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Abstract: Thermoplastic materials have great usage through FDM 3D printing technology. Today, FDM
3D printer is available to the broad population, and some of the thermoplastic materials is widely used
due to their small price and availability. Such thermoplastic materials are ABS (Acrylonitrile butadiene
styrene) and PLA (Polylactic acid). In this paper the possibility of drone frame design optimization that
can be made from ABS and PLA plastics using FDM 3D printing technology is analyzed.
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1.Introduction

Unmanned aerial vehicles (UAV) or air drones are flying robots that can be autonomous or remotely
controlled by an operator from the ground. Their classification and application today is very wide. For
that reason, they are subjected to extensive research and development, from design of body, design of
components, development of control methods, energy efficiency improvements, etc.

Drones have their application in civil and military sector. They are very versatile vehicles and can
be equipped to do various tasks from making videos and pictures or gathering data with sensors to
applying pesticides in agriculture [1-4]. Figure 1 show classification of application depending on
different criteria such as flight space, purpose and environment.
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Figure 1. Classification of drones’ applications [2]
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In drone design and manufacturing different material and technologies are used. There are several
development directions: creating new materials or applying current materials in order to achieve
lightweight frame or to increase frame strength [5,6], usage of additive manufacturing technologies [7-
11], optimizing the created design [12-14], working on sustainable design [15,16], etc. In all papers,
weight is considered as crucial factor in frame design.

Mohamed M. ElFaham et al [5] work on creation of different composite densities of carbon fiber
prepared via vacuum bag technique. The goal was to get lightweight and high strength material in order
to get substitute for metal from which military drones are made.

Akif Mosaddek et al [15] are using recycled plastic from bottles (Polyethylene terephthalate - PET)
and compare it to with the most commonly used 3D printing filaments which has proven to be effective
in use for manufacturing foldable UAV frame. The purpose is to reduce environmental pollution with
plastics without any loss to UAV functionality.

The advantage of using additive manufacturing (AM) in UAVSs is shown by Goh et al [17], where is
explained that AM technology brings to life complex designs that can't be achieved via conventional
technologies. AM can use vide variety of materials and technologies in order to achieve cost effective
products. Also, AM is used to improve the structural characteristics of UAV, through manufacturing the
optimized design (with various optimization methods) to achieve lightweight structure with selected
material, or with usage of high-strength-to-weight ratio materials (composite materials).

For the drone to fly, it must generate enough upward trust to lift itself. Selection of material, in that
case, depends on drone mass.

“Every gram of material used to make a drone costs energy to lift, and every gram that can be saved
improves performance: Increased cargo capacity; Extended flying time; Reduced inertia and improved
maneuverability” [18].

For commercial drones, thermoplastics (nylon, polyester, and polystyrene) are popular choices
because they are cheap to make into complex parts using injection molding [18]. Also, with expansion
of 3D printing, used materials are ABS (Acrylonitrile butadiene styrene) and PLA (Polylactic acid)
plastics, with high availability and low cost. ABS is fossil-based polymer, and as such, have significant
long-term consequences on the health and the environment, while PLA is made from renewable sources
(corn starch) and has potential to substitute fossil-based polymers (low melting point of PLA requires
less energy, compared to ABS) [19]. For industrial application, carbon-fiber material is most used due
to high strength to weight ratio.

Development of 3D printing technology allowed applications in manufacturing complex geometries
in various areas: medicine [20], hydrodinamics [21], etc. Because of that development it has become
available to design and manufacture drone bodies with unique designs and for specific purpose. And
with that in mind, the design of body of quadcopter (or quadrotor) with the characteristics of two plastic
material (PLA and ABS), that are commonly used in FDM 3D printing technology, is analyzed and
optimized in this paper, for the purpose of reducing mass of drone to decrease energy consumption.

2. Materials and methods

Overall design of rotary wing drones is influenced by drone application. Frame design is based on
number and position of motors. On Figure 2 and Figure 3 the example of quadcopter frame configuration
is shown.

Cross configuration is most common in usage. The ring configuration is more rigid.

Rotary wing drones generally have problem with endurance because of higher power for hovering
flight mode requirements. In design of this type of UAV the weight is important criterion [2]. That’s
why many researchers investigate different types of materials, technologies and shape in order to achieve
minimal weight of drone frame.
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Figure 2. Cross configuration [22] Figure 3. Ring configuration [22]

Within this paper the thermoplastic materials for the usage with FDM 3D printing technology is used
for design of X-configuration of quadcopter.

