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Introduction: Deep-groove ball bearings are widely used in industrial
applications due to their ability to support radial and axial loads
simultaneously. However, prolonged operation under harsh conditions can
lead to localized defects such as inner race, outer race, or rolling element
faults. These defects often manifest as distinct vibration patterns, which can
be detected and analyzed to diagnose bearing health. This study focuses on the
vibrational analysis of faulty deep-groove ball bearings under radial load, aiming
to establish a correlation between fault characteristics and vibration signatures.

Methods: A specialized test rig evaluates the vibration responses of deep-groove
ball bearings under controlled conditions, capturing data in both time and
frequency domains for comprehensive analysis. Vibration signals from healthy
and defective bearings are analyzed to ensure precision and reliability. The study
identifies characteristic fault frequencies and harmonics caused by localized
defects on the inner or outer race, comparing simulated and experimental
data. This approach provides insights into how defect types and load
conditions influence bearing vibration signatures.

Results: Theevaluationof single andmultipledefects showshigher velocity amplitudes
for multiple defects. Time-domain analysis reveals that a single inner race defect under
a 5 kg radial load has a velocity amplitude of 2.00mm/s, while two defects on the inner
race under the same load result in a slightly lower amplitude of 1.88 mm/s.

Discussion: The experimental findings closely match the simulation results,
showing a strong correlation between the two methods. Further analysis using
orbit analysis is conducted to examine the behavior of deep-groove ball bearings
under similar conditions.
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1 Introduction

Ball bearings are fundamental components in both small and
large industrial machines, playing a critical role in ensuring smooth
and efficient operation. Their primary function is to reduce friction
between moving parts, support radial and axial loads, and enable
precise rotational motion. The performance and reliability of
industrial machinery are heavily dependent on the quality and
condition of the bearings used. High-quality bearings contribute
to enhanced machine efficiency, reduced energy consumption, and
extended operational life, while defective or low-quality bearings can
lead to increased downtime, higher maintenance costs, and even
catastrophic failures. Despite advancements in manufacturing
technologies that ensure faultless geometry and precision in ball
bearings, vibrations are inherently generated during their operation.
These vibrations primarily arise from the dynamic interactions
between the rolling elements (balls), the inner race, and the outer
race as they move under load. Even in perfectly manufactured
bearings, minor imperfections, surface roughness, and variations
in load distribution can cause vibrations. These vibrations, though
often minimal, can amplify over time due to wear and tear, leading
to increased noise, reduced performance, and potential damage to
the bearing and surrounding machinery.

A more significant concern is the development of localized
defects during operation, such as pit spalls, cracks, or dents on
the rolling elements or raceways. These defects typically occur due to
factors like excessive loading, inadequate lubrication,
contamination, or material fatigue. For instance, pit spalls, which
are small surface fractures or craters, can form on the bearing
surfaces due to repeated stress cycles or improper lubrication.
Once such defects are initiated, they tend to propagate over time,
exacerbating the vibration levels and further degrading the bearing’s
performance. According to Shah and Patel (2014), these localized
defects not only increase vibration amplitudes but also introduce
distinct fault frequencies into the vibration spectrum, which can be
detected and analyzed for diagnostic purposes.

The development of defects in deep-groove ball bearings is often
attributed to improper installation, inadequate maintenance, poor
handling practices, and surface fatigue. These issues can result in
various types of damage, such as cracks, pits, and spalling. If such
defects go unnoticed in their initial stages, they can generate
increased noise and vibrations, potentially causing bearing failure,
machinery malfunction, and economic setbacks. Consequently,
identifying defects in deep-groove ball bearings by analyzing their
dynamic behavior and creating precise physical models of rotating
parts is crucial to prevent severe damage (More et al., 2025).

Singh and Howard (2015) explored research focused on
vibration modeling of rolling element bearings, particularly those
with localized and extensive defects. Such imperfections contribute
to fatigue, spalling on surfaces and subsurfaces, and reduced bearing
longevity (Singh and Howard, 2015). To thoroughly evaluate how
defective rolling element bearings affect vibration characteristics, a
detailed parametric investigation can be conducted. This involves
examining multiple factors, including axial and radial bearing loads,
rotational speed, bearing clearance, and the type of defect present.

Shaha and Kulkarni (2015) studied the mechanical dynamics of
a rolling bearing system, where the outer ring remains fixed while
the rolling elements facilitate motion and transfer the load between

the inner and outer raceways. Current research trends emphasize the
use of dynamic analysis as a proactive method for early defect
prediction, which has proven effective in enhancing system
performance. Their study proposes an approach for predicting
and confirming the dynamic vibration characteristics in a bearing
rotor system (Shaha and Kulkarni, 2015).

