Fig. 3.

Fig. 3. The chosen design for final 3D CAD model. Source: authors

A 3D model was created, taking into the consideration the new design provided by using
Generative Design. When using Polycarbonate as the main material for the housing construction,
the weight was estimated to be 586 g. To test the strength and the compactness of the construction
FEM analysis was used (Table 3). The goal was to see the static load that the new construction of
the model can withstand. The test results are as shown.
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Table 3
FEM analysis result based on static load
Central force on the drone housing F1 70 N
Force on the rotors F2 20 N

Construction material
Rotor distance
Housing mass

Motor mass

Rest of components mass

Total mass
Motor thrust
Min. Safety Factor

Max. Stress

Max. Displacement

Polycarbonate
0.58 m
586 g
168 g
536 g
1.29 kg
47N
3.026

6.608 MPa

The results of the static FEM analysis showed that the drone housing, made from ABS
plastic, can withstand a central force on the drone housing of 70 N, as well as 20 N of force on
each rotor with a safety factor of 3.026. The generative design model has a mass of 586 g, which
is significantly less from the mass of the original model that had a mass of 750 g. By getting the
original prototype through generative design, the mass was reduced by 22 % conserving struc-

tural properties.

4. Results and discussion

In this paper a comparison between following UAVs has been conducted: AscTech Hum-
mingbird 1, AscTech Firefly, AscTech Hummingbird 2, AscTech Pelican and our UAV — Proto-
type 1. The main parameters that have been considered were rotor distance, take-off weight and
electromotor weight. As Fig. 4 represents, Prototype 1 has the largest rotor distance from the ob-

served UAVs of 0.58 m.
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Fig. 4. Rotor distances of compared UAVs

In Fig. 5 the take-off mass of the different types of UAV-s is compared to the take-off mass
of the Prototype 1 UAV.
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Take off mass/g
3570
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AscTech AscTech AscTech AscTech DJI Plastic  Prototype 1
Hummingbird Hummingbird  Firefly Pelican
1 2

Fig. 5. Take- off mass of compared UAVs

Fig. 6 shows that Prototypel, with electromotor mass of 157.08 g, is approximately in the
middle of the range from 88.00 g (Astec Pelican) to 320.00 g (AscTech Hummingbird 2).
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Hummingbird Hummingbird  Firefly Pelican
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Fig. 6. Electromotor mass of compared UAVs
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With the largest rotor distance, and the middle electromotor mass, the Prototype 1 UAV
ranges first best with a take-off weight mass of 3570 g. This result confirms the desired goal has
been achieved, by proposing a 3D printed drone model with the highest take-off weight mass.

The inherent limitations of this study are the finite set of five UAVs compared. It can be
proposed to include some more UAVs in the comparison set for further study.

The finite set of UAVs materials are the disadvantage of the study too, and it should be
enlarged by including some more materials in future studies.
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The preliminary study case presented in this paper was based on FEM analysis of static load
in order to explore the drone housing durability, max load and find weak points in the construction
made by generative design. A more detailed analysis for this application would require dynamic
and vibration analysis to better predict UAV behaviour. There is also the problem of making FEM
analysis for FDM 3D printing models, because of different parameters specific for this kind of
technology such as model ant geometry of infill type, layer adhesion etc. Future studies should take
into account previously named differences too.

5. Conclusions

In this paper, the synergetic effects of new technologies combining, such as additive manu-
facturing, FEM analysis and shape optimization/generative design, as well as choosing the best
suitable 3D printing material for UAV application has been investigated. Presented approach
demonstrated that combination of several new technologies can have a positive impact in the pro-
duction of UAV prototypes. In addition to reducing the use of non-recyclable materials, this pa-
per’s main goals are turned toward economic and ecological efficiency as well. FEM analysis and
topology optimization in the designing phase was used to minimize the components mass while
preserving structural requirements. Applying additive manufacturing in UAV production can dras-
tically reduce costs and development times. Additive manufacturing also allows for the easy pro-
duction of components with complex geometry. Merging topology optimization from the designing
phase with additive manufacturing, enabled to achieve an optimal balance of strength and mass
that results in the UAVs greater take-off weight mass.

Here following UAVs have been compared: AscTech Hummingbird 1, AscTech Firefly,
AscTech Hummingbird 2, AscTech Pelican and our UAV, Prototype 1 by following criteria: rotor
distance, take-off weight mass and electromotor mass. With the largest rotor distance of 0.58 m and
the middle electromotor mass of 157.08 g. Prototype 1 is first best with a take-off weight mass of
3570 g. This result confirms the desired goal has been achieved, by proposing a 3D printed drone
model with the highest take-off weight mass. One important thing in designing a UAV prototype
is choosing the right material. UAV industries ordinarily use composite materials that are low in
mass, high in strength, fatigue resistance and easy to process. Most of the commercial UAVs today
use carbon-fibre-reinforced plastic as the main material (CFRP). One of the goals of this paper was
also to choose the best suitable material for 3D printing the drone. Evaluating different materials
that can be 3D printed, different properties were taken in the calculation such as ultimate strength,
stiffness, durability, printability of the material, and required bed and extruder temperature for
printing the selected material. Taking all this into consideration, Polycarbonate proved to be the
best choice for 3D printing UAVs. For our future research work, the main topic should be designing
the UAV from recycled materials that can help in reducing environmental pollution.
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