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Abstract: Motion cables, which are widely used in aero-engine sensors, are critical components that
determine sensor stability. Because motion cables have unique motion characteristics, the study of
their mechanical properties and reliability is very important. In addition, motion cables are complex
in structure and cannot be applied to conventional fixed cable research methods. In this study, a new
approach is proposed to introduce the theory of anisotropic composites into a simplified cable model,
so that the cable is both physically conditioned and has good mechanical properties. While applying
the theory of anisotropic composites, the forces of tension and torsion are considered in a motion
cable under the combined action. In this context, the reliability of the structure is the fatigue life of
the cable. In this paper, the mechanical properties and fatigue life of motion cables are investigated
using the finite element method at different inclination angles and fixation points. The simulation
results show that there is a positive correlation between the inclination angle and the extreme stress
in the motion cables, and the optimal inclination angle of 0° is determined. The number of fixing
points should be reduced to minimize the additional moments generated during the movement and
to ensure proper movement of the cables. The optimal configuration is a 0° inclination angle and
two fixing points. Subsequently, the fatigue life under these optimal conditions is analyzed. The
results show that the high-stress zone corresponds to the location of the short-fatigue life, which
is the middle of the motion cables. Therefore, minimizing the inclination angle and the number of
fixing points of the motion cables may increase their fatigue life and thus provide recommendations
for optimizing their reliability.

Keywords: motion cables; cyclic load; mechanical property; fatigue life

1. Introduction

Motion cables for engine sensors are used in a wide range of applications and are
known for their lightweight construction, high conductivity, and high reliability [1]. Cur-
rently, there is a lack of comprehensive research on the challenges and reliability issues
faced by motion cables in actual operation. Therefore, it is crucial to systematically unveil
the performance characteristics of motion cables in engine sensors [2]. Reliability is defined
as the ability of a product to fulfill a task under specified conditions and within a specified
time. Factors affecting reliability are material quality, environmental conditions, failure
rate, and fatigue life, of which fatigue life is one of the key factors affecting reliability [3].
This paper aims to determine the optimal working conditions of motion cables under a
variety of working conditions and then analyze the fatigue life of motion cables under the
optimal working conditions. Motion cables play a vital role in engine sensors as key sensor
connection elements. In sensor applications, these cables must not only meet electrical
connection requirements but also adapt to various complex motion environments during
engine operation. Motion cables are a special category that move in synchronization with
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the connecting parts during the use of the product among the various types of cables [4].
Presently, the process design of motion cables faces challenges related to poor wiring
process reliability and cable bending fatigue. In addition, the reliability of cables changes
with a change in cable structure, which affects the fatigue life of cables. Therefore, it is
crucial to study the process and fatigue life of the motion cable assembly.

Giglio [5] delved into the distinctions between motion cables and other structures,
highlighting the variance in fatigue life between non-motion structures and motion cables,
arising from the special requirements of motion cables within a mechanism. Non-motion
structures endure static loads, focusing solely on the ultimate loads they can withstand,
without the need to consider fatigue life factors. In contrast, motion cables undergo bending
and stretching during motion, requiring millions of cycles of use [6]. This places exception-
ally high demands on the fatigue life of the cable material. Consequently, sports cables
exhibit significant differences in fatigue life compared to other structures. In response to
these challenges, researchers have proposed a series of mathematical models for calculating
the mechanical properties of cables [7]. Initially, the mechanical properties of cables are
explored through experimental methods. However, due to the high-strength properties of
the cables, experimental methods would entail lengthy calculation cycles and diminish the
efficiency of cable optimization [8]. Therefore, many researchers have used finite element
methods to obtain the mechanical properties of cables [9,10].

Judge [11] analyzed the mechanical properties of multilayer spiral cables under quasi-
static axial loads using LS-DYNA R11.0.0. Moreover, studies indicate that even slight bends
can significantly impact stress distribution in axial cables. Hence, studying the bending
performance of cables becomes imperative. Yu [12] developed a 3D finite element model
of a seven-wire steel strand to investigate the transverse loading effects on local stress
distribution and life performance. Nawrocki and Labrosse [13] developed a specific model
considering the motion of inner wires and examined the relative motion between them.
Ghoreishi [14] conducted three-dimensional finite element modeling of “6 + 1” steel wire
single-layer strands under static axial loads, comparing it with nine theoretical models
of wire elasticity. Jiang [15] performed a concise finite element analysis of seven-wire
and three-layer straight steel wire ropes, considering friction and contact effects. They
obtained the elastic—plastic properties under tensile and cross-sectional stress distributions.
The stress studies in previous cable analyses, focusing on single axial tensile or torsional
loading effects, do not apply to the analysis of motion cables on engine sensors. Therefore,
proposing a method to analyze the mechanical properties of cables during their motion
becomes crucial. However, the above research has focused on the performance of traditional
cables, and with the iterative optimization of electronics, motion cables have become the
primary connection method in sensors [16]. Since motion cables need to be cycled tens of
thousands of times during movement, the study of their fatigue life in service is particularly
important. Key factors and parameters need to be considered such as failure data, life
distribution, and environmental factors, which directly affect the accuracy of the model
when establishing a fatigue life model [17]. Reliability modeling under failure data needs
to be based on historical failure data of the system or equipment [18]. This includes
information such as when the failure occurred, the type, the cause, and the time required
for repair. Lifetime distribution describes the distribution of the lifetime of a system or a
component over a certain time frame [19]. Common life distributions include exponential
distribution, Weibull distribution, etc. Environmental factors are key factors in fatigue
life modeling, and different operating environments have an impact on system reliability.
Environmental factors such as temperature, humidity, vibration, etc., are considered to more
accurately assess the reliability of the system under different operating conditions [20].

