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Abstract. The lightweight design of aircraft is essential in improving efficiency, increasing flexibility,
and improving aircraft safety. This article takes the lightweight design of unmanned aerial vehicles
as a research question. Different single-layer thicknesses and four laying sequences have been
designed for lightweight transmission shafts. Through simulation analysis of various arrangements
on the transmission shaft, we know that the 45 ° ply angle can increase the torsional performance
of the shaft by 50% r reduce natural frequency by 25%, and when only considering the torsional
strength of the shaft body, it is a better ply scheme to increase the ply order by 45° between 0° and
90°. The proposed design connection structure and the selected arrangements can reduce the
weight of the drive shaft and complete the UAV lightweight goal.

Keywords: Composite transmission shaft, UAV, finite element analysis, parametric analysis,
ANSYS.

1. Introduction

Recently, composite materials have been widely used to reduce weight [1]. Modern aircraft
structure requires higher specific strength and specific stiffness, and composite materials meet this
requirement. The amount of high-performance composite materials, especially carbon fiber-
reinforced resin matrix composite materials, has become an important index to measure the
advancement of civil machinery [2]. Compared with traditional metal materials, carbon fiber
composites have the advantages of high specific strength, and strong design ability, which are widely
used in national defense science and technology[3]. Due to the design ability of the composite, it is
increasingly used in the manufacture of high-speed rotation and large aspect ratio drive shafts, the
American RAH-66 Comanche drone [4]. Compared with the metal drive shaft, the carbon fiber
composite drive shaft is light and has the advantages of high specific strength and good safety
performance [5]. In designing and manufacturing UAV composite drive shafts, the kinetic
characteristics are considered [6], and the mechanical system can easily produce resonance in the
operation process[7]. The drive shaft made by carbon fiber composite material can significantly
reduce the weight of the structure, but improve the natural frequency, effectively reduce the noise,
reduce the energy loss of the transmission system, and enhance the anti-vibration performance.

The transmission shaft is a high-speed, less supporting rotating body, and the main role is power
transmission. The transmission shaft is mainly for contact stress and fatigue crack expansion and
material lightweight design. For example, Li et al. [8] completed the drive shaft contact stress and
fatigue crack extension analysis of unmanned aerial vehicles, Soliman Ehab Samir Mohamed
Mohamed[9]. The basic structural form of carbon fiber reinforced composite drive shaft is established
by optimizing the sequence of composite drive shaft layers. The carbon fiber composite drive shaft
was developed by Centa Company[10]. The maximum rated torque can reach 335 kNm, and the shaft
length can reach 8 m to 10 m. The company has specially developed computer programs to design
the most effective fiber bedding structure so that the propulsion shaft has good technical
characteristics[11].

To reduce the weight of the transmission shaft while still avoiding failure, we need to understand
the failure mechanism. Generally speaking, the causes of composite material failure mainly include
fiber fracture, matrix crack, interface shear, and failure mode transfer[12]. Fiber breaking: the fibers
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in composite materials are generally isotropic, and their tensile strength can reach a very high level.
However, when the fiber is excessively bent, squeezed, or stretched, it leads to fiber breakage.
According to the comparison of the allowable stress level and the tensile strength of the fiber, the
fiber breaking can be divided into two conditions: pull and shear[13]. Matrix crack: the composite
material matrix is generally anisotropic material with strong compressive strength. However, because
it is less resilient than fibers, the matrix strength will be the main factor in the application of composite
materials. When cracks or microcracks appear in the matrix, the strength of the whole material will
decrease and even cause the collapse of the material[14]. However, due to specific properties of the
fiber, such as the surface energy, the relaxation, etc., [15]. The shear failure generally occurs under
high-stress or high-temperature conditions.

The paper uses ANSYS software to establish the geometric model of the finite element. After
establishing the basic parameters of the drive shaft, apply the constraints and fixed torque of the
transmission shaft of the driving shaft, and then the failure of the shaft is obtained through the Tsai-
Wau failure criterion. The laying angle of 45<can improve the torsion resistance of the shaft body by
50%, and the natural vibration frequency is reduced by 25%. It is better to increase the laying order
of 45=between 0<and 90< To verify the feasibility of the optimization method, analyze the model
on the selected finite element analysis model, check the strength of the material, and analyze the
kinetic behavior and stability of the structure. At the same time, the paper studies and understands the
connection structure design scheme of UAV composite drive shaft and proposes the feasibility basis
for using carbon fiber as the drive shaft.

