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ABSTRACT

Machine learning-based condition monitoring of mechanical
systems, such as bearings, employs two primary approaches:
unsupervised and supervised methods. Unsupervised approaches
aim to characterize the healthy state of the machine and mon-
itor deviations from this state. The advantage lies in requiring
only the health condition of the component without the need
for historical data until breakdown. However, the disadvan-
tage is the lack of information regarding the root cause of any
potential malfunction. On the other hand, supervised meth-
ods consider both healthy and faulty cases, aiming to max-
imize the difference between them through post-processing,
as well as among different fault types. The advantage is the
ability to analyze the specific signature of a particular fault
type. Nonetheless, the disadvantage is that available data usu-
ally do not cover all possible faults that may occur. Typically,
obtaining a faulty bearing involves either a time-consuming
run-to-failure test or the artificial induction of faults using
drills, electro-discharge pens, etc. While artificial faults of-
fer a quicker procedure, they often fail to replicate real faults
faithfully. This paper suggests using picosecond laser tech-
nology to engrave the surface of the bearing and create artifi-
cial faults. Modern laser technology allows for precise con-
trol over the dimensions of injected faults, enhancing the un-
derstanding of fault progression at various stages in the life
of bearings. These measurements are crucial parameters for
evaluating the robustness of diagnostic algorithms. This pa-
per focuses on artificially damaging a ball bearing used in
an independent cart systems application, which comprises a
fleet of linear motors moving on the same rail. These sys-
tems have recently been proposed by different manufactur-
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ers and adopted in the field of packaging machines for their
flexibility. For such systems, no prior instances of faulted
bearings are available, and the size of a real fault is also un-
known. Hand-made faults with drills did not produce dis-
cernible faults appreciable in post-processing of the data. There-
fore, a picosecond laser with a pulse duration of 10 ps and a
maximum energy per pulse of approximately 100 µJ is uti-
lized to create a set of test bearings with increasing fault sizes
on the outer race. Post-processing of the data enables the
qualification of the minimum fault severity detectable in this
specific application.

1. INTRODUCTION

The emerging technology of independent cart systems com-
prises a fleet of linear motors that operate on a shared track
and can be controlled individually and independently. Unlike
conventional motors, where the stator and rotor are enclosed
within the same frame, linear motors feature a completely
detached rotor. In this design, the fixed frame of the mo-
tor serves as the stator, with coils evenly distributed along the
track, while the single cart functions as the movable part, con-
taining permanent magnets positioned above the coils, along
with a set of bearings. The cart, while crucial, is a completely
passive component of the system. It interact with the chang-
ing magnetic field of the motor coils, moving in synchroniza-
tion with the magnetic field pattern.

Independent cart systems stand poised to revolutionize tradi-
tional conveyor belts. Offering a range of benefits such as in-
creased flexibility and dynamic capabilities, independent cart
systems are proving to be ideal solutions for a wide range
of industrial and motion control applications. Comprising
modular components such as linear motors, guide rails, and
control circuitry, these systems offer adaptability and effi-
ciency. Linear motors within independent cart systems are
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available in both straight and curved modules, allowing for
diverse path configurations tailored to specific industrial re-
quirements. Across industries, various iterations of indepen-
dent cart systems are being deployed, each with distinct fea-
tures in guide rail and cart design. Depending on applica-
tion needs, guide rails may either attach directly to linear
motors (Jabbar, D’Elia, & Cocconcelli, 2023; Jabbar, Coc-
concelli, D’Elia, & Strozzi, 2023) or form a separate bed par-
allel to them (see figure 2), a brief description of such a sys-
tem with parallel guide rail can also be found in (Cavalaglio
Camargo Molano, Capelli, Rubini, Borghi, & Cocconcelli,
1968). Similarly, cart and bearings can take on different con-
figurations to suit specific application requirements. For ex-
ample, in a previous study (Jabbar, D’Elia, & Cocconcelli,
2023; Jabbar, Cocconcelli, et al., 2023), the authors have de-
scribed setups where guide rails are directly attached to lin-
ear motors, with options for 12 or 6 bearings featuring plas-
tic outer races. One significant advantage of independent
cart systems is their ability to define the entire track in sta-
tions, enabling the accommodation of distinct speed profiles
for each cart along every station.