The traditional method of improving cable fatigue life is through experimental testing
to determine the factors that reduce cable fatigue life. The method of load experiments is
used to study in detail the factors that affect the fatigue life of cables [21]. Load experiments
are an effective means of revealing key characteristics of the fatigue performance of cable
materials by conducting experiments at different load levels and observing the fatigue life
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changes of cables under these load conditions [22]. The key steps of the experiment include
observing the behavior of the cable under different loading conditions and revealing the
effect of loading on the fatigue performance of the cable material by gradually increasing the
load. This paper focuses on the fatigue life, deformation, and other related characteristics of
cables and explains the experimental results through statistical and graphical analyses [23].
Although this method can determine the best evaluation solution for a cable design, the
test cycle time is long and the evaluation efficiency is low [24]. Leveraging the advantage
that finite element simulation can substitute the high cost of experiments, the finite element
method proves instrumental in enhancing the efficiency of cable optimization, especially
in fatigue life calculations [25]. Suh et al. investigated the impact of stress amplitude
and average stress on the fatigue life of multi-strand cables under axial loading using
FE-safe fatigue analysis software [26]. Finite element simulation is a numerical method
based on mathematical modeling that has become a powerful tool for predicting the
fatigue life of structural systems [27]. The technique discretizes a complex structure into
finite units, which facilitates the analysis of its behavior under different conditions. The
fatigue life of the structure can be predicted and evaluated based on the response of
the structure to stresses, deformations, and damage patterns by placing the model in a
simulated loading scenario [28]. Combining finite element simulation with fatigue life
prediction has far-reaching implications for engineering practice. Engineers can utilize
the technique to pre-identify potential vulnerabilities in a structure, thereby facilitating
informed decisions on design iterations and material selection [29]. This approach to
structural fatigue life analysis is accurate and consistent with the principles of risk reduction
and performance optimization in contemporary engineering. Therefore, it is imperative
to utilize finite element simulation to eliminate unreasonable factors, thereby improving
computational efficiency before conducting relevant tests [30]. The preceding research
analysis addresses axial tensile or torsional loads on cables, overlooking the complex
nonlinear motion inherent in cable motion [31,32]. Employing a single load, as described
above, to simulate the mechanical properties of motion cables introduces deviations from
reality and fails to realistically emulate engineering scenarios [13,33]. Equivalent composite
model cables respond better with regard to tensile and torsional properties than other cable
research methods.

The structure of this paper is as follows. Firstly, ABAQUS 6.14 finite element software
is employed to construct a realistic model of motion cables, incorporating judicious simplifi-
cations of the cables [34]. Utilizing composite material theory, the equivalent calculation of
each material parameter of the cables is conducted to simulate their mechanical properties
during the actual movement process [14,35]. Considering the linkage with engine sensors,
an analysis is performed to assess the influence of varying tilt angles and fixed-point
adjustments on the mechanical properties of the cable. The goal is to determine the optimal
working conditions for the motion cable. The fatigue life of the cables is analyzed by the
fatigue analysis software FE-safe 6.4 under optimal working conditions, and the effect of
cable inclination on fatigue life is studied to provide a basis for motion cables in engineering
applications [36-38].

2. Materials and Methods
2.1. Geometrical Parameters

Motion cables can be cycled thousands of times during sensor operation, so modeling
the actual cable structure and determining the fatigue life of the motion cables is a critical
factor in determining fatigue life. Therefore, the accuracy of real cable structures is of
particular importance [39]. As shown in Figure 1a, the cables connected to component B
are identified as motion cables, while the remaining cables are classified as static cables.
This study is specifically dedicated to analyzing the model of the motion cables connected
to component B. It can be seen by observing the real cables that the modeled cables consist
of 39 wires arranged in parallel (Figure 1b). Each wire consists of 19 copper wires, each
with a diameter of 0.102 mm, enveloped by insulating plastic with a thickness of 0.38 mm
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(Figure 1c). The 39 wires form a circular cross-section of 6 mm in diameter and are wrapped
with 1 mm thick insulating plastic on the outside, giving a total circular cross-section
diameter of 8 mm. In the establishment of a solid model, one needs to consider cable
tension and torsion at the same time, so solid units are used for modeling. The geometry
of the cables is obtained by measuring the path of the physical cables and a mathematical
model is generated by sweeping operations in the modeling approach. The material
properties of each component of the model are shown in Table 1.

PTEF
Nineteen copper wires

Thirty nine cables

Figure 1. Internal composition of cables: (a) overall schematic of the drive mechanism; (b) overall
arrangement of the 39 wires in cables; (c) arrangement of the copper wires in each wire.