The increasing complexity and demand for mechanical designs
have highlighted the need to predict component endurance
effectively (Patel et al., 2014). One study focused on evaluating
the stress distribution and displacement behavior of deep-groove
ball bearings using finite element analysis. The research also
identified key parameters influencing the bearing’s radial stiffness
under axial loads. Findings demonstrated that the bearing had an
extended lifespan, ensuring its reliability against static, dynamic
radial, and axial loads (Shah and Patel, 2014). Luo et al. (2024)
introduced a novel dynamic model for a deep-groove ball bearing
(DGBB) that included a localized defect on the outer race.
Meanwhile, Manjunath and Girish examined the performance of
polymer ball bearings made from polyacetal (POM) material. These
bearings are widely utilized in industries ranging from household
appliances to aerospace, making their optimal performance critical
for preventing severe damage (Manjunath and Girish, 2013).
Monitoring bearing conditions and identifying defect severity at
an early stage is crucial to avoid significant failures.

To aid in defect detection, vibration analysis plays a vital role in
condition monitoring and quality inspection. One effective method
for identifying damage frequencies in ball bearings is the fast Fourier
transform (FFT) technique. Research by Mitsuya et al. (1998) found
that reduced damping, attributed to the combined effects of tilting
mode vibration on the lateral mode and increased clearance,
suggested that heightened ball rolling motion rather than slipping
motion was the primary cause. In another study, Nonato and
Cavalca (2014) proposed a methodology that integrates
Elastohydrodynamic (EHD) film effects into a lateral vibration
model of a deep-groove ball bearing. This approach involved
approximating EHD contacts with a combination of nonlinear
springs and viscous dampers, enhancing the model’s accuracy in
reflecting real-world conditions.

Researchers conducted a study focusing on both theoretical and
experimental analysis of vibrations in deep-groove ball bearings
subjected to dynamic loads, specifically those with localized circular
defects in the raceways. The mathematical model applied in the
research incorporated various components such as the housing,
raceways, shafts, and ball masses. A comparison was made between
the simulated and experimental results concerning the vibration
behavior of the bearing housing (Patel et al., 2012). The findings
indicated that as the ball approached the inner race defect, its
displacement increased from zero to a peak value, and
subsequently decreased from the peak back to zero as it moved
past the defect’s center to the opposite end (Utpat, 2013; Safizadeh
and Latifi, 2014). Experimental tests were performed using a test rig
that captured vibration signals from a sample bearing while external
vibrations were applied via an electromechanical shaker. In the
envelope analysis, spectral kurtosis was employed to select the
optimal center frequency for filters with varying bandwidths,
such as 32 and 64 (Patel et al., 2013). The study concluded that
the accuracy of defect detection using envelope analysis is highly
dependent on the choice of center frequency and bandwidth.
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Consequently, different center frequencies and bandwidth
combinations were tested to enhance detection reliability.
Additionally, a bearing joint model was examined using a
nonlinear constraint force system that accounted for contact
stiffness interactions between the raceways and rolling elements.
This model was applied in dynamic simulations involving a planar
slider-crank mechanism fitted with a deep-groove ball bearing joint
(Xu et al., 2012). The study proposed a technique for dynamic
modeling and simulation of multimode systems that include deep-
groove ball bearings with clearance. To improve precision, the
bearing joint was modeled with a nonlinear constraint force
system that considered the elastic deformations occurring at the
contact points between the rolling elements and raceways
(Muruganatham et al., 2012; Patel et al., 2010). Furthermore, a
mathematical model was established to calculate the trajectory of the
inner ring’s axis center and the ball center’s motion path by
incorporating raceway waviness and ball size variations (Zhang
et al., 2018). Lastly, a dynamic model was introduced to predict
vibrations in both healthy and defective deep-groove ball bearings.
This model accounted for nonlinear force interactions caused by
elastic deformations at the contact points between the ball elements
and raceways (Shah and Patel, 2019; Xu and Li, 2015).