2. The fundamental design of composite transmission shaft

2.1. Theoretical and design basis of the composite transmission shaft

Usually, we think of fiber winding products as lamination plate structural parts, so the design
criteria and design requirements of lamination plate products are also applicable to fiber winding
products. Laminate design mainly includes laying order, paving angle, and determining the proportion
of various paving angles [16]. Therefore, the principle of minimum proportion should be followed in
the design of composite laminate[17]. To ensure that the angle of the fiber between the two layers is
greater than or equal to 45 degrees to improve the strength of the lamination plate and simultaneously
coordinate the Poisson ratio of the composite and the connected metal, and reduce the stress caused
by the connection. To facilitate the finite element analysis, ring T700 is detailed in this section [18],
and the finite element modeling of the drive shaft is established for the material. The carbon fiber
hollow shaft is set at @ 46 * @ 40 * 200. The metal pin size is @ 6 * 20mm. The geometric dimension
of the composite transmission shaft is shown in Figure 1.

Shaft head

P

Figure 1. Image of composite transmission shaft for UAV

Hollow shaftt

2.2. Tsai-Wu failure criterion

Tsai-Wu failure criteria[19] divide material failure into two conditions: tensile failure and
compression failure. The composite structure is positive in the tensile failure case. In the compression
failure case, the main stress is negative. The strength factors in the Tsai-Wu failure criterion include
tensile strength, compressive strength, shear strength, torsional strength, and alternating strength,
which are adjusted and optimized according to the actual situation of composite material. The Tsai-

195



Highlights in Science, Engineering and Technology ACMME 2023
Volume 84 (2024)

Wu criterion is expressed in the form of a tensor. Tensors are mathematical tools representing matter
properties and laws of change, which can describe physical quantities in multiple directions and
conditions and serve as generalizing vectors and matrices. In the Tsai-Wu criterion, the coefficient
matrix is also a tensor and is composed of multiple components, which reflects the strength properties
and material properties of the composite in all directions. Therefore, adopting the tensor formalism
allows for a more intuitive and accurate description of the strength properties of composites.

For the 2D plane stress state (%2 =~ 0 75 =0 75, =0 ), The Tsai-Wu failure criterion is expressed as
follows:
Fo, +Fo,+2F,00,+ Fllaf
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Orthogonal anisotropic Tsai-Wu, the coefficient Fi of the failure criterion related to the material

strength parameters of the composite lamina, and it can be calculated by the formula:
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Where X1 represents the tensile material strength of the thin layer along the fiber direction, X
represents the compressive material strength of the thin layer along the fiber direction, X; represents
X3

represents the
represents the

the tensile material strength of the thin layer in the transverse fiber direction,
compressive material strength of the thin layer in the transverse fiber direction,

positive shear strength of the thin layer, and X2 represents the negative shear strength of the thin
layer.

The Tsai-Wu criterion is expressed as a tensor. Tensor [20] is a mathematical tool representing
material properties and laws of change that can describe multiple directions and different forms of
physical quantities and serve as a generalizing extension of vectors and matrices. In the Tsai-Wu
criterion, the coefficient matrix is also a tensor and is composed of multiple components, reflecting
the strength properties and material properties of the composite in all directions. Therefore, adopting
the tensor formalism allows for a more intuitive and accurate description of the strength properties of
composites. In contrast, other strength criteria are often only applicable to the coordinate system of
the main axis direction of the material. Its coefficients do not have the formal representation of the
tensor and therefore are not well applicable to other coordinate systems. It makes the Tsai-Wu
criterion a great advantage in engineering applications. The stress state of the lamins calculated by

the program can be expressed by using the following components: °:. “2 and %,

The Tsai-Wu failure criterion predicts material failure under uniaxial stretch, compression, shear,
torsion, and alternating loads. The Tsai-Wu failure criterion is also widely used in engineering
practice because of its perfect mathematical form and accurate calculation results. In particular, in
aerospace, automotive, ships, and sports equipment, the Tsai-Wu failure criterion has become an
essential tool for optimizing the design of materials and components to improve product performance
and reliability.