Fused Deposition Modeling is, in technological sense, on somewhat lower level than other AM
technologies. FDM process forms solid models, extruding and depositing liquid thermoplastic material
in layers on moving platform. Extrusion of materials is done on temperature lower than melting point of
thermoplastic material. The temperature of the platform is lower than temperature of nozzle (extrusion
is done via extruder head and nozzle) so that thermoplastic rapidly hardens. FDM process is relatively
simple but it is constricted to thermoplastic materials and wax for precise casting [20,23].

With the availability of commercial 3D printers today, everyone can manufacture desired parts. As
said, the most common used materials are Polylactic Acid (PLA) and Acrylonitrile Butadiene Styrene
(ABS) plastics. Therefore, analysis is conducted on models with various shapes in order to see what
material provides wider space for design improvements.

Research goal is to reduce weight of UAV frame by optimizing the model design and to determine
the dimensional influence of defined parameters regardless of UAV arm cross section shape.

2.1. Numerical experiment
Study flow for experiment is shown on Figure 4.

[nput parameters for modeling

!

3D CAD models of different types

v Figure 4. Study flow chart

FEA analysis of models

)

Optimization and verification of
optimized models

}

Analysis and discussion of
obtained results

First step in the experiment is modeling of quadcopter drone frame. From that it can be determined
the drone frame span, size of propellers and motor thrust. For this case, the overall weight of drone is
around 5kg, with frame span of 500mm and with 2:1 thrust. For analysis purpose only one arm is used.
Length of the arm is 225mm. The initial parameter that must be taken in consideration is overall weight
of drone. On model we are using the combination of three geometrical shapes (circle, square and
hexagon) on four cross sections of drone arm. Initial dimensions of observed parameters (P1-P4) are:
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for circle — diameter = 15mm; for square — square side = 15mm; hexagon — inscribed in circle diameter
= 15mm.

Parameters used for optimization are dimensions of corresponding cross section (cross section 1 —
parameter P1; cross section 2 — parameter P2; cross section 3 — parameter P3; cross section 4 — parameter
P4) from 11-20mm (lower value is determined by the opening for cables from motor in the center of
model cross section). Cross sections are positioned from center of drone to motor, on 50mm mutual

distance (Figure 5).

Cross section 3

Cross section 4

Figure 5. Positions and different types of cross
sections on quadcopter arm

2.2. FEA analysis
For analysis two different materials were used: PLA and ABS (characteristics of materials used in

analysis are shown in Table 1). Materials were selected as they are most used plastic materials in
commercial 3D printing technology.

Table 1. Typical properties of plastic materials used for analysis [24,25]

. . . Acrylonitrile Butadiene
Parameter Symbol Unit Polylactic Acid (PLA) Styrene (ABS)
N 9 9 9 9
Young Modulus E — 2.87x10” —3.58%10 1.50x10” — 3.14x10
m
Poisson Ratio v - 0.36 0.38 t0 0.40
. k
Density N == 1.24 x10° - 1.25x10° 1.03x10° - 1.08x10°
m
Thermal 1 1 11 11
expansion o < 6.8x10 7.92x107" —9.54x10
H N 6 6 6 6
Yield strength R — 15.51x10° = 71.71x10 29.03x10° — 57.02x10

Static analysis was conducted on ten different shapes (Figure 6) listed in Table 2.

Table 2. Types of analysis shapes

Type Cross sections
Type 1 Circle-Circle-Circle-Circle
Type 2 Square-Square-Square-Square
Type 3 Hexagon-Hexagon-Hexagon-Hexagon
Type 4 Square-Circle-Hexagon-Circle
Type 5 Hexagon-Circle-Square-Hexagon
Type 6 Square-Hexagon-Circle-Square
Type 7 Hexagon-Square-Circle-Circle
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Type 8 Square-Hexagon-Square-Hexagon
Type 9 Circle-Square-Square-Circle
Type 10 Circle-Hexagon-Square-Hexagon

Type 2

Figure 6. Graphic view of analyzed model types

Models were analyzed for static load for drone take off. Value of static load is 6.377N, and it is
positioned vertical upwards. Mesh elements are shown in Table 3. Results of simulation, on Type 3 with

ABS material

Results of simulation are shown on Figures 7 - 10, on example using Type 3 model and ABS material.

