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Abstract Multi-rotor unmanned aerial vehicles (UAVs) are being widely used in various
military and civilian fields because they can replace manned systems in the performance of a
variety of difficult and/or hazardous tasks. Various UAV designs have been developed to fulfill
the requirements of various applications. The current work investigates the design of a
hexacopter drone with foldable arms to support the six propulsion units that is designed for real-
time fine dust monitoring. The propeller and foldable arm are the key mechanical power
transmission components in this design, so their propulsion performance and safety reliability
have been numerically investigated in this research. The finite volume method (FVM) based
aerodynamic characteristics simulation is utilized to calculate and observe the operational
performance of eight different proposed propeller blade designs. The optimal design was
obtained through a series of comparisons of the simulation outcomes. The flow field force
acting on the propeller blade was analyzed using the fluid-structure interaction (FSI) based
simulation method. In addition, the design philosophy of using carbon fiber composite material
to replace the traditional aluminum alloy in the manufacture of the foldable arm is presented.
The rationality of this design philosophy is verified through finite element method (FEM) based
structural analysis. The design experience gained from this study provides a theoretical basis
for the development of components for multi-rotor UAVSs.

1. Introduction

A drone is an unmanned aerial vehicle (UAV) that is operated by radio remote control equip-
ment and its own programed control device [1]. As a product of the integration of aeronautical
and electronic technologies, the main role of drones is to do away with the requirement for hu-
man presence in performing difficult or dangerous tasks [2-4]. With many advantages such as
low cost, small size and convenient use, UAVs are being greatly used in military and civilian
applications [5, 6]. In military use, drones can replace humans in performing tasks such as
reconnaissance, fire support, search and rescue, etc. In civilian use, drones are employed
mainly in aerial photography, bridge inspection, pesticide spraying, monitoring of environmental
pollutants, etc. Recent research predicts that by 2021, the global drone market is expected to
grow to 19.85 billion US dollars, with a compound annual growth rate (CAGR) of nearly 13 %
during the forecast period [7].

The size, endurance and functional requirements for drones vary according to their different
working conditions [8, 9]. The design of drones needs to take into account the required pack-
age, aerodynamics, aeroelasticity, structure, propulsion, stability, electronic control, manufac-
turing, acoustics etc. [10-14]. This is a complex interdisciplinary task that requires a great
amount of effort to be put into the design of UAVs [15-19].

Eleni et al. [20] carried out a numerical simulation of the National Advisory Committee for
Aeronautics (NACA) 0012 airfoil. They summarized the characteristics of the airfoil in response
to various angles of attack and analyzed the stall conditions. Zhu et al. [21] used computational
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fluid dynamics (CFD) to design and evaluate the aerodynamic
efficiency of octocopter drones, and outlined an aerodynamic
efficiency and performance-enhancing methodology based on
optimized configuration of a hybrid octocopter drone. A novel
design method for the fixed blade MAV (micro air vehicle) was
presented by Hassanalian et al. [22], and the results of simula-
tions based on the XFLR5 airfoil was discussed. Through re-
peated optimizations, efficiency was improved and the design
costs were reduced. It has been observed that in order to save
manufacturing time and design costs, numerical investigation
methods have become a mainstream tool for verifying the pre-
liminary designs of complex systems such as UAVs [23-28].

This research will introduce the design and optimization
method for a real-time fine dust monitoring hexacopter drone.
CFD (computational fluid dynamics) simulation software is
used to verify the proposed propeller blade designs and to
obtain the optimal solution and the FSI (fluid structure interac-
tion) method is employed to verify the structural stability of the
selected blade design. The hexacopter design includes fold-
able arms for mounting the propulsion units. For these arms, a
weight optimization by using carbon fiber composite material
instead of the conventional alloy material is proposed. The
feasibility of this proposition is discussed through the structural
analysis based comparison of the two designs.

As a result, the optimal design for the hexacoptor is proposed
after a series of numerical investigations of eight different de-
signs. Moreover, the aerodynamic characteristics of the se-
lected design and the structural strength of the lightweight fold-
ing arm design are validated utilizing different methods.