Researchers have extensively studied the vibration behavior of
deep-groove ball bearings under dynamic loads, focusing on the
inner and outer races. A dynamic model that incorporates the
masses of key components, such as the housing, shaft, races, and
balls, was developed (Wang et al., 2024). Comparisons between cases
with single and dual race defects showed higher velocity amplitudes
in the latter (Shettya et al., 2024). Both theoretical and experimental
findings revealed a strong correlation, particularly in identifying
characteristic defect frequencies and harmonics (Yang et al., 2023a).
An electromechanical-magnetic coupling model was created using
the Modified Winding Function Approach (MWFA) to detect fault-
induced harmonics in stator currents (Wang et al., 2021). The
Dimension Theory using the Matrix Technique (DTMT) was
employed to analyze vibration responses (Salunkhe et al., 2021),
while an effective impact model successfully replicated real vibration
signals from defective bearings (Liu et al., 2023). Research also
examined the transition from periodic to chaotic vibration patterns,
highlighting the sensitivity of vibration behavior to bearing defects
and rotor speed variations (Patra et al., 2020). A mathematical
model incorporating raceway waviness and ball size deviations was
developed to track the inner ring’s axis and ball center trajectory
(Zhang et al., 2018). Nonlinear system dynamics were analyzed
using Higuchi’s fractal dimensions (Sharma et al., 2019). A literature
review summarized methods for diagnosing bearing faults under
nonlinear conditions (Patel et al., 2022). The effectiveness of finite
element analysis (FEA) and dimension analysis techniques (DAT)
was demonstrated in assessing surface fault depth and slope angle
effects on contact characteristics (Salunkhe et al., 2022).
Additionally, a bearing test rig was developed to simulate cage
damage, with vibration characteristics analyzed in bearings
6,210 and 6,011 (Yang et al., 2023b). Insights into defect-related
impulsive forces and vibration patterns were also provided (Singh
et al., 2014).

Internationally, extensive research has been conducted on
vibration-based fault detection methods for rolling element
bearings. Studies from leading research institutions focus on

using advanced signal processing techniques, such as Fast Fourier
Transform (FFT) and envelope analysis, to identify characteristic
defect frequencies. These methodologies are widely adopted across
industries like aerospace, automotive, and energy for real-time
condition monitoring and predictive maintenance (Shah and
Patel, 2014; Luo et al., 2024). Nationally, significant research
efforts in India have been dedicated to improving the accuracy of
vibration diagnostics through experimental and computational
methods. Studies from institutions such as IITs and NITs have
pioneered innovative approaches to model dynamic behavior and
predict bearing faults under various load conditions, contributing to
more efficient maintenance strategies in domestic manufacturing
sectors (Patel et al., 2022; Kawade et al., 2024). Building on these
national and international advancements, this study bridges a
critical gap by providing a comprehensive comparative analysis
of time- and frequency-domain vibration responses. Our work
enhances the understanding of how defect localization and
severity can be detected across varying load conditions, offering
practical insights for both academic research and industrial
applications.

The literature review highlights key findings on vibration
analysis of faulty bearings compared to healthy ones. Researchers
have examined single and multiple defects in deep-groove ball
bearing races, including the impact of defect angles. Studies have
identified fault frequencies in vibrations but fewer investigations
have explored impact tests using model hammers or vibration-
based data acquisition methods for detecting race defects.
Additionally, research on orbit analysis under combined
loading conditions and surface contact defects using bond
graphs remains limited.

Early-stage defects in deep-groove ball bearings can increase
noise and vibrations, potentially leading to system failure, frequent
maintenance, and economic losses. For effective vibration-based
diagnosis, understanding defect types, quantities, and orientations
is crucial.

This study aims to:

1. Examine vibration responses of a rolling element bearing
under varying radial loads with a local defect.

2. Investigate defect impacts on deep-groove ball bearings under
different radial load conditions.

3. Analyze time-domain characteristics of solo and multipoint
defects using the frequency spectrum.

4. Explore frequency-domain characteristics of these defects.
5. Assess the influence of solo point defect sizes on bearing races

using frequency analysis (Pachpute and More, 2024; More and
Kumar, 2024; More et al., 2020).

2 Experimental methodology

Figure 1 illustrate the experimental setup designed to analyze
the vibration responses of defective deep-groove ball bearings.
The setup included essential components such as a test
bearing, accelerometer, motor, shaft, FFT analyzer, and
laptop. This arrangement was specifically configured to study
the vibration behavior of rolling element bearings under varying
conditions.
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2.1 Test bearing

The test bearing was the primary component under
investigation. It was subjected to different radial loads and defect
conditions to study its vibration characteristics. The bearing was
mounted on the shaft and supported by the system to simulate real-
world operating conditions.

2.2 Accelerometer

An accelerometer was used to measure the vibrations generated
by the test bearing. It was mounted on the bearing housing or a
nearby structure to capture the vibration signals accurately. The
accelerometer converted mechanical vibrations into electrical
signals for further analysis.