T
le
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3. Finite element modeling of the composite transmission shaft

3.1. Material property

The drive shaft connection structure mainly includes the metal shaft head, pin, and carbon fiber
composite drive shaft. To facilitate the experiment and reduce the experimental cost, the inner holes
of the metal shaft and the composite air core shaft are connected by a pin, and the pin and the hole on
the metal shaft head and the composite air core shaft for zero clearance. According to the data, the
torque size received by the intermediate shaft is 650N -m. Considering the hollow axis of carbon
fiber, the mechanical property parameters of the T700 carbon fiber reinforced composite belt are
shown in TABLE |.Metal shaft head structure steel material properties are shown in Table II.

Table 1. Carbon fiber T700 material properties [21]

Mechanical properties CFRP data

density (g/cm?) 1.8
X-direction elastic modulus (MPa)  1.15x103

Y-direction elastic modulus (MPa) 6430
Z-direction elastic modulus (MPa) 6430
The Poisson's ratio in the XY direction 0.28
The Poisson ratio of the YZ direction 0.34
The Poisson ratio of the XZ direction 0.28
XY direction shear modulus (MPa) 6000
YZ-direction shear modulus (MPa) 6000
XZ-direction shear modulus (MPa) 6000

Tensile strength in the X-direction (MPa) 1500
Y-direction tensile strength (MPa) 30
Z-directional Tensile Strength (MPa) 30

X-direction compression modulus (MPa) 700

Y-direction compression modulus (MPa) 100
Z-direction compression modulus (MPa) 100

XY direction shear modulus (MPa) 60
YZ-direction shear modulus (MPa) 30
XZ-direction shear modulus (MPa) 60
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Table 2. Metal shaft head structure steel material properties[22]

Mechanical properties Metal data
density (g/cm?) 7.85
Elastic modulus (MPa) 200
Poisson ratio 0.3
Tensile Strength (MPa) 460
Yield Strength (MPa) 250

3.2. Composite layup angle arrangement

To determine the laying scheme of the composite pipe, it is necessary to understand the effect of
the laying angle[23] on the connecting structure of the composite drive shaft. Some important factors
are determined the torsion of the connection structure[24], such as deformation of the drive shaft,
maximum shear stress of metal shaft head and sleeve, failure of carbon fiber composite pipe, and
torsion angle of the drive shaft. The design requirements of the transmission shaft further improve
the shaft performance. The comparative analysis results provide the basis for the orientation design
[25]. According to scenario 1: [45/-45/90/45/-45]s, scenario 2: [90/0/-45/45/ 0]s, scenario 3: [90/-
40/45/0 /45]s, scenario 4: [-45/45/45/-45/45]s go through the above finite element analysis process
are presented in Figure 2.
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Figure 2. Four different angle laying schemes with a thickness of 0.2mm: (a): [45/-45/90/45/-45]s;
(b): [90/0/-45/45/0]s; (c): [90/-45/0/0/45]s; (d): [-45/45/0/-45/45]s;

3.3. Boundary and loading conditions

If a structure has no boundary conditions[26], then the stiffness matrix of this structure is
considered a singular matrix. Furthermore, a rigid structure moves if it has no constraints with 6
degrees of freedom or does not satisfy the required constraints. Therefore, when analyzing the
deformation size and relative position of the structure, it is necessary to examine the boundary
conditions to avoid the displacement phenomenon. Pins connect the carbon fiber composite pipe.
Since only linear structure analysis is considered in this paper, Bound constraint is used between all
components. In the process of UAV flight, the transmission shaft is mainly affected by the torsion
force. According to the design requirements of the transmission shaft, it is known that the maximum
torsional force of the transmission shaft is 650N -m. To simulate experimental conditions, torque is
applied on one end of the drive shaft and fixed restraints on the other, as shown in Figure 3.
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Figure 3. Loading and constraint conditions of the composite transmission shaft in the finite
element modeling

4. Results and discussion

4.1. Results of the composite transmission shaft

Post-treatment yielded the carbon fiber hollow axis stress cloud map, as shown in  Figure. 4. The
carbon fiber hollow axis is at least 303.29MPa at [45 / -45 / 90 / 45 / -45]s. It occurs in the direction
of the torque shaft head connected to the inner wall of the shaft head. Figure 3 illustrates the total
deformation of the carbon fiber transmission shaft under four laying schemes, and the failure index
comparison results of carbon fiber composite materials were obtained[27] according to the failure
state predicted according to the Tsai-Wu criterion, as shown in Figure 4.

