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Abstract: The implementation of systems condition monitoring is of utmost importance in ensuring
effective maintenance, optimal efficiency, and adherence to established design criteria. This research
presents a novel and economically efficient Digital Twin Model (DTM) designed for the purpose of
Live Condition Monitoring (LCM) and Predictive Lifecycles. This study discusses the enhancement
of DTs modelling by decreasing the number of dimensions from five to three: Physical, Digital, and
Connection entities. The resulting model exhibits a notable improvement in accuracy and efficiency.
The suggested Dynamic Time Model (DTM) enhances the empirical pre-set average load for both
simulation and experimentation by 35.7%, which is equivalent to a 1.6-fold increase. The DTM
demonstrates a significant enhancement in the empirical predefined average lifecycles of the
system, as shown in the real-life case study. Specifically, the DTM achieves a 12-fold improvement
compared to the simulated results and a nine-fold improvement compared to the experimental
findings. The suggested Dynamic Time Management (DTM) demonstrates a significant
enhancement in the average lifecycles of the system, with a 19.7% improvement (equivalent to 1.2
times greater) compared to the wireless DTM results obtained through the application of the real
system load. The suggested Dynamic Time Warping (DTW) method's accuracy and efficiency are
shown via a practical case study using the suspension system of a Peugeot 3008 vehicle.

Keywords: Industry 4.0; digital twin; predictive maintenance; condition monitoring; virtual reality

1. Introduction

The main focus of this work is on the use of coil springs in the suspension systems of passenger
cars. However, the same approaches may be used to evaluate springs in many applications by
adapting them to account for the particular differences inherent in each application. While there are
several ideas related to Digital Twin (DT), the use of live simulation for the purpose of enhancing
condition monitoring and maintenance remains relatively underdeveloped. The phrase "(Digital)
Twin" was first suggested by Michael Grieves in 2002 within the framework of Product Lifecycle
Management (PLM). The Whitepaper, authored by Grieves in the same year [1], provides a definition
of Digital Twin (DT) as a duplicate of a real-world physical system. Grieves outlines three elements
of this replication, namely: (A) the physical entity, (B) the digital counterpart, and (C) the connection
between the physical and digital components. Nevertheless, the aforementioned description lacks the
necessary formality to be considered a formal definition. Additionally, it fails to include the crucial
aspects of data and services that have a significant influence on the effectiveness and precision of the
model. In 2005, Grieves provided a comprehensive analysis of his conceptualization of Design
Thinking (DT), which was first proposed in 2002. Grieves categorized DT into three distinct forms,
namely: (A) DT prototype, (B) DT aggregate, and (C) DT instance [2].

In 2010, the National Aeronautics and Space Administration (NASA) established a definition for
Digital Transformation (DT) within the context of modelling, simulation, information technology,
and processing roadmap [3]. During the period from 2005 to 2010, a number of technological
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advancements were implemented, including the integration of Digital Twin (DT) technology into the
structural management systems of aircraft by organizations such as NASA and the US Air Force. In
the year 2018, the renowned worldwide research and consulting business known as Gartner officially
recognized Digital Transformation (DT) as one of the ten most promising technologies for the future
[1]. The regular maintenance of mechanical services is of utmost importance for ensuring their
dependability and safety. Engineers are responsible for ensuring that all operational components are
maintained in optimal working conditions. While there is a cost associated with preventative
maintenance, the alternative of replacing failing components after failure or servicing parts sooner
than necessary might result in avoidable delays and increased prices [4]. The presence of
malfunctioning machinery disrupts the established schedules and impedes the progress of
manufacturing lines. Therefore, in order to ensure the dependability and security of continuous and
prosperous production line operations, operators must prioritize maintenance. The study conducted
by Wyman in 2019 revealed that maintenance expenses account for over 30% of overall life costs.
Consequently, a diverse array of computerized solutions has been developed to facilitate efficient
maintenance management. Utilizing conventional simulation approaches that use fixed data to apply
simplistic models is deemed inadequate for efficient maintenance practices, since it fails to account
for the dynamic degradation of current temporal sections [5].

Nevertheless, the use of up-to-date temporal data will provide a more comprehensive
understanding of prevailing circumstances. The Twin (DT) is an emerging informatics technology
that relies on the Internet of Things (IoT). Despite its growing popularity, there is a lack of consensus
among writers about the precise definition and conceptualization of the DT [6-8]. The technologies
of Digital Twins (DTs) have garnered considerable attention in the public sphere. However, it is
worth noting that the research conducted on DTs lacks transparency, despite the substantial efforts
made and the potential they have for facilitating the integration of DTs into many businesses [9]. The
understanding of the notion of DT is now limited, hence exerting an influence on the prospective
advancement of DT technology. Prominent sectors such as the automobile industry and the oil and
gas sector were compelled to explore the notion of digital twins and undertake their implementation
in relation to their respective goods and services [10]. Additionally, the real-time visualization of the
geometry and behavioural components of the systems has not yet been achieved. These components
serve as access points for monitoring the various features of the system. This paper utilizes a case
study of a suspension system to illustrate the proposed Dynamic Time Model (DTM) for real-time
condition monitoring and predictive maintenance.

The case study also highlights the potential failure caused by fatigue when the suspension
system, specifically the coil spring, is exposed to varying levels of loading over time. The coil spring
experiences significant strain due to the cyclic load, leading to the need for fatigue life evaluation.
Currently, simulations are being conducted to forecast the fatigue damage of the coil spring. The data
acquired on load and strain presents a viable method for incorporation into the real-time simulation.
This simulation assesses the fatigue, load, and strain experienced by the suspension system
throughout its lifespan, using strain and load sensors that operate in conjunction with the server's
data at the present moment.

1.1. Coil Springs Maintenance

Coiled springs are an essential component of the suspension system in a vehicle, and proper
maintenance of these springs is important for ensuring that the vehicle rides smoothly and handles
properly [11]. The main types of maintenance for coiled springs include visual inspections, spring
rate checks, preload checks, alignment checks, lubrication, and replacement. During a visual
inspection, any signs of damage or wear, such as cracks, chips, or rust on the surface of the springs,
should be checked; if they are severely damaged, they should be replaced [12]. The force required to
compress the spring rate should be checked to ensure it is within the right range; if it is too high or
too low, it will affect the vehicle's handling and ride comfort. Preload, which is the amount of tension
applied to the spring when it is installed, should also be checked; if it is too much or too little, it will
affect the handling and comfort of the vehicle. The alignment of the suspension spring should be
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checked to ensure it is aligned correctly with the rest of the suspension components. Additionally,
lubrication can be added to the springs to reduce friction and wear, and if the springs are worn or
damaged, they should be replaced [13,14]. Regular maintenance of the coiled springs can help extend
the life of the suspension system, improve the vehicle's performance, and ensure the safety of the
driver and passengers [15].

1.2. Fatigue and Remaining Useful Life Parameters

Several parameters are used to calculate the fatigue of the remaining useful life (RUL) of a coiled
spring in a vehicle as shown in [16-20].

1. Material properties: The material properties of the spring, such as the yield strength, tensile
strength, and fatigue limit, play a key role in determining the RUL of the spring. These properties
can be obtained from the spring manufacturer or material supplier. These materials’ properties
are manual setup input inside the used software for the 3D design.

2. Loading conditions: The loading conditions of the spring, including the amplitude and
frequency of the applied stress, must be known in order to calculate the RUL of the spring.
Loading conditions will be generated from the sensors such as force sensors on the physical asset
(coiled springs) at the current time.

3. Stress analysis: Stress analysis, such as the S-N curve (also known as the Wdhler curve), can
determine the maximum stress the spring will experience and the number of cycles it can
withstand before failing. Once the actual loading of the spring is generated the sensors will
record it and send it to an IoT platform (in our case is the ThingSpeak) to be analyzed and deduce
stresses acting on the spring from it as shown in the previous chapter; for example, Von Mises
stress can be calculated and compared with the failure stress.

4. Safety factor: A safety factor is often used to account for uncertainties in the material properties
and loading conditions and to ensure that the spring has a sufficient margin of safety.

