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Abstract—This paper discusses a new framework for Machine
Health Diagnosis in the field of Structural Health Monitoring. A
physics-based approach has been combined with a data-driven
methodology to classify structural defects using vibration data
from Fiber Bragg Grating (FBG) sensors. Three system ar-
chitectures were developed comprising physics-based modeling,
feature extraction via different data processing techniques and
end-to-end defect classification algorithms for an in-house built
bearing test-rig. A test rig consisting of a bearing-motor-shaft
assembly was developed in-house for data generation and for
real-time implementation of the defect detection and classifi-
cation algorithms. In order to place the sensors in the right
locations, a simplified Finite Element (FE) Model of the test rig
was developed. Using the data from this FE model, the FBG
sensors were installed on the test rig. Data processing algorithms
were developed in time as well as frequency domains to extract
features from the vibration data collected using these sensors.
This includes developing Wavelet algorithms to generate two-
dimensional spectral energy data. These features were then
used with a developed Convolutional Neural Network (CNN)
model which outputs the classification labels corresponding to
the different types of bearing defects and defect intensities.
Based on the algorithm evaluation, accuracies of 98% and
98.9% were achieved for bearing defect detection and defect
intensity, respectively. As a next step, these algorithms will
be implemented in an additive manufacturing environment to
detect and classify part defects as they are being built.
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1. INTRODUCTION

Condition based maintenance (CBM) is a maintenance strat-
egy which essentially suggests maintenance decisions based
on the information collected through health monitoring. This
information is collected through an array of sensors both
exteroceptive - which give information of the surrounding
relative to machine body and proprioceptive - which give
information regarding the machine itself.

Two important aspects of CBM lie in defect classification and
Remaining Useful Life (RUL) estimation which essentially
corresponds to structural health monitoring and machine
prognosis [1]. In this paper, emphasis has been given on
developing a framework for defect classification for a rotary
bearing based test rig. Rolling element bearings play a
crucial role in various mechanical engineering assemblies
ranging from small gearboxes to heavy industrial equipment.
A defect in any portion of the bearing may result in the
overall breakdown of the machine and hence it is of prime
importance to detect these defects early during the machine
operation. In order to sense these vibration signals, different
sensors can be used, the selection of which depends upon
various parameters such as frequency range, resolution and
the required sensitivity amongst others.

In [2], piezoelectric based accelerometers along with a load
cell have been used for bearing defect classification via time
and frequency domain features. To overcome the inherent
frequency range limitation of accelerometers, Fiber Bragg



Gratings (FBG’s) have just being started to use for condition
health monitoring.

In [3], a review consisting of an experimental setup com-
prising of a network of FBG sensors for temperature and
strain monitoring is discussed. The sensors also provide
information on the loading and traffic status of the passenger
cars, temperature-induced stresses and deformations on rails
and carriages, dynamic axle vibrations due to corrosion and
bearing wear, and other parameters relevant to rail road health
monitoring. A key outcome of this work is that the FBG
sensors can easily capture high frequency dynamic strains.

For defect classification, different approaches have been
considered which make use of time, frequency and time-
frequency domain features, to extract meaningful information
from the vibration data ([4], [5], [6]).

Researchers in [7] extracted time domain based statistical
features from the vibration signals and trained multi-class
Support vector Machines (SVM’s) to classify between the
different bearing defects. In accordance with this, [8] de-
veloped Artificial Neural Networks (ANN’s) combined with
genetic algorithms to select the most significant input param-
eters from a larger set of input features for bearing defect
monitoring.

In [9], statistical features from time and frequency domains
were used in combination with Hilbert transforms to get a fea-
ture matrix and further using Principal Component Analysis
(PCA) for dimensionality reduction. This approach extended
further from the previous work wherein features from both
domains were used and a Fuzzy C-means clustering method
to determine the classification efficacy.

In a study [10], degradation signals considered focused on
the evolution of the Root Mean Square (RMS) vibration level
over time. This information was then used to train neural
network models on predicting bearing operating times. The
proposed methodology in [11] uses time domain features
extracted from vibration signals as health indicators. The
degradation states in bearings are detected by an unsuper-
vised classification technique called artificial ant clustering.
The imminence of the next degradation state in bearings is
given by hidden Markov models, and the estimation of the
remaining time before the next degradation state is given by
the multi-step time series prediction and the adaptive neuro-
fuzzy inference system.

Studies have also been conducted in using time-frequency
domain based approach by utilizing wavelets for feature
extraction. In [12], the authors show the use of complex
wavelet analysis for feature extraction and further developing
SVM and ANN for bearing defect classification. Research
has also been carried out in defect identification in gears by
using genetic algorithms for selecting the optimum mother
wavelet and carrying out comparison studies between differ-
ent wavelet types([13], [14], [15]).

Along with using standard machine algorithms, Convolu-
tional Neural Networks (CNN’s) have also been used to
identify different types of bearing faults. Vibration data
acquired from accelerometers have been stacked together to
form 2-D matrices and then passed to different convolution
and pooling layers. Use of scaled-Fourier Transforms and
adaptive CNN’s have also been developed for better feature
extraction and classification([16], [17], [18], [19].

Table 1. FEA Simulation Conditions

Property Value
Shaft Material Hardened Steel
Bearing Material Chrome Steel
Mesh Size 2x2
Element Type 4-node iso-parametric quadrilateral strain

U, Magnitude
+1.421e+01

+0.000e+00
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Figure 1. FEA - Normal Bearing Condition

In this paper, algorithms have been developed encompass-
ing time, frequency and wavelet based signal processing
techniques and using end-to-end machine learning models
for bearing defect classification. In coordination with this,
similar algorithms have been implemented for classifying
between the different intensities of a single bearing defect.

This paper is structured as follows: Section (2) consists
of the Finite Element Model (FEM) development, Section
(3) contains information regarding the experimental test rig
and the sensor subsystems, Section (4) comprises of the
different data processing techniques, Section (5) consists of
the machine learning model development and Section (6)
includes the implementation of algorithm for defect intensity
classification and Section (7) comprises of conclusions and
future scope of the project.

2. FINITE ELEMENT ANALYSIS (FEA)

The first subsystem of the complete architecture comprises
of developing a physics-based numerical model of the test-
rig. This has been completed by developing a Finite Element
Model (FEM) in Abaqus software.

A 3-dimensional FEA model has been constructed compris-
ing of the test rig components - shaft, bearing inner race,
bearing outer race and the intermediate ball bearings. The
material properties and the simulation conditions have been
enlisted in Table 1.

The FEA model consists of 3 different case scenarios -
Normal Bearing, Inner Race Defect Bearing and Missing Ball
Bearing. This has been done for analyzing the locations
on the bearing which is most sensitive to defects and can
capture their vibration characteristics. The FEA stress and
displacement analysis for each of the following cases can be
seen in Figures 1, 2 and 3, respectively.

Following this, Dynamic analysis was done in FEA by giving
a predefined angular velocity to the bearing. The nodes on
the outer casing on the Plummer block were observed for dis-
placement (Figure 4) and velocity (Figure 5) characteristics
in different operating conditions. With this, it was seen that
the outer casing of bearing is a suitable location for observing