2.3 Motor

Amotor was used to drive the shaft and rotate the test bearing at
a controlled speed. The rotational speed of the motor was adjustable,
allowing the study of vibration responses at different speeds and
loads. The motor provided the necessary power for the
experimental setup.

2.4 Shaft

The shaft connected the motor to the test bearing, transmitting
rotational motion. It ensured proper alignment and stable operation
during the experiments. The shaft was designed to maintain
minimal imbalance, reducing any additional vibrations unrelated
to the bearing defects.

2.5 FFT analyzer

A Fast Fourier Transform (FFT) analyzer was employed to process
the vibration signals acquired by the accelerometer. This transformation
from the time domain to the frequency domain facilitates the
identification of characteristic frequencies associated with specific
bearing defects, thereby enabling precise fault diagnosis.

2.6 Laptop

The laptop was connected to the FFT analyzer to record and
analyze the vibration data. Using specialized software, the laptop
displayed vibration waveforms, frequency spectra, and other
diagnostic information. It facilitated data interpretation and
helped identify the effects of defects and varying radial loads on
the bearing.

The experimental setup allowed for precise measurement and
analysis of bearing vibrations to assess the impact of defects and
operating conditions on deep-groove ball bearing performance.
Arrows in the diagram indicated the motion direction and data
flow, ensuring clarity and reproducibility. The test bearing used was
a chrome steel (AISI 52100) deep-groove ball bearing with a 25 mm
inner diameter and 52 mm outer diameter. A 250 μm defect was
introduced on both the inner and outer races using Electric
Discharge Machining (EDM). A piezoelectric accelerometer
with ±5% sensitivity was positioned at the load zone on the
bearing housing to capture vibrations. Calibration was conducted
using a reference vibration source before each test for accuracy. The
motor operated at a constant speed of 1,330 rpm, with radial loads of
5 kg, 6 kg, and 7 kg applied to simulate real-world conditions. Data
was collected using an FFT analyzer at a 25 kHz sampling rate for
detailed frequency analysis. Figures 2, 3 depict the test bearings with
a solo defect on the inner and outer races, respectively. Experiments

FIGURE 1
Block diagram of experimental setup.
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were conducted under three radial load conditions to evaluate the
defect’s effects.

Figure 2 shows the vibration signal from a deep-groove ball
bearing with a solo inner race defect. The time-domain waveform
reveals periodic spikes caused by rolling elements passing over the
defect, indicating increased vibration levels. This data was recorded
under a 5 kg radial load and a motor speed of 1,330 rpm, with the
signal’s periodic nature confirming the presence of the defect.

Figure 3 illustrates the vibration signal for a bearing with a solo
outer race defect under identical conditions. While it also shows
periodic spikes, the pattern differs slightly due to the stationary outer
race. The amplitude of these spikes reflects the energy released as

rolling elements strike the defect. Both figures highlight how inner
and outer race defects produce distinct vibration patterns, aiding in
early fault detection and differentiation based on impact timing
and intensity.

Table 1 offers a inclusive outline of the experimental
setup. Table 1 provides a detailed summary of the experimental
setup used to analyze the vibration characteristics of defective deep-
groove ball bearings. The test bearing is made of AISI 52100 steel,
known for its high durability and wear resistance, with a 25 mm
inner diameter (ID) and a 52 mm outer diameter (OD). Defects
measuring 250 μm were introduced on both the inner and outer
races using Electric Discharge Machining (EDM) to simulate real-
world bearing faults.

The motor was operated at a constant speed of 1,330 rpm across
three different radial load conditions (5 kg, 6 kg, and 7 kg) to capture
the variation in vibration responses. An accelerometer, mounted on
the bearing housing, recorded vibration signals within a frequency
range of 10 Hz to 10 kHz with a sensitivity of ±5%, ensuring accurate
data collection.

Vibration signals were managed using a FFT (Fast Fourier
Transform) analyzer with a sampling rate of 25 kHz to convert
time-domain data into frequency-domain information, allowing the
identification of characteristic defect frequencies. Calibration was
performed before each experiment using a reference vibration
source to ensure measurement accuracy. Continuous monitoring
during the experiment enabled comprehensive data acquisition for
both time- and frequency-domain analysis, providing a robust
framework for detecting and analyzing bearing defects.

2.7 Experimental procedure

The experimental test setup was designed to analyze the
vibration behavior of deep-groove ball bearings under different
conditions. The setup comprised key components such as deep-
groove ball bearings, bearing housing, a loading arrangement,
accelerometers, and an FFT analyzer.