Despite the considerable benefits that these systems offer over
conventional conveyors, economic concerns remain. To date,
the high cost and substantial upfront investment required for
independent cart systems present challenges to their widespread
adoption. To ensure economic viability, it is imperative that
these systems operate flawlessly. Thus, the implementation of
robust condition monitoring measures is crucial for their sus-
tained performance. Although independent cart systems are
rapidly replacing conveyor belt systems, there has been a lack
of studies focused condition monitoring of such systems. Due
to the confidentiality surrounding these systems, often pro-
tected by non-disclosure agreements, there is no repository
or public database where vibration, acoustic, or other data re-
lated to independent cart systems is available for conducting
condition monitoring. Consequently, to the best of the au-
thors’ knowledge, there has been no research conducted on
condition monitoring of the independent cart systems. This
scarcity of research and data necessary for condition mon-
itoring serves as a primary motivation for this study. Fur-
thermore, another motivation for this research stems from the
inherent challenges associated with monitoring the condition
of such systems.

Condition monitoring of the independent cart systems presents
a formidable challenge for several reasons. Firstly, it is a
highly non-synchronous system, with speed variations rang-
ing from a few millimeters per second to several meters per
second. For instance, the system under study can achieve
cart’s speed of up to 4 meters per second. Additionally, the
system supports speed reversal, allowing for changes in di-
rection. Furthermore, with the addition of every cart to the
fleet, the number of bearings increases by three. Given that
each cart contains three bearings and there are hundreds of

bearings in the fleet, monitoring the condition of the indepen-
dent cart systems becomes complex. This monitoring process
can be divided into several steps: firstly, identifying if there
is a fault; secondly, determining the type of fault (such as
inner race, outer race, ball fault, etc.); thirdly, distinguish-
ing whether the top bearing is faulty or the bottom one; and
fourthly, localizing the cart carrying the faulty bearing. Un-
derstanding the behavior of the vibration signal in the case of
a top bearing fault is also intriguing. This is because there
is a pair of bearings with exactly the same dimensions and
dynamics supporting the same movement.

There are several bearing datasets available, including the In-
telligent Maintenance Systems (IMS) dataset (Lee, Qiu, Yu,
& Lin, 2007), the Case Western Reserve University (CWRU)
dataset (Bearing Data Center, Case Western Reserve Univer-
sity (CWRU), n.d.), and the IEEE Dataport bearing dataset
(B. Hu, 2023). These datasets serve as benchmarks for testing
and evaluating new condition monitoring algorithms. How-
ever, these datasets primarily focus on conventional configu-
rations where the bearings are fixed around a shaft. In con-
trast, in independent cart systems, the bearings not only ro-
tate but also translate along the path defined by a set of linear
motors. This introduces a significant departure from conven-
tional setups. Additionally, the linear motion of the cart is
often highly non-synchronous, resulting in non-synchronous
rotational speeds of the bearings. Furthermore, the possibil-
ity of instant speed reversal further complicates the dynamics
of the system. Given these differences, there is a clear need
for new datasets specifically tailored for the condition moni-
toring of such industrial systems. These datasets would need
to capture the unique characteristics and challenges posed by
the operation of bearings within independent cart systems.

