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ABSTRACT

This project explores the integration of vibration analysis techniques into a mobile
robot equipped with a robotic arm, aiming to enhance the capabilities of non-
destructive testing in industrial environments. The system utilizes accelerometers as
vibration sensors to capture dynamic data from machinery under operation. The
mobile robot, designed for versatility and adaptability, navigates through diverse
environments, while the robotic arm provides the ability to manipulate and interact
with the surroundings. Vibration data collected during the robot's traversal is
analyzed using signal processing techniques to extract relevant parameters such as
velocity, displacement, and acceleration. The results are presented through a user-
friendly interface for real-time monitoring and comprehensive analysis. Now, data
collected during inspections can be analyzed and interpreted in real-time,
accelerating decision-making and streamlining maintenance procedures. It can
pinpoint flaws more quickly, predict potential failures, and optimize the use of

resources, ultimately leading to a greater return on investment
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CHAPTER 1

INTRODUCTION

Vibrational analysis, a cornerstone of modern maintenance practices, is a
sophisticated technique employed to ensure the health and longevity of machinery
and equipment. In the intricate oscillation of moving parts within industrial systems,
vibrations speak a language of their own—a language that, when decoded through
careful analysis, reveals invaluable insights into the condition of the machinery. At
its core, vibrational analysis revolves around the measurement and interpretation of
vibrations produced by rotating equipment such as motors, pumps, and turbines.
The premise is simple yet profound: changes in vibration patterns can be indicative
of underlying issues, from misalignments and unbalances to bearing wear and
impending failures. By harnessing the power of precision sensors, this technique
empowers maintenance teams to detect anomalies in the early stages, preventing
catastrophic breakdowns and the costly repercussions that follow. The methodology
behind vibrational analysis involves the deployment of specialized sensors
strategically placed on equipment. These sensors capture the intricate vibrations
emitted during normal operation, generating data that is then meticulously analyzed.
Through the lens of frequency and amplitude, analysts can discern irregular patterns
that may signify impending problems.

This proactive approach to maintenance not only minimizes the risk of unexpected
downtime but also allows for planned interventions, ensuring that corrective
measures are implemented before issues escalate. Vibrational analysis thus serves
as a sentinel, tirelessly monitoring the pulse of machinery and providing a predictive
roadmap for maintenance teams. In an era where efficiency and reliability are
paramount, vibrational analysis stands as a testament to the marriage of technology
and foresight. It enables industries to transcend the reactive paradigm of
maintenance, embracing a proactive stance that safeguards investments, enhances
productivity, and charts a course towards a future of optimized operational

excellence.



Beyond the immediate benefits of early issue detection, vibrational analysis
contributes significantly to resource optimization. By pinpointing specific areas of
concern, maintenance efforts can be directed precisely where they are needed,
eliminating the guesswork and reducing unnecessary downtime. This targeted
approach not only saves time and resources but also fosters a more sustainable and
cost-effective operational environment. Moreover, the data amassed through
vibrational analysis forms a rich reservoir of information that can be leveraged for
continuous improvement. Trend analysis and historical data interpretation provide
valuable insights into the overall health of equipment, aiding in the refinement of
maintenance strategies over time. As industries evolve, this wealth of information
becomes a strategic asset, driving informed decision-making and fostering a culture

of innovation and adaptability.

1.1 PREVENTIVE AND PREDICTIVE MAINTANCE

Preventive maintenance techniques involve proactive measures taken to prevent
equipment failures and ensure the continued optimal performance of machinery.
These techniques aim to identify and address potential issues before they escalate,
reducing the risk of unexpected breakdowns and minimizing downtime. Examples
include regular inspections, lubrication schedules, and the use of various diagnostic
tools such as vibrational analysis, infrared thermography, and oil analysis. By
implementing preventive maintenance, organizations can enhance equipment
reliability, extend lifespan, and ultimately reduce overall maintenance costs.

Maintenance techniques encompass a range of activities undertaken to keep
equipment and systems in working order. This includes both preventive measures
to forestall potential issues and corrective actions to address existing problems.
Maintenance may involve tasks such as routine inspections, cleaning, lubrication,
part replacement, and repairs. By adopting a proactive maintenance approach and
utilizing various diagnostic methods, organizations can optimize equipment
performance, mitigate the risk of failures, and ensure the efficient operation of their

assets over time.



1.2 PREVENTIVE AND MAINTANCE METHODS

Preventive maintenance techniques are proactive strategies employed to keep
machinery and equipment in optimal condition, minimizing the risk of unexpected
breakdowns and extending their operational lifespan. These techniques involve
regular inspections, tests, and analyses to identify potential issues before they
escalate into major problems. Vibrational analysis, oil analysis, infrared
thermography, ultrasonic testing, visual inspection, electrical testing, equipment
history documentation, and lubrication management are some common methods
employed in preventive maintenance. By implementing these techniques,
organizations aim to enhance reliability, reduce downtime, and ensure the efficient

functioning of their assets.

1.2.1 Ultrasonic Testing (UT): Detects high-frequency sound waves emitted by
equipment, which can indicate issues like leaks, electrical discharge, or friction in
moving parts. Involves using ultrasonic sensors to capture and analyze sound waves
that are beyond the range of human hearing.

1.2.2 Oil Analysis: Examines the physical and chemical properties of lubricating oil
to identify signs of wear, contamination, or degradation. Regularly sampling and
analyzing oil from machinery to assess the condition of components and detect
potential problems early.

1.2.3 Infrared Thermography: Identifies abnormal temperature patterns in
electrical and mechanical systems, helping to detect issues such as loose
connections, overloaded circuits, or faulty components. Uses infrared cameras to
capture thermal images of equipment, highlighting variations in temperature that
may indicate potential problems.

1.2.4 Electrical Testing: Verifies the condition of electrical components and
systems, helping to identify potential faults or weaknesses. Includes testing for
insulation resistance, continuity, and checking electrical connections to ensure

proper functioning.