To control the rotational speed, one end of the shaft was
extended and coupled to a motor. The opposite end of the shaft
was also extended to connect the loading arrangement, which
applied radial loads to simulate real-world conditions. An
accelerometer was securely mounted on the bearing housing
to capture vibration signals and was linked to the FFT
analyzer for data collection and analysis. To study the effect of
defects, both single-point and multipoint defects were introduced
on the outer surface of the inner race and the inner surface of the
outer race of the deep-groove ball bearings. These defects were
created using Electric Discharge Machining (EDM) to ensure
precision and consistency. Additionally, the impact of angular
positioning for multiple defects on the same race was investigated
to understand how defect orientation influences vibration
behavior. The experiments were conducted by configuring the
FFT analyzer for spectrum analysis, which enabled detailed
observation of vibration frequencies. Various conditions were
applied by altering the load values and defect dimensions in both
the inner and outer races. The corresponding vibration responses
were recorded for each test scenario. In addition to spectrum
analysis, orbit analysis was also performed using the FFT

FIGURE 2
Solo defect on inner race.

FIGURE 3
Solo defect on outer race.
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analyzer. This method allowed for visualizing the bearing’s
dynamic motion in response to defects and varying loads.
Both spectrum and orbit analysis results were carefully
compared to assess the influence of defect characteristics and
loading conditions on vibration behavior. This comprehensive
approach provided valuable insights into the diagnostic
capabilities of vibration analysis for identifying defects in
deep-groove ball bearings.

3 Results and discussion

Table 2 presents a detailed comparison of the time-domain
analysis for deep-groove ball bearings with solo defects located in the
inner race. This analysis evaluates the vibration characteristics
resulting from the defect under specific operating conditions. The
recorded data highlights key parameters such as peak amplitude,
impact intervals, and overall vibration intensity. These indicators
provide valuable insights into the behavior of the bearing when a
localized defect is present on the inner race. Similarly, Table 3
outlines the time-domain analysis results for deep-groove ball
bearings featuring solo defects in the outer race. The comparison
emphasizes the differences in vibration response between inner and
outer race defects. While both types of defects exhibit periodic
impact patterns, their signal characteristics differ due to the
movement of the rolling elements and the stationary nature of
the outer race. Figures 5, 6 visually represent the time-domain
vibration signals for the bearings with inner and outer race
defects, respectively. These Figures 5, 6 illustrate the distinct
waveform patterns observed during testing at a motor speed of
1,330 rpm and under a radial load of 5 kg. The time-domain
waveform for the inner race defect (Figure 5) shows pronounced
periodic spikes, corresponding to the rolling elements passing
over the defect. These sharp peaks indicate the elevated vibration
levels caused by the inner race damage. In contrast, the time-
domain waveform for the outer race defect (Figure 6) displays
periodic spikes as well, but with a slightly different pattern. Since
the outer race remains stationary, the vibration response varies in

timing and amplitude compared to the inner race defect. The
observed signal differences between the two defect types are
critical for distinguishing fault locations based on their unique
vibration characteristics. By analyzing these time-domain
responses, the study effectively demonstrates how defect
location influences vibration behavior in deep-groove ball
bearings. This comparison aids in developing reliable
diagnostic techniques for early fault detection and improved
maintenance strategies.

Time-domain and frequency domain analysis plays a crucial role
in diagnosing defects in rolling element bearings by examining
vibration signals over time. This method helps identify variations
in amplitude and periodic impacts caused by defects in the bearing
components. The following sections provide a detailed explanation
of the significance of time-domain analysis and its application to
solo defects in the inner and outer races of a deep-groove ball
bearing. Table 2 presents a comparative analysis of the time-domain
vibration signals for solo defects in the inner race of a deep-groove
ball bearing. When a defect is present in the inner race, the rolling
elements impact the defect repeatedly as they pass over it, generating
periodic impulses in the vibration signal. These impulses are
influenced by factors such as rotational speed, defect size, and
applied load.

The vibration signal for an inner race defect typically exhibits
high-frequency impacts due to the continuous interaction between
the defect and the rolling elements. The amplitude of the impulses
depends on the severity of the defect and the operating conditions,
such as speed and radial load.

The time between successive impacts is governed by the ball pass
frequency of the inner race (BPFI), which is characteristic of inner
race defects.

Early Fault Detection: The presence of periodic impulses in the
time-domain signal is a key indicator of inner race damage, enabling
early fault detection.