Data-driven modeling has emerged as a valuable approach
that can complement traditional signal processing techniques,
offering a robust methodology for uncovering insights from
complex datasets. This methodology involves leveraging ma-
chine learning algorithms to discern patterns and anomalies
within the data. While implementation requires expertise in
both data preprocessing and machine learning, the benefits of
this approach can be significant. In light of these advantages,
researchers have explored the integration of machine learning
algorithms for bearing fault classification, alongside classical
signal processing techniques. A diverse array of algorithms
has been deployed for this purpose, encompassing Long Short
Term Memory (LSTM)((Walther & Fuerst, 2022), (Y. Hu et
al., 2022)), Autoencoders ((K. Cheng RC.and Chen, 2022),
(R.-C. Cheng, Chen, Liu, Chang, & Tsai, 2021)), Support
Vector Machines (SVM) ((Sun & Liu, 2023), (Y. Fan, Zhang,
Xue, Wang, & Gu, 2020)), Artificial Neural Networks (ANN),
Convolutional Neural Networks (CNN), Deep Learning (DL),
Transfer Learning (Wan et al., 2022), Anomaly Detection
(Z. Fan et al., 2023), and the K-means clustering algorithm
(Yiakopoulos, Gryllias, & Antoniadis, 2011), among others.
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Although this list is not exhaustive, it underscores the breadth
of approaches available for analysis. By combining these var-
ious methodologies, researchers aim to construct more pre-
cise and reliable models for machine condition monitoring.
Through this integration, the potential for accurately identi-
fying and predicting faults in machinery is significantly en-
hanced.

Machine learning-based condition monitoring of mechanical
systems relies heavily on data. To amass a large dataset, it’s
essential to gather a vast array of data encompassing various
degrees of faults and experimental conditions. Achieving this
requires the creation of artificial faults through specific meth-
ods. Artificially injecting faults poses challenges, particularly
when it comes to ensuring repeatability and control over the
size of the fault. Traditional methods such as cutting tools
or drill mills may lack accuracy, and be limited by the high
hardness of the materials employed for bearings, in particu-
lar, when attempting to damage different parts of the bearing
with varying fault sizes. Consequently, manually employing
these tools often results in irregular fault sizes and dimen-
sions. In contrast, laser injection offers a solution that pro-
vides repeatability and precise control over fault dimensions.
By utilizing laser technology, faults can be consistently cre-
ated even in very high strength material with accurate control
over their size and shape, ensuring greater consistency and
reliability in experimental conditions.

The rest of the paper is structured as follows. Section 2 pro-
vides insights into the experimental setup of the independent
cart system, including the cart and bearing configuration. Fol-
lowing this, Section 3 elaborates on the setup involving pi-
cosecond laser technology. In Section 4, the paper delves
into the specifics of the experimental campaign. Moving for-
ward, Section 5 presents preliminary results derived from the
conducted experiments. Finally, conclusions drawn from the
study are discussed in Section 6.

2. INDEPENDENT CART SYSTEM AND EXPERIMENTAL
SETUP

The experimental setup for the independent cart system uti-
lized in this study comprises eight straight motor modules,
two curved modules, and a total of 12 carts. Each straight mo-
tor module features a 250-millimeter (mm) long stator, while
the stator of the curved module measures 500 mm in length.
Consequently, the combined length of the track defined by
the 10 motor modules totals 3000 mm (see figure 1). With
the system’s capability to program each cart independently
for a desired travel path, provided there are no collisions be-
tween carts, experiments were conducted with varying num-
bers of carts. Each cart, measuring 50 mm in length, consists
of five pairs of permanent magnets and is equipped with a set
of three rolling-element bearings as shown in figures 3 and 4.
The two top bearings share identical geometry, with an exter-

Figure 1. The independent cart system with Parallel guide
rail.

nal diameter of 25 mm, while the bottom bearing is slightly
larger, with an external diameter of 35 mm. These bearings
ensure secure attachment of the cart to the guide rail, which
runs parallel to the linear motor modules (see figure 2). The
motor modules are outfitted with coils that generate magnetic
field patterns, enabling the system to achieve the desired tra-
jectory and motion profile for each cart.

To acquire vibration data, five vibration sensors were strate-
gically installed at various locations throughout the system’s
geometry, as depicted in the figure 1. Among these sen-
sors, three are monaxial, each with different sensitivities (e.g.,
10mv/g and 100mv/g). The remaining two sensors are triax-
ial and are directly mounted onto the guide rail near the left
and right sides of the system, with each axis exhibiting a sen-
sitivity of approximately 10mv/g.

