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Rotor imbalance and misalignment are among the most common sources of mechanical vibrations, often leading to
unplanned downtime and costly failures in industrial machinery. This study presents the design, development, and
experimental validation of a modular rotating machinery test bed that enables controlled fault introduction and high-
fidelity vibration monitoring. By integrating precise mechanical design with Fast Fourier Transform (FFT) analysis,
the platform reproduces representative industrial fault signatures. Experimental results demonstrate the system's
capability to isolate 1X and 2X vibration components, while corrective actions reduce vibration levels to acceptable
ranges referenced to ISO 10816. The test bed provides an experimental foundation for condition monitoring,
predictive maintenance research, fault diagnostics, and future Industry 4.0 applications, including Al-driven
monitoring and digital twin frameworks.
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HIGHLIGHTS

— High-Precision Modular Design: Development of a modular test bed using CNC machining to ensure a high
Signal-to-Noise Ratio (SNR), enabling high-fidelity reproduction of industrial fault signatures without parasitic
noise.

— Clear Fault Decoupling: Experimental validation of the distinct separation between 1X (imbalance) and 2X
(misalignment) spectral components, providing high-quality labelled datasets for Al-driven predictive
maintenance and digital twins.

—  Structural Stability and Compliance: Modal and dynamic analysis confirms a high Resonance Safety Factor
(RSF = 12.7), ensuring system stability while corrective actions restore vibration levels to ranges referenced

to ISO 10816.
NOMENCLATURE
1X: Spectral component at the fundamental rotational 2X: Second harmonic of the rotational frequency
frequency (imbalance related) (misalignment related)
K : Stress concentration factor [dimensionless] T: Calculated shear stress [N/mm2]
Rpg: Allowable shear strength [N/mm2] Al : Artificial Intelligence
d : Shaft diameter [mm] CM : Condition Monitoring
fserv: Service or operating frequency [Hz] CNC : Computer Numerical Control
fn1: First natural frequency (fundamental mode) [Hz] FFT : Fast Fourier Transform
v: Vibration velocity [m/s] RSF : Resonance Safety Factor
a: Vibration acceleration [m/s2] SNR : Signal-to-Noise Ratio
w: Angular frequency [rad/s] RMS : Root Mean Square

1 Introduction

Rotating machinery constitutes the backbone of modern industrial production systems, with applications ranging from
power generation to manufacturing and material processing. Faults in such machinery can lead to unexpected
downtime, reduced efficiency, and costly repairs. Previous studies indicate that up to 80% of vibration-related failures
are due to rotor imbalance [1,2], highlighting the critical importance of early detection and intervention.

From a diagnostic perspective, rotor imbalance primarily manifests as a dominant 1X frequency component, whereas
shaft misalignment produces higher-order harmonics, particularly the 2X component [3,4]. These spectral features

underpin vibration-
practice to anticipate failures and optimize maintenance schedules [3].
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With the advent of Industry 4.0, there is an increasing demand for experimental platforms capable of generating high-
quality, labelled datasets suitable for machine learning and Al-driven predictive maintenance [5,6]. However, many
existing test benches and experimental studies face limitations including measurement noise, parasitic vibrations,
and overlapping fault signatures, which can obscure actual fault signals and reduce the reliability of Al training
datasets [7,8].

The present study addresses these challenges by developing a modular rotating machinery test bed that combines
rigorous mechanical design, high-precision CNC fabrication, and dynamic neutrality. Unlike previous works, the
platform allows the independent or simultaneous introduction of mechanical faults such as rotor imbalance and
misalignment while maintaining a dynamically clean baseline. This enables clear separation of spectral components,
high signal-to-noise ratio (SNR), and reproducible vibration signatures, making the platform particularly suited to
physics-informed Al validation [6-9].

The contribution of this study is the development and experimental validation of a high-fidelity experimental platform
that bridges classical rotor dynamics and practical diagnostics and provides a controlled basis for condition
monitoring and future Industry 4.0 applications, including digital twins and intelligent predictive maintenance systems.

2 Materials and methods

2.1 System architecture and mechanical design

The test bed was designed for modularity, allowing independent or combined introduction of mechanical faults. The
system consists of three main blocks:

—  Drive Unit: A 1.5 kW motor (1) delivers power via a flexible coupling (6) to reduce or simulate coupling-related
vibrations.