Assessment of Defect Severity: The amplitude of the impulses
provides insights into the severity of the defect, helping in predictive
maintenance.

Machine Reliability: Monitoring time-domain signals allows
maintenance teams to take preventive actions before catastrophic
bearing failure occurs.

Figure 4 displays the time-domain vibration response of a deep-
groove ball bearing with a solo defect on the outer race at a rotational
speed of 1,330 rpm under a 5 kg radial load. The waveform exhibits
periodic impulses, which occur as the rolling elements repeatedly
pass over the fixed defect on the outer race. Compared to inner race
defects, these impulses are less frequent because the outer race
remains stationary relative to the accelerometer. The figure
highlights how the amplitude and periodicity of the signal reflect
the presence and severity of the defect. The waveform shows
periodic impulses corresponding to the ball pass frequency of the
inner race (BPFI), indicative of localized damage.

Table 3 provides a comprehensive comparison of the time-
domain analysis for solo defects in the outer race of deep-groove ball
bearings. Unlike inner race defects, outer race defects exhibit distinct
vibration signal characteristics due to their stationary position
relative to the bearing housing. Since the outer race remains
fixed, the rolling elements periodically strike the defect as they
rotate, producing vibration impulses at specific intervals. These

TABLE 1 Details of used equipment and component.

Component Specification/Details

Test Bearing Deep-groove ball bearing (AISI 52100 steel), 25 mm ID,
52 mm OD

Defect Size & Location 250 μm, introduced via Electric Discharge Machining
(EDM) on inner and outer races

Motor Speed 1,330 rpm (constant)

Radial Load
Conditions

5 kg, 6 kg, and 7 kg

Accelerometer Mounted on bearing housing (sensitivity: ±5%,
10 Hz–10 kHz range)

FFT Analyzer Fast Fourier Transform (sampling rate: 25 kHz)

Calibration Method Pre-experiment calibration using a reference vibration
source

Data Acquisition Continuous monitoring with time- and frequency-domain
analysis
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impulses occur at the ball pass frequency of the outer race (BPFO), a
characteristic frequency that corresponds to the rate at which rolling
elements pass over a stationary defect on the outer race. The BPFO is
generally lower than the ball pass frequency of the inner race (BPFI)
since the outer race does not rotate. Consequently, the periodic
impacts caused by outer race defects are less frequent but can still
generate considerable vibration amplitudes, particularly when the
defect is located within the load-bearing zone. The vibration signal’s
intensity and pattern are closely linked to the defect’s position in
relation to the load zone. Defects located in the load-bearing area
experience greater force from the rolling elements, producing

stronger and more prominent impact spikes in the time-domain
waveform. Conversely, defects outside the load zone tend to generate
weaker vibration responses due to reduced contact pressure. This
variation underscores the significance of load distribution when
analyzing vibration signals for defect detection. A key aspect of
differentiating between inner and outer race defects lies in their
respective impulse frequencies. Inner race defects, associated
with the BPFI, result in higher-frequency vibration impulses
because the defect moves relative to both the rolling elements
and the stationary outer race. In contrast, outer race defects
produce lower-frequency impulses aligned with the BPFO. This

TABLE 2 Time domain analysis comparison of a solo defect in the inner race of a bearing.

Condition Load (kg) Y (ms) RMS (mm/s) Peak

Solo Defect on the Inner Race (250 μm) 5 1.47 2.00 4.20

6 0.043 2.19 4.50

7 0.371 2.07 4.23

TABLE 3 Time domain analysis comparison of a solo defect in the outer race of a bearing.

Condition Load (kg) Y(ms) RMS (mm/s) Peak

Solo Defect on the Outer Race (250 μm) 5 0.701 2.04 4.41

6 0.454 1.62 4.44

7 1.36 1.87 4.82

FIGURE 4
Time domain analysis of a deep-groove ball bearing with a solo defect in the inner race of the bearing at 1,330 rpm, under a 5 kg radial load.
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distinction in impulse frequency serves as a vital diagnostic tool
for identifying defect locations within the bearing assembly. Early
detection of outer race defects is crucial for effective condition
monitoring, as undetected faults can lead to severe bearing
damage, equipment seizure, and unexpected downtime in

rotating machinery. By analyzing time-domain vibration
signals and understanding the influence of load conditions on
defect behavior, maintenance strategies can be optimized to
ensure timely interventions, improving the reliability and
longevity of mechanical systems.

FIGURE 6
Frequency domain analysis of a deep-groove ball bearing with a solo defect in the inner race of the bearing at 1,330 rpm, under a 5 kg radial load.