— I~

Figure 4. Nominal stress of carbon fiber of different layered schemes with a thickness of 0.2 mm:
(a) Scheme for [45/-45/90/45/-45]s; (b) Scheme for [90/0/-45/45/0]s; (c) Scheme for [90/-
45/0/0/45]s; (d) Scheme for [-45/45/0/-45/45]s
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The total deformation of the carbon fiber transmission shaft under four layering schemes is:
Scheme 1 is 0.54226mm. Option 2 is 0.84102 mm. Option 3 is 0.83772mm. Option 4 is 0.54425mm,
and the failure index result of carbon fiber composite material is: Option 1 is 0.75. Option 2 is 1.125.
Option 3 is 1.125. Option 4 is 1.125. As shown in the above dates, the drive shaft of schemes 2 and
3 is greatly deformed, and the failure of carbon fiber material is the most likely. Compared with
Scheme 1 and 4, the drive shaft deformation of Scheme 1 and 4 is smaller. Because 0<is stronger
than 90< the carbon fiber composite tube of Scheme 4 is more likely to fail. After the finite element
analysis process, the stress cloud map of the carbon fiber shaft head is shown in Figure 5. Axle head
at [45/-45/ 0/ 45 [ -45]s. The minimum force in the laying order is 798.02MPa. It occurs in the
direction of the torque shaft head connected to the inner wall of the shaft head[28].

i

Figure 5. Stress cloud chart of shaft head with a thickness of 0.2mm for different laying
schemes:a.Scheme for [45/-45/90/45/-45]s b.Scheme for [90/0/-45/45/0]s c.Scheme for [90/-
45/0/0/45]s d.Scheme for [-45/45/0/-45/45]s

After the finite element analysis, the post-processing obtained the carbon fiber axis population,
and the stress cloud map is shown in Figure 6. The overall deformation at [45/-45/90/ 45/-45]s. The
minimum deformation of the laying order[29] is 0.54226mm. It occurs in the top area in the direction
of the torque shaft.
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"

Figure 6. Stress cloud chart of shaft head with a thickness of 0.2mm for different laying
schemes:a.Scheme for [45/-45/90/45/-45]s b.Scheme for [90/0/-45/45/0]s c.Scheme for [90/-
45/0/0/45]s d.Scheme for [-45/45/0/-45/45]s

For the metal shaft head, the stress of the four laying schemes is small, scheme 2 and 3 is large,
and the stress of scheme 4 is minimum. In the case of choosing scheme 1, the metal shaft head is less
easy to destroy in the action of the torsion force, so the connection structure is less easy to fail. In
conclusion, the final paving scheme is selected as Scheme 1.

4.2. Effect of the wall thickness

Under protocol [45 / -45 / 90 / 45 / -45]s. The single-layer thickness[30] was 0.2mm and 0.1mm,
respectively. After the finite element analysis, the carbon fiber hollow shaft and metal shaft head
stress cloud map were obtained and shown in Figure 7.
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Figure 7. Stress cloud chart of carbon fiber hollow shafts with different thicknesses under the [45/-
45/90/45/-45] s scheme:a.Scheme for [45/-45/90/45/-45]s b.Scheme for [90/0/-45/45/0]s c.Scheme
for [90/-45/0/0/45]s d.Scheme for [-45/45/0/-45/45]s

The carbon fiber hollow shaft is covered at 0.2mm single layer thickness[31] so that the minimum
stress is 303.29MPa, which occurs in the direction of the inner wall of the shaft head. The shaft head
at 0.1 single layer thickness makes the stress of 784.62MPa, which occurs in the direction of the
torque shaft head connected to the inner wall of the shaft head.