5. Current usage: The current usage of the spring, including the number of cycles and the
amplitude of the applied stress, must be known to calculate the RUL of the spring. The current
usage of the spring will show how weak the spring it become through displacement generated
between the free length of the spring to the solid length.

6. Operating conditions: The operating conditions of the vehicle, such as the environment in
which the vehicle is used and the type of loads it carries, can affect the RUL of the spring. Each
user has having different applied load and different driving environment which have different
impacts on the coiled springs, in another words each user is unique in relation to the impact on
springs, and this will be recorded from the different types of sensors positioned on the spring to
report the unique data and send it to the IoT platform for analysis.

Considering these parameters, it is possible to calculate the fatigue life of a coiled spring and
determine how long it is expected to last before it needs to be replaced [21]. It is important to note
that the method of calculating fatigue life can vary depending on the loading condition and the
material properties. It is a good practice to consult experts in mechanical engineering or the spring
manufacturer; they may have their methodology and software to provide more accurate results.

1.3. Current Methods for Condition Monitoring

1. Vibration analysis: This involves measuring the vibration levels of equipment and comparing
them to known levels to detect changes that may indicate a problem.

2. Oil analysis: This involves analyzing the oil used in equipment to detect signs of wear or
contamination that may indicate a problem.

3. Temperature monitoring: This involves monitoring the temperature of equipment to detect
changes that may indicate a problem.

4. Ultrasonic testing: involves using ultrasonic waves to detect changes in equipment structure
that may indicate a problem.

5. Current analysis: This is a technique of monitoring electrical parameters such as current,
voltage, power, and power factor to detect changes in equipment performance.
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6. Predictive Maintenance: Predictive Maintenance helps improve maintenance activities’
performance by using advanced monitoring techniques, such as vibration analysis and oil
analysis, to predict when equipment will need maintenance before it fails.

1.4. Aim of the Study

1. Improve (increase) the lifecycles of systems.

2. Live visualization of systems’ entire mechanical conditions in real-time.

3. Enhance condition monitoring to live (continuous) condition monitoring and enhance
maintenance plans to predictive maintenance.

This paper proposes a cost-effective and straightforward DTM for live condition monitoring
(LCM) and Predictive Maintenance (PM) based on three dimensions instead of five. The first
dimension is the Digital Entity (DE); DE is the digital modeling of the system we are interested in
(digital suspension system). The second dimension is the Physical Entity (PE); in this case study, the
PE is the physical suspension system and the integrated intelligent sensors (load and strain). The
third dimension is the Connection Entity (CE), between the PE and the sensors, sensors and IoT
platforms, and IoT platforms and the DE.

1.5. Contributions

° Improved the dimensions of the DT modelling from five to three (Physical, Digital, and
Connection) with high accuracy and efficiency.

e Improved the predetermined design average load of simulation and experimental results by 35.7
% and average lifecycles of the system by 12 and 9 times more than the simulated and
experimental results, respectively.

Improved the average lifecycles of the system by 19.7% compared to the wireless DTM results.
Proposed DTM continuously visualizes and evaluates systems’ mechanical conditions in real-
time.

The sections of this paper are organized in the following ways: Section Two shows the related
work, and the novelty of this paper is illustrated at the end of the section; Section Three shows the
different methods; where three different methodologies (experimental, computational, and digital)
are used and compared; Section Four, Five, and six includes the results and discussion, Section Seven
is for the conclusion.

2. Related Work

2.1. Digital Twin Evolution

The term "Digital Twin" (DT) was first used in the academic sphere in 2003 by Michael Grieves
[22]. Grieves established the notion of DT within the framework of Product Lifecycle Management
(PLM). However, the definition provided at that time was imprecise, and the concept itself remained
ambiguous, particularly within the context of PLM. NASA, together with many aerospace firms,
initiated the simulation of various rocket and aircraft circumstances. Subsequently, the concept of DT
has gained considerable popularity, leading several sectors to adopt alternative methodologies under
the umbrella term of DT. Nevertheless, the International Organisation for Standardisation (ISO) did
not establish the idea or provide a definition for DTs. Hence, both the industry and academics have
contributed to further complicating and obscuring the notion via the use of various methodologies.
Consequently, several outdated or contemporary technologies continue to be referred to as DT.

2.2. Academia’s Views

The first definition of the idea of Digital Twin (DT) was introduced by Grieves in the field of
Product Lifecycle Management (PLM) in 2003. Nevertheless, the conceptual framework proposed by
the individual in question encompasses three distinct structural elements, namely the physical
product, the virtual product, and the interrelation between the physical and virtual components.
However, the definition provided by him lacks a clear and comprehensive explanation of the concept
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of DT. Nevertheless. According to the source [23], the term "DT" refers to an integrated Multiphysics
and multiscale simulation that involves a vehicle or systems. This simulation relies on precise data
obtained from the Physical Twin, which is then updated by sensors to accurately reflect the behaviour
of its matching flying twin. This term garnered significant recognition among both academic and
industrial circles. Subsequently, academic institutions and scholars put out their own interpretations
of DT, offering comprehensive and varied elucidations. The inclusion of the three fundamental
components of the framework suggested by Grieve is crucial for each description, with its specific
dependence on the subject topic. The term "DT" may be defined as a digital representation of a
physical system or process that encompasses its whole lifespan [24]. This representation facilitates
the monitoring, assessment, optimization, and prediction of future choices. However, in their study,
researchers incorporated two more dimensions, namely DT date and DT services, resulting in a total
of five dimensions when compared to the prior model. The inclusion of these two dimensions may
enhance the accuracy and comprehensiveness of the system's visualizations.

2.3. Industrial Views

The concept of the “product avatar” is rooted in efficient specific information management [25];
however, [26] highlights and emphasizes that the notions of product avatar and product agent are
utilized interchangeably. In 2013 Greives revisited his definition in 2006 to introduce a new
description of the product avatar [27] as “a distributed approach to the interaction with and
management of item-level product lifecycle information”. The description is understood as a digital
counterpart or set of digital counterparts representing the attributes and services of a physical
product to the different stakeholders involved in its lifecycle. Despite the different concepts of the
product avatar, the work still focuses only on the product-service systems [5]. The concept of “cyber-
physical equivalent” this notion is not novel and needs to be under the context of cyber-physical
systems, which were defined in 2008 as an integration of computation with the physical processes
where the embedded sensors and computers, along with the network, can monitor and control the
PT.

Reference [28] offers four key performance indicators (KPIs) for assessing DT performance and
suggests a systematic strategy for analysing the performance and flexibility of digital twins (DTs).
Researchers and practitioners may evaluate various DT approaches and come to more sensible design
choices thanks to the suggested method and KPIs, which provide a quantitative estimate of DT
performance. The research illustrates the use of DT flex as a straightforward tool for swiftly
evaluating various DT approaches, which may help DTs iteratively develop and become more
effective in future applications. Researchers and practitioners in a variety of sectors are anticipated
to benefit from the information and methodology presented in this study as they compare DT
approaches and DT performance, resulting in more effective DT solutions and greater re-use of
current DTs. In Reference [29] It's crucial to remember that the study focuses on evaluating the
effectiveness and adaptability of digital twins (DTs) using certain key performance indicators (KPIs).
Other facets of DT assessment are not covered, nor are any possible drawbacks of using the suggested
approach addressed. The limitations or difficulties that could be encountered while using the
suggested strategy in real-world circumstances are not also covered in the study. Additional study
and validation may be necessary in order to evaluate the efficacy and suitability of the suggested
methodology in other sectors and circumstances. It is important to note that the work lacks a
thorough examination of the constraints associated with the current methodology for decision tree
(DT) analysis and strategies for evaluating performance.

This study in References [1,5,30] aims to provide a standardized design process for the
construction of digital twins (DTs) in the context of zero-defect manufacturing (ZDM) across diverse
domains. This paper aims to provide an advanced analysis and comprehensive discussion on the
present status and limits of research and practice in the area of decision trees (DTs) for zero-defect
manufacturing (ZDM). However, the study in Reference [5] does not address the various obstacles
or pragmatic factors that may occur during the execution of the suggested design process. The study
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lacks a thorough assessment or verification of the suggested design process via actual case studies or
real-world implementations.