1.3 VIBRATION ANALYSIS AS AN NDT TECHNIQUE

Vibration analysis is a powerful Non-Destructive Testing (NDT) technique that relies
on accelerometers to monitor the health of machines and structures.
Accelerometers are precise sensors that measure vibrations, translating them into
electrical signals. These signals are then meticulously analyzed using techniques
like frequency analysis and time-domain analysis, revealing characteristic patterns
that indicate the presence of developing faults. By detecting changes in a machine's
normal vibration signature, engineers can identify problems like bearing wear,
misalignment, imbalance, structural cracks, or resonances before they cause critical
failures. This facilitates proactive maintenance, reducing downtime, extending asset
lifespan, and ensuring safe operation. Vibration analysis with accelerometers is
widely used to inspect rotating machinery, assess the integrity of bridges and

buildings, and even verify product quality during manufacturing.
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Figure 1.1 Basic Principle of Vibration analysis [19]

1.4 ENHANCING ACCELEROMETER-BASED VIBRATIONAL ANALYSIS WITH
MOBILE ROBOTS

Integrating mobile robots with accelerometers for vibration analysis in NDT offers

significant potential for improvement. Mobile robots can reach hazardous or

inaccessible locations, expanding the scope of inspections while protecting human

inspectors. They enable automated and precise sensor placement, ensuring

repeatable data collection, minimizing errors, and creating historical records ideal
4



for identifying trends. Mobile robots facilitate large-scale, efficient inspections,
offering a detailed view of asset condition. The potential for real-time monitoring
through robot deployment leads to faster issue detection and decision-making. This
integration holds the promise of enhanced inspections through sensor fusion
(combining accelerometer data with other sensor types), improved location tracking,
collaborative robotics, and Al-powered data analysis for more precise fault detection
and predictive maintenance strategies



CHAPTER 2

LITERATURE SURVEY

Gupta et al. (2021) [1] reviewed the recent advances in the applications of NDT.
The advances in NDT methods, such as the development of new sensors, data
acquisition systems, and image processing techniques. The authors also discussed
the applications of NDT in different industries, such as aerospace, automotive, oil
and gas, and manufacturing. The authors concluded by discussing the future of NDT
and predicted that it will continue to play an increasingly important role in the
manufacturing and maintenance of complex products. The authors concluded by
discussing the future of NDT and highlighting the need for continuous innovation to
meet the challenges of new materials and technologies. Additionally, they
mentioned the potential of NDT to be used in emerging industries, such as additive
manufacturing and renewable energy.

P. Cawley (2001) [2] reviewed the current capabilities and future directions of non-
destructive testing (NDT). He discussed the advances in NDT methods, such as the
development of new sensors, data acquisition systems, and image processing
techniques. He also discussed the applications of NDT in different industries, such
as aerospace, automotive, oil and gas, and manufacturing. Cawley emphasized the
importance of NDT in ensuring the safety and reliability of products and
infrastructure. He also discussed the potential of NDT to be used to develop new
materials and processes. Cawley concluded by saying that NDT is a vital tool for
many industries and that it will continue to play an increasingly important role in the
future. He highlighted the need for continuous innovation in NDT to meet the

challenges of new materials, technologies, and applications.

Dwivedi et al. (2017) [3] reviewed the recent advances and research on non-
destructive testing (NDT) methods for defect characterization in engineering
materials and composites. They discussed a wide range of NDT methods, including
ultrasonic testing (UT), radiographic testing (RT), eddy current testing (ET),



magnetic particle testing (MT), penetrant testing (PT), and thermography. The
authors highlighted the development of new UT transducers, new RT imaging
techniques, new ET probes, and the use of artificial intelligence and machine
learning to improve the accuracy and reliability of NDT results. They also discussed
the applications of NDT in different industries, such as aerospace, automotive, olil
and gas, and manufacturing, emphasizing its importance in ensuring the safety and
reliability of products and infrastructure. The authors concluded by predicting that
NDT will play an increasingly important role in the manufacturing and maintenance
of complex products and infrastructure, and that new NDT methods will be
developed to meet the challenges of new materials and technologies.

Baldev Raj et al. (1995) [4] discussed the importance of non-destructive testing
(NDT) in ensuring the structural integrity of components and structures. NDT is a
collection of techniques that can be used to detect and characterize defects,
stresses, and microstructural degradations in materials without causing damage.
The authors discuss the different types of NDT methods and how they can be used
to assess the integrity of structures both before and during service. They also
discuss the emerging trends in NDT, such as the use of intelligent processing of
materials, expert systems, and neural networks. In conclusion, the authors
emphasize the importance of NDT in ensuring the safety of people and
infrastructure. The use of emerging technologies in NDT is a rapidly developing field,
and there is great potential for new and innovative NDT methods to be developed in
the future. These methods will play an increasingly important role in ensuring the

structural integrity of components and structures.

P. Calmon et al. (2006) [5] discuss the development of CIVA, a software platform
for simulating and processing NDT data. CIVA can be used to simulate a wide range
of NDT techniques, including ultrasonics, radiography, and eddy currents. CIVA is a
comprehensive platform that can be used to design and optimize NDT probes and
inspection procedures, predict the performance of NDT inspections, interpret NDT
data, and develop new NDT methods. CIVA is a powerful tool that can help to
improve the efficiency and reliability of NDT inspections. The authors discuss the
importance of NDT simulation and the different features of CIVA. They conclude by



discussing the benefits of using CIVA, such as improving the quality and efficiency

of NDT inspections and reducing the cost of NDT.