- . . . -

Figure 8. Overall stress cloud charts of different thicknesses under the [45/-45/90/45/-45] s
scheme:a.Thickness 0.2mm b.Thickness 0.1mm

Figure.8 presents the minimum deformation, which is 0.54226mm at the thickness of 0.2, which
occurs in the top area in the direction of the torque shaft. Figure. 10 presents per protocol [45/ -45/
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90 / 45 [ -45]s.The carbon fiber hollow shaft is laid in 0.2mm single layer thickness to make the
minimum stress of 303.29MPa, which can meet the torque of 650N / m. The thickness of the shaft
head in 0.1 single layer makes the stress of 784.62MPa. In this condition, the force is greater than the
yield strength of structural steel of 250MP a, or even higher than its maximum tensile strength of
460MP a, so the shaft head must fail[32].

4.3. Effect of composite layup angle on the nature

During the flight of the UAV, the rotor may vibrate due to the action of airflow[33]. The rotor
works through the power transmitted by the bevel gears. Since the inner drive shaft of the arm needs
to be connected to the local gear in the gearbox, the inner shaft of the arm is more likely to vibrate
compared with the middle shaft. Then, this section will explore the influence of the laying mode on
the natural frequency of the inner shaft of the arm. Mechanical vibration theory can explain the related
phenomena in life and the theoretical knowledge that must be referred to when designing mechanical
products[34].

Therefore, it is of great significance to study the influence of different laying modes on the natural
frequency of the connection structure to ensure the stability of the transmission shaft. Through the
ANSYS finite element software. The vibration of the carbon fiber tube can be represented as a linear
combination of natural frequencies[35], in which the low-order vibration pattern plays a decisive role
in its dynamic properties. After fixing one end of the drive shaft and applying torque, the degree of
freedom at the other end is analyzed. Since the influence of the paving scheme on the performance
of the connection structure has been analyzed above, the natural frequency of the drive shaft will also
impact the performance of the connection structure. Therefore, it adds mode analysis, imposes zero
displacement constraint on the side of a drive shaft, and loads the mode of the first four orders[36] to
conduct analysis.

The analysis results are shown in Figure 9. There is no obvious difference between the natural
frequency of order 1 and order 2 of the four schemes, while the natural frequency of order 1 is reduced
by 25% from order 3 to order 4. The comparison of the natural frequency of the drive shaft under
different laying sequences is shown in Figure 11. The laying order does not significantly affect the
vibration shape, but the bending vibration amplitude of order 1 and order 2 is small. However, the
bending vibration occurs from the order 3 to order 4. The natural frequency can be effectively
increased by improving the bending stiffness of the drive shaft.

O~ Option 1-O- Option 2 Option 3~ Option 4
5000

4000

3000 / J
2000 / 4

1000

Natural frequency (Hz)
NG

0 1 2 3 1

Mode number

Figure 9. The relationship between laying sequence and natural frequency

As shown in Figure 9, in contrast, a single layer of 0.2mm thick carbon fiber strip was used [45/-
45/90/45/-45]s. As the laying scheme of carbon fiber composite transmission shaft, the laying scheme
can reduce the probability of resonance phenomenon and thus make the operation of the UAV more
stable, prolonging the transmission shaft and the UAV service life and reducing the noise[37]. It can
be seen that the natural frequency increases monotonically with the decrease of the laying angle.
Therefore, when designing the carbon fiber composite drive shaft, the number of small angles can be
appropriately increased to increase the natural frequency of the drive shaft to stay away from the
critical speed when working.
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5. Conclusion

This paper uses ANSYS analysis software to design four different paving schemes by modeling
and finite element analysis. The appropriate laying scheme should be selected according to the
specific application scenario to ensure that the drive shaft has sufficient strength and stiffness under
normal working conditions and that no failure or failure will occur. The following conclusions are
drawn: The 45<laying angle can improve the torsion resistance of the connecting structure by 50%,
and the 45%aying angle in the innermost and outermost layer of the composite material is conducive
to improving the torsional performance of the connecting structure. It is adopted a single layer of
0.2mm thick carbon fiber directional belt to [45 / -45 / 90 / 45 / -45]s. The strength and stiffness of
the carbon fiber hollow shaft in the laying scheme are better than the other four. While the vibration
amplitude at order 3 to 4 is 25% lower than the other schemes. By improving the bending stiffness of
the drive shaft, its natural frequency can effectively prevent vibration.
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