Table 1. Material properties.

Component

Materials

Young’'s Modulus Yield Strength Tensile Strength

Density (kg/m3) Poisson’s Ratio

(GPa) (MPa) (MPa)
Main part Aluminum alloy 4510 117.2 0.33 860 900
Cables Copper 8890 110 0.326 369 448
Cables shell Polytetrafluoroethylene 1750 0.6 0.4 45 34.5
Ring of crimp Aluminum 2670 72 0.3 80 175

2.2. Modelling Method

Before establishing the finite element simulation model, the material parameters of
complex cables should be equated according to the mechanical properties of the structure
under the premise of ensuring rationality [40,41]. In previous studies, the simulation of
cables under tensile or torsional loads in a single direction could directly replicate the actual
structure. However, in this study, the cables are subjected to both tensile and torsional
loads, leading to a complex modeling process and intricate contact relationships among
the wires in the cables. This complexity poses challenges in accurately simulating the
real contact process, contributing to a slower computational speed. Therefore, this paper
introduces the method of anisotropic composites and implements a simplified treatment
of the cables by considering the cables with multiple conductors as unidirectional fiber
composites and calculating the material parameters using the composite material theory.

According to the composite material theory, the stiffness coefficient of an equivalent
composite material model can be expressed as follows:

Cij = Fj(Ef,’()f,Cf, Em,’()m,Cm) M

where Ef is the modulus of elasticity of isotropic fiber, V is the Poisson’s ratio of isotropic
fibers, E;, is the modulus of elasticity of the matrix, V,, is the Poisson’s ratio of the matrix,
Cyuand C rare the relative volume contents of the fiber and matrix, respectively, v ¥ is the
volume of the fiber, and vy, is the volume of the matrix. Among them, E s Vf, E,;, and V,
all are known; C denotes the volume fraction of the total volume of copper wire in n wires.
d is the distance from the center to the inner circle, and D is the distance from the center to
the outer circle. In composite materials, the stress—strain relationship can be expressed in
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terms of a stiffness matrix o = Cg, The stiffness matrix of the unidirectional fiber composite
used in this study can be expressed as follows:

Ci1 Cp Gz 0 0 O
Cpo C1 Gz 0 0 O
N C13 C13 Css 0 0 0
C= 0 0 0 Cy4 O 0 @)
0 0 0 0 Cyg O
0 0 0 0 0 Cg

The equations involved in calculating the stiffness factor above are shown below:
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2.3. Model Correctness Verification

To verify the accuracy of the above-simplified modeling method, this paper adopts
the method of comparing the physical model with the finite element model (Figure 2a,d),
which compares in detail the contact situation, morphology, and trajectory similarity at the
final angle of the model, focusing on observing the behavior of the model when it reaches
the final angle. As shown in Figure 2b,c,e,f, both the physical model and the finite element
model maintain no contact with the structural component as they reach the final angle,
maintaining a safe distance. This observation indicates that the behaviors of the physical
model and the finite element model align. In Figure 2, the final shape of the motion cable is
examined, and it is observed that the final shape of the cable is consistent in both the finite
element model and the physical model. In addition, the trajectories of the motion cables are
compared, and it is found that the two trajectories are similar with an error of less than 5%,
as shown in Figure 3. This result further substantiates the accuracy of the numerical model,
demonstrating that the model, post-equivalent treatment, can adeptly simulate the motion
process of the cables and effectively capture the motion behavior of the actual cables.

2.4. Boundary Conditions and Mesh Division

When establishing the finite element simulation model, considering that the simulation
analysis only focuses on the stress distribution of the cables, the main structure other than
the cables can be set as the rigid body, and the effect of this setup on the simulation results
of the cables is very small and significantly saves calculation time. Additionally, neglecting
fatigue damage, the simulation results indicate that the cables rotating 170° clockwise and
counterclockwise are identical. Therefore, to optimize computation time, only half of the
rotational period is considered in this study, focusing solely on analyzing the change in
the stress distribution of the cables rotating counterclockwise by 170°. In the constraint
set, a load of 170° rotation is applied to the top of the turntable, and the rotation of the
cables is driven by the rotation of the turntable, to simulate the whole motion process of the
rotation of the cables. In the project, the cables are usually applied to both ends of the ring
of the crimp to achieve the purpose of restraining the movement at the end; the fixed end
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of the constraint is critical to the overall stress situation of the cables. Therefore, this study
proposes simulating the forces acting on the cables under various fixed-point positions. To
enhance the convenience of engineering calculations, the simulation implements boundary
conditions by constraining both displacements and rotations at the boundary. The boundary
condition of the cables is set as a friction boundary to make the contact between the fixed
end of the cables and the structural member closer to the real contact in the physical model.
The end treatment method of the simulated cables proposed in this paper restores the actual
stress state of cables in engineering and improves the accuracy of finite element simulation.

0° 170° 170°

@ | &_4‘-— o) l‘ts
s ,\ ‘ ‘

@

Figure 2. Comparison of poses of the physical model and the simulation model at the initial and final
angles: (a) front view of the physical model at the initial angle; (b) front view of the physical model at
the final angle; (c) side view of the physical model at the final angle; (d) front view of the simulation
model at the initial angle; (e) front view of the simulation model at the final angle; (f) side view of the
simulation model at the final angle.