Mulugeta et al. (2019) [6] discuss the use of deep learning for the detection of
acoustic wave reflections. Acoustic wave reflections occur when acoustic waves
bounce off of surfaces or objects, and can be used for a variety of applications such
as non-destructive testing, structural health monitoring, and medical imaging.
However, acoustic wave reflections can be difficult to detect, especially in noisy
environments. The author presents two deep learning models for acoustic wave
reflection detection: a long short-term memory (LSTM) model and a convolutional
neural network (CNN) model. Both models were able to achieve high classification
accuracy on a dataset of acoustic emission signals generated by Hsu-Nielsen
sources. The LSTM model learned distinct sequence patterns directly from the time-
series data. The CNN model transformed the time-series data into spectrograms

and utilized Spectro-temporal features to perform binary classification.

Zhou et al. (2017) [7] discuss a new acoustic emission (AE) source location method
that considers refraction in different media. Traditional AE source location methods
assume that acoustic waves propagate along straight lines, but this can lead to
errors when the AE source and sensors are located in different media, such as metal
and glass. The proposed method uses Snell's law to calculate the refraction path of
the AE signal, resulting in more accurate location results. The method was evaluated
using an experimental setup consisting of a metal plate and a glass plate, and the
results showed that the proposed method was able to accurately locate the AE
source, even when refraction was present. The proposed method could be used in
a variety of applications, such as non-destructive testing, structural health
monitoring, and medical imaging. For example, it could be used to locate defects in
metal components or to locate cracks in concrete structures. The article provides a
clear explanation of the problem, the proposed method, and the experimental
results. It also includes a detailed discussion of the limitations of the proposed
method and suggestions for future work. Overall, this method is a promising
approach for AE source location in different media. It has the potential to improve
the accuracy of AE source location in a variety of applications.



Gerasimov et al. (2017) [8] discuss the use of the finite element method (FEM) to
improve the accuracy and reliability of acoustic emission (AE) testing. AE testing is
a non-destructive testing (NDT) method that uses sensors to detect and analyze
acoustic waves generated by defects in materials. The FEM is a numerical method
that can be used to model the propagation of acoustic waves in materials. They used
the FEM to simulate the propagation of AE signals in a metal plate. The results of
the simulations are then used to develop a new AE testing procedure for detecting
cracks in the metal plate. The new AE testing procedure is shown to be more
accurate and reliable than traditional AE testing procedures. The use of the FEM to
improve AE testing is a promising new development. The FEM can be used to model
the propagation of AE signals in a variety of materials and structures. This
information can then be used to optimize AE testing procedures and to develop new
AE testing applications.

Some specific examples of how the FEM can be used to improve AE testing:

e The FEM can be used to simulate the propagation of AE signals in complex
structures, such as aircraft and bridges. This information can then be used to
identify the best locations to place AE sensors.

e The FEM can be used to model the effect of different factors on the
propagation of AE signals, such as temperature, material properties, and the
presence of defects. This information can then be used to develop more
accurate AE testing procedures.

e The FEM can be used to develop new AE testing applications, such as the
detection of corrosion and fatigue damage.

Goszczyn'ska (2013) [9] discusses the use of acoustic emission (AE) to detect and
locate cracks in concrete, as well as to identify the type of crack and its stage of
development. AE is a non-destructive testing (NDT) method that uses sensors to
detect sound waves emitted by materials as they crack. The author tested the AE
method on concrete beams and found that it was able to detect and locate cracks
that were not visible on the surface of the beams, even when the cracks were very



small. The author also found that the AE method could be used to identify the type
of crack that was occurring, such as a tensile crack, shear crack, or flexural crack.
The author found that the AE method could be used to monitor the development of
cracks over time. This was done by tracking the number and intensity of AE signals
emitted by the concrete beams as they were loaded. The author found that the rate
of AE activity increased as the cracks grew larger. The author believes that the AE
method is a promising tool for monitoring the condition of concrete structures, such
as bridges, dams, and buildings. The AE method can be used to identify cracks early
on, before they cause serious damage. This could help to prevent the failure of
concrete structures and extend their lifespan.

Sattar et al. (2009) [10] discuss the development of a robotic system for the
inspection of test objects with unknown geometry using non-destructive testing
(NDT) methods. The robotic system is designed to be used in environments where
it is difficult or dangerous for humans to access, and to inspect objects with complex
geometries. The robotic system consists of a seven-axis robotic arm and a force
sensor. The robotic arm is used to position the NDT probe on the test object, and
the force sensor is used to maintain a constant contact force between the NDT probe
and the test object. The robotic system is controlled by a computer that uses a vision
system to track the position of the NDT probe on the test object, and the force sensor
data to control the motion of the robotic arm. The robotic system has been tested on
a variety of test objects, including turbine blades and pressure vessels. The results
of the tests show that the system is able to accurately inspect test objects with
unknown geometry using NDT methods. The robotic system is a promising new tool
for the inspection of test objects with unknown geometry using NDT methods. The
system could be used in a variety of industries, such as aerospace, automotive, and
manufacturing.

Canzhi Guo et al. (2019) [11] discus the development of a dual-robot-based
ultrasonic Non-Destructive Testing (NDT) system is introduced to address the
challenges of inspecting semi-enclosed workpieces. The author discusses
cooperative motion control, trajectory planning, and the use of an X-axis constraint
method to ensure synchronized and collision-free movement of the robots.

Experimental validation demonstrates the system's smooth operation. Ultrasonic C-

10



scan testing experiments on different workpieces highlight its effectiveness in
detecting various defects, including irregular-shaped and triangular ones. The
system's resolution and 3D imaging capabilities are also discussed, ultimately

demonstrating its suitability for NDT of semi-enclosed workpieces.

