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Abstract

Mechanical systems are mainly considered in heavy transmissions, and helix-angled gears are being mostly used in such
fields of interest. As these mechanical components operate, they are heavily subjected to potential faults of operation. To
avoid experimental faults, simulation-based analysis and test apparatus are now used for diagnosing purposes and hence,
improving the dependability while enhancing their performance. For that, this paper presents an integrated approach of
simulation analysis and the fabrication of a test rig specifically designed for fault inducing and seeding in helical gear
transmissions. Computer-aided design and engineering techniques are both used to conduct vibration-based analysis. Six
mode shapes are called out for in the modal simulation workbench where they were discussed accordingly. Bearing-mounted
accelerometers were used to capture vibration signals of three operating axis in order to study the potentiality of utilizing
them for condition monitoring. The current approach has demonstrated advancements in fault diagnosis methodologies and

provided valuable insights in enhancing reliability and dependability of such applications.
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1. Introduction

Helical gears are widespread across diverse
applications due to their increased benefits and dependable
functionality. Numerous industries, including automotives,
aerospace, power generation, and heavy machinery, are all
extensively utilizing gear system transmissions and
connections [1], [2]. Due to the growing demand in helical
connections, it has applicably demonstrated great
significance in use and hence, the parallel increase in
necessity for efficient methodologies of fault diagnosis
[3]-[5]. It is vital, important, and safe to detect and prevent
unanticipated faults and failures in such transmissions to
guarantee efficient operation. This can only be achieved by
means of fault detection techniques and defect diagnosis
methods.

The performance of helical gear transmissions may be
significantly affected over time due to various types of
faults. Crack propagation [6] and teeth wear [7] are two
prevalent fault types frequently observed in gear
transmissions that are helix-angled. These faults
demonstrate an increasingly significant impact as they
progress. Gear components are heavily subjected to crack
propagation, and these crack advancements may result
from material fatigue, extreme applied loads, or
manufacturer neglection of imperfections. The increasing
advancement of these cracks might lead to a heavy
reduction overall structural performance of the gear pairs,

which thereby increases the possibility of sudden
unwanted breakdowns or failures. These cracks are to be
detected and the condition needs to be diagnosed if the
operating  representative  seeks healthy operation
procedures. In addition to the presence of cracks as
common faults, it is commonly known that teeth wear is
also one of the major failure causes in such heavy
machinery that utilize helical gears. Extended exposure to
highly excessive loads, insufficient maintenance and
lubrication, and abrasive agents are all reasons of gradual
degradation of dental surfaces that lead to mechanical
wear. The gradual reduction in gear tooth profile accuracy
due to the over-time teeth wear would lead to
compromised gear meshing represented in elevated noise
and decreased transmission efficiency. Therefore, it is
essential to implement effective condition monitoring and
diagnostic techniques to ensure the dependability and
effective functioning of industrial transmissions that
implement gears of helix angles.