3. PICOSECOND LASER

An EKSPLA Atlantic 50 picosecond laser source was used
to damage the bearings. It’s a picosecond laser source which
generates a Gaussian beam profile at the IR wavelength of
1064 nm. This kind of laser source produces ultrashort pulses
in the picosecond regime thus allowing to ablate the inner
(and the outer) race by creating a very precise in shape grooves
without limitations in terms of hardness of the material to be
harmed. The laser beam diameter in the focal position settled
at ϕ ≈ 10 µm, evaluated at 1/e2 intensity. A dedicated opti-
cal path for the IR wavelength allowed the laser beam exiting
from its source to be delivered to the scanning head. This is
a Raylase Supercan IV galvanometric scanner copuled with
an 80 mm F-theta lens thus allowing a square working area
with a side of 39 mm. The remaining movements, outside
the above scan area, were instead guaranteed by the transla-
tion, in X and in Y- direction, of a stage on which the bear-
ings to be damaged were placed. The translation of Z axis
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Figure 2. The parallel guide rail.

allowed to damage the bearings by working at the correct fo-
cal height. The entire system set up in BrightLab laboratory
of the DISMI Department is shown in Figure 5. Preliminary
tests were conducted to evaluate the response of the material
to the infrared radiation. These tests allowed us to correctly
identify, and define, all the process parameters to be able to
carry out damage with specific geometry, dimension and pre-
scribed depth. The adopted laser parameters are summarized
in Table 1.

Table 1. Laser parameters used during experiments.

Parameter Unit of Measure Value
Wavelength, λ nm 1064

Average Output Power, P W 13.32
Pulse Frequency, f kHz 300

Pulse energy, E µJ 44.4
Pulse duration, τ ps 10
Pulse fluence, F J/cm2 56.56
Line spacing, s µm 5

Marking speed, vs m/s 1
Number of passes on each groove, p 150

Figure 3. System’s cart configuration.

4. EXPERIMENTAL CAMPAIGN

The experimental campaign can be divided into two main cat-
egories: fault injection and vibration data acquisition, with
and without the presence of bearing faults. Fault injection
campaigns, furthermore, can be categorized into two main
types: those that do not involve dismantling the bearings and
those that involve disassembled bearings. Initially, our ap-
proach aimed to create faults in bearings without the need for
dismantling, utilizing Lab-available drill mill. However, due
to the limited flexibility in maneuvering of the drill mill head
caused by the close proximity of the bearing’s inner and outer
races, the faults injected were predominantly of an incipient
nature. Consequently, these faults failed to fully encompass
the entire grooves of the inner and outer races. Henceforth,
these faults will be referred to as incipient fault types throught
the remainder of this paper. Subsequently, we explored an
alternative method using the EKSPLA Atlantic 50 picosec-
ond laser to create faults in the bearings without disassembly.
This approach allowed to reach controlled fault while entail-
ing a challenging method to perform the damage of the bear-
ing parts. The main difficulties were found in the creation
of damage both in the inner race and in the outer race of the
bearing and they referred to the following two aspects. The
first is linked to the shielding effect of the laser radiation that
some components of the non-disassembled bearing may have
on the area that needs to be damaged. This inconvenience
also occurred when specific supports were used to correctly
orient (and strongly tilt) the bearing (e.g. the internal race
didn’t always allow the defect to be created in the external
race in its entire axial extension due to the shielding effect
performed). Instead, the second considered the need to create
a groove with a predetermined depth on a strongly inclined
component due to the considerations previously anticipated.
To overcome these limitations, and also to be robust in ob-
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Figure 4. Cart’s bearing configuration.

Figure 5. A schematic of the laser ablation system.

taining the damage on the various component of the bearings
comparable to what was achieved on preliminary planar tests,
an evaluation of the allowable depth of focus was required.
In particular, by considering a beam quality factor M2 of 1.5
and a laser beam diameter (evaluated at 1/e2 intensity) on the
lens of D0 = 14mm, have been calculated:

• Rayleigh length zf , as the distance from the beam waist
where the beam radius is increased by a factor of the

√
2:

zf =
π
(
D0

2

)2

M2λ
≈ 100 µm (1)

• Depth of Field (D.O.F.), as the distance either side of the
beam waist, D0, over which the beam diameter grows by
5%

Figure 6. Pico-second laser beam profile

D.O.F. = ±0.08πD2
0M

2λ ≈ 118 µm (2)