De Agustina et al. (2014) [12] discuss the use of acoustic emission (AE) signals to
evaluate surface roughness during robot-assisted polishing of stainless-steel
samples. AE signals are high-frequency elastic waves that are emitted by materials
as they undergo deformation or damage. The author found that the AE signals could
be used to accurately predict the surface roughness of the finished samples, as well
as to monitor the progression of the polishing process. They believe that their work
could lead to the development of a new method for online monitoring and control of
robot-assisted polishing processes. They used AE sensors to monitor the polishing
of stainless-steel samples with different abrasive grains. They found that the AE
signals decreased in amplitude and frequency as the surface roughness decreased,
indicating that the AE signals could be used to track the progression of the polishing
gprocess. The author also found that the AE signals could be used to accurately
predict the surface roughness of the finished samples. They developed a statistical
model that correlated the AE signals with the surface roughness measurements of
the finished samples. The model was able to predict the surface roughness with an
accuracy of 95%. By monitoring the AE signals, it is possible to track the progression
of the polishing process and to ensure that the desired surface roughness is
achieved without over-polishing the material.

Miro et al. (2018) [13] discuss the development of an automatic robotic non-
destructive testing (NDT) dense mapping system for pipeline integrity inspection.
Traditional methods of pipeline inspection, such as visual inspection and ultrasonic
testing, are time-consuming and expensive, and they may not be able to detect all
defects. The robotic NDT dense mapping system developed by Miro et al. is able to
quickly and accurately inspect pipelines for corrosion, cracks, and other defects. The
system consists of a robot equipped with NDT sensors and a computer system that
processes the sensor data to create a dense map of the pipeline surface. The robot
can be deployed in pipelines that are inaccessible to humans, such as underground
pipelines and pipelines in hazardous environments. The robotic NDT dense

11



mapping system has been tested on a variety of pipelines, including steel and
concrete pipes. The results of the tests show that the system is able to accurately
detect and map defects in the pipelines. For example, the system was able to detect
a crack in a steel pipeline that was only 1 mm wide. The authors believe that their
system has the potential to revolutionize pipeline integrity inspection. The system is
more accurate and efficient than traditional methods of pipeline inspection, and it
can be used to inspect pipelines that are inaccessible to humans. The system could
help to improve the safety and reliability of pipelines in these industries.

Shang et al. (2008) [14] discuss the development of a climbing robot for the
inspection of long weld lines. Weld lines are joints between two pieces of metal that
have been melted together. Weld lines are used in a variety of industries, including
aerospace, automotive, and manufacturing. The climbing robot developed by the
authors is designed to inspect long weld lines for defects, such as cracks and voids.
The robot is equipped with non-destructive testing (NDT) sensors that can detect
these defects without damaging the weld line. The robot can climb on vertical and
curved surfaces, which makes it ideal for inspecting weld lines on large and complex
structures. The robot can climb on vertical and curved surfaces, and overcome
obstacles, making it ideal for inspecting weld lines on large and complex structures.
The robot is equipped with NDT sensors that can detect defects in weld lines without
damaging the weld line. The robot is able to overcome obstacles, such as weld caps
and uneven surfaces. The authors believe that their robot has the potential to

improve the safety and reliability of welded structures.

Bogue (2010) [15] discusses the use of robots in non-destructive testing (NDT) and
argues that robots can play a valuable role in NDT, particularly in applications where
it is difficult or dangerous for humans to access the test object. NDT is a method of
evaluating the properties of a material or object without damaging it and is used in
a variety of industries, including oil and gas, water and wastewater, and aerospace.
Robots can improve the safety, accuracy, and efficiency of NDT inspections. They
can be equipped with a variety of NDT sensors and programmed to follow precise
inspection paths, ensuring that all areas of the test object are inspected thoroughly

and accurately.
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Chaudhari et al. (2014) [16] explores the efficacy of vibration analysis for detecting
cracks in cantilever beams. Through controlled loading conditions and the
introduction of cracks of varying types and sizes, the study examines the relationship
between crack characteristics and changes in the beam's vibrational response.
Utilizing accelerometers to measure vibrations and employing data analysis
techniques, the research identifies patterns indicative of crack presence. Results
indicate a discernible correlation between crack size, location, and alterations in
vibrational behavior. Furthermore, the study investigates additional factors such as
crack orientation and environmental conditions that may influence detection
accuracy. Overall, the findings contribute to non-destructive testing methods for
structural health monitoring, with potential applications across engineering
disciplines. The paper underscores the significance of vibration analysis as a reliable
tool for early crack detection, offering insights for future research and practical

implications for real-world implementation in engineering practices.

Mohamad Hazwan Mohd Ghazali et al. (2021) [17] offers a comprehensive
analysis of vibration analysis techniques for machine monitoring and diagnosis,
critical in industrial settings for detecting machinery faults and facilitating timely
maintenance to prevent costly breakdowns. Through a systematic review of peer-
reviewed literature and conference papers, the study assesses various methods
such as time-domain, frequency-domain, and wavelet analysis for their
effectiveness in detecting diverse machine abnormalities, considering factors like
equipment types and operating conditions. The review delineates the strengths and
limitations of each technique, highlighting emerging trends like artificial intelligence
and machine learning integration for automated fault detection. This synthesis
provides valuable insights for researchers, practitioners, and industry professionals
involved in machinery maintenance, identifying research gaps and suggesting
avenues for future investigation, thereby advancing vibration analysis for machine
health monitoring and diagnosis.

Colin Ratcliffe et al. [18] explores the potential of low-cost MEMS accelerometers
for detecting structural damage through vibration analysis. Traditional sensors for
vibration analysis are often expensive and bulky, posing challenges in widespread
deployment. By conducting experimental tests on structural specimens under

controlled loading conditions, the study compares the performance of MEMS
13



accelerometers to traditional counterparts. Through comprehensive data analysis,
the research evaluates the accuracy, sensitivity, and reliability of MEMS
accelerometers in detecting patterns indicative of structural damage. The findings
contribute to advancing the utilization of low-cost MEMS accelerometers in structural
health monitoring systems, offering cost-effective and efficient solutions for damage
detection in various applications.
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CHAPTER 3
AIM AND SCOPE
3.1 AIM AND SCOPE

The primary aim of developing a robot for vibrational analysis is to automate and
enhance the process of monitoring machinery health through real-time analysis of
vibrations. The robot should be capable of navigating industrial environments,
accessing critical machinery, and employing sensors to detect and analyze
vibrations. The overall goal is to provide a proactive and autonomous solution for
predictive maintenance, minimizing downtime, and ensuring the efficient operation
of industrial equipment.