The methodology of Finite element analysis (FEA) is
commonly recognized as the most highly effective tool for
the analysis and optimization of variant mechanical
engineering procedures [8]-[11]. The helical-geared usage
in heavy machinery is considered to be part of these
mechanical systems. FEA can be utilized in the prospect of
mechanical engineering to accurately forecast and analyse
the gear system behaviour while being subjected to diverse
operating and boundary conditions. This mathematical-
modelling technique enables a detailed examining of
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different workbenches of interest within different
mechanical components. Valuable insights would be
brought to analysers and users when conducting the
mentioned methodology in order to understand the
reliability of a specific system. The fabrication of
experimental test apparatus in any geared system requires
the inclusion of FEA to understand the transmission
behaviour and to analyse the mechanical components in
variant approaches. The test rig's distinctive design and
configuration necessitate a comprehensive understanding
of the structural integrity and response of the components
when exposed to dynamic loading. FEA can assist in the
evaluation of the mechanical behaviour of the test rig
which by turn allows to assess the impacts of various
operating conditions and fault schemes in any failure type.
In the work of [12], the implementation of FEA was
utilized within a fully automated framework. The proposed
approach had lead to a proficient and reliable achievement
of an optimal lightweight gear design. The study
showcased the proposed methodology by demonstrating
the creation of a software architecture that combines pre-
existing commercial solutions with tailored procedures.
The practicality and credibility of the proposed
methodology are both evaluated by means of a fully-
detailed assessment. This analysis has considered the
multiobjective optimization of a transmission system that
consists of a set of helical transmission mechanical gears.
In addition to FEA, vibration analysis has been widely
adopted by mechanical engineering divisions in the
fabrication of test rigs for fault simulations in heavy
machinery transmissions. Several studies have highlighted
the significance of vibration analysis as a complementary
technique to evaluate the dynamic behaviour and
performance of mechanical-geared systems [13]. For
instance, in [14], the helix angle of the helical gears is
measured to be 30.5 degrees. An algorithm for calculating
mesh stiffness is derived. A mathematical model is
developed to represent the dynamic behaviour of a Two-
Stage helical gear transmission system in an electric
vehicle operating at a consistent velocity. A bench test is
conducted in order to validate the model. A friction model
is utilized. The analysis of the dynamic characteristics is
conducted subsequent to the careful consideration of both
the friction and axial stiffness components. Similarly, in
[15] a proposal is put forth to develop an innovative virtual
prototype model of a gear pair for a vibrating screen
exciter, with the aim of effectively demonstrating the
unique characteristics of gear transmissions in this context.
These studies demonstrate the importance of integrating
vibration analysis alongside other analytical methods, such
as finite element analysis, to enhance the accuracy and
effectiveness of fault simulations in helical gear
transmissions, among many other studies [16], [17].
Despite the considerable progress achieved in prior
research on fault simulations in helical gear transmissions,
there are still certain limitations and gaps that need to be
addressed. A significant portion of the current research
endeavours have primarily concentrated on discrete
examination of either finite element analysis or vibration
analysis, with a restricted level of integration between
these two methodologies. The aforementioned segregation
impedes the attainment of an in-depth understanding
regarding the behaviour of gear systems in the presence of

faults. Furthermore, it is worth noting that certain studies
have made efforts to create test rigs for the purpose of
simulating faults. However, these studies often fall short in
terms of adopting a comprehensive approach that
integrates advanced analysis techniques with innovative
design methodologies. As a result, it is imperative to
develop a new research methodology that combines the
triangles of FEA, vibration analysis, and advanced design
principles in order to construct a test rig that can
effectively replicate faults in gears that are utilized for
mechanical transmissions. The objective of this study is to
address the aforementioned gaps by introducing a
comprehensive methodology that integrates various
analytical techniques with an innovative test rig design.
This integration facilitates more precise fault simulations,
thereby contributing to the advancement of gear fault
diagnosis and analysis in the field.

Regarding the organization of this paper, the first
section introduces the subject to be discussed as well as
presents a survey of related research. In Section 2,
computer-aided design and engineering employing FEA
are described. The fabrication of the experimental test rig
is illustrated in the section 3. In Section 4, the results of the
vibration analysis and the adopted FEA method in terms of
modal simulation are both discussed. Finally, the paper
concludes with section 5 by an overview of the design and
capabilities of the test apparatus.

2. Computer Aided Design and Engineering
2.1. Geometrical Approach

To design and optimize mechanical systems of interest,
the use of Computer-Aided Design (CAD) is usually a
door introductory to furnish the robust tools for simulation
analysis [18]-[20]. CAD software empowers its users to
generate precise and comprehensive 3D models in addition
to components and assemblies which enables to facilitate
rich visualization and analysis of their geometric attributes.
The tools of CAD commonly known to expedite the
exploration of diverse design iterations to enable rapid
prototyping and efficient assessment of alternative design
options. Moreover, CAD systems seamlessly integrate
with other engineering analysis tools, such as the
previously mentioned FEA to derive the evaluation of
structural integrity and performance of the designed
components to be assembled. To enhance the product
performance and to minimize the design process timings,
the CAD tools are leveraged. Not to mention the highly
effective cost savings and economic friendly nature of
such simulation-based analysis.

During the experimental procedure of test rig
fabrication, the utilization of CAD assumes a central role
in ensuring the precision and dependability of the overall
setup. CAD  software  encompasses  specialized
functionalities tailored to gear design of which enabling
the users to generate accurate gear models that incorporate
intricate tooth profiles and realistic meshing characteristics
from real experimental procedures. Furthermore, the use of
CAD SolidWorks has enabled to optimize the test rig parts
assembly. Regardless if the parts are bearing supports,
helical gears, shafts, stand, and fixations. These parts are
to be assembled in an integrated manner that ensures
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vibration analysis procedures to be conducted smoothly.
The relationship between each of the assembled parts
would be revealed and studied depending on different
workbench methodologies, which in turn leads to studying
fault diagnosis and condition monitoring techniques.
Collectively, CAD in test apparatus manufacturing for
heavy machinery power transition presents a robust toolkit
for designing and refining experimental setups which
thereby enabling accurate fault simulations and advances
gear behaviour studies across diverse operating conditions.
Fig. 1 elaborates the dimensions of the helical gear in the
transmission system adopted in the proposed methodology.