2. Evaluation methods and parameters

Hexacopter drones are widely used in pesticide spraying,
environmental monitoring, aerial photography and many other
fields [29-31]. This article presents a series of numerical inves-
tigations that have been carried out to validate the design of a
hexacopter drone for real-time fine dust monitoring.

2.1 Propeller design evaluation and selection

Hexacopters generally employ propellers to gain lit and
thrust. Propellers generate lift by discharging the air around the
blades backwards through their rotating motion. This move-
ment principle is also called air reaction movement. Many fac-
tors, such as the diameter of the propeller, the number of
blades, the airfoil design, the width and thickness of the blades,
the installation twist angle, etc., affect the performance of pro-
pellers.

In this research, taking into account the UAV's maximum
takeoff weight (mainly comprised of the weight of the real-time
dust monitoring device and the weight of the drone), flight alti-
tude, operating environment and other factors, the diameter of
the propeller is set as 600 mm and the number of blades is set
as two.

The shape and size of the airfoil has a direct effect on the

performance of the propeller (lift, drag, etc.) [32]. Commonly
used propeller airfoils include the NACA airfoil designed by the
National Advisory Committee for Aeronautics of the United
States, the NAI'N airfoil of the Soviet Central Fluid Research
Institute, the British RAF-6 airfoil and the ARA-D airfoil [33].
The NACA four-digit airfoils are widely used in the UAV indus-
try due to their high maximum lift coefficient and low drag coef-
ficient. In this study, several different NACA airfoils are evalu-
ated.

In this paper, the control variable method is used to investi-
gate eight groups of different propeller blade designs. The main
variables are the installation twist angle (W), the height (H) be-
tween the starting point of the chord on the leading edge of the
airfoil and the reference plane, the maximum camber (C) and
the thickness (TH) of the of airfoil. The curves W1, W2 and W3
shown in Fig. 1(a) represent respectively the design comparison
of three different installation twist angles along the radius. W1
has the largest twist angle at the root of the blade that gradually
decreases along the radius. The maximum twist angle of W2 is
same to W1, but the position of maximum of W2 is shifted to
0.23 r/R. W3 has the same position of maximum twist as W2,
but the maximum twist angle is about half of W2. In order to
observe the effects of the height between the starting point of
the chord on the leading edge of the airfoil and the reference
plane on the performance of the propeller, three variables are
set as shown in Fig. 1(b). H1 implies that there is no height dif-
ference from the reference plane along the radius, while H2 and
H3 respectively indicate two different height designs where H3
has a larger change.

Figs. 1(c) and (d) represent design variables of the maximum
camber and thickness that directly affect the shape of the airfoil
along the blade radius. The combination matrix with different
variables of the eight propeller designs is shown in Table 1.

Traditional experimental verification methods may incur a
high cost and require a long testing time. Therefore, in this
study we have utilized the commercial numerical simulation
software ANSYS Workbench and Fluent release 2019R3 to
calculate and observe aerodynamic characteristics of the flow
field, pressure field, etc., around the propeller. The air used in
the simulation is assumed as incompressible and conforming
to the Reynolds averaged Navier-Stokes (RANS) equations.
Egs. (1) and (2) are the continuous and momentum conserva-
tion equations.

V=0, M
p%(§)+pV~(W)=—Vp+V-(;)+F. 2)

Here, ?:y[(WWW) _gv.w}

where t denotes time, p is the density, P is the static pressure,
7 is the Reynolds stress tensor, F is the body force or mo-
mentum source term, v is the velocity vector in the inertial co-
ordinate system, p is the viscosity coefficient and | is the unit
tensor.
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Fig. 1. Different design variables along the radial direction of the propeller
blade.

The turbulence model in the numerical investigation was se-
lected as SST K-omega (SST k-w), which predicts the far field
and near wall results based on K-epsilon (k-¢) and k-w models,

Table 1. Combination matrix with different design variables of propeller
design.

