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ABSTRACT

Recently, drones have been widely used to perform tasks in different fields, such as military
and agriculture. To improve exploitation performance, being compact and lightweight, drones are
constantly designed and optimized. One of the current research directions in drone design is to
optimize the structure and geometry of their main components, such as the arms and the body
frame, and manufacture them using 3D printing. In this paper, the topology optimization and the
geometrical optimization using lattice structures were investigated and applied to optimize the
structure of the arms of a quadcopter Drone (DJI-f450) with the aid of Hyperworks software. The
optimization design methods were performed according to the criteria of minimizing weight,
increasing the rigidity and reliability of components. The results obtained show that all the
methods considered enable the increase of stiffness and reliability while reducing the weight by at
least 21.88% compared to the original structure. Among the studied optimization methods, the
combination of topology and lattice optimization is more effective in increasing the rigidity and
safety factor. The findings in this study confirm the necessity and performance of geometry
optimization methods and 3D printing technologies to improve the product design and
manufacturing process compared to traditional methods.
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1. INTRODUCTION

Topology optimization (TOP) is known as a technique based on several computational
mathematical methods to determine the effective allocation of materials in a component from the
perspective of maximizing or minimizing the physical and technical parameters of the product
under certain constrained conditions. The first research in TOP appeared in the publications of
Bendsge Martin Philip et al. [1, 2]. The theory, methods and applications of TOP have been widely
presented in the literature [3, 4].

Nowadays, in addition to durability and stability, products also need to meet other requirements
such as aesthetics, compactness, space-saving, user-friendliness, and environmental friendliness.
The design problem becomes a multi-objective optimization problem, and it is often carried out
with structural analysis and optimization software. Some popular software commonly used to solve
structural analysis and optimization problems include Abaqus, Ansys, Hyperworks, Nastran [5].

The main objective of TOP methods is to determine the effective distribution of materials in
components according to defined constraints; for example, the weight of components should be
minimized while still satisfying a required strength. Normally, the optimized geometry is very
complex, and it is difficult to fabricate with conventional manufacturing processes (e.g., casting
and machining). In this case, 3D printing technologies become an excellent solution [6-9]. This
technique can produce complex structures by adding material layer by layer. Hence, the
combination of TOP and 3D printing in the design and production enables unlimiting the ability
to create complex shapes from different materials. Both 3D printing and TOP have been
increasingly applied in various sectors such as aviation, rocket engineering, automobiles,
mechanical engineering, civil engineering, architecture, and design.
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A drone is a flying device of various sizes that is remotely controlled or highly automated to
perform certain purposes. Initially, it was developed for the aviation and military industries, thanks
to its ability to be controlled remotely, fly at different distances and altitudes, and have high
reliability and safety. There are many types of drones, but they can be divided into 4 types based
on flight ability: single propeller, multi-blade propeller, fixed wing, and hybrid fixed wing.

Today, the load-carrying capacity of drones is increasingly required because many modern
devices need to be mounted on them. Therefore, the problem of optimization design of drones’
components is extremely necessary, especially the optimization design of their frame and arms.
The drone’s frame and arms need to have minimum weight and high rigidity to carry a lot of loads
and save battery energy. Therefore, the structural optimization problem of the drone frame is a
multi-objective problem.

Analyzing the research results of some recent publications on this research direction, it was
found that developing an advanced drone framework is still one of the major challenges. In
particular, accurate mechanical structural design analysis will provide optimal design solutions.
Berke Bay and Meltem Eryildiz [10] used SolidWorks software to build design options for drone
frames with different structures. These designs were analyzed using the finite element method,
optimizing the topology in SolidWorks with the goal of lightening the frame structure, improving
the overall performance and structural integrity of the design. The design is then subjected to drop
testing, stress and displacement analysis and flow simulation to evaluate its resistance to
deformation and aerodynamic performance. The results have shown that topology optimization
techniques enable a reduction in weight by 30% compared to the initial design without
compromising structural integrity. The findings of this study provide valuable insights for the
development of efficient and reliable drones.