— Transmission Assembly: This includes a precision shaft (3) supported by pillow block bearings (4, 5, 10) and
modular balancing discs (11) for precise mass adjustment [2].

— Load Subsystem: A toothed belt drive (9) connecis to a speed reducer (2) and a manual flywheel (12),
simulating variable load conditions.

Figure 1 shows (schematic showing motor, coupling, shaft, bearings, balancing discs, belt, speed reducer, flywheel).

Fig. 1. Architecture of the rotating machinery test bed
2.2 Structural integrity and stress analysis

The shaft was designed using standard torsion and bending formulas [8,9], with the safety criterion:

T.K = Ry, (1)
where T is shear stress, K the stress concentration factor, and Rpg the allowable shear strength.
Torsional stress verification confirms a high safety margin (Table 1).

Table 1. Torsional stress verification

Section diameter d (mm) Calculated shear stress T1(N/mm?) Safety criterion 1-K < Rpg Status
25 1.612 4.35 Safe
30 0.933 2.51 Safe
40 0.324 0.87 Safe

Static equilibrium analysis, illustrated in Figure 2, identified the mid-span (250—450 mm) as the critical section due to
the peak load distribution.
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Fig. 2. Internal forces and bending moment distribution along the main shaft

The structural analysis confirms a robust design; with an equivalent bending stress of only 6.67 N/mm? against a
yield strength of 355 N/mm?, the shaft maintains a substantial safety margin. This ensures that the system remains
within the elastic domain during dynamic trials, preventing permanent deformation or fatigue-related failure.

The mid-span region is therefore identified as the critical section, although the calculated stresses remain far below
the yield strength, ensuring predominantly elastic behaviour.

2.3 Manufacturing and assembly

2.3.1 High-precision machining

All rotating parts were fabricated using CNC turning and milling to minimize parasitic vibrations [1,3,4]:
— CNC machining: Used to minimize eccentricity and circularity errors.
— Keyway tolerances: Precisely machined for reliable torque transmission and to prevent backlash.

2.3.2 Assembly and dynamic neutrality

The assembly procedure incorporated:
— Balancing discs: Used to correct residual unbalance and promote smooth operation.
— Signal integrity: High SNR was targeted so that vibration signals primarily reflected intentional faults rather
than parasitic effects [6,7,10].
The measured vibration can be conceptually represented as

Viotal = Vfault + Vparasitic (2)
Minimizing parasitic vibrations ensures reliable diagnostics.

The equation (2) indicates that the measured vibration is the combined effect of the vibration generated by the fault
and unwanted parasitic vibrations or noise from other sources.

2.4 Experimental validation and signal acquisition

To validate the performance of the proposed rotating machinery test bed, a series of controlled vibration
measurements was carried out under laboratory conditions. The experimental setup was designed to reproduce
representative fault conditions, including rotor imbalance and shaft misalignment, while maintaining repeatable
operating conditions. All experiments were performed under continuous operator supervision, and the rotating
components were operated within their design limits in accordance with standard laboratory safety procedures.

The vibration signals were acquired using ASH 201 high-sensitivity piezoelectric accelerometers with a nominal
sensitivity of 100 mV/g. The accelerometers were mounted on the pillow block bearings using magnetic bases and
positioned to measure vibrations in two orthogonal directions (horizontal and vertical). The sensors have a
measurement bandwidth of 2 Hz—10 kHz, a resonance frequency above 20 kHz, a measurement range of +80 g, and
an operating temperature range from -20 °C to +120 °C, with the upper limit depending on cable characteristics.
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The vibration signals were sampled at 2000 Hz, providing sufficient frequency resolution for detecting the
fundamental and harmonic components of machine vibration. The signals were processed using the Fast Fourier
Transform (FFT) to identify dominant spectral components and diagnose mechanical faults.

All experimental measurements presented in this study were performed at a constant rotational speed and under a
fixed mechanical load. This operating condition was intentionally selected to isolate vibration signatures associated
with rotor imbalance and shaft misalignment and to ensure high repeatability of the acquired signals. The influence
of varying torque and load conditions on fault signatures is therefore outside the scope of the present experiments
and is identified as future work.