FIGURE 5
Time domain analysis of a deep-groove ball bearing with a solo defect in the outer race of the bearing at 1,330 rpm, under a 5 kg radial load.
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Figure 5 illustrates the frequency-domain analysis (FFT) of a
deep-groove ball bearing featuring a solo defect on the inner race,
recorded under identical operating conditions (1,330 rpm and 5 kg
radial load). The spectrum distinctly displays prominent peaks at the
Ball Pass Frequency of the Inner Race (BPFI) at 106.4 Hz, along with
successive harmonics at 212.8 Hz (2×BPFI) and 319.2 Hz (3×BPFI).
These frequency components are key indicators of the defect’s
presence, location, and severity. The detection of higher
harmonics highlights a nonlinear response resulting from the
defect, further confirming localized damage on the inner race.
The rotational speed directly influences the frequency of defect-
induced impacts in the time-domain signal, while the applied radial
load affects the vibration intensity—greater loads amplify the
interaction forces between the rolling elements and the defect.
Additionally, the waveforms presented in Figures 4, 5 exhibit
distinct impact signatures corresponding to the defect’s position,
aiding in defect identification. These distinct patterns arise from
the stationary nature of the outer race defect relative to the
moving rolling elements, further supporting accurate defect
classification.

Figure 6 presents the FFT spectrum for the vibration
response of a deep-groove ball bearing with a solo defect on
the inner race, recorded under operating conditions of 1,330 rpm
and a 5 kg radial load. The spectrum reveals key frequency
peaks, including the Rotational Frequency (fr) at 22.17 Hz
(marked by a red dashed line), the Ball Pass Frequency of the
Inner Race (BPFI) at 106.4 Hz (marked by a green dashed line),
and successive harmonics at 212.8 Hz (2×BPFI) and 319.2 Hz
(3×BPFI). The dominant peak at 106.4 Hz corresponds to the
BPFI, indicating periodic impacts caused by rolling elements
passing over the defect. The presence of harmonic peaks at
212.8 Hz and 319.2 Hz suggests repeated interactions with the
defect, which are characteristic of localized damage. The

occurrence of higher-order harmonics further implies either
an increase in defect severity or the presence of nonlinear
system behavior.

Figure 7 presents the FFT spectrum for the vibration response of
a deep-groove ball bearing with a solo defect on the outer race,
recorded under identical conditions (1,330 rpm and a 5 kg radial
load). Key frequency peaks include the Rotational Frequency (fr)
at 22.17 Hz (indicated by a red dashed line), the Ball Pass
Frequency of the Outer Race (BPFO) at 70.9 Hz (indicated by
a green dashed line), and its harmonics at 141.8 Hz (2×BPFO)
and 212.7 Hz (3×BPFO). The strong peak at BPFO (70.9 Hz)
confirms the presence of an outer race defect, distinguishing it
from an inner race defect, which would typically present a
dominant peak at the Ball Pass Frequency of the Inner Race
(BPFI) at 106.4 Hz. The absence of a prominent BPFI peak
further supports the diagnosis of an outer race defect.

The presence of rotational frequency (22.17 Hz) indicates minor
machine imbalance but is not indicative of an inner race fault. The
appearance of higher-order harmonics, such as 2×BPFO (141.8Hz) and
3×BPFO (212.7 Hz), suggests a significant nonlinear vibration response,
which often correlates with defect progression and increased severity.
The amplitude of these peaks reflects the intensity of impact forces
generated as rolling elements interact with the defect, with higher
amplitudes indicating greater defect severity.

This study proposed an intelligent reconfiguration and
optimization method for a modular process under customization.
However, the results do not guarantee absolute accuracy or error-
free outcomes. The inherent characteristics of the intelligent
optimization algorithm indicate that data accuracy may decrease
if errors occur in integer optimization, reorganization, or prediction
beyond the sample limit. The analysis revealed that the velocity
amplitudes at faulty frequencies were higher for solo defects on the
inner race under a 5 kg radial load, measuring 0.383 mm/s,

FIGURE 7
Time domain analysis of a deep-groove ball bearing with a solo defect in the outer race of the bearing at 1,330 rpm, under a 5 kg radial load.
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compared to 0.248 mm/s for two defects on the inner race under
identical load conditions. The strong correlation observed between
simulated and experimental results validates the reliability of this
faulty ball bearing model for analyzing and predicting vibrations in
both healthy and defective deep-groove ball bearings. Furthermore,
time-domain vibration analysis showed that the velocity amplitude
was greater for a solo defect on the inner race, recorded at 2.00 mm/s
under a 5 kg radial load, compared to 1.88 mm/s for two defects on
the inner race under the same load conditions.