The modest value of the depth of Field (D.O.F.), which settles
at 118 µm for our laser, did not allow for damaging the bear-
ing components in a single laser pass. Therefore, a multi-pass
approach was needed. This methodology involves focusing
the laser beam on a target zone of the component that needs
to be damaged. The process carried out is characterized by
reaching the prescribed depth in the area where the laser was
focused, and by unworked areas where the laser was unable
to completely deposit its energy and properly ablate the ma-
terial. The processing area can therefore be limited to a rect-
angle having as its height the depth of field previously calcu-
lated. The areas not included within this height will instead
remain untreated due to the unfocused conditions. An incre-
mental increase in depth is needed and allowed by varying
the height of the galvanometric head (and correspondingly
recovering the X position by advancing with the XY table). In
this way, by focusing on a lower area, further ablation pro-
cessing is possible. The process is performed continuously
until the intended damage shape is achieved. The reached
depth had a tolerance of ±0.15 mm from the nominal shape.
Finally, to fully overcome the limitations related to the first
issue explained above, the bearings were completely disman-
tled. This way, individual parts of the bearing were fully
exposed, facilitating controlled fault injection. The damage
process was unaffected by the presence of, for instance, balls
between the inner and outer races, which obscured the area
to be damaged. Thus, better and more precise flat-bottom
grooves were created using the multi-pass criteria mentioned
above. An optical microscope (Mod. Nikon LV100ND), was
used to characterize the final shape of the fault in terms of
dimensions and, by changing the depth of focus.
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Figure 7. Positioning of bearings on an ad-hoc support. The
operating principle of the multi-altitude approach for progres-
sive focusing is explained in the enlarged image.

Figure 8. Microscopic view of bearing faults: a) Incipient
version IR fault of bottom bearing, b) Incipient version OR
fault of bottom bearing, c) Lase version 0.5 OR fault of top
bearing, d) Lase version 1.0 OR fault of bottom bearing, e)
Lase version 0.5 IR fault of bottom bearing.

Table 2. Bearing type, fault type, and fault version.

Bearing Type Fault Type
Fault Version

Incipient Laser 0.5 Laser 1.0 Laser 2.0
Width Width Width Width

Top Bearing
OR NA 0.5 1.0 2.0
IR 0.75 0.5 1.0 2.0
BF NA 0.5 1.0 2.0
OROS NA 0.5 NA NA

Bottom Bearing
OR 1.3 0.5 1.0 2.0
IR 1.4 0.5 1.0 2.0
BF NA 0.5 1.0 NA
OROS NA 0.5 NA NA

The microscopic view of the some of the faults created with-
out dismantling the bearings is illustrated in the figure 8. It is
evident that the depth of the faults varies non-uniformly due
to the challenges mentioned earlier. A tabular summary of
the fault injection campaign without dismantling the bearings
is presented in the table 2. In the table, ”IR” represents in-
ner race faults, ”OR” denotes outer race faults, ”BF” signifies
ball/roller faults, and ”OROS” indicates outer race outer sur-
face faults. Whereas, laser versions 0.5, 1.0, and 2.0 represent
the nominal width (in mm) of the injected faults.

5. RESULTS

The experiments involved varying the number of movers and
different experiment types, each focusing on different areas
of the system, such as the straight path on the top or bottom
side, or the curved side, with varying numbers of movers.
However, the results presented are specifically for a particu-
lar experiment type involving a single mover traversing the
straight path on the top side of the system, demonstrating
back-and-forth motion. This experiment was conducted at
different speeds: 1000 mm/s, 2000 mm/s, and 3000 mm/s.
It is important to note that the results will not be discussed in
terms of fault identification based on fault frequency. Instead,
the focus will be on highlighting differences in the vibration
data concerning fault injection types and fault sizes.