Desing No. Twist angle Height Max. camber
1 W1 H1 Cc1
2 W2 H2 C1
3 W1 H1 C2
4 W2 H2 (07
5 W3 H2 Cc1
6 W3 H3 Cc1
7 W1 H2 C1
8 W1 H2 C2

respectively [34]. It has been reported that the SST k-w is the
most appropriate of the three commonly used turbulence mod-
els (Spalart-Allmaras, realizable k-¢ and SST k-w) to deal with
bodies such as airfoils [35]. The SIMPLE (semi-implicit method
for pressure-linked equations) method is generally used to
solve the momentum and continuous equations simultaneously
[36, 37]. For the boundary conditions, as shown in Fig. 2(a),
velocity inlet and pressure outlet are used in the simulation.
Considering the power performance of the propeller driving
motors and the working characteristics of real-time monitoring
of fine dust, the rotation speed of the propeller is set to
6000 rpm.

As the propeller is a rotating component, the grid of the pro-
peller should also follow the rotations in the simulation. There-
fore, comparing with the dynamic mesh method, the mesh mo-
tion can obtain accurate results while saving computing time. As
shown in Fig. 2(b), the computational domain is divided into two
parts: the stationary domain and the rotating domain. The mesh
type used is unstructured mesh, which is determined by the
complexity of the propeller geometry. The optimal grid after
mesh-independence study is applied in this research.

In addition, in order to obtain the best lightweight solution for
the hexarotor drone, the material of the propeller blades was
defined as carbon fiber composite instead of the traditional
alloy material. FSI simulation based on the integration of FVM
(finite volume method) and FEM (finite element method) was
used to analyze the influence of the fluid load on the structural
stability and design feasibility of the propeller at high rotational
speed [18, 38-40].

2.2 Foldable arm evaluation method

The foldable arm is an important part that connects the pro-
peller and the center frame. When the drone is in operation, the
lift generated by the propeller is applied to one end of the arm
while the other end carries its share of the weight of the drone
and the UAV'’s payload. In order to make the drone easy to
carry, the arms can be folded as shown in Fig. 3.

Considering the important role the arm plays in power trans-
mission, its rod is generally made of a rigid metal alloy like steel
or aluminum alloy. For the movable parts, plastic materials with
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Fig. 2. Mesh and boundary conditions of for the CFD simulation.
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Fig. 3. 3D modeling of the foldable arm design.
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Fig. 4. Mesh and boundary conditions used for the structural analysis.

a certain of degree of plasticity are generally used to meet the
requirements of repeated folding. In recent years, composite
material technology has developed rapidly. Carbon fiber, with
its relatively light-weight and high tensile strength, has gradu-
ally replaced traditional metallic materials in many industrial
applications. In this study, in order to obtain the optimal weight
of the drone, we have attempted to replace the metallic rod of
the foldable arm with one made of carbon fiber composite ma-
terial. Meanwhile, FEM based structural analysis was utilized to
evaluate the structural stability of this new design philosophy.
In addition, as a comparison, the simulation of the traditional
(metallic) foldable arm was also carried out.

Considering the simulation duration and the structural sym-
metry of the hexarotor UAV, only one foldable arm was ana-
lyzed in this research. Figs. 4(a) and (b), respectively, show the
mesh structure and boundary conditions used in the simulation.
To ensure good convergence and simulation results, the mesh
of the main parts under investigation was kept quite fine, as
shown in the figure [41]. The maximum lift generated by the
rotation of the propeller (the safety factor has already been
taken into account) is applied to the position of the motor (to
the left in Fig. 4(b)), and the end connected to the center frame
is fixed (to the right in Fig. 4(b)).

A series of simulations were carried out on the propeller
blade and foldable arm using the investigation methods de-
scribed in this section. The results of these simulations are
presented and discussed in the following sections with the
objective of obtaining an optimal set of design parameters.
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Table 2. Performance characteristics of the eight blade designs obtained
through CFD simulation.

Design no. Thrust force [N] Moment [N-m]
1 48.80 2.05
2 95.20 4.22
3 56.00 240
4 102.20 4.66
5 38.30 1.70
6 38.00 1.69
7 48.12 203
8 54.90 2.39
120 e
—— Design1 (48.8N)
e Design2 {95.2N) 7
i - Design3 (56.0N)
80~ I' — = Design4 (102.2N)
= . —--— Design5 (38.3N)
. / (e o Design6 (38.0N)
E w0l - Design7 (48.12N)]
b --—-- Design8 (54.9N)
£
o
-40 T T

T T
0.00 001 0.02 0.03 0.04 0.05
Time (s)

Fig. 5. Comparison of the thrust output obtained from the eight blade de-
signs.