2.4. Current Methods Used for Maintenance

Maintenance is essential to any facility or system, as it helps keep equipment running efficiently
and safely, prevent downtime, and prolong equipment life [12]. However, the best approach to
maintenance depends on the specific equipment, usage, environment, and industry. Maintenance
keeps equipment, machinery, and facilities in good working order by performing regular inspections,
repairs, and replacements. There are several types of maintenance:

e  Preventive maintenance (PM) is a proactive approach involving regular inspections and repairs
to prevent equipment failure and downtime. PM schedules are often based on time or usage,
such as performing maintenance on equipment every six months or after a certain number of
operating hours.

e  Predictive Maintenance (PdM) is an advanced approach that uses condition-based monitoring
(CBM) to detect equipment problems before they occur. By continuously monitoring equipment
and identifying potential problems before they occur, PAM can help avoid unplanned
downtime, reduce maintenance costs, and extend the life of the equipment.

¢ Corrective Maintenance is fixing equipment and machinery after it has failed or broken down.
This method is a reactive approach, as the maintenance is performed after the problem has
occurred, resulting in downtime and disruption.

e  Proactive Maintenance goes beyond preventive maintenance by continuously monitoring
equipment condition, environmental factors, and other variables affecting the equipment's
performance and predicting when a failure will occur.

e Condition-based Maintenance (CBM): It uses data and analytics to monitor equipment
conditions and predict when maintenance is needed. By focusing maintenance activities on the
equipment that needs it most, CBM can help to reduce maintenance costs and improve
equipment uptime.

e  Real-time Condition Maintenance: It is an advanced approach to maintenance that uses real-
time data and analytics to continuously monitor the condition of machinery and equipment and
detect and diagnose problems as they occur to minimize downtime and prevent equipment
failure.

2.5. Importance of Predictive Maintenance in the Automotive Industry

According to research published by the US Department of Energy [31], using a predictive
strategy rather than depending only on scheduled preventive maintenance may result in potential
energy savings of around 8-12%. The use of predictive maintenance strategies has been shown to
have a positive impact on the longevity of assets, as well as a reduction in equipment downtime and
associated expenses related to replacement parts and labour as shown in Figure 1. Furthermore, this
methodology enhances worker safety, enhances plant dependability, and optimizes the functioning
of the equipment, resulting in immediate energy savings. However, this particular strategy
necessitates an initial investment in cash for the procurement and installation of diagnostic
equipment [32,33]. Furthermore, the successful implementation of the company's selected predictive
maintenance system necessitates a substantial investment in staff training. In a general sense, the
benefits of this strategy are greater in magnitude than the drawbacks. According to surveys
conducted on the industry average savings, it was seen that enterprises had a significant
improvement in their operational efficiency after adopting a predictive maintenance program.
Specifically, these companies reported a reduction of around 70-75% in asset breakdown, a decrease
in maintenance expenses by 25-30%, and an increase in output by 20-25%. The average return on
investment (ROI) was 10 times, indicating a favourable investment.
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Figure 1. Comparison of maintenance strategies with cost and frequency of maintenance.

2.6. Finite Element

The Finite Element Method (FEM) is a numerical technique for solving problems in engineering
and physics [34]. It approximates the solution to a partial differential equation (PDE) over a complex
domain by breaking it into many smaller, simpler elements. The method is widely used to analyse
structures, fluids, and other physical systems. FEM is based on breaking down the problem domain
into many smaller elements, each of which is assumed to have a simple, known solution. The solution
for the entire domain is then obtained by solving for the unknowns at the nodes where the elements
meet [35]. The FEM is widely used in mechanical engineering, aerospace engineering, civil
engineering, biomedical engineering, and many more, as it can handle complex geometries, loading
conditions, and material properties. High Cycle Fatigue (HCF) is well-known and researched for
fatigue testing. However, the testing was done with constant loads. The fatigue life for helical springs
was examined based on the critical constant loading. Reference [36] evaluated the multiaxial strength
coiled springs used in suspension systems by applying Von Mises and critical plane criteria through
the investigation of the HCF life using start-stop conditions aligned with the analysis of fractured
surfaces using failure analysis. Reference [37] performed the same research as reference [38], despite
the similarities between their results’ outcomes, both results gave the exact estimation of the fatigue
calculation. [39] did not just examine the fatigue strength with the HCF; however, he did combine
the impact of the axial and torsional loading on the fatigue strength. Reference [40] examined the
stress distribution and all the parameters that impact the stress distribution.

2.7. Fatigue Analysis

Fatigue is the leading cause of the failure of the coiled springs as shown in Table 1; however,
many factors impact the fatigue life, such as surface roughness, material decarburization, and
material defects like inclusions. The cold coiling method of manufacturing coiled springs causes
residual stress distribution, impacting fatigue life [41,42]. It is evident in reference [42] that the fatigue
limit of the helical springs depends on the residual stress field through experimental investigation.
The traditional methods to estimate fatigue life cycles for mechanical coiled springs are based on
fatigue strength with torsion [41]. Modal analysis is a computational method that studies the dynamic
properties of suspension systems in the frequency domain. The modal analysis ignores the forces
acting on the coil spring; however, it depends on its mass and stiffness.
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Table 1. Shows the most recent failure analysis methods used in the literature and their limitations
for coiled springs used in suspension systems.

Ref Method Limitations
[43] Effective-Strain damage (ESD) ESD model estimated lower fatigue life than

model and Probabilistic approach  conventional models and the coil springs had

2023 for reliability evaluation lower fatigue reliability with load sequence

The study is limited to the analysis of extension

springs and does not cover other types of

mechanical springs. Does not explore the effects

of environmental factors, such as temperature or

[44] Development of a finite element  humidity, on the failure of extension springs. The
model to justify and validate the  study is based on a case study analysis and may

2023 outcomes of the study not capture the full range of failure mechanisms
and scenarios that can occur in industrial

applications. Does not address the impact of

external factors, such as vibrations or shocks, on

the failure of extension springs

The authors were unable to replicate the line

Acoustic method fault detection  density and noise peak observed in the reference

4] system and Batch sampling experiment in their simulation. The complexity of
002 method for quality check (QC)  the structure makes fault detection difficult and
inspections the Batch sampling method is not effective for

detecting faults

The evaluation of the proposed model is limited

. to comparing the predicted fatigue lives with
Multiple linear regression (MLR) . . . .
[39] L measured strain fatigue life models, without
and Strain-life models L .
considering other factors such as stress fatigue

life approaches or real-world validation.

Lacks detailed information on the specific

) ) ) conditions and factors that contributed to the
Visual observations, optical and . . )
) . fatigue failure of the valve springs. And lack of
[46] scanning electron microscopy . . )
investigation into the root causes of the failure,
and hardness test . . ]
such as the operating conditions, material

properties, and design considerations

Does not consider specific factors that caused the
unexpected early fatigue failure of the
component. Lacks information on the specific
design modifications made to address the fatigue
FE Method for stress ) ]

[47] ] ) failure and meet the customer requirements. The

concentration factor evaluation o ] » ) ]

analysis is based on simplified simulations and

may not fully capture the complex behaviour of

the component under actual operating

conditions.
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Focuses primarily on the surface initiation of

fatigue cracks and does not provide a

comprehensive understanding of the underlying

(48] Chemical composition analysis =~ mechanisms and factors that led to the failure.
and mechanical property analysis Lacks information on the specific material
properties and manufacturing processes of the

spring diaphragm, which could have contributed

to its susceptibility to fatigue failure.