Sagar Nvss et al. [11] also conducted research on optimizing the drone frame by redesigning
the frame into a monolithic structure. The objective was to reduce weight and assembly time. The
redesigned framework was then evaluated both theoretically and experimentally in terms of
structural, vibration and fatigue characteristics. Based on the obtained results, the authors
confirmed an improvement in performance and durability compared to commercial drone designs.
In another study by Sagar Nvss et al. [12], the 4-rotor drone frame was also optimized in three
phases. Accordingly, the drone frame is optimized for shape using the design of experiments
(phase 1), and it was optimized for volume using topology optimization (phase 2). In phase 3, the
authors used the static structural finite element analysis method to redesign the structure to better
suit the production process. The results showed that applying optimization technology in design
has reduced the frame weight by 39.2% and topology optimization has reduced by 5.64%
compared to the original design, while retaining the frame strength.

Martinez Leon et al. [13] also carried out a structural-mechanical optimization study of the
drone airframe using a generative design algorithm through the topology optimization method in
SolidWorks. Additionally, the carrying capacity estimation of the drone frame was performed
using an analytical method. Jerrin Bright et al. [14] focused on optimizing the design of an F450-
style drone frame using the Autodesk generative design tool embedded in Fusion 360. The new
design model has improved fracture resistance and minimal displacement when compared to the
original design. The results of the above studies [13, 14] have shown that the optimized drone
frame was suitable for manufacturing with FDM 3D printing, while the prototype frames of most
commercial drones today are produced by injection molding.

Although certain results have been achieved, the problem of developing and optimizing the
drones’ framework has not been completely resolved. More in-depth research needs to be conducted
to come up with new and superior design models. In addition, the combination of structural
optimization technology and 3D printing provides the ability to apply lattice structure optimization
and topology optimization technology to the design and production of quadcopter frames.
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Therefore, this study was carried out to evaluate the effectiveness of applying the above-
mentioned structural optimization methods combined with 3D printing to minimize weight and
improve the mechanical properties of drone frames. The optimization procedure is performed
using Hyperworks software. The methods and results obtained in this study can be used for the
design and fabrication of various types of drones and other products.

2. METHODOLOGY

2.1. Structure optimization procedure

The general procedure to optimize the geometry of components is presented in figure 1 [3],
including the main following steps: (i) Setting initial values, (ii) Structure analysis, and (iii)
optimal calculation. The optimization procedure is terminated when the optimization calculation

is converged.
Start
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Figure 1. The flowchart of the optimization process [3].

Among the steps of the optimization process, optimal calculation is the most important step,
determining the efficiency and quality of the whole process. This step is carried out by constructing
mathematical equations that represent the relationship between variables and determining methods
to solve them. Today, one of the powerful and popular tools used to perform topology optimization
is Altair Hyperworks software.

2.2. Structure optimization with Hyperworks software

The topology optimization steps performed on Altair Hyperworks follow the general process
steps for structural optimization shown in figure 1. In the Altair Inspire module of Hyperworks,
the structure optimization procedure be performed according to the following steps: (i) selecting
the optimization method (e.g., topology optimization, optimization with lattice structures, and
topology-lattice optimization combination), (ii) defining the optimization objectives (such as
increasing stiffness and minimizing mass), and (iii) setting other relevant conditions.

In the topology optimization problem, it is necessary to set the minimum and maximum
thickness constraints of the model. For the optimization process using the lattice structure, it is
necessary to set the parameters of the lattice cell, the length dimension, the smallest diameter of
the frame, and the proportion of parts replaced by lattice cells in the model.

Finally, the resulting optimized models are simulated in terms of residual stress, displacement,
and safety factors to compare with each other and with the original structure.
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2.3. Description of the case study

In this study, the structure optimization was conducted on one aim of the X-frame of a drone
model (DJI-f450) (figure 2). The original drone arm is designed to be suitable for manufacturing
using conventional machining methods such as injection molding or molding. Generally, drones
operate in adverse conditions, are affected by many random factors, and have limited loading
capacity. Optimizing the drone frame structure is essential to minimize weight, increase rigidity
for increasing loading capacity, and save consumed energy. In this case, the structure optimization
of the body frame and the drone arm is a multi-objective optimization problem.

(a) (b)
Figure 2. (a) DJI-f450 drone model and (b) X-frame to be optimized.
Stresses and displacements in the drone frame are determined using simulation methods. The
set limit conditions are calculated according to reality, considering the safety factor of the device.
The lift force of the propeller (L) is determined according to the Bernoulli equation:

1
L=§><p><V2><A><CL 1)

where p is air density (about 1.2 kg/m?), V is velocity in m/s, A is the surface area of the impeller
in m2, and C_ is the lift coefficient.