3 Results and discussion

3.1 Experimental validation and FFT analysis

Figure 3a presents the FFT spectrum under the faulty condition. A dominant 1X peak at 25 Hz indicates rotor
imbalance, while a secondary 2X peak at 50 Hz suggests shaft misalignment. The high amplitude levels indicate a
severe machine condition according to the ISO 10816 reference used in this study.
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Fig. 3a. Faulty-condition FFT spectrum showing the 1X and 2X components

Figure 3b presents the spectrum after corrective maintenance. The 1X and 2X components are significantly
attenuated, demonstrating the effectiveness of balancing and alignment.
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Fig. 3b. FFT spectrum after correction

Figure 3c provides a comparative view before and after maintenance, highlighting the attenuation of the dominant
frequency components.
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Fig. 3c. Comparative FFT before/after correction

The comparative spectrum clearly highlights the attenuation of vibration energy at the fundamental (1X) and harmonic
(2X) frequencies. The results confirm the diagnostic interpretation used in the present controlled experiments:

— 1X — imbalance

— 2X — misalignment
The clear identification and separation of these components demonstrate the sensitivity of the test bed and its ability
to reproduce controlled fault signatures.
3.2 Diagnostic performance

Baseline measurements and the corresponding spectrum (Figure 4) revealed:
- 1X (25 Hz): 10.61 mm/s, associated with severe imbalance.
—  2X (50 Hz): 6.0 mm/s, associated with misalignment.
These measurements indicate a severe fault condition according to the ISO 10816 reference [9].

Experimental FFT Spectrum (Reconstructed from Measured Data)
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Fig. 4. Initial vibration spectrum

- machined
test bed can produce sufficiently distinct spectral components for diagnostic analysis.
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The fundamental frequency is determined from the rotational speed:
f=RPM/60=>f=1500/60=25 Hz
This provides a reliable operating-frequency baseline for subsequent fault-propagation and maintenance studies.

The interpretation of 1X and 2X is based on the controlled experimental conditions. These components are not, by
themselves, unique identifiers of imbalance and misalignment; additional diagnostic information such as phase, axial
vibration, and orbit analysis can further improve fault discrimination [1,4,11].

3.3 Optimization and maintenance strategy

To demonstrate the bench's utility as a high-fidelity maintenance research tool, dynamic balancing and laser-assisted
alignment were performed [4,8]. Table 2 summarizes the effectiveness of the corrective actions.

Table 2. Vibration level analysis: pre- and post-correction results

Peak Component Initial (mm/s) Post-Correction (mm/s) Condition Assessment
1X Peak (Imbalance) 10.61 21 Good
2X Peak (Misalignment) 6.00 1.5 Acceptable

The overall RMS vibration level reported in this study corresponds to the global vibration velocity measured directly
by the vibration analyzer over the entire acquisition interval. This value is used to assess machine condition according
to ISO 10816, whereas the FFT spectra present the amplitudes of individual frequency components such as 1X and
2X. Consequently, the overall RMS value should not be interpreted as the arithmetic sum of the spectral peak
amplitudes.

As shown in Fig. 5, the comparative FFT spectra clearly illustrate the reduction in vibration amplitudes following the
balancing and alignment correction procedures. The reduction of the spectral peaks demonstrates the system's
responsiveness to standard industrial maintenance protocols. In particular, the corrective actions reduced the
measured 1X component from 10.61 to 2.1 mm/s and the 2X component from 6.00 to 1.5 mm/s. These results confirm
the effectiveness of the corrective procedures and support the use of the proposed test bed for condition-monitoring
research and controlled maintenance experiments.
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20 1 8 -
0 X
L 25 Hz
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[] 1 1 Il ' i
0 10 20 40 60 80 100 0 10 20 40 60 80 100
Frequency (Hz) Frequency (Hz)
— Before Balancing —— After Balancing

Fig. 5. Comparative FFT analysis illustrating the significant reduction in vibration amplitudes following balancing
and alignment correction

3.4 Fault decoupling and Al validation

The test bed was designed to allow controlled introduction of faults on the CNC-machined shaft. This setup enables
clear separation of the 1X fundamental and 2X harmonic frequency components, which correspond to rotor
imbalance and shaft misalignment, respectively, under the controlled conditions of this study. By isolating these
spectral signatures, the system provides high-quality labelled datasets for the development and validation of Al
diagnostic models [6,7,10,12].