—— Physical results
Finite element results

1

0.8

0.6

0.4

0.2

0.2

0 o

Figure 3. Comparison between physical results and finite element results.

The focus of this study is to observe the stress distribution of the cables under the
combined effect of torsion and tension, and the complex structure has high requirements
regarding the mesh quality. Therefore, for enhanced computational accuracy and efficiency,
hexahedral elements are employed to construct the mesh. The mesh generation utilizes
the internal axis algorithm, with the cell type designated as C3D8R. The size of the circular
cross-section direction is set at 0.3 mm, and seeds are distributed numerically along the



Sensors 2024, 24, 1109

7 of 12

axial direction of the line cables. The cables are irregular in shape and the forces are
more complicated during the movement. Therefore, the size of the mesh at the boundary
conditions is reduced from 0.5 mm to 0.2 mm.

3. Results
3.1. Effect of Cable Inclination on Stress Distribution in Members

Figure 4a—d demonstrate the stress change process in the motion cables, where the
stress concentration appears at the upper end of the cables at the beginning of the movement.
At the start of the movement, the top flange is initially rotated, subsequently causing the
movement of the cable. The stress distribution of the cable changes as it moves, with the
stress concentration area gradually shifting from the top to the middle of the cable. When
motion reaches the final state, the stress concentration area is always distributed in the
middle of the steel cables’ bending.

S, Mises

144.004
115226
86.447
57.668
28.890

0.111

Axial stress
wn ~J
S @

(]
W

0
0.00 0.01 0.02 0.03 0.04 0.05
Axial strain

Figure 4. Mises stress distribution, the middle part of cable bend, and the position of the probes
as well as the energy-strain curves at different angles of rotation: (a) 5°; (b) 42.5°; (c) 85°; (d) 170°;
(e) position of the applied probes; (f) energy—strain curves at the six probe points.

Owing to the bending structure of the motion cable, substantial stress variations are
induced in the mid-section region. The stress extremes increased with the cable’s rotation
angle, reaching the maximum stress at the final moment. The largest stress area is in the
middle of the cables, measuring 138 MPa. To explore the trend of the stress maximum
region, six reference points are selected along the high-stress region in the middle of the
cable at the end moment of the campaign and the magnitudes of the values at different
points in the middle of the cable are analyzed, as shown in Figure 4e.

Figure 4f plots the Mises stress—strain curves at six reference points in the high-stress
region in the middle of the cables. As the cable moved closer to the bent portion, the
stresses at the six reference points increased, with extreme values of 127 MPa being reached
at points 5 and 6. The extreme stresses at the other four reference points 4, 3, 2, and 1
(Figure 4e) decreased as they moved away from the bent portion of the cable. At the
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location of the bent portion of the cable, the area near the center is stressed first, and then,
the stresses begin to be distributed in all directions. In summary, the stress extremes are
maximized at the curvature maximum in the high-stress region, gradually decreasing as
one moves away from this maximum curvature location. Subsequent analysis will focus on
the factors influencing the stress distribution in the final state of motion.

The size of the inclination angle of the motion cable is a crucial factor in determining
fatigue life; therefore, it is imperative to investigate the impact of the inclination angle
on the stress distribution. If the inclination angle is too large, the cable will contact the
structural components during the movement. Therefore, only models with an inclination
angle of less than 20° are established in this paper, as shown in Figure 5a—f.

Figure 5. Cables’ model and stress distribution for different inclination angles: (a) 0°; (b) 3°; (c) 6°;
(d) 9°; (e) 12°; (£) 15°; (g) 0°; (h) 3°; () 6°; (j) 9°; (k) 12°; (1) 15°.

The motion process of the cables is simulated through finite element analysis, and the
final stress distribution is visualized. For enhanced observation of the stress distribution
under various inclination angles, this study selectively displays parts of the cable and
turntable model while concealing the midsection of the cylindrical structural member. The
stress distribution of the cables remained consistent during the movement, and the stress
extremes all appeared in the middle of the cables. A comparison of the stress extremes for
the six operating conditions revealed that the extreme stresses increased as the inclination
angle increased. In the final state, the stress extreme of the cables is the sum of the stresses
under the joint action of tension and torsion. When the inclination angle is increased, the
mutual squeezing effect of the intermediate bending segments would be increased and the
axial deformation would be increased. This constrains the cable margins existing in the
cable structure, leading to a reduction in the radial torsional deformation of the cable. From
the values of the modulus of elasticity in the equivalent model, the modulus of elasticity for
axial tension is larger than the modulus of elasticity for radial torsion. Therefore, when the
axial deformation of the cables increased and the radial deformation decreased, the axial
tensile load on the cables increased, and the stress extreme increased from 138.9 MPa to
315.2 MPa (Figure 5g—i). With the movement of the cable, the ultimate stress increased. The
pronounced impact of this change along the axial direction is observed in the central region,
while the stress extremes increased to a lesser extent in the two end regions. Consequently,
the stress in the central region surpassed that in the surrounding area. Therefore, among the
six conditions, the cable’s inclination angle of 0° exhibited the lowest tensile load, making
it the most favorable condition among the six.