The acquisition of a strain signal in traditional

. ) methods is constrained due to errors, time-
Microstructural analysis and . .

consuming processes, and high costs. proposes a

fractography by SEM and ) L
[49] ) . ) new method for generating strain signals based

Inclusion rating by optical . . )
. on computer simulation, but it does not address
microscopy . o .

the challenges of acquiring strain signals in real-

world scenarios

2.8. Novelty of this Paper

e  Fatigue analysis is based on current real-time data that considers the impact of specific factors
that cause systems’ deterioration throughout a given period.

e Digital Twin (DT) method is used to improve systems’ empirical predetermined loads and
lifecycles.

e  Entire mechanical behaviours of systems are visualized continuously in real-time.

3. Methodology

Three different tests are used in this paper. First is an experiment fatigue analysis done in the
lab, the second is a Finite Element analysis of the same spring for fatigue analysis, and finally the
third test is the Digital Twin test for fatigue analysis. The first two tests are used to be compared
against the third method for validation, comparison with the existing literature is also done.

3.1. Materials

The materials used to develop the coiled spring used in the suspension system were calculated
using the empirical formula—the empirical formula based on the maximum tensile strength of the
materials used in the development.

3.2. Experimental Method

This section describes the practical investigation conducted based on experimental testing for
fatigue analysis. Two experimental tests are available to analyse fatigue and predict the systems' life
cycle [39,50,51]; One is the constant amplitude test (fixed forced), and the other is the programmed
test. In this study, the programmed test was used; the empirical testing is based on the block cycle
loading, where the coiled spring rate, strain, and stress are measured. The experiment used in this
paper aimed to analyse the suspension system’s fatigue life, determine the system’s lifecycle, and
compare the results with the DTM.

3.2.1. Theory

As shown in Figure 2(a) the helical spring is exposed to an axial load denoted as F. In order to
ascertain the stress induced in the spring. Consider the scenario where the spring is divided into four
sections or four groups representing the four springs used in a suspension system in an automotive
vehicle at a certain location, as seen in Figure 2(b). These four springs or four groups are treated with
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heat. The heat treatment was conducted on an electrical furnace with automatic temperature control
as follows or divided into groups as follows: Group (1) heated at 200 C° for 10 minutes, Group (2)
heated at 300 Ce for 15 minutes, Group (3) heated at 400 Ce for 20 minutes, Group (4) heated at 500 C°
for 25 minutes.

Electric Motor.

L
Coiled Spring
Fixed Base
Digital Cycle
Counter _ !

Anti-Vibration

Rubber Base .
a D b

Figure 2. Shows the spring fatigue testing machine for the experiment setup; (a) Helical spring with
axial load. (b) free body diagram.

Internal forces are produced in order to establish and sustain equilibrium inside the remaining
section, as seen in Figure 3(b). A direct shear force, denoted as F, and a torque, denoted as T, are
present. The maximum shear stress on the wire can be determined using the following equation.

4 Tr F
Foax =77 + 7 M

Equation (1) represents the maximum shear stress Tmax in a material subjected to torsion and axial
loading where:

* represents the sign of the shear stress, which can be either positive or negative.
T is the applied torque.

r is the radius of the shaft.

] is the polar moment of inertia of the shaft cross-section.

F is the axial force applied to the shaft.

A is the cross-sectional area of the shaft.

3D model Refined mesh

Figure 3. Shows The A- Initial 3D Model, B- Mesh Applied to the 3D Model.
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The equation is important in mechanical engineering as it helps in determining the maximum
shear stress in a material subjected to torsion and axial loading. This information is crucial in
designing and analysing various mechanical components such as shafts, gears, and springs, and in
this project is used for the spring.

8FD 4F 8FD 2
r=—st—a=K—3 @
rd>  rd d
Where D is the mean coil diameter, K is the Wahl factor, C is the spring index defined by
0.5 D
K=1=— C=— ®)
C d

When the external force F, is in a transient mod, the induced stress is the variable as well.

Therefore, the mean stress " and the amplitude %a are defined by:

=K, — (4)

Ta = b — (5)

Where Ksand Kb are the correction factors due to curvature and Fmand Faare the mean load and
the load amplitude, respectively.

3.2.2. Relaxation and Fatigue Tests Experiment Description

The objective of the relaxation test is to examine the change in the spring constant subsequent to
a sequence of load cycles. The fatigue testing equipment seen in Figure 2 comprised springs that were
exposed to a cyclic load. The spring constant, denoted as K = g, which represents the ratio between

the force exerted, F, and the resulting deflection of the spring, d. In this study, a series of relaxation
tests were performed to quantify the force, denoted as F, required to induce a deflection of 20 mm.
The fatigue testing equipment was configured with preload and load amplitude values of 30 mm
displacement and 25 mm, respectively. The spring constant was determined after doing 50,000 cycles.
The primary aim of the experiment was to find the fatigue life cycles and to analyze the impact of
cyclic loading in an ambient setting on spring relaxation, with a specific focus on the changes in the
spring constant.

A fatigue testing apparatus has been developed with the purpose of determining the S-N curve
for helical compression springs as seen in Figure 2. The mechanism facilitates the application of force
in alignment with the axis of the spring. The specialized equipment designed specifically for this
purpose was used to conduct these tests. The fatigue testing equipment is seen in Figure 2 use of a
slider-crank mechanism facilitates the conversion of rotational motion from a motor into rectilinear
alternating motion, ultimately resulting in the application of cyclic strain to the spring being tested.
The machine is equipped with a 7.5 HP electric motor that generates the required driving power to
induce deformation in the active coils of the spring at a frequency of 25 Hz. In the event of a spring
failure, the fatigue testing equipment ceases operation immediately, while a digital cycle counter
records the fatigue life of the spring. The experiment included conducting fatigue tests with a

constant mean stress, En of 300 MPa, while varying the stress amplitude, %4 In order to do this,
the preload and amplitude displacement of the connecting rod were modified for each test, resulting

in the attainment of the required values of “n and %e as outlined in Equations (4) and (5). At this
stage, the testing time will be so long and need a significant reduction; one way to accelerate the
testing time is to preload the spring with a specific force. In this case, the spring was preloaded with
three different loads (0.7, 0.8, and 1) KN, respectively, with an average of 0.8 KN. The potential
damage resulting from the accelerated testing was the same as the one done in actual fatigue testing;
based on the regular practice for accelerated testing, the conditions of preloading and the frequency
of loading is 25 Hz used when choosing the block load cycles, which resulted in testing the spring for
9*10”6 cycles (12.2 hours =12 h and 12 minutes).
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3.3. Computational Method

The prediction of the fatigue lifecycle is usually carried out using three different approaches.
The first approach is the linear elastic fracture, the second is the stress life approach, and the third is
the local strain life. In this paper, Ansys software is used to analyse fatigue lifecycles. The strain life
approach is also elected because its suitability for the load sequence and mean stress impact is
essential for fatigue analysis [48].

3.3.1. Strain Life Approach

The use of the local strain-life technique is warranted in situations where the loading history is
characterized by randomness, and where the influence of mean stress and load sequence effects is
deemed significant. The methodology used in this study encompasses many methodologies aimed at
transforming the loading history, geometry, and material properties (both monotonic and cyclic) into
a position of fatigue life. Initially, the stress and strain inside the crucial zone are evaluated, followed
by the use of the Rainflow cycle counting approach to minimize the load-time history. The
subsequent procedure involves using the finite element technique to transform the diminished load-
time history into a strain-time history, as well as determining the stress and strain within the region
experiencing significant stress. Subsequently, the fracture initiation procedures are used for the
purpose of forecasting the fatigue life. The accumulation of fatigue damage is facilitated by the use
of the simple linear theory, as presented by Palmgren and Miner. Ultimately, the cumulative damage
values of each cycle are aggregated until a predetermined threshold of critical damage is attained,
which serves as the failure criterion. This research used the strain life analysis methodology to
determine the fatigue life. The characterization of the fatigue resistance of metals may be
accomplished via the use of a strain-life curve. The mathematical expression of the link between the
total strain amplitude % and the number of reversals to failure (2Ny) is given by the Coffin Manson

(CM) Model as shown in Equation 6.

&, ==L (2N, )+, (2N, ) ©)

Where the meaning of each term is shown in Table 2.