The primary objective of the present study is the development and experimental validation of the test bench together
with the generation of a high-quality labelled vibration dataset, rather than the implementation of a specific artificial
intelligence model. The acquired database can nevertheless serve as a benchmark for future machine-learning and
deep-learning applications. After signal acquisition and preprocessing, the vibration data can be used for feature
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extraction or directly processed by data-driven algorithms such as Convolutional Neural Networks (CNNs) and
Recurrent Neural Networks (RNNs) for automated fault classification and predictive maintenance.

The main advantages of the proposed test bed compared with the general characteristics reported in recent literature
are summarized in Table 3. In particular, the platform provides improved data clarity through precision CNC
manufacturing, controlled fault conditions, and distinct spectral signatures. These characteristics facilitate the
interpretation of vibration features and provide a more controlled basis for subsequent Al-based diagnostic studies.

Table 3. Comparative advantages of the test bed

Feature Recent Literature (General) Present Study

Often "noisy" due to parasitic vibrations High SNR (Signal-to-Noise Ratio) via CNC

Data Clarlty [1 1] preCiSion.

Overlapping signatures complicate

Fault Identification !
analysis.

Clear decoupling of 1X and 2X components.

Al Integration Focus on purely data-driven models [12]. | Focus on Physics-Informed validation for Al.

As highlighted in Table 3, the principal contribution of the proposed platform is not the implementation of a specific
Al algorithm but the provision of a controlled and experimentally validated data-generation environment. The
structured experimental approach is intended to ensure that vibration signals predominantly reflect intentional faults,
thereby reducing noise and ambiguity in the datasets. Consequently, the generated data can support the investigation
of correlations between spectral features and fault types and can be used in subsequent Al validation studies.

The controlled environment with clean spectral separation bridges classical rotor dynamics and machine-learning
frameworks and provides a useful experimental and educational platform.

It should be emphasized that 1X and 2X frequency components are not unique to rotor imbalance and shaft
misalignment. Their interpretation in the present work relies on controlled fault experiments and on the observed
reduction of the corresponding spectral peaks after balancing and alignment. Additional diagnostic techniques, such
as phase analysis, axial vibration measurements, and orbit analysis, could further improve fault discrimination and
will be considered in future developments.

Beyond fault diagnosis, the proposed experimental platform provides a foundation for future predictive-maintenance
research. By progressively introducing controlled levels of rotor imbalance, shaft misalignment, bearing degradation,
or other mechanical faults, the test bed could generate long-term degradation trajectories and labelled time-series
datasets representative of equipment ageing. Such datasets could support the development and validation of
prognostic algorithms dedicated to Remaining Useful Life (RUL) estimation. These long-term degradation
experiments are beyond the scope of the present study.

3.5 Structural safety and resonance assessment

To further assess the reliability and robustness of the developed rotating machinery test bed, a structural safety and
resonance assessment was conducted. The analysis combines experimental vibration measurements with numerical
modal modelling to assess the dynamic response under typical operating conditions. The objective is to verify that
the test bed remains structurally safe, avoids primary resonance, and provides reliable conditions for fault-
reproduction experiments.

3.5.1 Resonance margin evaluation

The nominal operating frequency of the system is defined as:
fserv = 25 Hz 3)
corresponding to 1500 rpm
From ANSYS modal analysis, the first natural frequency is:
fn1=318.5 Hz
The Resonance Safety Factor (RSF) is calculated as:
RSF=fn1/fserv=318.5/25=12.74

The first natural frequency is therefore more than 12 times higher than the excitation frequency, indicating that the
system operates far from its primary resonance region. The study uses a ratio greater than 1.25 as a practical
separation criterion; under this criterion, the test bed is dynamically stable under nominal conditions [8,12].

Figure 6 presents a schematic representation of the resonance margin evaluation based on the experimentally
identified operating frequency and the first natural frequency obtained from the finite element modal analysis. It is
intended to illustrate the frequency separation rather than to present the complete modal analysis results.
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Fig. 6. Schematic showing operating frequency, first bending mode, and harmonic interactions

Although the primary mode is safely separated from the operating frequency, higher-order harmonics generated by
imbalance and misalignment can approach local natural frequencies, potentially causing localized stress
amplification [8,9,11,12].

