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ABSTRACT

Rolling element bearings are critical components of rotat-
ing machinery, whose failure is one of the main causes of
downtime and maintenance. Traditional methods of condition
monitoring of bearings, based on accelerometers or acoustic
emission sensors and vibration analysis, are prone to signal
attenuation and interference in the transfer path due to other
machine components. As an alternative, fiber Bragg grating
(FBG) sensors allow for quasi-distributed sensing of the lo-
cal strain of the bearing, as they can be integrated in a single
optical fiber bonded directly onto a bearing raceway. They
offer several advantages, such as compactness, immunity to
electromagnetic interference (EMI), and resistance to corro-
sion. Proximity and the quasi-distributed nature of FBG-
based strain sensing are key properties to obtain significantly
higher signal-to-noise ratio (SNR) and sensitivity, enabling
enhanced fault diagnosis and localization. In this work, we
analyze the strain signals obtained during an accelerated life-
time test (ALT) of a deep-groove ball bearing. The FBGs are
instrumented on the rotating inner raceway of the bearing,
going beyond the implementation on the static outer race-
way performed by several recent research works. We study
the behaviour of the FBG signals and their features during
the complete evolution of a surface-initiated fatigue fault on
the inner ring, and evaluate their capabilities for simultaneous
fault detection and localization. We observe that two features
are reliable indicators for fault detection and localization, the
RMS of the high-pass filtered FBG signals, and the sum of
values of their squared envelope spectrum (SES) at the har-
monics of the ball pass frequency on the inner race (BPFI),
while the peak-to-peak (P2P) value is not.

Fernando de la Hucha Arce et al. This is an open-access article distributed
under the terms of the Creative Commons Attribution 3.0 United States Li-
cense, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

1. INTRODUCTION

Rolling element bearings are crucial components of rotating
machines employed in several important industrial sectors,
including manufacturing, aerospace, energy, and transporta-
tion. Bearing failure can cause severe machine damage and
even complete breakdown, making it a significant source of
downtime and maintenance costs. To reduce both, condition-
based maintenance strategies aim to schedule maintenance
actions based on the current health diagnosis of machine com-
ponents (Jardine, Lin, & Banjevic, 2006; Quatrini, Costantino,
Di Gravio, & Patriarca, 2020). A critical step to enable these
strategies is condition monitoring of bearings, in particular
early and reliable fault detection.

Traditional bearing diagnosis is a well-established field, re-
lying on different sensor technologies such as accelerome-
ters (Randall & Antoni, 2011), microphones (Eryilmaz, de la
Hucha Arce, Zegers, & Ooijevaar, 2024), and acoustic emis-
sion sensors (Zhang, Borghesani, Randall, & Peng, 2022).
Nevertheless, they present certain inherent limitations. First,
the sensors must often be mounted away from the fault lo-
cation, which introduces signal attenuation and transfer path
effects that must be compensated (Randall, 2011). Second,
typically only a few sensors can be feasibly installed, espe-
cially in complicated machine structures, which limits scala-
bility and the ability to localize a fault. Finally, the indirect
nature of these measurements creates difficulties to robustly
estimate the severity of a fault (Zhang et al., 2022).

To attempt to overcome these limitations, research is being
conducted on optical fiber Bragg grating (FBG) sensors as
an alternative technology for diagnosis of rotating machin-
ery (Medvedovsky, Ohana, Klein, Tur, & Bortman, 2022;
Brusamarello, Cardozo da Silva, de Morais Sousa, & Guarneri,
2023). Due to their small dimensions, FBG sensors can be in-
stalled in close proximity of the bearing (Medvedovsky et al.,
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2022), and even directly on the bearing’s rings (Goossens et
al., 2025). This offers the possibility of higher signal-to-noise
ratio (SNR) and sensitivity to the local strain evolution associ-
ated with fault development. Multiple FBGs can be integrated
in a single optical fiber and, since they support multiplexing
(Goossens et al., 2021), enable quasi-distributed sensing of
the local strain of the bearing. Moreover, they are immune
to electromagnetic interference (EMI) and resistant to corro-
sion, which are advantageous properties in certain environ-
ments where electrical sensors would create safety risks.