The figure 9 illustrates the Fast Fourier Transform (FFT) of
the data obtained during the experiment conducted at a speed
of 1000mm/s, showcasing different versions of IR faults in
the top bearing. In the legend, ”F” indicates the presence of
a fault, while ”H” denotes healthy conditions. Additionally,
”S1000” represents the linear speed of the cart. ”V” signifies
the laser version of fault injection, while ”Incipient Fault”
denotes manual fault injection. It is important to note that
only one of the top couple of bearings is faulty at a time.
Moreover, the width of the impulses in the data with faulty
conditions appears to be directly correlated with the size of
the faults; sharper faults result in narrower impulse widths.
The same behavior is observed in the case of the outer race
fault of the bottom bearing, as illustrated in the figure 12.

As evident from the table 2, the Incipient type IR fault in
the top bearing measures 0.65mm, which closely aligns with
the laser version 0.5 fault. This similarity is also reflected
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Figure 9. The FFT of the vibration data with an incipient and laser version 1.0 type inner race fault in the top bearing, at a linear
speed of 1000 mm/s.

Figure 10. The FFT of the vibration data with an incipient and laser version 2.0 type inner race fault in the bottom bearing, at a
linear speed of 1000 mm/s.
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Figure 11. The FFT of the vibration data with laser version 0.5 and laser version 1.0 type outer race faults in the top bearing, at
a linear speed of 1000 mm/s.

Figure 12. The FFT of the vibration data with an incipient and laser version 2.0 type outer race fault in the bottom bearing, at a
linear speed of 1000 mm/s.
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in the width of the impulses in the FFT of the vibration sig-
nal. However, it’s noteworthy that the width of the incipient
fault is not uniform throughout the fault area, nor does it com-
pletely cover the groove of the inner race where the rolling
element glides. Therefore, a detailed explanation and anal-
ysis of these differences are yet to be conducted. Similarly,
in the case of the IR bottom bearing fault, the incipient fault,
approximately 1.4 mm wide at its widest, shows FFT char-
acteristics more akin to the laser version 2.0 fault type as de-
picted in figure 10. Notably, for the incipient type IR fault of
the bottom bearing, the modulating frequency appears to be
2.83 Hz, with even harmonics exhibiting higher energy than
the odd harmonics. Conversely, for the laser version 2.0 fault
in the bottom bearing, the modulating frequency seems to be
3.48 Hz, with even harmonics having more energy than the
odd harmonics.

Likewise, for the IR top bearing fault in figure 9, the incipi-
ent type fault measuring approximately 0.75mm exhibits FFT
characteristics more similar to the laser version 1.0 fault type.
Interestingly, for the incipient type IR fault of the top bear-
ing, the modulating frequency appears to be 3.19 Hz, with
even harmonics having higher energy than the odd harmon-
ics. Conversely, for the laser version 1.0 IR fault in the top
bearing, the modulating frequency seems to be 3.86 Hz, with
even harmonics exhibiting more energy than the odd harmon-
ics.

Regarding the OR bottom bearing fault, the incipient fault,
approximately 1.3 mm wide at its widest, exhibits FFT char-
acteristics more aligned with the laser version 2.0 fault type as
shown in figure 12. Notably, for the incipient type OR fault of
the bottom bearing, the modulating frequency appears to be
3.38 Hz, with even harmonics demonstrating higher energy
than the odd harmonics. Conversely, for the laser version 2.0
fault in the bottom bearing, the modulating frequency seems
to be 2.36 Hz, with even harmonics having more energy than
the odd harmonics.

Lastly, in the case of the OR top bearing fault in figure 11, the
FFT of the laser version 0.5mm resembles more closely the
laser version 1.0 fault type. Interestingly, for the version 0.5
OR fault of the top bearing, the modulating frequency appears
to be 2.59 Hz, with even harmonics demonstrating higher en-
ergy than the odd harmonics. Conversely, for the laser version
1.0 fault in the top bearing, the modulating frequency seems
to be 2.43 Hz, with even harmonics exhibiting more energy
than the odd harmonics.

6. CONCLUSION

In order for the dataset to be utilized in developing new al-
gorithms, it is imperative that at least a subset of the data
exhibits clear fault signatures. The laser method of fault in-
jection offers precise control over fault dimensions, ensuring
repeatability. The data acquired from this experimental cam-

paign could serve as a benchmark for the development and
testing of condition monitoring algorithms, whether they are
machine learning-based, statistically based, or employ classi-
cal signal processing techniques.
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