The total mass of the carrying parts on the drone DJI-f450 is 542.3 g. The mass of the drone
frame is about 250 g, and the mass of other drone components is about 20% of the total mass.
Thus, the total mass of the drone with carrying devices is about 1000 g. The gravitational
acceleration G is approximately 10 m/s2. Therefore, for 4 engines to create a lift force equal to the
drone’s load, each engine will have to create a lift force of 2.5 N.

In stable conditions of flying, the gravity acting on the drone will balance with the lifting force
of the propellers, we consider the following model: the drone’s arm will be fixed (actually, it is
attached to the drone body), the lifting force for each propeller is F = 2.5 N, and the moment from
the engine acting on the drone’s arm has a value of M =1 Nm.
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(a) (b)
Figure 3. (a) Setting the support, (b) the lift force F = 2.5 N and moment M = 1.0 Nm at the
propeller motor mounting location, and (c)the pressure for the model p = 1.0 Pa.

To compare and evaluate the effectiveness of optimization methods, the study conducted
simulations of the displacement and stress of the original drone arm and those of the optimized
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structures. The initial setup for the simulations is shown in figure 3, in which the red surface is the
surface on which the constraint conditions are set.

From the initial drone arm structure (figure 4a), the area requiring design optimization is
defined as the block-shaped area and indicated in white in figure 4b. The optimization process is
conducted using three different methods: (i) topology optimization, (ii) optimization with lattice
structures, and (iii) topology + lattice structure combination optimization. The results of these
methods are compared with each other and with the original structure in terms of mass, load-
bearing conditions and safety factors to make recommendations for choosing the appropriate
structure. The material of the drone arm is ABS plastic.
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Figure 4. (a) DJI-f450 drone arm model and (b) the space of optimization.
3. RESULTS AND DISCUSSION

The results of the displacement and stress simulations of the original drone arm model are
shown in figure 5. It can be seen that the largest displacement value occurs at the tip of the drone’s

arm and reaches 3.04 mm. The maximum stress appearing in the original drone arm is 18.93 MPa.
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Figure 5. Simulation results of the original drone arm: (a) Displacement and (b) stress.

As mentioned in section 3, the optimization process is performed with three methods: topology
optimization, optimization with lattice structures, and topology + lattice structure combination
optimization. The topology optimization results are shown in figure 6. With this structure, the arm
mass was reduced to 28 g compared to the original 39 g (39.28% reduction). The simulation results
of displacement and stress also show that the maximum displacement is 2.38 mm, and the
maximum stress is 18.87 MPa.
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152 L. V. Thao, M. D. Si, “Research on topological optimization ... 3D printing technologies.”



Nghién ctru khoa hoc cong nghé

The optimized drone arm obtained by the lattice structure optimization method is shown in
figure 7. In this case, the traditional structural drone arm is replaced by the lattice structure, where
solid elements are replaced with lattice beams. As a result, the part mass is 31 g (with 25.8%
reduction compared to the original structure), and the maximum displacement of the drone arm is
2.9 mm with the maximum stress of 8.92 MPa.
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Figure 6. Simulation results of the topologically optimized arm: (a) Displacement and (b) Stress.
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Figure 7. Simulation results of lattice structure optimized arm: (a) Displacement and (b) stress.

The result of combining topology and lattice structure optimization methods for the drone arm
is shown in figure 8. The results show that the volume of the optimized part is 32 g (reduced by
21.88% compared to the original), the largest displacement at the tip of the drone arm is 1.0 mm
and the maximum stress is 2.77 MPa.

Tap chi Nghién citu KH&CN qudn su, 97 (2024), 148-156 153



Co hoc & Co khi dong lyc

The simulation results of displacement and stress of the drone arm structure optimized by the
above three methods are shown in table 1. In addition to the maximum displacement and stress, the
obtained structures are also simulated to determine the smallest factor of safety. From table 1, we
see that all three optimization methods bring positive results when reducing the weight of the drone
arm from 21.88% to 39.28% compared to the original while still ensuring achieve structural rigidity.
The maximum displacement (1.00 - 2.38) mm and the maximum stress (2.77 - 18.87) MPa of the
optimized structures do not exceed the value of the original design (3.04 mm and 18.93 MPa).
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Figure 8. Simulation results of topology + lattice structure optimized arm:
(a) Displacement and (b) stress.

According to the mass, the topology optimization method brings the highest efficiency when
the mass is only 28 g compared to 39 g of the original design, while other criteria are guaranteed
within limits. According to robustness, combined topology and lattice structure optimization
brings the highest efficiency. This may be due to the heterogeneously combined structure creating
an effect that increases the rigidity of the part and the weight changes are not significant.