In this work, we analyze the fault detection and localization
capabilities of a quasi-distributed sensing network of FBGs
instrumented on the bearing’s inner ring over the course of an
accelerated lifetime test. In this experiment, a deep-groove
ball bearing runs to its end-of-life while a surface-initiated
fatigue fault evolves from an initial micro-indentation to a
fully developed spall. The sensing system consists of nine-
teen (19) FBGs integrated on a single fiber, bonded directly
to the rotating inner ring by the adhesive-based technique
demonstrated in (Goossens et al., 2025). To the best of our
knowledge, this is the first accelerated lifetime study of a
bearing with FBGs instrumented directly on its inner ring.
We characterize the acquired FBG signals and, based on this
analysis, study the behaviour of some of their features over
the course of the fault development, evaluating their capabil-
ities for bearing fault detection and localization. In summary,
this work is a first feasibility study of quasi-distributed strain
sensing on the inner ring of a bearing. We demonstrate that
strain can be measured on the inner ring, the resulting FBG
signals are interpretable in terms of fault evolution, and they
show potential for improved sensitivity and intrinsic fault lo-
calization. This contributes to more reliable and interpretable
diagnostics for condition-based maintenance of rotating ma-
chinery. A comparison with other sensing technologies, such
as, e.g., accelerometers, is outside the scope of this paper, but
we consider it a crucial step for future work.

The rest of this paper is structured as follows. In Section 2 we
describe our experimental setup for an accelerated lifetime
test of a deep-groove ball bearing instrumented with FBG
sensors in a fiber bonded on the inner ring. The analysis of
the FBG signals during the complete accelerated lifetime test
is presented in Section 3. We characterize the properties of
the FBG signals in the time and frequency domains and, from
our observations, we select different features and study their
their capabilities for fault detection and localization over the
course of the fault development. Finally, the main conclu-
sions and future work topics are summarized in Section 4.

2. EXPERIMENTAL SETUP

2.1. Description of the bearing test setup

The bearing accelerated lifetime test in this study was per-
formed in the Flanders Make’s Smart Maintenance Living

Hydraulic cylinder to
apply a high radial load
(9 kN, C/P=1.6)
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Figure 1. Illustration of the initial bearing state (left), the ex-
perimental test rig setup designed to perform accelerated life
tests (middle), and an example of the final state, a surface fa-
tigue fault at the inner race of the bearing (right). Note that
9 kN is the maximum possible load, while in this work the
applied load is 7 kN, and the spall resulting from the experi-
ment analyzed in this work is shown later in Figure 4.

Lab (Ooijevaar et al., 2019). This lab is developed as an
open test and development platform and aims to support the
adoption of condition monitoring technologies in the indus-
try. The setups are designed to perform accelerated lifetime
testing of bearings and run bearings to their end-of-life. The
accelerated lifetime test allows to create surface fatigue faults
in bearings and monitor the fault evolution and accumulation
during the (accelerated) life. The bearing model for this setup
is the FAG 6205-C-TVH deep-groove ball bearing, manufac-
tured by Schaeffler!.

One of these experimental accelerated lifetime test setups is
shown in the middle image of Figure 1. The setup comprises
of a single shaft with a test bearing, where the shaft is sup-
ported by a support bearing on each side. The test bearing is
lubricated by an internal oil bath, using the Total Carter SH
220 oil®. The setup is driven by a motor at a rotation speed
up to 3000 RPM. Each setup is equipped with an accelerom-
eter, temperature sensor, load sensor and speed sensor. The
radial accelerations are measured at a sampling frequency of
50 kHz by an accelerometer attached to the bearing hous-
ing. The rotational speed and radial load of each setup can
be controlled, such that each setup can operate at stationary
and non-stationary operating conditions. An industrial Beck-
hoff control platform is used to acquire and store the sensor
signals and to control the speed and load of each setup.