Figure 2 depicts the test rig utilized in the experimental
setup proposed, where N is the number of teeth and m is
the module of the gears. Furthermore, the SolidWorks
software was utilized to create and assemble all the
components of the system. Figure 3 illustrates the
complete design and fabrication of the test rig in a three-
dimensional view. The motor is linked to a receiving
pulley through a belt-drive mechanism to initiate motion.
Subsequently, the transmission of torque and speed from
the input shaft to the output shaft is facilitated by the
utilization of a helical gear functioning as a pinion on the
receiving shaft. This pinion gear transfers the
aforementioned torque and speed to a helical gear receiver,
which in turn interfaces with a load. The velocity is
variable, contingent upon the rotational speed of the motor
input. The panel of the test rig is equipped with two
bearings that secure each shaft. Additional information
will be elaborated upon in the experimental section of this

investigation.
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Figure 2. Test rig sketch and dimensions

Figure 3. 3D view of the test rig design

2.2. Finite Element Analysis

Computer-aided engineering (CAE), particularly finite
element analysis (FEA), has brought about a
transformative shift in the realm of engineering by
enabling meticulous analysis of intricate mechanical
systems [21]-[23]. FEA leverages numerical techniques to
discretize complex geometries into smaller finite elements,
enabling precise modelling of material properties,
boundary conditions, and loading scenarios. CAE, in
conjunction with FEA, empowers engineers to simulate
and evaluate the structural response of components and
assemblies, facilitating an in-depth understanding of
critical aspects such as stress distribution, deformation,
and performance across a spectrum of operational
conditions. Finite element approaches are currently
delivering good applicability in terms of component
behavior analysis where it identifies critical zones of
potential failure. It is also noted that FEA is usually
combined with CAD for analyzing the geometrical model.
This approach would minimize the reliance on physical
modelling or real-life machines experiments. The adoption
of FEA within the proposed approach in this study will
obtain good results in terms of analysing the experimental
part which will guarantee safety procedures in addition to
optimum performance.

In the presented work, the modal simulation workbench
is utilized for accurate presentation of the solution. This
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workbench is specialized in acquiring the vibrational
patterns in terms of mode shapes that correspond to the
operating natural frequency possibility. Such assessments
will reveal good identification of vulnerable regions
susceptible to failure, subsequently informing the
optimization of the test rig's design to ensure the
structure’s integrity and accurate fault simulations. The
contact patterns with the dynamic responses will all be
studied and presented through the simulations within
specified parameters that reflect the actual experimental
apparatus. Consequently, it contributes to the development
of reliable and efficient test rigs, enabling advanced
analyses and augmenting the understanding of gear
behaviour under faulty conditions. Figure 4 displays the
ANSYS-based geometry imported as a Parasolid file from
the SolidWorks program.

Figure 4. Top view of the test rig design

3. Experimental Work
3.1. Test Rig Fabrication

It is crucial to note that the production of helical gears
involved the utilization of computer-aided manufacturing
tools integrated within the SolidWorks software, enabling
the generation of G-code instructions for CNC machine
operation [24-27]. The test rig that has been artificially
constructed is depicted in Figure 5 below. The rotational
velocity from the motor is transmitted to the input pulley
through a belt-drive mechanism, resulting in the first shaft
rotating at the same velocity as the motor. It is crucial to
highlight that the first rotating shaft is equipped with both
a pair of bearings and a helical pinion featuring a helix
angle. The gear acquires the rotational velocity by means
of the teeth engagement with the pinion. The second shaft
begins to rotate, exhibiting a torque ratio of 2, thereby
resulting in a doubling of the input torque. The second
rotating shaft, which carries a flywheel load as an output,
is supported by two bearings.