Enabling the robot to perform remote diagnostics, allowing maintenance teams or
experts to access the robot's data and analysis results from anywhere in the world.

This facilitates timely decision-making and troubleshooting.

3.2 SCOPE OF THE PROJECT

3.2.1 Reduced Human Exposure to Hazard

In situations where inspections are conducted in hazardous or hostile environments,
such as nuclear facilities, chemical plants, or offshore platforms, Robots can reduce
the needfor human workers to be physically present in these dangerous areas,

minimizing the risk to human life.

3.2.2 Real-time Analysis

Implement advanced signal processing and machine learning algorithms on the
robot's onboard system for real-time analysis of vibration data. This includes the
ability to distinguish between normal operational vibrations and those indicative of

potential issues.
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3.2.3 Enhanced Data Accuracy

Robots are highly precise and consistent in data collection and analysis. This
reduces the likelihood of human error and ensures thatthe data gathered is accurate,

improving the overall quality of inspections.

3.2.4 Communication and Reporting

Develop a secure and reliable communication protocol for transmitting analyzed
data to a central control system. Implement a reporting mechanism that includes
prioritized alerts, recommended actions, and historical trends for each monitored

machine.

3.2.5 Integration with Maintenance Systems

Ensure seamless integration with existing Computerized Maintenance
Management Systems (CMMS) or Enterprise Asset Management (EAM) systems,
allowing the robot to contribute to a holistic maintenance strategy. Enable automated

work order generation based on inspection findings.

3.2.6 Predictive Maintenance Analytics
Integrate the robot's data with advanced analytics tools to move beyond immediate
issue detection. Enable the prediction of future maintenance needs, allowing

organizations to plan and schedule maintenance activities proactively.

3.2.7 Cost Savings
While there are initial costs associated with implementing Vibrational analysis
robots, the potential for avoiding costly failures and minimizing downtimecan lead to

significant long-term cost savings.

16



CHAPTER 4

MATERIALS AND EXPERIMENTAL METHOD

41 METHODOLOGY

' Idea Generated |

| v 1
| Concept Design |

‘ v
SolidWorks Design

!

3D Printing |

[ v 1
| Assembly |

v
| Calibration of Sensor |

!

Testing the robot

I v 1
| Final Adjustments |

' Completed Model |

17



4.1.1 Initialization

Upon startup, the industrial mobile robot undergoes a comprehensive initialization
process. As it comes to life, the robot activates its vital components. The
accelerometer, a key sensor for vibrational analysis, is initiated to begin capturing
data in three dimensions—X, Y, and Z. Simultaneously, the robot's motors and
wheels are engaged, empowering it with the ability to move autonomously within the
industrial setting.

4.1.2 Data Collection

With its systems initialized, the robot embarks on its mission within the industrial
environment. The accelerometer tirelessly collects real-time vibration data, providing
a comprehensive snapshot of the robot's surroundings. This continuous data stream
is not only crucial for the robot's own navigation but also serves as a valuable
resource for subsequent analysis. The robot moves purposefully, navigating through
the industrial space while consistently feeding the collected data to the central

processing unit.

4.1.3 Real-time Analysis and Decision Making

As the robot navigates, the central processing unit undertakes the critical task of
real-time analysis. Algorithms meticulously scrutinize the incoming vibration data,
seeking patterns and irregularities. This analysis is not merely a passive process; it
forms the basis for autonomous decision-making. Upon detecting anomalies or
deviations from the expected vibration patterns, the robot takes immediate action. It
may adjust its path to avoid potential issues, come to a halt, or communicate alerts
to the central control unit.

4.2 FAST FOURIER TRANSFORM

FFT (Fast Fourier Transform) is a fundamental technique used in vibration analysis
to convert time-domain data (vibration signals measured over time) into frequency-
domain data. This transformation allows engineers and analysts to examine the
frequency content of vibrations, which is crucial for identifying specific frequencies

associated with faults or abnormalities in mechanical systems.
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X(k) = Y (x(n) * eM(—j2nkn/N)a)

X(k): The discrete Fourier transform (DFT) of the input signal, representing
the frequency domain.

x(n) is the original signal value at index n

j is the imaginary unit

e is Euler's number

mis 3.14

N is the signal length.

4.2.1 Formula and Basic Concept:

The FFT algorithm converts a time-domain signal x(t) into its frequency-domain

representation X(f), where t represents time and f represents frequency. The formula

for FFT is X(f)=FFT(x(t)), where X(f) is the frequency-domain representation of the

signal.

4.2.2 Time-Domain to Frequency-Domain Conversion:

FFT converts a signal from the time domain, where it's represented as
amplitude vs. time, to the frequency domain, where it's represented as
amplitude vs. frequency.

FFT divides the frequency range into discrete bins or buckets, each

representing a specific frequency range.

The resolution of FFT depends on the number of samples and the sampling

rate used in the signal acquisition process.

Before applying FFT, a windowing function (e.g., Hanning, Hamming) is often

applied to reduce spectral leakage and improve frequency resolution.

FFT is computationally efficient compared to other methods for frequency

analysis, making it suitable for real-time and large-scale data processing.

It utilizes divide-and-conquer techniques to reduce the number of

computations required.

4.2.3 Frequency Analysis of Vibration Signals:

FFT is used to analyze vibration signals from machinery and structures to

identify dominant frequencies associated with faults.