3. Results and discussion

3.1 Aerodynamic simulation of the propeller
blade design

We carried out a series of CFD simulations on eight different
of propeller designs consisting of eight different blade airfoil
designs. The performance results obtained from these simula-
tions are summarized in Fig. 5 and Table 2.

Design 1 and design 3 have the same air foil twist angle
(W1) and height (H1); however design 3 uses the C2 airfoil
camber. The stable thrust supplied by design 3 is 56 N, which
is about 15 % higher than design 1 using the C1 airfoil camber.
In addition, the torque required by design 3 is 17 % higher than
that required by design 1. It can be concluded that the propeller
with the greater airfoil camber (C2) can provide the higher
thrust, but it requires more torque to operate. This conclusion is
verified by the comparison of design 2 with design 4 and of
design 7 with design 8.

Design 1 and design 7 have the same twist angle (W1) and
maximum camber (C1) of the airfoil. However, they vary in
terms of the height (H) between the starting point of the chord
on the leading edge of the airfoil and the reference plane with
design 1 having height H1 and design 7 having height H2.
Nonetheless, the results show that the thrust output and torque
requirement do not differ greatly between the two designs. This
conclusion is verified by the comparison of design 3 with de-
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(b) Top view

Fig. 6. The velocity streamline when the propeller blades are rotating steadily.

sign 8 and of design 5 with design 6.

Design 2, design 5 and design 7 have different twist angles
(W). From the comparison of design 2 and design 7, it can be
seen that the thrust output obtained with W2 is nearly 1.5 times
higher than that obtained with W3, while the torque require-
ments of the two designs also show a similar relationship. In
other words, although both the designs have similar propulsion
efficiencies, the design with a larger twist angle can produce
greater lift. Through comparison of the propulsion performance
of designs 2 and 7, it can be seen that the design with the
greater twist angle (W2) that is slightly offset in the radial direc-
tion of the blade can provide a greater thrust than the design
with the lesser (W1) and gradually decreasing twist angle along
the radial direction. The comparison of designs 4 and 8 verifies
the correctness of this conclusion. Based on the simulation
outcomes and considering the takeoff weight and working con-
ditions of the hexarotor drone, design 2 was selected as the
optimal design since it meets our propulsion performance re-
quirements and has a higher propulsion efficiency than the
other designs.

After selection of the optimal design, aerodynamic character-
istics of the propeller with design 2 blades were analyzed. Fig.
6 shows the velocity streamline when the propeller blades are
rotating steadily. It can be seen that the air entering from the
inlet is drawn in to the blade area where it rotates with the pro-
peller and then proceeds towards the outlet. The air velocity
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Fig. 7. Pressure contour of the flow field acting on the propeller.

b) Bottom surface

inside the rotating area of the propeller blade is significantly
higher than that in the outer area. This can be intuitively ob-
served from Fig. 6(b).

The pressure contour of the flow field acting on the propeller
is shown in Fig. 7. It can be observed that the pressure on the
bottom side of the propeller is significantly higher than the
pressure on the top side, and it increases along the radial di-
rection from the blade root to the tip. The pressure difference
between the top surface and the bottom surface of the blade
generates the lift needed to make the drone fly.

In order to observe the pressure distribution of the flow field
around the propeller, the middle surface of the propeller was
intercepted and the result obtained is shown in Fig. 8. It can be
seen that the pressure near the upper surface of the propeller
is significantly lower than that under the lower surface, and
shows a decreasing trend from the root of the blade to the tip.
These results show that the thrust generated by the propeller
blades is mainly produced in the middle and tip part of the
blade under the simulated working conditions.