The present test rig has the capability to effectively
simulate faults through deliberate introduction of cracks in
the helical gears or intentional wear in the operating teeth
of said gears, among various other fault-inducing
mechanisms. The acquisition of vibration signals can be
achieved by utilizing vibration accelerometers that are
installed on the bearings. These accelerometers enable the
acquisition of time-domain or frequency-domain signals,
which can then be used to assess and compare the

operational state of the system. This comparison allows for
the differentiation between healthy and faulty operating
conditions.

Flywheel |

| Gear |
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Figure 5. Experimental test apparatus

3.2. Methodology

Vibration signals are widely utilized across a diverse
range of applications for the purpose of fault diagnosis and
other [28-34]. Different methodologies in acquiring these
vibration signals were discussed and presented for defect
detection [35-38]. In this study, the ADXL335
accelerometer was selected based on its exceptional
capabilities in detecting faults caused by vibration signals
[39,40]. Any software designed for signal processing
would functional to obtain the vibrational patterns. This
methodology employs the use of LabVIEW program to
acquire time-domain healthy signals and simulate the
amplitude differences in comparison to faulty operating
conditions in order to open the doorway for condition
monitoring in machine learning.

4. Results and Discussion
4.1. Finite Element Analysis Results

As stated earlier, the FEA was employed to investigate
the dynamic behaviour of the test apparatus designed for
fault simulating as the experimental section of this paper
elaborated. The mode shapes obtained from FEA provide
insights into the structural response and deformation
patterns of the system, shedding light on its vibration
characteristics. Figure 6 presents a visual representation of
the mode shapes which illustrates the corresponding
deformation values in millimetres.

When analysing the mode shapes, it was revealed that
distinct deformation patterns and associated natural
frequencies are appearing. The first three mode shapes
exhibited maximum deformation in the flywheel which
indicates the influence of its geometry and material
properties on the system's vibrational response. The first
mode shape displayed a maximum deformation of 10.31
mm, with a natural frequency of 143.35 Hz. On the other
hand, mode shapes 2 and 3 are exhibiting a deformation
value of 10.206 mm and 13.431, respectively. While their
corresponding natural frequencies are 181.5 Hz and 193.46
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Hz, simultaneously. These values give an indication to the
significance of the flywheel in the dynamic behaviour of
the testing apparatus. In contrast, the fourth, fifth, and
sixth mode shapes exhibited maximum deformation in the
input pulley that emphasizes its role in the transmission's
vibration statistics. The fourth mode shape showcased a
significant deformation of 30.036 mm, accompanied by a
natural frequency of 436.78 Hz. Likewise, the fifth and
sixth mode shapes demonstrated deformations of 30.462
mm and 19.369 mm, correspondingly. These mode shapes
had similarly corresponded to natural frequencies of 482.3
Hz and 578.42 Hz. It is concluded that the input pulley has
a substantial influence on the system's dynamic response,
potentially affecting gear meshing behaviour and overall
system performance.

The identified mode shapes and their associated natural
frequencies contribute to the understanding of the system's
vibration behaviour and aid in determining appropriate
sampling frequencies for acquiring vibration signals during
experimental testing. By incorporating this knowledge, the
test rig can be further optimized to enhance its
performance and reliability in introducing the desired
induced defects to study the vibrational pattern and assess
it accordingly.
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The natural frequency values are displayed in Table 1
in terms of Hertz units. In addition to that, Table 2 lists the
maximum deformation of the mode shapes discussed
previously.

Table 1. Natural frequencies values

Mode shape Natural frequency (Hz)

143.35

181.5

193.46

436.78

482.3

oo~ |lw(N|F

578.42

Table 2. Maximum deformation values

Mode shape Natural frequency (mm)
1 26
2 26.3336
3 27.215
4 29.3369
5 33.222
6 39.21
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Figure 6. Acquired natural frequencies and mode shapes’ deformation: (a) First mode shape; (b) Second mode shape; (c) Third mode shape;
(d) Fourth mode shape; (e) Fifth mode shape; (f) Sixth mode shape
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4.2. Vibration signals-based Fault Diagnosis

Vibration signals, which manifest as oscillatory
disturbances, play a pivotal role in serving as a highly
valuable and indispensable source of intricate and nuanced
information for the purpose of meticulously diagnosing
and discerning faults, anomalies, and irregularities that
may arise within the complex and intricate realm of helical
gear transmissions. Within this particular subsection, the
primary goal lies in the meticulous examination and
profound comprehension of the vibration signals that have
been meticulously obtained from the experimental
apparatus. The visual representation of the vibration
signals in the time domain, which facilitates the
identification and analysis of faults, is presented through
two distinct figures, namely Figure 7 and Figure 8.