Table 3. Mesh properties

Mater. Plast., 58 (4), 2021, 238-249

Type of mesh OCTREE Tetrahedron mesh
Type of element Linear
Size of element 14.388mm
Absolute sag 2.302mm
Criteria Shape
Jacobian 0.3
Warp 60
Geometry size limit 0.1mm
242
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Von Mises stress (nodal values).1
N_m2
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Figure 7. Example of initial model analysis
(Type 3 — ABS material) — Von Mises stress

Translational displacement vector.1
mm
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546
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On Boundary

Figure 8. Example of initial model analysis
(Type 3 — ABS material) — Translational displacement vector

Stress principal tensor symbol.1
N_m2
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Figure 9. Example of initial model analysis
(Type 3 — ABS material) — Stress principal tensor symbol

Mater. Plast., 58 (4), 2021, 238-249 243 https://doi.org/10.37358/MP.21.4.5549


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ @
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

K

Estimated local error.1
J
4.75e-005
4.28e-005
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3.33e-005
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1.43e-005
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4.75e-006
1.37e-013

Max = 5.88305mm

Figure 10. Example of initial model analysis
(Type 3 — ABS material) — Estimated local error

2.3. Optimization process of model design

After verification of models design, optimization was done. Process of optimization was done by
Catia Product Engineering Optimizer. Input parameters were parameters P1 — P4 (in range 11-20mm)
and output constraints were volume and displacement. Displacement is measured by using local sensor
set on lower plate of motor position. Example of displacement value is shown on Figures 7 — 10 (for this
type displacement value was 5.88305mm). The goal was set for: volume less than 30000mm?3, and
displacement equal to zero. The goal for both constraints cannot be achieved but optimization will bring
values as close as possible. The applied algorithm for optimization process is Simulated Annealing
Algorithm.

3. Results and discussions

There are two results of optimization used for consideration for each model:

- Minimal volume value (Min. Vol.) of model with some decrease of displacement;

- Minimal displacement value (Min. Displ.) of model with some decrease of volume.

Results obtained through process of optimization are shown in Table 4 (for PLA material) and in
Table 5 (for ABS material). In this two tables, beside the optimized results, there are also shown the
initial values (IV) obtained through analysis before optimization.

Table 4. Results of model optimization for PLA material

Model P1(mm) | P2 (mm) | P3 (mm) | P4 (mm) | Displacement (mm) | Volume (mm?®) | Mass (g)

v 15 15 15 15 2.43 59752.84 74.09

Typel | Min. Vol 16.48 15.25 13.95 11.15 2.43 57189.23 70.91
Min. Displ. 18.95 15.35 13.95 13.14 212 59740.11 74.08

\Y 15 15 15 15 1.23 68206.75 84.58

Type2 | Min. Vol. 15.01 16.40 13.13 12.58 1.23 65684.86 81.45
Min. Displ. 16.03 16.03 14.21 12.58 1.10 67537.22 83.75

v 15 15 15 15 3.20 54325.23 67.36

Type3 | Min. Vol. 16.64 15.59 12.96 11.02 3.17 51563.95 63.94
Min. Displ. 17.35 16.25 13.41 13.38 2.64 54305.37 67.34

v 15 15 15 15 2.97 55621.79 68.97

Type4 | Min. Vol. 18.33 15.70 13.61 11.00 2.81 54820.28 67.98
Min. Displ. 18.33 15.70 13.61 11.00 2.81 54820.28 67.98

v 15 15 15 15 3.13 59156.94 73.35

Type5 | Min. Vol. 15.65 16.12 11.44 15.86 2.94 55948.31 69.38
Min. Displ. 15.84 17.35 11.99 15.58 2.39 58435.41 72.46
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v 15 15 15 15 2.48 58249.65 72.23

Type 6 Min. Vol. 13.29 17.51 13.25 11.08 2.46 55776.63 69.16
Min. Displ. 13.81 18.14 14.03 11.54 2.04 58214.70 72.19

v 15 15 15 15 1.87 61875.27 76.73

Type 7 Min. Vol. 19.09 14.49 14.56 12.14 1.71 60653.13 75.21
Min. Displ. 19.03 14.69 15.13 12.13 1.57 61807.24 76.64

v 15 15 15 15 2.66 57872.89 71.76

Type 8 Min. Vol. 14.20 15.95 13.31 15.52 2.61 56108.69 69.57
Min. Displ. 15.66 18.30 11.64 16.19 2.03 57797.35 71.67