FFT helps in identifying resonance frequencies and natural frequencies of
19



mechanical systems, aiding in structural health monitoring.

By analyzing the frequency content of vibration signals, FFT facilitates
condition monitoring and early detection of faults such as unbalance,
misalignment, bearing defects, and gear mesh problems.

FFT is utilized in modal analysis to study the dynamic response and mode
shapes of structures under varying conditions.

FFT enables the creation of vibration signatures that can be compared
against baseline or reference signatures to detect changes indicative of
potential issues.

4.2.4 Sampling Rate and Data Length:

The choice of sampling rate and data length affects the frequency resolution
and accuracy of FFT results.

Proper selection of windowing functions and pre-processing techniques is
essential for accurate frequency analysis and minimizing artifacts.

FFT allows analysts to focus on specific frequency ranges of interest based
on the system's characteristics and the type of fault being investigated.
Many vibration analysis software packages integrate FFT algorithms,
providing user-friendly interfaces for data visualization and interpretation.
Analyzing FFT results requires expertise in understanding vibration spectra,
interpreting peaks and harmonics, and correlating findings with known
vibration signatures and machinery behavior.

4.2.5 Aliasing and Frequency Folding:

Insufficient sampling rates or inadequate data length can lead to aliasing and
frequency folding issues, affecting the accuracy of FFT results.

FFT analysis can be affected by noise and external interferences, requiring
proper filtering and signal conditioning techniques.

Complexity of Vibration Patterns:

Complex vibration patterns may require advanced FFT analysis techniques,
such as Order Tracking FFT, to extract meaningful information.

Dynamic Range and Resolution Trade-offs:

Balancing dynamic range and frequency resolution is crucial in FFT analysis,

as increasing one may compromise the other.
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4.3 MATERIALS USED
4.3.1 Arduino Uno

The Arduino Uno is the best choice for novices wishing to explore the exciting world
of electronics and coding. With its widespread popularity and versatility, this
microcontroller board provides an excellent starting point for learning basic
principles and starting a creative project journey. Essentially, the ATmega328P
microprocessor functions as the central nervous system of the board. Six of the
fourteen digital input/output pins can be set up for pulse width modulation (PWM),
which allows control over the brightness of LEDs or the speed of motors. This
versatility allows for the connection of a wide range of electronic components. Six
additional analog input pins on the Uno let it to read analog sensor data, including
light and temperature readings. Starting up is a snap with the Uno's operational
voltage of 5 volts, which may be readily fueled by an external power supply or a USB
connection to your computer. For novices who are eager to explore the world of
electronics and programming, the Arduino Uno is an unmatched option because of
its simple design, affordable price, and the abundance of online resources and
tutorials provided by the large and helpful Arduino community.
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Figure 4.1 Arduino Uno R3 [20]
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Table 4.1 Specification of Arduino Uno R3

Sl. No SPECIFICATION VALUE
1 CPU Microchip ATmega328P (8-bit AVR
core)
2 Speed 16 MHz on Uno board, though IC is
capable of 20 MHz maximum at 5
\Volts
3 Storage 32 KB, of which 0.5 KB used by the
bootloader
4 Power DC Current per I/O Pin: 20 mA
DC Current for 3.3V Pin: 50 mA
5 Memory 16 KB ISP Flash
512B EEPROM
512B SRAM
6 Size 68.6 mm x 53.4 mm

4.3.2 L298N Motor Driver

The L298N is a dual H-bridge motor driver integrated circuit (IC) that is able to drive
two DC motors or one stepper motor. It is a popular choice for hobbyists and makers
because it is relatively inexpensive and easy to use. Each H-bridge in the L298N
can deliver a continuous current of up to 2A per channel, with a peak current of up

to 4A. This makes it suitable for driving a wide range of DC motors, from small hobby

motors to larger motors.

Figure 4.2 L298N [21]
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The L298N also has a number of features that make it easy to use, including:

e A wide operating voltage range of 5V to 35V, making it compatible with a
variety of power supplies.

e Built-in thermal protection to prevent the IC from overheating.

e Alogic input voltage range of 2V to 7V, making it compatible with a variety
of microcontrollers.

The L298N motor driver is typically used in conjunction with a microcontroller, such
as an Arduino, to control the speed and direction of the motors. The microcontroller
can send signals to the L298N to tell it which motor to turn on, which direction to turn
it, and how fast to turn it. The L298N motor driver is a versatile and powerful tool for
controlling DC motors and stepper motors. It is relatively inexpensive and easy to

use.

4.3.3 Accelerometer Sensor

The ADXL345 is a compact and energy-efficient digital accelerometer sensor. It's a
popular choice for projects that need to sense movement, tilt, or orientation. This
sensor excels at measuring acceleration along three axes — X, Y, and Z. This
capability allows for the detection of both static acceleration (like the pull of gravity
determining tilt) and dynamic acceleration (the kind caused by movement or

impacts)

Figure 4.3 ADXL345 Accelerometer [22]

23



4.3.4 DC Motor

A DC (Direct Current) motor is a type of electric motor that operates using a 12-volt
power supply. These motors are commonly used in various applications due to their
simplicity, reliability, and ease of control. These motors have internal brushes and a
commutator for transferring electrical power to the rotor, causing it to rotate. They
are relatively simple and cost-effective but may require maintenance due to brush

wear.