Based on the experimental measurements:
— Measured vibration velocity: v=0.021 m/s
— Corresponding angular frequency: w=2mf=21x25~157 rad/s
— Resulting acceleration: a=v-w=0.021x157=3.3 m/s2

This local dynamic excitation may increase cyclic stresses in critical shaft regions, emphasizing the importance of
monitoring harmonic interactions for long-term fatigue assessment [3,4].

The combination of numerical and experimental data indicates that the test bed is globally safe under the investigated
nominal conditions, while localized dynamic effects should nevertheless be considered when designing experiments
or validating predictive-maintenance models.

3.5.2 Experimental visual validation

Photographs of the test bench complement the experimental results by illustrating the structural configuration and
the dynamic behaviour of the system und

a) b) c)

Fig. 7. a) Overview of the rotating machinery test bed including the motor, shaft, bearings,and balancing system, b)
and c) Test bench running at 25 Hz to show how the rotating parts behave under normal conditions

As shown in Figure 7 a), the modular design allows easy access to all components, facilitating fault introduction and
measurement. Figure 7 b) and c) highlights the system behaviour during operation at 25 Hz, confirming stable rotation
and the absence of excessive vibration after balancing. These visual observations are consistent with the measured
vibration signals and FFT analysis presented earlier.

These observations further validate the reliability and robustness of the proposed test bench, leading to the following
conclusions.
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The photographs are provided solely to illustrate the experimental setup and the main components of the test bench.
They are not intended to demonstrate vibration levels or rotational stability, which are assessed exclusively through
the vibration measurements and FFT analysis.

4 Conclusions

This study presented the development and experimental validation of a modular rotating-machinery test bed designed
for controlled fault reproduction and condition-monitoring research. The proposed platform combines a robust
mechanical architecture, precision CNC manufacturing, and reliable vibration instrumentation, providing a controlled
and repeatable environment for investigating rotor imbalance and shaft misalignment, either independently or
simultaneously. The modular configuration facilitates the generation of well-defined fault conditions while minimizing
geometric imperfections and parasitic vibrations, thereby improving the quality and reproducibility of the acquired
vibration signals.

Experimental results demonstrated the effectiveness of the platform for fault identification using FFT-based vibration
analysis. Under the investigated operating conditions, the rotational frequency of 25 Hz was clearly identified as the
1X component associated with rotor imbalance, while the 50 Hz component (2X) was associated with shaft
misalignment. Following corrective actions, the vibration amplitude associated with imbalance decreased from 10.61
to 2.1 mm/s, whereas the misalignment-related component decreased from 6.00 to 1.5 mm/s. These reductions
confirm the effectiveness of dynamic balancing and shaft alignment and demonstrate the capability of the proposed
test bed to reproduce, identify, and quantify characteristic fault signatures.

The structural assessment further confirmed the mechanical safety of the platform under the investigated operating
conditions. The first natural frequency was determined to be 318.5 Hz, substantially higher than the 25 Hz operating
frequency, resulting in a Resonance Safety Factor (RSF) of approximately 12.74. This large frequency separation
indicates a low risk of global resonance during normal operation. Nevertheless, higher-order harmonics generated
under severe fault conditions may interact with local structural modes; therefore, harmonic monitoring remains
important for future fatigue and long-term durability investigations.

Overall, the developed test bed provides a high-fidelity and reproducible experimental platform for rotating-machinery
condition monitoring. Its ability to generate controlled and labelled vibration datasets makes it particularly suitable for
the development and validation of data-driven and Al-based predictive-maintenance methods. The platform also
provides a foundation for future prognostic studies involving progressive levels of imbalance, misalignment, bearing
degradation, and other mechanical faults, enabling the generation of degradation trajectories for Remaining Useful
Life (RUL) estimation. Although such long-term degradation experiments, variable-load conditions, and
complementary measurements such as phase, axial vibration, and orbit analysis are beyond the scope of the present
study, they represent natural extensions of the proposed framework. Consequently, the test bed bridges conventional
rotor-dynamics experimentation with emerging Industry 4.0 applications, including intelligent condition monitoring,
digital twins, and predictive maintenance.
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