Figs. 9(a)-(c) show respectively the pressure contours of the
airfoil at r/R = 0.23, 0.58, and 0.99. It can be seen that the
maximum pressure value of 7.35x10° Pa appears at r/R = 0.99,
which is closer to the blade tip. Thus, the closer to the blade
root the lower is the maximum pressure around the airfoil. The
position where the maximum pressure appears differs slightly
with the twist angle. Moreover, there is a negative pressure
region on the top of the airfoil, which indicates that the blade is
being sucked upwards by the air flowing over the top. Through
comparison of the pressure values observed in this simulation,
it can be concluded that the negative pressure generated on

pressure NI TR T T (Pa)

CLOE4  R4E08 GSE S1E03 3SECD3 C1PE03 2SEWQD  L4EH03 30F00

——

| ——

Fig. 8. Pressure contour at the middle section of the propeller.

Pressure

(@)r’R=0.23

Pressure

(b)r/R=058

() /R =0.99

Fig. 9. Pressure contours of the airfoil at different r/R values.

the top surface of the propeller contributes more to lift genera-
tion than the high pressure generated on the bottom surface.
Figs. 10(a)-(c) show the air velocity contours and vector dis-
tribution around the airfoil at r/R = 0.23, 0.58, and 0.99, respec-
tively. It can be clearly seen that the maximum velocities of the
flow fields around all the airfoils appear at the trailing edge. By
comparing the airflow vectors around the airfoils, it can be ob-
served that the airflow at r/R = 0.58 has a large deviation near
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Fig. 10. Air velocity contours and vector distribution around the airfoil at
different r/R values.

the upper part of the leading edge. However, this phenomenon
was not found around the airfoils at r/R = 0.23 and r/R = 0.99.
This shows that the design of this propeller blade can cope with
a greater angle of attack while effectively avoiding a stall condi-
tion.

In order to observe the influence of the force generated by
the flow field on the structural stability of the propeller, the data
about pressure on the blade obtained using CFD was imported
into the FEM module and the structural analysis was carried
out. The results of this analysis are shown in Fig. 11.

From the deformation distribution results shown in Fig. 11(a),
it can be observed that, as expected, the maximum deforma-
tion appears at the tip of the blade. The maximum deformation
value of 3.5 mm is acceptable for carbon fiber materials as they
have a high recovery elasticity. Fig. 11(b) shows the stress
distribution in the propeller. It can be seen that the maximum
stress occurs at the root of the blade. This is the reason why a
thicker airfoil design is generally used at the root of propeller
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31491 23018 1.5745 078726 0 Min
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Figure

Type: Total Deformation
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o«

(a) Deformation distribution

113.93 Max 88612 63.298 37.985 1261
101.27 75.955 50.641 25328
C:FSl analysis
Figure
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

0.014494 Min

(b) Stress distribution

Fig. 11. Results of FSI analysis of the propeller design.

blades. A thick airfoil produces a low lift-drag ratio, which re-
duces the efficiency of the propeller. However, it has good
aerodynamic characteristics to avoid stall. It can also be seen
that the stress on the blade tip is relatively low. This indicates
that a thinner airfoil design is preferable at this location. The
maximum stress induced in the propeller is 113.95 MPa, which
is far less than the allowable yield strength of the selected car-
bon fiber composite material. Thus, these results confirm the
structural safety of the selected propeller design.

3.2 Structural stability analysis of the foldable
arm

The foldable arm connects the propeller unit with the center
frame. It is an important component as it transmits the propel-
ler's force (lift) to the drone’s central structure and payload.
This section presents a comparison of the structural stability of
the traditional metallic foldable arm with that of the foldable arm
made using the novel lightweight carbon fiber composite mate-
rial.

The deformation distribution of the foldable arms made of
traditional aluminum alloy material and of carbon fiber compos-
ite material under the application of the same shear load is
shown in Fig. 12. The end of the arm that is connected to the
center frame is set as fixed, thus it shows a very small defor-
mation. The maximum deformation in the two models appears
at the end connected to the propeller assembly. The maximum
deformation of the composite carbon fiber material foldable
arm is 4.98 mm, which is more than double the deformation of
the aluminum foldable alloy arm. However, this relatively higher
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Fig. 12. Deformation distribution in the foldable arms made using two dif-
ferent materials.
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Fig. 13. Stress distribution in the foldable arms made using two different
materials.

maximum deformation can be neglected considering the total
length of the foldable arm. In addition, considering the elastic
recovery ability of the carbon fiber composite material, the
maximum deformation can be considered to be well within the
acceptable range.
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Figure
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(a) Aluminum alloy foldable arm
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B: Structural Analysis
Figure
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(b) Carbon fiber composite foldable arm

Fig. 14. Safety factor distribution in the foldable arms made using two dif-
ferent materials.