When evaluating the overall optimization results according to all criteria, it was found that
although the combined optimization method does not reduce the mass as much as the other two
methods, it creates a strong structure and a higher safety factor. This is shown in the maximum
displacement value of only 1 mm compared to 2.38 mm and 2.90 mm of the other two methods,
and the maximum stress of 2.77 MPa is many times smaller than those in the topology optimization
and the optimization with lattice structures. The safety factor is also an important criterion for
evaluating optimization results. The higher the minimum safety factor, the more reliable the
product's structure is. From table 1, it can be seen that the optimized combination of topology and
lattice structures provides a much higher safety factor than other methods and the original structure.

Lastly, the geometries of the drone arm obtained by different methods are significantly
different. The topology optimization method generated a simple geometry, and it can be
manufactured by conventional manufacturing methods. However, the geometries obtained by the
lattice structure and combining topology and lattice structure methods have a complex shape,
which is impossible to fabricate with traditional methods. Therefore, structural optimization
research needs to be combined with 3D printing technologies to achieve perfection in product
design and manufacturing.
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Table 1. Comparison of optimization results and original design.

Structures
Pr—— Optimization Topology+lattice
Specification
P 0 -I:[?rﬂ?zlg% n with lattice structure Original
P structures optimization
Mass (g) 28 31 32 39
Mass reduction 39.28 25.80 21.88 0
vs. original (%)
Displacement
max (mm) 2.38 2.90 1.00 3.04
Von Mises stress
max (MPa) 18.87 8.92 2.77 18.93
Safety factor
min 2.4 5.0 16.2 2.4

4. CONCLUSIONS

In this study, the structural optimization process of the drone arm is carried out by three
methods: topology optimization, optimization using lattice structures, and optimization combining
topology and lattice structures. The main conclusions of the study are the following:

e The topology optimization and optimization with lattice structures methods enable
enhancing the stiffness and reducing the mass of the pass with at least a 21.88% reduction.

e Compared to the other two methods, the combined topology-lattice optimization method is
highly effective in increasing the rigidity and safety factor of the part.

e Topology optimization combined with 3D printing technology allows the design and
manufacture of aircraft parts with the smallest possible volume while still ensuring the durability,
rigidity, and reliability of components. This technology is recommended for further research to be
applied in drone manufacturing to reduce energy consumption and extend the drone’s operating time.
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TOM TAT

Nghién ctru thiét ké t6i wu hinh hoc chi tiét may bay khong nguoi lai
ché tao béi cong nghé in 3D

Gan ddy, drone da dirge sir dung réng rai dé thuc hién cdc nhiém vu trong cac linh vic
khdc nhau nhw quén sie va noéng nghiép. bBé nang cao hiéu sudt khai théc, ¢6 kich thuée nho
gon va nhe, drone khong ngimg duwoc thiét ké va t6i wu héa. Vi vdy, mot trong nhitng huéng
nghién ciru hién nay 1 t6i wu héa cdu triic hinh hoc cdc bg phdn chinh ciia drone nhw khung
thén va ché tao chung bang céng nghé in 3D. Trong bdi bdo nay, toi uu héa topology va 16i
uu hoa sir dung cau tric lattice da dwoc nghién ciru va dp dung dé 10 wu héa cdu triic canh
tay cua drone (DJI-f450) voi sy ho tro ciia phan mém Hyperworks. Cdac phirong phdp thiét
ké toi uu duoc thuc hién theo tiéu chi giam thiéu trong lwong, ting d¢ cung va do tin cdy ciia
chi tiét. Két qua thu dwoc cho thdy cdc phirong phdp dwoc sir dung déu cho phép ting do
cieng va d tin cdy, dong thoi giam trong heong it nhat 21,88% so véi két cau ban dau. Trong
dé, phirong phdp két hop giita téi wu héa topology va sir dung cdu triic lattice c6 hiéu qua
hon trong viéc tang do cing va hé s6 an toan. Nhitng phat hién trong nghién ciru nay khang
dinh sw can thiét va hiéu qud cua cac phiong phdp 16i wu héa hinh hoc va céng nghé in 3D
dé cdi thién quy trinh thiét ké va ché tao san pham so véi cdc phwong phdp truyén thong.

Tir khoa: Téi vu hoa cdu trac lién két; May bay khong nguoi 14i; Céu truc lattice; Cong nghé in 3D.
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