3.2. Effect of Cable Fixation Points on Stress Distribution in Members

To investigate the effect of fixed points on the stress distribution of a motion cable, two
models were developed. Figure 6a,b, shows two different fixing-point location schemes,
in which Scheme B has one more fixing point than Scheme A and the horizontal length is
6 cm longer. As shown in Figure 6¢,d, the axial Mises stress distributions are shown for
the two fixed-point schemes. The high-stress region of Scheme A is confined to the middle
part of the cable bends with a stress extreme of 192 MPa. Conversely, the high-stress region
of option B encompasses the middle part of the cables and the top crimp card, reaching a
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(@)

Fixed point
position A

(b)
Fixed point
position B

L

stress extreme of 256 MPa. Upon examining the color representation, it became evident
that in the middle portion of the cables, the stress values for fixing point B exceeded those
for fixing point A.

(h)

S, Mises
321.126
256.955
192.784
128613
64.441

Figure 6. Schematic of working conditions and stress distribution for different fixed points.
(a) Schematic of fixed-point scheme A; (b) schematic of fixed-point scheme B; (c) stress distribu-
tion of fixed-point scheme A on S11; (d) stress distribution of fixed-point scheme B on S11; (e) stress
distribution of fixed-point scheme A on S23; (f) stress distribution of fixed-point scheme B on S23
torsion angle of neighboring units in fixed-point scheme A; (g) position of two neighboring units in

the initial state; (h) torsion angle of neighboring units in fixed-point scheme A; (i) torsion angle of
neighboring units in fixed-point scheme B.

Figure 6e,f displays the Mises stress distribution in the radial direction for the two
fixing-point scenarios. It reveals that the stress value for fixing point A is 27 MPa, whereas
the stress value for model B is 64 MPa. In the high-stress region (Figure 6g), two parallel
cells are selected along the axial direction of the motion cables, and the variation in shear
stress is analyzed based on the relative angles of the two cells as they are moved to the
final angle. In models A and B, the angles between the two parallel units are 13° and 37°,
respectively (Figure 6h,i). The existence of tangential stresses during torsion is verified
because of the different values of the angles in the two models. In addition, the presence
of additional fixation points in the fixed-point B scenario resulted in the application of
moments to the entire cables, increasing the angle of torsion for Model B.

Figure 7 displays the energy versus strain curves for fixed point B in fixed-point
schemes A and B. The curve for fixed-point scheme A varies linearly, while the curve for
fixed-point scheme B varies exponentially. The inclusion of fixed point A results in higher
stress in fixed-point scheme B compared to fixed-point scheme A. In fixed-point scheme
B, fixed point A induces a moment at fixed point B during rotation and another moment
at fixed point B originating from the lower fixed point C. The concentration of these two
moments at fixed point B leads to increased stress in this region, resulting in a surge in the
strain energy at fixed point B. The initial slopes of energy—strain for fixed-point scheme
B are smaller than those for fixed-point scheme A, indicating that too many fixed points
constrain the rotation of the cables. When the strain of the cables reaches 0.25, the strain
energy slope of fixed-point scheme B increases. At this point, the cable force mode changes,
with axial tensile load becoming the main force mode.
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Figure 7. Strain versus strain energy curves in models A and B.

3.3. Fatigue Simulation and Analysis of Cables under Optimal Working Conditions

After analyzing both the inclination angle and the fixation point position, the optimal
configuration is determined to be a structure with a 0° inclination angle and fixation
point position A, as illustrated in Figure 8a. Examining the stress cloud of the optimal
configuration (Figure 6g), the stress extremes are observed to be distributed in both the
middle and lower regions of the cables. This phenomenon is attributed to the rotation of the
top flange, generating an axial force transmitted along the cables. This force partly affects
the middle of the bend and partly reaches the fixed point at the lower end of the cables.

(a) (b) 58.333

Piont 1— 50,000 4 Point 1
potential o = Point2 ‘A.{,_A
fatigue area _ e Point3 - \.
LOGLife-R g 41667 -
Piont 2—, e-Repeats = % .\.
|

20.000

17.480

14.959 =
Most potential 12.439 X

fatigue area 979,31988 5.000 - ‘ﬁ
L]
216667 F -

08.333

00.000 j

" " 1 : L
0.00 0.01 0.02 0.03 0.04 0.05

Number of cyclic lo:
~
w

Axial strain

Figure 8. Number of cyclic loads for optimum conditions: (a) fatigue life distribution; (b) strain vs.
fatigue life curves for three tracking points.