The stress distributions in the two foldable arms under the
same boundary conditions are shown in Fig. 13. It can be seen
that the maximum stress of 58.741 MPa appears at the hinge
part of the aluminum alloy foldable arm. The maximum value of
stress in the carbon fiber composite foldable arm does not
differ greatly from that in the aluminum alloy arm. However, in
the carbon fiber composite foldable arm, the maximum stress
appears at the position where the carbon fiber rod connects to
the hinge part.

The safety factor shown in Fig. 14 is obtained by calculating
the quotient of the yield strength and the maximum stress of
each component material. As predicted, the minimum safety
factor of the aluminum alloy foldable arm appears at the hinge
part that is made of plastic. The minimum safety factor of the
composite foldable arm is located inside the socket of the hinge
part in which the composite rod is inserted. This is due to the
characteristics of repeated fold, the material of the inner part of
the connecting part has to use the reinforced ABS plastic in the
design. The minimum safety factor value of the composite ma-
terial foldable arm is 1.75. Since the required safety factor has
been accounted for in the applied load, a safety factor greater
than 1.0 here satisfies the design requirements for structural
stability.

4. Conclusions

The presented work consisted of a numerical investigation of
the key structural and propulsion components of a hexarotor
drone used for real-time fine dust monitoring. A series of aero-
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dynamic simulations were carried out on eight different propel-
ler designs using FVM, and structural stability analysis of the
propellers and the foldable arm was carried out using FEM.
The following conclusions have been drawn from the pre-
sented work:

1) The propeller with the maximum camber (C2) airfoil de-
sign can provide the greatest thrust but it requires more torque
to operate. The differences in height between the starting point
of the chord on the leading edge of airfoil and the reference
plane (H1, H2, H3) have no significant effect on the propeller's
propulsion performance and torque requirement. By comparing
the influence of different distributions and magnitudes of airfoil
twist angles, it can be concluded that a design with a slight
offset of the maximum twist angle from the root to the blade tip
can generate greater lift. Furthermore, the larger twist angle
(W2) can provide 1.5 times greater thrust than the relatively
smaller twist angle (W3). The correctness of these conclusions
is verified through comparisons of the simulation results of
multiple propeller designs.

2) Observation of the aerodynamic characteristics of the flow
field on the selected optimal propeller design (design 2)
showed that the pressure on the bottom surface of the blade is
significantly higher than that on the top surface, and it shows a
decreasing trend from the root of the blade to the tip. That is to
say, the propulsion force of the propeller under the simulated
working conditions is mainly produced in the middle and tip
parts of the blade. There is a negative pressure on the upper
side of the airfoil, which indicates that the blade is sucked up
by the air flowing over the upper surface. The negative pres-
sure generated on the top surface contributes more to the lift
generated by the propeller.

3) Through the numerical analysis method of fluid-solid cou-
pling, the structural safety of the carbon fiber propeller with high
recovery elasticity was investigated. The maximum stress oc-
curred at the root of the blade, which is the reason why a
thicker airfoil is generally used at this part of the blade. A
thicker airfoil produces a lower lift-drag ratio, which reduces the
propulsion efficiency of the propeller. However, such a profile
has better aerodynamic characteristics for stall avoidance. The
stress appearing at the blade tip is relatively low, which indi-
cates that a thinner blade shape is preferable at this part.

4) A comparison of the structural stability of the traditional
aluminum alloy foldable arm and the novel carbon fiber com-
posite foldable arm was also carried out. The smallest safety
factor for both arm types was found to occur at the hinge. This
a problem can perhaps be overcome through the incorporation
of new composite materials in future foldable arm designs.
However, the results of the numerical investigations showed
that the presented foldable arm designed with carbon fiber
composite material can meet the safety requirements for op-
eration under the required working conditions.
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