The clear identification of characteristic defect frequencies
provides actionable insights for condition monitoring systems.
Implementing these findings in industrial setups can enhance
real-time fault detection, allowing operators to track bearing
health continuously. This methodology supports condition-based
maintenance (CBM) strategies, reducing unexpected failures and
optimizing machinery lifecycle. While the experimental findings
offer a robust framework for fault detection, practical
implementation faces challenges such as noise contamination in
complex industrial environments and the need for advanced
computational tools. Further research should focus on improving
signal processing techniques to isolate defect-specific frequencies
and enhancing cost-effective deployment of sensors in large-scale
operations. These findings hold significant potential across various
industries, including automotive, aerospace, and energy sectors,
where precision monitoring of rotating machinery is crucial. The
methodology can be adapted to monitor turbines, compressors, and
other high-speed components, thereby improving operational
reliability and safety.

A comparative assessment of time-domain and frequency-
domain results offers a comprehensive understanding of how
bearing defects influence vibration signals. Time-domain analysis
effectively captures vibration amplitude and periodic impulses,
while frequency-domain analysis identifies characteristic fault
frequencies and their harmonics, providing valuable diagnostic
insights. For a solo defect on the inner race (refer to Figures 4,
6), time-domain analysis indicates elevated vibration amplitudes,
measured at 2.00 mm/s under a 5 kg radial load. In contrast, the
frequency-domain analysis reveals a distinct peak at 106.4 Hz (Ball
Pass Frequency of the Inner Race, BPFI) along with its harmonics,
confirming both the defect’s presence and its location. Similarly,
for an outer race defect (Figures 5, 7), the presence of a peak at
70.9 Hz (Ball Pass Frequency of the Outer Race, BPFO) distinctly
identifies the defect’s position—information that cannot be solely
inferred from the time-domain waveform. Integrating both time-
domain and frequency-domain analyses significantly enhances
the accuracy of defect detection. Time-domain analysis provides
quick insights into vibration severity, while frequency-domain
analysis enables precise fault localization and monitoring of
defect progression. This combined approach is essential for
developing reliable condition monitoring systems in industrial
applications.

4 Conclusion

An experimental test rig was developed to analyze the
vibration characteristics of deep-groove ball bearings with
single and multiple defects under various radial load

conditions. Utilizing both time-domain and frequency-
domain analyses, distinct fault signatures were identified. In
healthy bearings, vibration peaks corresponded to the shaft
rotational frequency and cage frequencies, along with their
harmonics. Conversely, defective bearings exhibited
prominent peaks at the Ball Pass Frequency of the Outer
Race (BPFO) and Ball Pass Frequency of the Inner Race
(BPFI), including their harmonics. Notably, the velocity
amplitude at fault frequencies was higher for a single inner
race defect (0.383 mm/s) compared to two defects (0.248 mm/s)
under a 5 kg radial load. The strong correlation between
experimental and simulated results validates the efficacy of
this approach. This study underscores that vibration-based
analysis is a reliable method for detecting and classifying
bearing faults, offering valuable insights for condition
monitoring and maintenance strategies.

This study establishes a comprehensive framework for
diagnosing bearing defects by correlating experimental and
simulated vibration data. By identifying characteristic fault
frequencies—specifically, the Ball Pass Frequency of the Inner
Race (BPFI) and the Ball Pass Frequency of the Outer Race
(BPFO)—and their harmonics under varying load conditions, the
accuracy of defect detection is significantly enhanced. This research
contributes to the development of diagnostic methodologies capable
of distinguishing between inner and outer race defects, providing a
practical foundation for future condition monitoring systems. The
findings have direct implications for industrial applications,
particularly in enhancing predictive maintenance systems across
sectors such as manufacturing, automotive, and energy. By offering a
clearer understanding of vibration signatures, this research aids in
optimizing maintenance schedules, reducing downtime, and
extending the lifespan of critical machinery.

Future research could focus on integrating the proposed
diagnostic approach into real-time monitoring systems, utilizing
advanced machine learning algorithms for automated fault
detection and prediction. Exploring alternative optimization
techniques, such as deep learning models and hybrid algorithms,
may further improve the accuracy and efficiency of defect
identification in complex environments. Additionally, expanding
the analysis to include multi-axis vibration measurements could
provide a more comprehensive assessment of bearing health.
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