2.2. FBG instrumentation on the test bearing and setup

An optical fiber with nineteen (19) FBG sensors of each 5
mm in length was bonded directly at the inner ring of the test
bearing using the NOA81 UV-cured adhesive?, following the
same procedure described in (Goossens et al., 2025). The
fiber with the FBGs covered the entire circumference of the

'https://www._schaeffler.com/en/
’https://lubricants.totalenergies.com/
3https://norlandproducts.com/
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(a) Diagram of the optical
fiber with integrated FBGs
(red) bonded on the inner
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with respect to the inner ring
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Figure 2. Location of the optical fiber bonded on the test
bearing’s inner ring (left) and the FBG sensors integrated in
the fiber (right).

Milled shaft groove
to guide fiber with FBGs

Fiber exits inner
ring into the
milled shaft

7 Fiber Optic
Rotary Joint
(FORJ)

Fiber with FBGs
glued around
innerring

Figure 3. Illustration of the complete test setup, adapted for
operation with an optical fiber bonded on the test bearing in-
ner ring, and a close-up photograph of the adapted shaft with
milled groove for fiber routing and protection.

inner ring, as depicted in Figure 2a. The numbering we use to
refer to the FBG sensors is shown in Figure 2b, where it can
be seen that the fault is located closest to FBG 10, and op-
posite to FBGs 17, 18 and 19. Note that the location of fault
is known since it evolves from a small initial indentation in
the inner race, as detailed in Section 2.3. The FBGs are sta-
tionary with respect to the fault, as they rotate together with
the inner ring, and non-stationary with respect to the applied
load. The fact that the fiber is bonded onto the rotating inner
ring creates two main challenges to be able to successfully
operate the setup, which are:

A: To preserve the integrity of the rotating fiber.

B: To connect the rotating fiber to a static fiber for data ac-
quisition.

To address challenge A, we created a custom shaft with a
milled axial groove that routes and protects the fiber during
operation, and a cable drum that houses the excess fiber ca-
ble. Challenge B is addressed by a connection to a fiber optic
rotary joint (FORJ), in particular the model BN549383C0100

Figure 4. Resulting spall on the inner raceway at the end of
the accelerated lifetime test.

from Spinner*. We designed a flexible mount for the FORJ
stator, that compensates shaft deflection and run-out. The
complete adapted test setup, with a close-up photograph of
the milled axial groove at the shaft, is shown in Figure 3.

2.3. Bearing accelerated lifetime test conditions
Two mechanisms are used to accelerate the bearing lifetime:

* A high radial load of a maximum of 9 kN (C/P = 1.6) is
applied to the bearing outer ring with a hydraulic cylin-
der. In this work, the applied load was 7 kN.

* Before the start of the test a small initial indentation of
approximately 300 um was created in the bearing inner
race using a Rockwell C hardness tester. This indentation
is used as a local stress riser and represents a local plas-
tic deformation caused by, for instance, a contamination
particle.

The accelerated lifetime tests are stopped as soon as 25g peak-
to-peak accelerations are reached, resulting in severe rolling
contact surface fatigue at the inner race (Halme & Andersson,
2009). Examples of the start and end conditions of the inner
race of a test bearing are shown in the left and right images of
Figure 1.

In this work, we conducted an accelerated lifetime test on a
single test bearing at 2000 RPM, with a radial load of 7000
N. The resulting spall on the inner race of the test bearing at
the end of this experiment is shown in Figure 4.

2.4. FBG data acquisition

The data from the FBGs was acquired with an FBG-scan
704D interrogator by FBGS International’, operating at a max-
imum sampling frequency of 4982 Hz, connected to the static
side of the FORJ. This interrogator uses a broadband light
source and spectrometer, covering a spectral range from 1520
to 1570 nm with a spectral hardware resolution of 10 pm.
We recorded the wavelength of each FBG peak for 10 sec-
onds every 5 minutes throughout the complete experiment.
The reflection spectrum measured at the beginning of the ex-
periment is shown in Figure 5. Each peak corresponds to the

‘https://www.spinner-group.com/
Shttps://fbgs.com/
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Figure 5. Reflection spectrum of the FBG sensors, indicating
the 19 Bragg peaks, as measured at the beginning of the ex-
periment.

reflection of an FBG, with FBG 1 relating to the leftmost peak
and FBG 19 relating to the rightmost peak.