Figure 4.4 DC Motor [23]

The speed and torque characteristics of a 12V DC motor depend on its design,
winding configuration, and load conditions. Typically, these motors can operate at
speeds ranging from hundreds to several thousand RPM (Revolutions Per Minute)
and can provide varying levels of torque based on the motor size and gearing. The
Echo pin will go high when the sensor receives the echo. They are used in robotics

for driving wheels, manipulator arms, and other moving parts.
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4.3.5 Tank drive chassis

Figure 4.5 Tank drive chassis [24]

A tank drive chassis is a type of robot chassis that has two tracks that are driven
independently. This allows the robot to turn and move in any direction, even over
rough terrain. Tank drive chassis are typically used for robots that need to be able
to navigate over challenging environments, such as robots that are used for
exploration or disaster relief. These are typically made of durable materials like
aluminum or steel. They have two mounting plates for the tracks, and each track is
driven by its own motor. The motors are typically controlled by a microcontroller,
which allows the robot to be programmed to move in specific ways. Tank drive
chassis are very maneuverable. They can turn and move in any direction, even over

rough terrain. It has a low center of gravity, which makes them less likely to tip over.

4.3.6 Power Supply

Lithium-ion (Li-ion) batteries are a type of rechargeable battery that are used in a
wide variety of applications, including smartphones, laptops, electric vehicles, and
robots. Li-ion batteries are popular because they have a high energy density,
meaning that they can store a lot of energy in a relatively small and lightweight
package. They also have a low self-discharge rate, meaning that they can hold their
charge for a long time without being used. These batteries work by moving lithium
ions between two electrodes, a cathode and an anode. When the battery is charging,
lithium ions move from the anode to the cathode. When the battery is discharging,

lithium ions move from the cathode back to the anode.
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Li-ion batteries are available in a variety of shapes and sizes. Some Li-ion batteries
are designed to be used in specific applications, such as batteries that are designed
for use in smartphones or laptops. Other Li-ion batteries are more general-purpose

and can be used in a variety of applications.

4.2.7 LM7805

The LM7805 is a 5V voltage regulator integrated circuit (IC). It is a popular choice
for hobbyists and makers because it is relatively inexpensive and easy to use. The
LM7805 can be used to regulate the voltage from a variety of power sources, such
as batteries, wall adapters, and solar panels. It is typically used in conjunction with
a capacitor on the input and output pins. The input capacitor helps to filter out noise
and ripple from the power source, and the output capacitor helps to stabilize the

output voltage.

Figure 4.6 LM7805 [25]

4.2.8 SD Card Reader Module

Figure 4.7 SD Card Reader
Module [26]
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SD (Secure Digital) card module is a hardware component that allows a
microcontroller or a similar embedded system to interface with SD cards. SD card
modules require a power supply usually ranging from 3.3V to 5V, depending on the
specific module. It's important to provide the correct voltage to avoid damaging the
SD card or the module itself. The module handles the low-level details of
communication with the SD card, such as sending commands, reading and writing
data blocks, and managing the card's file system (FAT32, exFAT, etc.). This
abstraction simplifies the software interface for developers working with SD cards.

4.2.9 Servo Motor

Servo motors are specialized motors designed for precise angular control. Unlike
regular DC motors that rotate continuously, servo motors can be commanded to
move to a specific position and hold it. This precision is achieved through a built-in
closed-loop control system consisting of a motor, a position sensor (like a
potentiometer), and a control circuit. The control circuit receives a control signal,
usually in the form of a pulse-width modulated (PWM) signal, which dictates the
desired position. It continuously compares the desired position to the actual position
reported by the sensor and adjusts the power delivered to the motor until the desired
angle is reached. This feedback mechanism ensures that servo motors can
accurately and reliably control movements in applications such as robotics,

animatronics, remote-controlled vehicles, and automated systems

Figure 4.8 Servo Motor [27]
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4.2.10 HC-05

The HC-05 is a commonly used Bluetooth module in remote operating projects. It
enables wireless communication between devices over short distances using
Bluetooth technology. The effective communication range of the HC-05 module is
typically around 10 meters (33 feet) in open space. This range can vary depending
on environmental factors such as obstacles and interference. The HC-05 module
can be paired with other Bluetooth-enabled devices such as smartphones, tablets,
or computers. It can also be configured using AT commands sent over the serial
interface, allowing customization of parameters like device name, baud rate, security

settings, and pairing mode.

Figure 4.9 HC-05 [28]

4.2.11 Relay Module Wireless with RF Remote

The 4 Channel Relay Module with RF (Radio Frequency) remote control switch is a
versatile component commonly used in electronics projects for controlling high-
power devices or appliances wirelessly. The module operates at a frequency of
433MHz, which is a common frequency band used for RF communication in many
regions worldwide. It allows for reliable wireless communication between the remote
control and the relay module. The relay module itself requires a 12V DC power
supply to operate. This power supply is used to power the relays and other circuitry
on the module.
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Figure 4.10 Relay Module Wireless with RF Remote Control [29]

4.2.12 Miscellaneous Components

e Wire, Cables, and Connectors:

Assorted wires, cables, and connectors for wiring the robot's components.

e Adhesives:

Epoxy, hot glue, or other adhesives for securing components or sensors

e Battery Charger:

A suitable charger for the lithium-ion battery, along with charging cables.

e Fasteners:

Nuts, bolts, screws, and other fasteners to secure components and parts.

4.4  DESIGN OF A 3D MODEL

The following are the 7 stages of Mechatronics design Principle

Identification of Design Objectives
In-depth Problem Analysis

Formulation of Design Specifications
Exploration of Potential Solutions
Comprehensive Evaluation

Detailed Design and Technical Drawings
Implementation and Testing
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4.4.1 ldentification of Design Objectives

This stage involves understanding and clearly defining the purpose and objectives

of the design. Identify the problem or need that the system aims to address.
4.4.2 In-depth Problem Analysis

Conduct a thorough analysis of the identified problem. Break down the problem
into its components, understand the constraints, and explore the existing solutions

or limitations.

4.3.3 Formulation of Design Specifications
Develop a detailed set of specifications based on the analysis. Specify the
functional requirements, performance criteria, and any other parameters that the

design must meet. This step helps in creating a clear design guideline.
4.4.4 Exploration of Potential Solutions

Brainstorm and generate a variety of potential solutions to meet the specified
requirements. Consider different approaches, technologies, and design

alternatives. Evaluate the feasibility of each solution.
4.4.5 Comprehensive Evaluation

Evaluate and compare the potential solutions against the specified criteria.
Consider factors such as cost, efficiency, reliability, and ease of implementation.