Table 2. Shows the Geometric And mechanical properties of the spring’s wire.

Properties Values
Density kg mm”-3 7.85e-006
Young’'s Modulus (E) MPa 2.e+005
Poisson’s Ratio 0.3
Bulk Modulus MPa 1.6667e+005
Shear Modulus MPa 76923
227
Tensile Yield Strength (o ) MPa 0
2950
Tensile Ultimate Strength (o, ) MPa
4.08%
Fracture Strain (& I ) &
2483
Fracture Stress (o, )
Strain Hardening Component (n) 0.0418

Strength Coefficient MPa 2916
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Strength Exponent -0.106
Ductility Coefficient 0.213
Ductility Exponent -0.47
Cyclic Strength Coefficient (K) MPa 3322
Cyclic Strain Hardening Exponent (n) 0.088
1922
Cyclic Yield Strength (o, ) MPa
4108
Fatigue Strength Coefficient (o, ) MPa
Fatigue Strength Exponent (b) -0.109
1.13
Fatigue Ductility Coefficient (¢,)
Fatigue Ductility Exponent (c) -0.954
Wire Diameter/mm 11.5
Mean Diameter of the spring/ mm 110
Coil’s Free Length/mm 400
Number of coils 8
Coil’s Pitch/mm 43.00
Wire diameter/mm 11.5
Mean diameter of the spring/ mm 110
The absolute maximum principal strain method is used to combine component strains
Eaup = &3 if |€3| > |6‘1| Else Eamp = € (7)

Where eamr is the absolute maximum principal strain, and ¢1 and &3 are the principal strain
The Morrow (Mo) model is used for stress (om) corrections:

g, = (Uf;;”' j(sz ) +(2N, ) (®)

The Smith Watson Topper (SWT) strain life model is mathematically expressed by Equation 9.

o', L bic
Umaxga=7‘(2Nf) +o', &', (2N,) 9)
The three strain-life expressions involve various parameters. E represents the material modulus
elasticity, oms denotes the true maximum stress, o represents the mean stress, & signifies the true
strain amplitude, 2 Ny corresponds to the number of reversals to failure, of denotes the fatigue
strength coefficient, b represents the fatigue strength exponent, ¢ signifies the fatigue ductility
coefficient, and ¢ represents the fatigue ductility exponent.

3.3.2. 3D Modelling

The dimensions specified in Table 2 are used to model the coil spring in CREO and the hardware
components used in this study are shown in Table 3. The sketcher used to draw both the wire and
mean diameter. Setting the helix option allows the entries for the total number of coils, active coils,
constant pitch, and choosing clock or anti-clockwise for the specified —sweep option selected to
visualize the 3D model of the system entirely. The parameters used in this design are the exact
parameters for the coiled spring used in Peugeot 3008. The part was imported into ANSYS Work
Bench (WB) 2020 R1 using the format of IGES. Tetrahedron 10 and 20 elements mesh applied to the
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coil spring. Refining the mesh ensures the accuracy of the fatigue analysis; the mesh is refined with
the material properties shown in Figure 2.

Table 3. Shows the Hardware Components.

*Dell Laptop  *Peugeot 3008 car *Microcontroller: ATMEGA 2560

*Load sensor ~ *2mm strain gauges *Electric resistor using the Wheatstone bridge

*SoMat eDAQ  *2mm electric wires  *Voltage reader: HX711 amplifier for small voltage
*Wi-Fi module: DOIT ESP32 DEVKIT Vlto transfer data to the server (ThingSpeak)

3.3.3. Boundary Conditions

ANSYS software was used to analyse the mechanical behaviours of the coil spring created as
parts modelled in CREO. Since this analysis is static, using ANSYS modelling, apply the boundary
conditions, and Figure 4 shows the boundary conditions applied on the upper ring of the coil spring
while the lower part is treated as a fixed end.

1.  Therigid top surface is treated as the dynamic surface where the load is applied. The lower rigid

surface is treated as a fixed support.
2. Load acting axially downwards on the top surface.

Engineers struggle to find a reliable balance between cost and accuracy (CPU time); however,

performing mesh sensitivity analysis on the model ensures the balance required as shown in Figure
5.

Figure 4. Shows the fixed lower-end and the upper-end of the coil spring where the force is applied.

ANSYS

2020 R1

0.00 15000 300.00 (mm} Z’L‘ o
[ E— ES—"

75.00 225.00

Figure 5. Shows the final meshing modelling of the spring.
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3.4. Digital Twin Method

The DT method used in this research includes five primary stages: (1) Current Real-Time data
collection, (2) IoT platform (ThingSpeak) for data aggregation (3) Signal processing, (4) Finite Element
Analysis (FEA) of the coil spring, and (5) Decision Making. Figure 6 depicts the flow chart illustrating
the methods used in this investigation.

Collect Acceleration-

Time, Strain-Time, and
Load Data From PE

Receive the Collected
Data on DAQ

DAQ Send the Collected
Data to on Board
Computer

DAQ Send the Collected
Data to on Board

Co#uter

Make On Board Send th.e C(fllected Data
Quick Analysis Computer to ThingSpeak IoT
h P Platform

Conti ThingSpeak Send the |
Yes——+| Du:l l.r:‘ue Collected Data for
iving Ana|lvsis ]

No
Terminate Analyse, Compare, and
Driving Predict Fatigue Life

I | | |

Coffin-Manson Sm{t‘h Watson Morrow I-Kaz
Topper

| | | |
]

Determine

Fatigue Life
Improving Continue
Design E Driving
Improving g Terminate
Manufacturing Driving

Figure 6. Shows the flow process to create an actual and complete Digital Twin Model.

This paper proposes four dimensions DT concept namely (Physical Entity (PE), Virtual Entity
(VE), Connection between VE and PE, Time) with high accuracy and efficiency as shown in Figure 6.
The concept is validated through fatigue analysis and comparison with the latest literature methods
of a coiled spring used in suspension systems in the automotive industry. Additionally, this concept
is not limited to the automotive industry but is applicable to any industry keeping the different
parameters for different applications into consideration; with the same four dimensions mentioned.
The proposed concept reports continuous current real-time mechanical behaviours (force,
displacement, stresses, and strains) acting on the system using intelligent sensors, as shown in Figure
7. Sensors collect current real-time data with any mechanical behaviour changes within the system;
the Data is received by the ThingSpeak Internet of Things (IoT) platform, where the data are analysed
and aggregated, then sent to software (MATLAB / ANSYS) to trigger a live simulation.
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loT Platform (ThingSpeak)

Real-Time Data Flow
to the End-User

Current Real-Time Data Flow
to loT

Intelligent sensors
( Load and Strain)

Figure 7. Shows the process flow of the proposed Digital Twin Modelling concept.

3.4.1. Hardware and Data Collection

For the purposes of this research, a 2000 cc Peugeot 3008 car was selected as the vehicle for the
case study. As shown in Figure 7 the car type under consideration is equipped with a front
MacPherson strut suspension system, a widely used configuration across several vehicle models. A
uniaxial accelerometer was affixed to the lower control arm of the vehicle in proximity to the hub
carrier, while a strain gauge was affixed to the coil spring. The location at which the strain gauge was
affixed corresponds to the point of maximum stress, as estimated using Finite Element Analysis
(FEA). Figure 7 depicts the schematic design of the experimental configuration. To ensure the stability
of the sensors during data collection, a robust glue was used to connect both the accelerometer and
strain gauge to the designated measurement locations. The strain gauge used in the experiment had
specified characteristics of a gauge length of 2 mm, a gauge factor of 2.07 + 1.0%, and a resistance of
120 X. The accelerometer employed was of the piezoelectric type, with a sensitivity of 1.02 mV/(m/s2),
a measurement range of +4900 m/s2, and a frequency range spanning from 0.5 to 10 kHz. The data
collection system was used to establish a connection between the accelerometer and strain gauge.
This system captured the signals received by these sensors, which were then communicated to a
laptop computer. Following this, the strain-time and acceleration-time histories were seen in real-
time on the laptop computer and sent at the same time to the ThingSpeak IoT platform as shown in
Figure 7.