3. RESULTS AND DISCUSSION
3.1. Fault manifestation in the FBG signals

Each FBG sensor response corresponds to the central wave-
length of its peak in the reflection spectrum, which varies over
time according to the strain and temperature that it is sub-
jected to due to the rotation of the setup and the radial load
applied. The reflected peak wavelength  of the k-th FBG
sensor is related to the strain "k and the temperature change
Tk by (Hill & Meltz, 1997)
K _ .
— =C"« +Cr Tk; )]
0;k

where o is the reference peak wavelength of the k-th FBG
SEensor, kK = k — ok is the wavelength shift, and Ce
and Ct are fiber-dependent material constants. In our case,
Ce ~ 1:2 pm/ strain, and Ct ~ 9 - 10~ per degree Celsius
for a standard single-mode fiber at 1550 nm. Due to the linear
relationship between strain and reflected wavelength in Eq.
(1), in this paper we work directly the FBG reflected peak
wavelength signal measured by the optical interrogator.

In Figure 6 we can observe that, when the bearing is in healthy
condition, the FBG signals look cleanly periodic and sinu-
soidal, both for the FBGs closest to the location of the initial
indentation of 300 pm (Figure 6a) and those on the opposite
side Figure (6b). This is due to the dominant contribution to
the strain of the radial load, as the FBG sensors pass by the
load zone at the frequency of the shaft rotation.

By contrast, on Figure 7 we can observe that, when the bear-
ing fault has fully developed (see Figure 4), clear distortions
appear in the FBG signals, both for the FBGs closest to the
location of the initial indentation (Figure 6a) and those on
the opposite side Figure (6b). However, these distortions are
stronger in those FBGs closer to the fault, and appear in dif-
ferent moments in time. The distortions are consistent with
the loss of load carrying capacity as a rolling element enters

SWe refer to healthy condition as the period of time when the fault as not yet
developed enough to be detected, although due to the presence of the initial
indentation a more precise adjective would be pseudo-healty. Note that the
indentation is visible under a microscope.
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(a) FBG signals recorded by sensors 9, 10 and 11 (closest to
the fault) with the test bearing in healthy condition.
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(b) FBG signals recorded by sensors 17, 18 and 19 (far from
the fault) with the test bearing in healthy condition.

Figure 6. Sensor signals of six FBGs, close and far from the
fault location, at the beginning of the experiment, when the
fault has not yet developed in the test bearing.

and exits the spall, as studied in (Medvedovsky et al., 2022)
for outer race faults and in (Maljaars et al., 2025) for inner
race faults using strain gauges installed on the outer ring.

In the frequency domain, it is interesting to look at the bearing
fault frequencies, which correspond to the frequencies of the
periodic impulses produced by a bearing fault. These fault
frequencies depend on the fault location, bearing geometry,
and rotational speed (Randall, 2011). Since we focus on an
inner race fault in this study, the fault characteristic frequency
is the ball pass frequency on the inner race (BPFI), given by
nf, d

Tepr = > 1+ D cos (2)
where f; is the shaft speed (frequency), n is the number of
rolling elements, d is the diameter of the rolling elements, D
is the pitch diameter , and is the contact angle. Other fault
characteristic frequencies are the BPFO (ball pass frequency,
outer race) and the BSF (ball spin frequency), corresponding
respectively to outer race and rolling element faults.

By looking in Figure 8 at the magnitude spectrum of an FBG
signal (in this case, FBG 10) acquired at moments of healthy
and faulty conditions, we can confirm our observations from
the time domain signals. The shaft harmonics are highly dom-
inant when the bearing is healthy, as can be seen in Figure 8a,
while the amplitude of the BPFI harmonics clearly increases