Figure 7 presents the vibration signals captured during
the test rig's operation at a constant speed for one minute
under healthy conditions. The x-axis represents time in
seconds, while the y-axis represents the acceleration values
in m/s2. Comparing the healthy vibration signals across
the X, y, and z dimensions, it can be observed that the
acceleration values remain relatively low and consistent
throughout the entire time period. This indicates normal
behaviour and the absence of significant faults in the
system.

Conversely, Figure 8 illustrates the vibration signals
acquired under identical operating parameters, albeit in a
defective state, specifically simulating misalignment
between the pinion and gear. The x-axis in Figure 7
represents time in seconds, while the y-axis represents
acceleration values in meters per second squared (m/s2). It
is worth mentioning that the vibration signals in the
defective state demonstrate markedly greater amplitude
values in all dimensions (X, y, and z) in comparison to the
state of normal functioning. The observed rise in vibration
amplitude can be directly attributed to the induced
misalignment, indicating the existence of a fault within the

gear transmission system.
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Figure 8. Faulty vibration readings in X, Y and Z

The distinct disparity between the vibration signals of
the healthy and faulty conditions demonstrates the
effectiveness of vibration signals in fault diagnosis. By
comparing the vibration signatures of known healthy states
with those of faulty conditions, deviations in amplitude,
frequency content, and vibration patterns can be identified.
Such variations serve as indicators of potential gear faults,
including tooth wear, pitting, or misalignment. The
analysis and interpretation of vibration signals, as
exemplified by previous figures, provide a foundation for
developing automated fault diagnosis algorithms and
techniques, enhancing the ability to detect and mitigate
faults in helical gear transmissions.

In terms of comparing the outcomes with prior
research, the study conducted in [41] has constructed a
testing apparatus specifically designed for simulating
gearbox faults. The presented methodology has
successfully demonstrated a fault diagnosis approach for
an open system consisting of helical gears. Simulating
faults in a gearbox is relatively straightforward due to the
inherent vibrations of the entire system. The analysis of
both the healthy and faulty vibration readings provide a
comprehensive understanding of the subject matter. In
addition, In the study presented by authors of [14], the
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dynamics of a Motor Two-Stage helical gear transmission
system in electric vehicles with a helix angle of 30.5
degrees is explored. Emphasis is placed on sliding friction
as a primary excitation and its subsequent effects on the
vibration dynamics in different orientations. Although
valuable insights into the dynamics of helical gears in
electric vehicles are provided, particularly concerning the
influence of friction and axial stiffness, the research
presented in this study offers a broader scope. Valuable
insights into different faulty conditions of crack, wear, or
misalignment in helix-angled mechanical components
were provided by means of fabricating and analysing the
experimental test apparatus. A fully assessment of the
entire system’s dynamics was achieved by means of
integrating FEA along with experimental procedures.
Moreover, while the work in [14] focuses on the role of
friction and axial stiffness components, multi-dimensional
vibration signals were captured and analysed which has
furnished a richer diagnostic perspective. Consequently,
the current approach presents a more overview-based
framework for fault diagnosis in the mechanical
transmission that utilize helix-angled gears, with
implications for enhancing the reliability and efficiency
across diverse integrated systems.

5. Conclusion

In summary, this study presented the fabrication and
finite element analysis of a testing rig for defect inducing
in the helical-geared power transitions. The study had also
integrated the use of CAD and CAE that allowed for the
design of an optimal lightweight gear-train power
transmission system which was efficient reliable in
diagnostics. The experimental approach had involved the
construction of the test apparatus in addition to the
acquisition of vibration signals for induced and unwanted
fault diagnosis. Valuable insights into the dynamic
behaviour and fault conditions of the system were
provided through the analysis of these time-domain
signals. The capability of the experimental design to
accurately simulate such defections was demonstrated as
evidenced by the distinct differences observed in the
vibration signals between healthy and faulty conditions.
The developed methodology contributes to the field of
condition monitoring and machine learning in helical-
geared connections and offers opportunities for enhanced
system design and maintenance. Generally speaking, a
deeper understanding of the mentioned applications has
been achieved through this research and a it also
established a foundation for future advancements in
unbalance detection and reliability analysis in similar
mechanical systems.
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