[\ 15 15 15 15 1.87 63854.95 79.18

Type 9 Min. Vol. 16.60 15.14 12.90 14.67 1.83 60652.75 75.21
Min. Displ. 19.76 15.92 12.85 15.14 1.44 63739.71 79.04

v 15 15 15 15 2.97 59533.68 73.82

Type 10 | Min. Vol. 19.11 14.89 11.36 16.14 2.76 55762.04 69.14
Min. Displ. 18.01 18.63 11.84 12.54 1.77 59420.08 73.68

From Table 4 it can be seen that volume values of initial model vary from 54325.23 - 68206.75mm?,
and displacement value of initial model vary from 1.23 - 3.20mm, both depending of model type. From
used PLA material characteristics, the calculated mass of initial models varies from 67.36 - 84.58g. With
optimization, new achieved volume has range from 51563.95 - 65684.86mm?3 with displacement values
from 1.23 - 3.17mm (for cases with minimal volume value), and for cases with minimal displacement,
the volume varies from 54305.37 - 67537.22mm?, and displacement from 1.10 - 2.64mm. Mass of the
drone arm in both cases is 63.94 - 81.45g (for minimal volume) and 67.34 - 83.75g (for minimal
displacement).

Table 5. Results of model optimization for ABS material

Model P1 (mm) | P2 (mm) | P3 (mm) | P4 (mm) | Displacement (mm) | Volume (mm®) | Mass (g)

v 15 15 15 15 4.44 59752.84 61.55

Typel | Min. Vol 14.88 15.44 13.87 14.31 4.41 58282.65 60.03
Min. Displ. 15.03 15.89 14.20 13.98 4.16 59296.84 61.08

v 15 15 15 15 2.34 68206.75 70.25

Type2 | Min. Vol 15.83 15.35 13.96 11.12 2.33 64663.59 66.60
Min. Displ. 16.00 15.90 15.07 11.43 1.99 68148.87 70.19

v 15 15 15 15 5.88 54325.23 55.95

Type3 | Min. Vol. 16.62 15.50 13.09 11.40 5.79 51751.14 53.30
Min. Displ. 15.96 16.85 13.57 12.76 4.80 54295.93 55.92

v 15 15 15 15 5.48 55621.79 57.29

Type4 | Min. Vol. 15.88 14.78 14.96 14.54 5.46 55438.48 57.10
Min. Displ. 17.44 14.76 14.72 13.75 5.30 55525.83 57.19

v 15 15 15 15 5.71 59156.94 60.93

Type5 | Min. Vol. 17.55 15.43 11.38 11.53 5.54 53440.28 55.04
Min. Displ. 16.47 17.91 13.12 11.38 3.76 59059.55 60.83

v 15 15 15 15 4.54 58249.65 60.00

Type 6 | Min. Vol. 13.03 16.76 14.02 11.17 454 55610.25 57.28
Min. Displ. 13.14 16.69 15.01 12.19 4.18 57442.05 59.17

\Y 15 15 15 15 3.43 61875.27 63.73

Type 7 Min. Vol. 17.75 14.39 14.88 11.00 3.37 59636.11 61.43
Min. Displ. 18.27 15.02 15.21 11.41 291 61771.64 63.62

v 15 15 15 15 4.88 57872.89 59.61

Type 8 Min. Vol. 14.47 17.87 11.67 11.67 4.43 54581.84 56.22
Min. Displ. 15.26 19.41 12.19 11.20 3.55 57702.95 59.43

v 15 15 15 15 3.43 63854.95 65.77

Type9 | Min. Vol. 16.24 15.91 12.76 11.00 3.41 60128.90 61.93
Min. Displ. 18.10 15.85 13.23 12.86 2.82 62360.72 64.23

v 15 15 15 15 5.46 59533.68 61.32

Type 10 | Min. Vol. 19.11 14.89 11.36 16.14 5.07 55761.93 57.43
Min. Displ. 18.00 19.06 11.72 11.68 3.28 59527.80 61.31

From Table 5 it can be seen that volume values of initial model vary from 54325.23 - 68206.75mm?
(of course initial volume value is the same for both materials because it is not dependent on material
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characteristics) and displacement value of initial model vary from 2.34 - 5.88mm. From used ABS
material characteristics, the calculated mass of initial models varies from 55.95 - 70.25g. With
optimization, new achieved volume has range from 51751.14 - 64663.59mm?3 with displacement values
from 2.33 - 5.79mm (for cases with minimal volume value), and for cases with minimal displacement,
the volume varies from 54295.93 - 68148.87mm?, and displacement from 1.99 - 4.80mm. Mass of the
drone arm in both cases is 53.30 — 66.60g (for minimal volume) and 55.92 - 70.19g (for minimal
displacement).