The static analysis results mentioned above are imported into the Fe-safe fatigue
analysis software, and a fatigue simulation cloud diagram for the motion cables is generated
(Figure 8a). The areas of low peripheral fatigue in the cables are depicted in three parts,
located at the top, middle, and bottom. To examine strain changes in these three parts
during the loading cycle, three tracking points are defined within the potential fatigue
region of the cables, as illustrated in Figure 8a. These tracking points represent the average
strain values in each of the three regions. Extracting the fatigue life and strain changed
curves of the three tracking points (Figure 8b), it is observed that when the overall strain of
the cables reached 0.05, the fatigue life of the first tracking point is 45,163, the fatigue life of
the second tracking point is 37,256, and the fatigue life of the third tracking point is 42,563.
The data reveal that the low-week fatigue region aligns with the stress concentration region,
suggesting that the high-stress region is prone to fatigue damage. The fatigue life of the
middle section is significantly lower than that of the top and bottom, indicating that the
primary location of fatigue damage in the cables is the middle section.
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4. Conclusions

In this paper, the mechanical properties, stress distribution, and fatigue life of motion
cables are investigated in aero-engine sensors under complex motion conditions. Em-
ploying the composite material theory, an equivalent cable model is developed and the
forces acting on the cable were analyzed using the finite element method. The accuracy of
the equivalent model is verified by comparing it with experimental results. Our analysis
focuses on understanding the effects of the inclination angle and fixation point on the
stress distribution of the cables, allowing us to determine optimal operating conditions
to minimize extreme stresses during motion. Furthermore, the impact of the tilt angle
of the tension cables on the stress distribution of the member is explored, revealing its
significant effect on the final stress distribution of the model. Simulations involving six
different tilt conditions concluded that a 0° tilt angle is the optimal condition, resulting
in a stress extreme of 139 MPa. Additionally, the analysis considers the effect of different
fixation points on the stress distribution in the members and determines that Model A is
superior to the other model. Therefore, maintaining the cable inclination angle at 0° and
minimizing the number of fixing points is recommended to ensure the safety and stability
of the cables. Furthermore, fatigue analysis based on the optimum conditions indicates that
the high-stress zone and the short-fatigue life zone are situated in the middle of the cables.
The ultimate stress in this zone is 138 MPa, corresponding to 107-7% loading cycles.

Author Contributions: Conceptualization, W.L. and W.G.; methodology, W.L.; software, S.Y.; val-
idation, W.L., W.G. and Y.D.; formal analysis, C.H.; investigation, W.L.; writing—original draft
preparation, W.L.; writing—review and editing, W.L.; visualization, Y.Z.; supervision, X.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Yang, C.;Lu, Y,; Wang, Y.; Xue, F; Ren, Z. Research on Assembly Technology of Complex Flexible Outcabin Motional Cable for
Spacecraft. IOP Conf. Ser. Mater. Sci. Eng. 2019, 611, 012075. [CrossRef]

2. Wang, B, Zhang, Y.,; Su, G. An Integrated Approach for Electromagnetic Compatible Commercial Aircraft Engine Cable
Harnessing. J. Ind. Inf. Integr. 2022, 27, 100344. [CrossRef]

3. Verma, AK, Srividya, A.; Karanki, D.R. (Eds.) Mechanical Reliability. In Reliability and Safety Engineering; Springer Series in
Reliability Engineering; Springer: London, UK, 2010; pp. 229-266.

4. Liu, J.; Zhao, T.; Ning, R.; Liu, ]. Physics-Based Modeling and Simulation for Motional Cable Harness Design. Chin. J. Mech. Eng.
2014, 27, 1075-1082. [CrossRef]

5. Giglio, M.; Manes, A. Life Prediction of a Wire Rope Subjected to Axial and Bending Loads. Eng. Fail. Anal. 2005, 12, 549-568.
[CrossRef]

6.  Foti, F; Martinelli, L. Mechanical Modeling of Metallic Strands Subjected to Tension, Torsion and Bending. Int. J. Solids Struct.
2016, 91, 1-17. [CrossRef]

7. Frikha, A,; Cartraud, P; Treyssede, F. Mechanical Modeling of Helical Structures Accounting for Translational Invariance. Part 1:
Static Behavior. Int. J. Solids Struct. 2013, 50, 1373-1382. [CrossRef]

8.  Wang, Y,; Zheng, Y.Q.; Zhang, WH.; Lu, Q.R. Analysis on Damage Evolution and Corrosion Fatigue Performance of High-Strength
Steel Wire for Bridge Cable: Experiments and Numerical Simulation. Theor. Appl. Fract. Mech. 2020, 107, 102571. [CrossRef]

9.  Utting, W.S,; Jones, N. The Response of Wire Rope Strands to Axial Tensile Loads—Part I. Experimental Results and Theoretical
Predictions. Int. ]. Mech. Sci. 1987, 29, 605-619. [CrossRef]

10. Utting, W.S.; Jones, N. The Response of Wire Rope Strands to Axial Tensile Loads—Part II. Comparison of Experimental Results
and Theoretical Predictions. Int. |. Mech. Sci. 1987, 29, 621-636. [CrossRef]

11.  Judge, R.; Yang, Z; Jones, S.W.; Beattie, G. Full 3D Finite Element Modelling of Spiral Strand Cables. Constr. Build. Mater. 2012, 35,
452-459. [CrossRef]

12. Yu, Y.; Chen, Z; Liu, H.; Wang, X. Finite Element Study of Behavior and Interface Force Conditions of Seven-Wire Strand under