3.4.2. ThingSpeak IoT platform for Data Aggregation

The second stage is developing the IoT platform. In this study, the ThingSpeak IoT platform is
selected for its simplicity, cost-effectiveness, capabilities, and integration with MATLAB analysis.
ThingSpeak is an Internet of Things (IoT) platform that facilitates the collection, visualization,
analysis, and response to current real-time data. The open-source program was first released in 2010
by ioBridge. It facilitates the development of Internet of Things (IoT) systems without the need to
establish additional servers. Access to the ThingSpeak IoT is available from any browser. A
dashboard was created to control, aggregate data, and connect the DTM and the PE. Public and
private channels built under specific IDs write and Read API keys. Each channel has up to 8 fields,
representing input from one sensor, as shown in Figure 8. The process of data collecting is facilitated
by the use of REST API or MQTT as shown in Figure 7. The process of data analysis and visualization
is conducted via MATLAB analytics. Additionally, users have the ability to include numerous
plugins that allow for the inclusion of Google Gauge and other customized visualizations and
controls inside a private viewing setting. The primary component of ThingSpeak is its channel, which
serves as a repository for data sent from diverse devices. Each channel has the capability to store a
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maximum of eight fields, including device location, URL, and other relevant information. The
channel has the option to be either public, visible to other users, or private, requiring an API key for
data access. The private channel has the capability to be shared with a select group of users as shown
in Figure 8. The communication mechanism used is based on the publish-subscribe paradigm. The
entity responsible for generating and disseminating information is often referred to as the publisher.
The individual or entity that expresses interest in obtaining the disseminated information is often
referred to as the subscriber.

DIGITAL TWIN CONCEPT

Channel 1D: s
Author: me——— Real-time stress monitoring on a coil spring using the thin-film pressure sensor

Access: Public

PrivateView  PublicView  ChannelSettings ~ Sharing  APIKeys  Datalmport/ Export

B Add Visualizations H 0 Add Widgets H Export recent data MATLAB Analysis MATLAB Visualization

Channel10f2 < >

Channel Stats

Created: 2.years.age
Lastentry: 2years.age
Entries: 1325

Field 2 Chart g o 7 % Field 3 Chart 2 o ¢ x

DIGITAL TWIN CONCEPT DIGITAL TWIN CONCEPT

= 500
) \/_\J\[LAIJ\J\'\J\A.’W
23:05 23110 2315 23:20 23125

Date Date

Force (N)

Figure 8. Shows the channel setup on the IoT (Thingspeak) platform with a maximum of 8 fields
(sensor) integration.

3.4.3. Signal Acquisition

In this study, signal filtering was not conducted since the fatigue process relied on the peak and
valley of the strain signals, with even minor amplitudes contributing to the fatigue calculations. The
use of strain time history filtering has been shown to result in a reduction in computing time.
However, it is important to note that this approach may provide major challenges in accurately
predicting fatigue damage, as highlighted in previous research. As stated by Ilic (2020), it is
recommended that the sampling frequency for the load signals exceed 400 Hz. However, the typical
frequency range used for the measurement of vibration fatigue is between 10 and 1000 Hz. Therefore,
a sample frequency of 800 Hz was used in order to adequately capture the reactions generated by the
road profiles across all frequencies. The fatigue study of automobile coil springs under time-varying
loads becomes inherently difficult when a vehicle traverses a rough road, since the stresses
experienced are both random and non-stationary. The majority of existing fatigue algorithms in the
time domain rely on cycle-counting approaches and damage accumulation criteria [48,52,53]. In order
to replicate a random process, it is necessary to use numerous time histories. Due to this rationale, it
is necessary to use diverse road profiles to accurately anticipate the fatigue lifespan and assess the
design of car coil springs. Subsequently, the Peugeot 3008 is operated on a variety of road types,
including highway, residential, rural, hill, and mixed with the purpose of gathering random vibration
data as shown in Figure 9.
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(a) Highway (b) Residential (c) Rural

C@HL (B Mixed

Figure 9. shows the road profiles were categorised according to the prevailing road conditions.

The highway road profile exhibited a more uniform road surface, leading to the anticipation of
achieving a vehicle speed of 70 m/h. The rural road profile exhibited an irregular and coarse texture,
with the anticipation of encountering some areas of pavement deterioration in the form of potholes.
The residential road exhibited a notable presence of speed bumps, leading to anticipation of elevated
levels of vibration responses from vehicles traversing the road. The average speed of vehicles on rural
and residential road profiles was around 25 m/h as a result of these constraints. The profiles of the
hill and mixed roads exhibit a notable presence of bends and curves, so introducing supplementary
stresses on the automotive coil spring of the front MacPherson strut suspension system. The velocity
of the vehicle was around 50 m/h for the hill and mixed road profiles. Notwithstanding the
fluctuations in vehicle velocity, the models included authentic vehicle vibrations generated by road
stimuli, using the corresponding data.

4. Experimental Method Results

4.1. Relaxation Test

The relaxation test results are shown in Figure 10. The diagram illustrates the relationship
between the spring constant, denoted as k, and the number of load cycles. It should be noted that the
parameter k remains constant under cyclic loading conditions, with the exception of the 200°C for 5
minutes group, where a gradual reduction in k is noticed. However, after 700,000 cycles, a stable
value of k is achieved. In order to enhance the performance of a spring during the spring season, it is
crucial to understand the impact of heat treatment on the coefficient of spring stiffness (k value). The
behaviour shown by the group subjected to a temperature of 200°C for a duration of 10 minutes may
be elucidated by considering the occurrence of a relaxation phenomenon inside the material as a
result of cyclic loading. The observed phenomenon may be likened to cyclic softening, when the stress
decreases as the number of cycles increases. This behaviour has been shown in some materials during
cyclic plasticity testing, namely in the case of SAE steel as documented in reference [35].

Spring Constant
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Figure 10. Shows the spring constant variation with respect to the number of load cycles.
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4.2. Fatigue test

The fatigue curves are established for each spring or for each group of springs. The findings are
shown in Figure 11, whereby the arrows inside the plot indicate instances when the test was
terminated prior to the occurrence of spring failure. As shown in the provided figure, it can be seen

that the group exhibiting the highest fatigue limit ‘¢ was subjected to a temperature of 500°C for a

duration of 25 minutes, resulting in an estimated value of fe =160 MPa. The experimental condition
characterised by a temperature of 200°C and a duration of 10 minutes had the lowest fatigue limit,
measured at 120 MPa. Furthermore, this condition demonstrated the most variability in the spring
constant, as seen during the relaxation tests. The experimental condition with a temperature of 400°C

and a duration of 20 minutes exhibited an intermediate fatigue limit, denoted as T , with a value of
148 MPa. In a similar vein, the experimental group subjected to a temperature of 300°C for a duration
of 15 minutes exhibited a fatigue limit of 140 MPa.

Fatigue Life Cycles of the Coiled Springs
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Figure 11. Shows the fatigue curves of the springs under variable stress amplitude load.

Since no cracks were noticeable on the spring and the resultant spring stiffness was nearly the
same; therefore, the spring sustained 8.9*10"6 cycles during the accelerated block load cycle test
without any failure as shown in Table 4.

Table 4. Shows the load, deformation, and lifecycles resulting from the experimental method.