For further analysis, Table 6 that shows arithmetic mean values of obtained results, will be used.

Table 6. Arithmetic mean values of displacement, volume and mass of initial and
optimized models for PLA and ABS materials

Arithmetic mean values
Material Displacement disl\/lllgégnn:(lent di;vllaaxclemnint Minimal displacement Maximal displacement
(mm) P P decrease (mm) decrease (mm)
(mm) (mm)
PLA 2.481 1.991 2.395 0.086 0.49
ABS 4,559 3.675 4.435 0.124 0.884
. Volume Minimal volume Maximal volume | Minimal volume decrease Maximal volume
Material 3 3 3 3 3
(mm?3) (mm?3) (mm?3) (mm?3) decrease (mmq)
PLA 59844.999 57415.987 59581.747 263.252 2429.012
ABS 59844.999 56929.517 59513.218 331.781 2915.482
Material Mass Minimal mass (g) | Maximal mass (g) Minimal mass decrease Maximal mass decrease
@ (@ (@
PLA 74.207 71.195 73.883 0.324 3.012
ABS 61.64 58.636 61.297 0.343 3.004

In Table 6 minimal displacement is connected with maximum volume (or mass) (model with
maximal volume value after optimization have minimal displacement value) and vice versa.

As shown in Table 6, optimized model has been achieved. The goal was to obtain model with reduced
weight and reduced displacement of drone arm bending. In the terms of material used for model analysis:

- In initial models PLA have greater mass then ABS, but smaller displacement (volume of models is
the same for both materials)

-In optimized models with ABS have greater volume and displacement reduction than PLA, but in
term of mass that reduction is approximately the same.

-In optimized model, ABS still have the greater displacement value than PLA.

For this analysis, the model used is designed with four parameters (P1-P4). By changing their value,
the optimal model design can be achieved. In Figures 11 - 14 optimized values of parameters for
analyzed models are shown.

Madel
asic

—B— Type 01
- Type 02
—& - Type 03
P Type 04
Type 05

—¥— Type 05
& - Type 07
—& - Type 08
—# - Type 03
—A— Type 10

Figure 11. Parameter value for
maximum volume decrease
of PLA model

Parameter value (mm)

P1 P2 P3 P4
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In all four cases with the analysis of all ten optimized types the most values of parameters P1 and P2
are increased and the parameters P3 and P4 are decreased. In the comparison between two materials for
PLA is dominant increase is in parameter P1 while for ABS is parameter P2 (through comparison of
parameters P1 and P2), and the dominant decrease for PLA is parameter P3 and for ABS is parameter
P4. This comparison is based for the values of parameters in each model type.

4.Conclusions

Due wide usage of drones today and rising trends in energy efficiency of any vehicle, mass is
important factor for energy consumption. There are several ways to reduce mass of drone, without
impact to its functionality. One of them is optimizing drone frame. Most of the work in this field is by
improvement of materials. So here, we are analyzing improvement in design of complex geometry with
regards to existing materials.

In this paper, the optimization of drone arm was conducted. The analysis was performed on models
of drone arm with different shape construction, and for PLA and ABS thermoplastic materials in order
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to be possible to make drone arm with 3D printing.

Used shape construction consists of basic geometric shapes in 4 intersections with different shapes
layout, there for, obtaining different complex 3D shapes for analysis. Optimization is conducted on that
different complex 3D shapes through dimensional change of basic geometric shapes. The purpose of this
research is to determine if there is any observed pattern of dimensional parameter changes in order to
provide best design practice for creation of drone frame, with achieving freeform model, in regard to
two most used plastic material for FDM 3D printing.

Through optimization, by changing the parameter values of drone arm cross section design in order
to produce drone with lesser mass, it has been achieved the decrease of volume while retaining rigidity
of frame or even increase rigidity. As discussed, from parameters P1-P4 point of view, the reduced
volume is achieved in all the models with general increase of parameter P1 and general decrease of
parameter P3 and P4.

In the comparison of PLA and ABS materials, used in design optimization, decrease of mass value
is the almost the same. ABS provides lesser initial mass than PLA, but PLA gives greater rigidity of
frame.

For the future research the idea is to obtain mathematical model of parameter changes due to different
material and different complex geometry shapes for design improvement and mass reduction without
changes to frame rigidity.
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