Axial and Lateral Loading. Constr. Build. Mater. 2014, 66, 10-18. [CrossRef]


https://doi.org/10.1088/1757-899X/611/1/012075
https://doi.org/10.1016/j.jii.2022.100344
https://doi.org/10.3901/CJME.2014.0616.109
https://doi.org/10.1016/j.engfailanal.2004.09.002
https://doi.org/10.1016/j.ijsolstr.2016.04.034
https://doi.org/10.1016/j.ijsolstr.2013.01.010
https://doi.org/10.1016/j.tafmec.2020.102571
https://doi.org/10.1016/0020-7403(87)90033-6
https://doi.org/10.1016/0020-7403(87)90034-8
https://doi.org/10.1016/j.conbuildmat.2011.12.073
https://doi.org/10.1016/j.conbuildmat.2014.05.009

Sensors 2024, 24, 1109 12 of 12

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.
36.

37.
38.

39.

40.

41.

Nawrocki, A.; Labrosse, M. A Finite Element Model for Simple Straight Wire Rope Strands. Comput. Struct. 2000, 77, 345-359.
[CrossRef]

Ghoreishi, S.R.; Messager, T.; Cartraud, P.; Davies, P. Validity and Limitations of Linear Analytical Models for Steel Wire Strands
under Axial Loading, Using a 3D FE Model. Int. . Mech. Sci. 2007, 49, 1251-1261. [CrossRef]

Jiang, W.G.; Yao, M.S.; Walton, ].M. A Concise Finite Element Model for Simple Straight Wire Rope Strand. Int. J. Mech. Sci. 1999,
41,143-161. [CrossRef]

Zhou, Z.; He, ].; Zhang, Y; Yu, J.; Zhang, S. Development and Performance Study of Fiber Bragg Grating Flexible Cable Strain
Sensor. Optik 2023, 273, 170505. [CrossRef]

Liang, B.; Zhao, Z.; Wu, X.; Liu, H. The Establishment of a Numerical Model for Structural Cables Including Friction. J. Constr.
Steel Res. 2017, 139, 424-436. [CrossRef]

Zeng, Z.; Barros, A.; Coit, D. Dependent Failure Behavior Modeling for Risk and Reliability: A Systematic and Critical Literature
Review. Reliab. Eng. Syst. Saf. 2023, 239, 109515. [CrossRef]

Chen, Z.; Zheng, S. Lifetime Distribution Based Degradation Analysis. IEEE Trans. Reliab. 2005, 54, 3-10. [CrossRef]

Duan, D.-L.; Wu, X.-Y.; Deng, H.-Z. Reliability Evaluation in Substations Considering Operating Conditions and Failure Modes.
IEEE Trans. Power Deliv. 2012, 27, 309-316. [CrossRef]

Yu, S; Yan, C,; Liu, C.; Ou, J. Fatigue Life Evaluation of Parallel Steel-Wire Cables under the Combined Actions of Corrosion and
Traffic Load. Struct. Control Health Monit. 2023, 2023, 1-25. [CrossRef]

Feng, B.; Wang, X.; Wu, Z. Fatigue Life Assessment of FRP Cable for Long-Span Cable-Stayed Bridge. Compos. Struct. 2019, 210,
159-166. [CrossRef]

Nelson, W. Graphical Analysis of Accelerated Life Test Data with the Inverse Power Law Model. IEEE Trans. Reliab. 1972, R-21,
2-11. [CrossRef]

Stanova, E.; Fedorko, G.; Fabian, M.; Kmet, S. Computer Modelling of Wire Strands and Ropes Part II: Finite Element-Based
Applications. Adv. Eng. Softw. 2011, 42, 322-331. [CrossRef]

Wu, J.Y.; Kazanzides, P.; Unberath, M. Leveraging Vision and Kinematics Data to Improve Realism of Biomechanic Soft Tissue
Simulation for Robotic Surgery. Int. . Comput. Assist. Radiol. Surg. 2020, 15, 811-818. [CrossRef] [PubMed]

Sobhaniasl, M.; Petrini, F.; Karimirad, M.; Bontempi, F. Fatigue Life Assessment for Power Cables in Floating Offshore Wind
Turbines. Energies 2020, 13, 3096. [CrossRef]

Naess, A.; Leira, B.J.; Batsevych, O. Reliability Analysis of Large Structural Systems. Probabilistic Eng. Mech. 2012, 28, 164-168.
[CrossRef]

Finzi, Y.; Hearn, E.H.; Ben-Zion, Y.; Lyakhovsky, V. Structural Properties and Deformation Patterns of Evolving Strike-Slip Faults:
Numerical Simulations Incorporating Damage Rheology. Pure Appl. Geophys. 2009, 166, 1537-1573. [CrossRef]

Ameling, ].M.; Auguste, P.; Ephraim, PL.; Lewis-Boyer, L.; DePasquale, N.; Greer, R.C.; Crews, D.C.; Powe, N.R.; Rabb, H.;
Boulware, L.E. Development of a Decision Aid to Inform Patients” and Families” Renal Replacement Therapy Selection Decisions.
BMC Med. Inform. Decis. Mak. 2012, 12, 140. [CrossRef] [PubMed]