EXPERIMENTAL RESULTS
0.66 (Resembles 0.8 (Resembles 0.98
Load (KN) Highway AVG) Residential AVG) (Resembles
Rural AVG)
Deformation(mm) 36 43 49
Stress (Mpa) 155.7 168 214.3
Lifecycles 5.4*10"7 9.1*10"6 4.6*10"6
AVG-load (KN) 0.8

AVG-lifecycles 8.9°10"6
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5. Computational Method Results

The examination of fatigue is mostly centred on the outcomes obtained at the key area and its
surrounding vicinity, as seen in Figure 12. The selection of this location is based on the experimental
findings presented by [50], which demonstrate that fatigue failure in coil springs occurs mostly in the
active coils located distant from the inactive coil that serves as the spring's seat. Contours in Figures
12 (b) and (c) depict the representation of life and reported damage. It is evident that the spring will
not experience fatigue failure throughout its designated lifespan of 4x105 cycles at the key site, as
shown by both time histories [35]. The figures denoted as Figures 12, 13, and 14 show the highest
recorded levels of damage, as indicated by circular markers. The observed phenomenon may be
attributed to a geometric modelling discontinuity resulting from the variable pitch of the coil. Abrupt
changes in the orientation of the coil result in an elevated area of mechanical strain. Due to the
considerable distance between these sites and the crucial area, their impact on the findings provided
at the key site is deemed insignificant, hence warranting their exclusion from the fatigue study.

(a)-Simulated Stress

200.00 (mm)
[ Se—— S—
150.00

0.00 100.00 200.00 (mm)

50.00 150.00

Figure 12. Shows the absolute maximum principal stress distribution and fatigue life and damage
plot for the triangular wave at 4 Hz.
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Figure 12 shows sudden changes in the stresses throughout the spring from top to middle;
however, the top result is likely obtained from the surface contact definition with the spring. In order
to take into consideration, the effects of mean stress during the process of estimating fatigue life,
researchers have turned to not one but two separate models: The Morrows model and the Smith
Watson Topper model (SWT). The life estimate plot that was derived by using the SWT model can be
found in Figure 5. In environments with the highest levels of stress, the average number of life cycles
of the coil spring is around 4.24*10”6. Using Morrow's model, we were able to calculate the predicted
fatigue life Smith Watson Topper model 5*10"5.

Za® |
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(c)-Fatigue Damage Distribution

Figure 13. Shows the Fatigue Life Distribution of 4.24*10"6 using Morrow’s model.
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Figure 14. Shows the Fatigue Life Distribution of 5*10"5 SWT’s model.

It is essential to show the critical location for the fatigue analysis because it will focus on the
critical places and their area. In the experimental work of [41], selected critical locations that impacted
the failure of the spring in the active coils, which were far from the inactive coils; Figures 13 and 14
show that might be the exact scenario. Additionally, reference [41] leads from experimental work of
the spring will not fail at the critical location; therefore, in this case, the system withstands its design
life cycles of 3.6*10"6. Figures 12, 13, and 14 show the maximum damage at the critical locations
marked with red circles is likely because of the change of directions of the coil, as shown in Table 5
and these are the areas where the modelling discontinuity occurs; therefore, the critical locations
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marked with red circles experience the highest stress across the spring. The observed locations are
marked with red circles far from the critical regions used for fatigue analysis.

Table 5. Shows load, deformation, and lifecycles resulting from the computational method.

COMPUTATIONAL
Characteristics Absolute CM Morrow SWT
Load (KN) 0.66 0.74 0.8 0.98
Deformation(mm) 46.9 49.63 57 70.2
Stress (Mpa) 220 374 243.7 320
Lifecycles 4.24*10"6 3.33*10"6 5%10"5 2*10"5
AVG-load (KN) 0.8
AVG-lifecycles 6.6 *10"6

6. Digital Twin Method Results

Figures 15 and 16 from A to E, the acceleration-time histories and macrostrain-time histories for
five road profiles were obtained. A comprehensive set of 64,000 data points was collected over a
duration of 80 seconds for each road profile. Crest factor is a parameter of a waveform, Crest factor
is the peak amplitude of the waveform divided by the RMS value of the waveform such as alternating
current or sound, showing the ratio of peak values to the effective value. In other words, the crest
factor indicates how extreme the peaks are in a waveform. Crest factor 1 indicates no peaks, such as
direct current or a square wave. Higher crest factors indicate peaks, for example, sound waves tend
to have high crest factors. The crest factor, root mean square (RMS), and kurtosis values were
computed to extract relevant information on the characteristics of the acceleration-time histories and
macrostrain-time histories. To conduct a comparison analysis, it is evident from the presented data
in Table 6 that larger values of Z~ correspond to higher levels of fatigue damage The statistical
parameters obtained from the acceleration-time histories are shown in Table 7. The crest factor is a
measure of the maximum peak in a stochastic time-varying signal. It is observed that the campus
road profile exhibits the greatest crest factor because of the numerous occurrences of bends and
curves, which impose significant consequences on the suspension system of the vehicle. The impact
of the crest factor on the vertical vibrations of the vehicle and the fatigue life of the automobile coil
spring is noteworthy. A higher crest factor may lead to increased fatigue damage, hence substantially
diminishing the fatigue life of the automotive component [54]. This is due to the fact that the high
peak value is often linked to a specific occurrence, while the vehicle ride quality encompasses the
general comfort experienced by the passengers over a certain time frame.

The data shown in Table 7 that the acceleration-time history of the mixed road profile exhibits
the greatest crest factor, measuring 84.32. This result aligns with expectations, since the vehicle in
question was traversing a speed bump at a notably high velocity at the 63 second mark. Therefore, it
can be inferred that the characteristics of random time-varying signals are modified not only by the
roughness of the road surface but also by the conduct of the driver [54]. The acceleration-time history
of the mixed road profile exhibits an exceptionally high crest factor value; however, it is noteworthy
that the Root Mean Square (RMS) value is the lowest, measuring at 0.122. A system with a high root
mean square (RMS) value signifies a greater energy content, whereas a high kurtosis value suggests
that the signal's random pattern plays a more significant role in contributing to fatigue damage.
Consequently, the evaluation of the fatigue life of the automobile coil spring mostly relied on the
assessment of the root mean square (RMS) value of the macrostrain-time histories. Figure 16 displays
the microstrain-time histories acquired for several road profiles, including highway, rural,
residential, hill, and university roads. The statistical parameters derived from these microstrain-time
histories are reported in Table 7. The microstrain-time history of the rural road profile exhibits the
greatest RMS value, as seen in Table 7. The microstrain-time history in question exhibits the greatest
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kurtosis value of 5.642 among the other microstrain-time histories analysed. Typically, a high kurtosis
value suggests the presence of non-stationary behaviour in the strain-time histories [55].
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Figure 15. Shows the measured acceleration-time history using different road conditions (a)highway,
(b) residential, and (c) rural.

The time domain signal plots were used to do an analysis of the data that was gathered about
strain loading. After obtaining the original time domain signal for each kind of road, the time history
can be examined as shown in Figures 15 and 16. According to the findings, the total strain amplitude
or strain range for the highway, residential, rural, hill, and mixed road are shown in Table 6. The
spikiness of the fatigue statistics may be attributable, in part, to the various road hazards, such as
potholes and bumps. This is something that can be noticed at each and every light; on the highway,
for instance, the spikiness was noted at the 48-second mark. At the same time, the phenomena of
spikiness also take place at a high amplitude in comparison to the other signal amplitudes. The
analysis of Figures 15 and 16 reveal that the damage-surface road exhibits a considerable increase in
spikiness between the 24th and 71st seconds. The reason for this phenomenon may be attributed to
the transmission of a significant amount of amplitude loading to the coil spring as the vehicle
traverses the aforementioned road surface. The data was examined to assess fatigue damage and
determine the coefficient based on kurtosis.
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Figure 16. Shows the measured strain-time history using different road conditions ((a)highway, (b)
residential, and (c) rural.).


https://doi.org/10.20944/preprints202406.1558.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 June 2024 d0i:10.20944/preprints202406.1558.v1

25
Table 6. Shows the fatigue damage for each road based on CM, Morrow, SWT, and I-kaz.
Fatigue Damage
Road Type
CcM Morrow SWT I-Kaz
Highway (70 m/h) 0.0059 0.0063 0.004 0.163
Residential (30 m/h) 0.006 0.0083 0.006 0.289
Rural (25 m/h) 0.285 0.465 0.316 0.946
Hill (50 m/h) 0.693 0.069 0.471 0.342
Mixed (5 -70 m/h) 0.932 0.570 0.864 0.547
Table 7. Shows the statistical parameters obtained from acceleration and strain time history.
Parameters Highway Residential Rural Hill Mixed
Statistical Parameters from Acceleration-Time History for Different Road Profiles
Mean (m/s"2) 0.006 0.005 0.044 0.082 0.142
RMS (m/s"2) 0.866 0.584 0.448 0.332 0.122
Kurtosis (m/s"2) 3.232 4.842 4.462 3.432 5.231
Standard Deviation 60.462 82.446 94.222 89.653  99.623
Crest Factor 05.45 08.22 11.84 07.37 84.32
Statistical Parameters from Strain-Time History for Different Road Profiles
Mean (m/s"2) 0.019 0.015 0.044 0.132 0.252
RMS (m/s"2) 210.95 509.26 748.91 310.23  832.58
Kurtosis (m/s”2) 3.316 4.332 5732 3.946 5.642
Standard Deviation 48.645 63.247 71.723 61.278  82.662
Crest Factor 7.34 11.35 23.34 9.23 6.45

6.1. Fatigue Damage Analysis

The fatigue damage data obtained from the analysis conducted are shown in Table 6. This study
was conducted using the Coffin-Manson (CM), Morrow, and Smith-Watson-Topper (SWT)
methodologies. In terms of fatigue damage incurred by different road types, it is seen that damage-
surface roads exhibit the greatest levels of fatigue damage, followed by rural roads. The CM, Morrow,
and SWT approaches indicate that the roadway incurs the least amount of fatigue damage. The
fatigue damage values may be found in Table 6. The road with the shortest fatigue life incurred the
most damage, despite the automobile traveling at a low speed compared to other roads. This may be
attributed to the poor physical state of the road surface, characterized by the presence of potholes
and an uneven surface. The distances between each pothole are quite short, and the depth of the
potholes varies inconsistently. The high strain is seen when the vehicle traverses the damaged surface
road, despite its velocity being 50 m/h. The obtained results were found to be consistent with the time
domain signal shown in Figures 15 and 16, indicating that the road with a damaged surface exhibited
the largest range of strain amplitude compared to the other roads. A mixed road travelled at a speed
of 70 m/h is associated with decreased fatigue damage compared to a motorway driven at the same
speed. Driving on a country residential road at a speed of 30 m/h results in less tiredness damage
compared to driving on a motorway at the same speed. There are several irregularities such as bumps
and potholes present throughout the rural route. The aforementioned variables impose a substantial
burden on the coil spring as the vehicle traverses over it. In terms of highways, the presence of smooth
surfaces results in minimal displacement of the coil spring in comparison to rough and rural roads.
This phenomenon is directly linked to fatigue damage, as indicated in Table 6. Specifically, highways


https://doi.org/10.20944/preprints202406.1558.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 June 2024 d0i:10.20944/preprints202406.1558.v1

26

exhibit the lowest values of fatigue for CM, Morrow, and SWT approaches, measuring at 0.00059x 10-
3,0.00063x 103, 0.0004, and 0.0163x 10~ respectively.

6.2. I-kaz Coefficient

The I-kaz coefficient, denoted as Z= in Equation (10), is calculated to quantify the extent of
scattering in the I-kaz display. The I-kaz coefficient is formally defined in Equation (10).

AR % |K,S*L+K,S*H +K,S'V (10)

Upon doing the study using MATLAB®, the I-kaz Coefficient, denoted as Z~, was acquired for
each route. The results were afterward shown in Figure 17. According to the data shown in Figure
17, it can be seen that the damage-surface road has the largest Z~ value, measuring 0.547 for the mixed
road. This is followed by the rural road, which has a Z= value of 0.496. Conversely, the highway
displays the lowest Z= value, amounting to 0.163. Furthermore, it is evident from the I-kaz display
that the scattering space of the frequency distribution increases proportionally as the value of Z=~
becomes larger. This implies that when the frequency of the fatigue signal increases, the value of Z~
also increases. This is the primary cause of the most significant dispersion of damage on the road
surface. To conduct a comparison analysis, it is evident from the presented data in Table 6 that larger
values of Z~ correspond to higher levels of fatigue damage. Table 7 presents the kurtosis and standard
deviation values for highway, residential, rural, hill, and mixed roads. The statistical data were
produced via the use of the Glyphworks program [56]. According to the data presented in Table 7,
the kurtosis value for mixed roads was found to be greater than the kurtosis value for damaged roads.
This phenomenon may be attributed to the observations made in Figure 17, where it is evident that
the rural and mixed road exhibited a higher degree of spikiness or transience compared to the
damaged road, although having a smaller strain amplitude. This phenomenon may be attributed to
the fact that kurtosis exhibits a high degree of sensitivity towards the presence of extreme values in
the dataset. The fatigue damage of the coil spring was calculated using the GlyphWorks® program,
while the analysis to derive the I-kaz coefficient and three-dimensional graphical representations of
the collected fatigue signal from the road test was conducted using MATLAB® software as shown in
Figure 17. Table 8 shows the comparison of fatigue damage cycles between this research and the
literature where power spectra density (PSD) cycle counter, like Lalanne (LL), Dirlik (Di), and narrow
band (NB) approaches are used,, additionally the table highlight the contribution, importance and
the accuracy of the method used in this research.
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Figure 17. Shows the I-kaz results and the I-kaz coefficients Z= for five road types.

Table 8. Shows a comparison of fatigue damage cycles between this research and the literature.

CcM X X X X X
2023 Mo 10° 10° 105 108 X
[43] SWT 100 108 105 100 X
I-kaz X X X X X
LL 9.8x 106 1.51 x 108 4.09 x 106 X X
TZ:;? Di 2.6x 108 1.51 x 108 6.02 x 106 X X
NB 1.4x 100 1.32 x 108 1.00 = 106 X X
2020 CM 8.073 5.600 4.835 X 6.732
[57] Mo 8.393 5.728 4.684 X 6.536
SWT 8.839 5.808 4.608 X 6.434
2020 cM X X X X X
[58] Mo X X X X X
SWT X X X X X
CM 3x105 2 x10° 2 x10° X X
2019 Mo 2 x10° 7 x 104 3 =104 X X
[59] SWT 1x10° 3 =104 2 x 104 X X
I-Kaz X X X X X
LL 2.7x 107 2.2x 101 1.8x 107 X X
2[21]8 Di 5.2x 107 6.5x 101 4.4x 107 X X
NB 7.1x 1016 2.2x 101 5.6x 106 X X
I-kaz X X X X X
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7. Conclusions

This work presents a novel Digital Twin Model (DTM) that is both cost-effective and
uncomplicated, designed specifically for Live Condition Monitoring (LCM) and Predictive
Maintenance (PM). The suggested model is evaluated using a real-life case study. This study
examined three distinct approaches used in fatigue analysis, including computational, experimental,
and digital methodologies. The use of digital techniques in fatigue analysis is being employed for the
first time. The used methodology yielded improved precision and allowed a comprehensive
examination of the whole mechanical dynamics of the suspension system in real-time. This work
presents an advancement in the dimensional modelling of the DT, reducing the number of
dimensions from five to three. The purpose of this improvement is to provide a current and
comprehensive assessment of the suspension system's state. The creation of the DTM involves three
distinct aspects: Physical, Digital, and Connection. Despite its incorporation of these dimensions, the
DTM remains very accurate and efficient. This study demonstrates a significant improvement in the
predefined average load of simulation and experimental results, with an increase of 35.7%.
Additionally, the average lifecycles of the system exhibited notable enhancements, surpassing the
simulated and experimental results by 12 and 9 times, respectively. Furthermore, the implementation
of the wired DTM showed a notable improvement in the average lifecycles of the system, with a
19.7% increase compared to the outcomes seen with the wireless DTM.

Future studies should focus on improving the techniques of data collection to meet the
requirements of the DT model. As it is, the present data collection methods are inadequate. Therefore,
it is necessary to revamp the conventional data collection approaches. The ultimate phase of the DT
model involves the automated derivation and implementation of the conditions and interfaces
pertaining to the physical entities, making them accessible for a diverse array of applications.
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