Fameso, F.; Ramakokovhu, U.; Desai, D.; Salifu, S. Effects of Manufacturing-Induced Operating-Conditions Amplified Stresses on
Fatigue-Life Prediction of Micro Gas Turbine Blades—A Simulation-Based Study. J. Phys. Conf. Ser. 2022, 2224, 012043. [CrossRef]
Jiang, W.G.; Henshall, ].L.; Walton, ].M. A Concise Finite Element Model for Three-Layered Straight Wire Rope Strand. Int. .
Mech. Sci. 2000, 42, 63—-86. [CrossRef]

Zhang, D.; Chen, K,; Jia, X.; Wang, D.; Wang, S.; Luo, Y.; Ge, S. Bending Fatigue Behaviour of Bearing Ropes Working around
Pulleys of Different Materials. Eng. Fail. Anal. 2013, 33, 37-47. [CrossRef]

Chiang, Y.J. Characterizing Simple-Stranded Wire Cables under Axial Loading. Finite Elem. Anal. Des. 1996, 24, 49-66. [CrossRef]
Wang, D.; Zhang, D.; Wang, S.; Ge, S. Finite Element Analysis of Hoisting Rope and Fretting Wear Evolution and Fatigue Life
Estimation of Steel Wires. Eng. Fail. Anal. 2013, 27, 173-193. [CrossRef]

Velinsky, S.A. General Nonlinear Theory for Complex Wire Rope. Int. ]. Mech. Sci. 1985, 27, 497-507. [CrossRef]

Elata, D.; Eshkenazy, R.; Weiss, M.P. The Mechanical Behavior of a Wire Rope with an Independent Wire Rope Core. Int. J. Solids
Struct. 2004, 41, 1157-1172. [CrossRef]

Chaplin, C.R. Failure Mechanisms in Wire Ropes. Eng. Fail. Anal. 1995, 2, 45-57. [CrossRef]

Fu, M.W,; Yong, M.S.; Muramatsu, T. Die Fatigue Life Design and Assessment via CAE Simulation. Int. . Adv. Manuf. Technol.
2008, 35, 843-851. [CrossRef]

Kim, H.; Kim, J. Prediction of Cable Behavior Using Finite Element Analysis Results for Flexible Cables. Sensors 2023, 23, 5707.
[CrossRef] [PubMed]

Ding, S.; Jian, B.; Zhang, Y.; Xia, R.; Hu, G. A Normal Contact Force Model for Viscoelastic Bodies and Its Finite Element Modeling
Verification. Mech. Mach. Theory 2023, 181, 105202. [CrossRef]

Yang, J.; Yang, Z.; Chen, Y.; Lv, Y.; Chouw, N. Finite Element Simulation of an Upliftable Rigid Frame Bridge under Earthquakes:
Experimental Verification. Soil Dyn. Earthq. Eng. 2023, 165, 107716. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0045-7949(00)00026-2
https://doi.org/10.1016/j.ijmecsci.2007.03.014
https://doi.org/10.1016/S0020-7403(98)00039-3
https://doi.org/10.1016/j.ijleo.2023.170505
https://doi.org/10.1016/j.jcsr.2017.09.031
https://doi.org/10.1016/j.ress.2023.109515
https://doi.org/10.1109/TR.2004.837519
https://doi.org/10.1109/TPWRD.2011.2173807
https://doi.org/10.1155/2023/5806751
https://doi.org/10.1016/j.compstruct.2018.11.039
https://doi.org/10.1109/TR.1972.5216164
https://doi.org/10.1016/j.advengsoft.2011.02.010
https://doi.org/10.1007/s11548-020-02139-6
https://www.ncbi.nlm.nih.gov/pubmed/32323207
https://doi.org/10.3390/en13123096
https://doi.org/10.1016/j.probengmech.2011.08.024
https://doi.org/10.1007/s00024-009-0522-1
https://doi.org/10.1186/1472-6947-12-140
https://www.ncbi.nlm.nih.gov/pubmed/23198793
https://doi.org/10.1088/1742-6596/2224/1/012043
https://doi.org/10.1016/S0020-7403(98)00111-8
https://doi.org/10.1016/j.engfailanal.2013.04.018
https://doi.org/10.1016/S0168-874X(97)80001-E
https://doi.org/10.1016/j.engfailanal.2012.08.014
https://doi.org/10.1016/0020-7403(85)90040-2
https://doi.org/10.1016/j.ijsolstr.2003.11.021
https://doi.org/10.1016/1350-6307(95)00004-A
https://doi.org/10.1007/s00170-006-0762-5
https://doi.org/10.3390/s23125707
https://www.ncbi.nlm.nih.gov/pubmed/37420874
https://doi.org/10.1016/j.mechmachtheory.2022.105202
https://doi.org/10.1016/j.soildyn.2022.107716

	Introduction 
	Materials and Methods 
	Geometrical Parameters 
	Modelling Method 
	Model Correctness Verification 
	Boundary Conditions and Mesh Division 

	Results 
	Effect of Cable Inclination on Stress Distribution in Members 
	Effect of Cable Fixation Points on Stress Distribution in Members 
	Fatigue Simulation and Analysis of Cables under Optimal Working Conditions 

	Conclusions 
	References