This stage helps in selecting the most suitable solution
4.4.6 Detailed Design

Produce a detailed design incorporating the selected solution. Create technical
drawings, schematics, and specifications that serve as a blueprint for the actual

implementation. Ensure all aspects of the design are thoroughly documented.
4.4.7 Implementation and Testing

Carry out the physical realization of the design based on the detailed plans.
Assemble the components and systems, and conduct testing to ensure that the

design meets the specified requirements. Iteratively refine the design if necessary.
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Figure 4.12 Design of proposed robot using SolidWorks
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4.5 FABRICATION IMAGES

Figure 4.13 This picture has taken during 3D printing
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4.5.1 Some of the 3D Printed parts

Figure 4.15

Figure 4.16 Figure 4.17

Figure 4.18

Figure 4.14-4.18 3D Printed parts
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Figure 4.19 This picture was taken after assembling the 3d printed parts in the
moving robot
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4.6 DATA PROCESSING USING MATLAB

Fast Fourier Transform (FFT) is a crucial technique in signal processing and data
analysis, allowing us to analyze the frequency components of a signal. MATLAB,
a powerful numerical computing environment, provides comprehensive tools and
functions for FFT analysis, making it a preferred choice for engineers, scientists,
and researchers worldwide.

The process of utilizing MATLAB for FFT analysis involves several steps, starting
with data acquisition and preprocessing. In the context of this essay, let's consider
the example of analyzing accelerometer data collected from a sensor. The process

unfolds as follows:

e The first step is to acquire the raw data from the accelerometer. This data
typically includes time-domain measurements of acceleration along

different axes (x, y, z) sampled at a certain frequency.

e Before performing FFT analysis, it's crucial to preprocess the data. This may
involve cleaning the data, removing noise, applying filters if necessary, and

ensuring uniform sampling.

e Once the data is preprocessed and saved in a compatible format (e.g., CSV,
text file), it can be imported into MATLAB using built-in functions such as

load or freed.

e MATLAB provides a convenient way to compute FFT using the fft function.
By applying FFT to the preprocessed data, we can transform the time-

domain signals into frequency-domain representations.

e The FFT results can be analyzed and visualized using MATLAB's plotting
capabilities. Plots such as frequency spectra, power spectra, and
magnitude vs. frequency graphs provide insights into the frequency

components present in the signal.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 RESULTS

The result of this project is a highly efficient and adaptable robot that not only
autonomously navigates through complex industrial environments but also provides
unparalleled insights into the vibrational signatures of critical machinery. Through
the integration of cutting-edge technologies, this robot empowers industries to shift
from reactive to proactive maintenance practices, preventing costly downtime and

optimizing the performance of key assets.

By offering a comprehensive scope of functionalities, including obstacle avoidance,
seamless integration with existing maintenance systems, and robust security
measures, the developed robot becomes an invaluable asset in the pursuit of
operational excellence. Its scalable architecture ensures compatibility with diverse
industrial machinery, making it a versatile solution applicable across various

sectors.

5.1.1 Real-time Data Analysis

Leveraging sophisticated signal processing and machine learning algorithms, the
robot conducts real-time analysis of vibration data. It distinguishes normal
operational vibrations from potential issues, enabling swift identification of
anomalies and impending faults.

Incorporate advanced anomaly identification algorithms to precisely pinpoint
irregularities in vibration patterns. These algorithms should consider the specific
characteristics of each machine, enabling the robot to detect subtle deviations

indicative of emerging issues.
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5.1.2 Communication and Reporting

The robot establishes secure communication channels for transmitting analyzed
data to a central control system. Its reporting mechanism includes prioritized alerts,
recommended actions, and historical trends, offering a detailed and actionable
overview of machinery health.

Utilize interactive graphical representations such as trend charts and heatmaps in
reports. These visual aids enhance the comprehensibility of vibration data, making

it easier for users to interpret and act upon the findings.

5.1.3 Scalability and Versatility

Designed with a modular and scalable architecture, the robot adapts effortlessly to
different industrial settings and machinery types. Its versatility ensures compatibility

across diverse sectors, providing a flexible solution for varying maintenance needs.

5.1.4 Data Logging

The robot continuously monitors and record the vibrational data. The robot logs data
over time, creating a historical record of Machine health and the occurrence of

unusual vibration.

The data log provides a historical reference for analyzing trends, patterns, and
changes in the machine condition. It's invaluable for predictive maintenance and
long-term decision-making.

Ensure accurate timestamps for each data point, facilitating synchronized analysis
and correlation with other operational parameters. This synchronization is vital for

establishing temporal relationships and identifying patterns in the vibrational data.
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5.1.5 Real-time Alerts

Allow users to customize vibration thresholds for different types of machinery. This
customization ensures that alerts are triggered based on predefined criteria specific
to each equipment, reducing false positives and providing more accurate
notifications.

Implement predictive algorithms that not only detect ongoing issues but also forecast
potential imminent failures. This foresight allows maintenance teams to proactively

address impending problems, reducing the risk of severe equipment damage

5.1.6 Cost Saving

The proactive nature of the robot's vibrational analysis leads to early detection of
potential issues. By addressing problems before they escalate, organizations can
minimize downtime, resulting in substantial cost savings associated with production

interruptions and emergency repairs.

The timely identification and resolution of machinery issues contribute to the
prolonged lifespan of equipment. This extends the period between major overhauls

or replacements, reducing capital expenditure on new machinery.

5.1.7 Preventive Maintenance

Preventive maintenance is the practice of regularly servicing or repairing equipment
or structures before they fail. The goal is to avoid unexpected breakdowns and
extend the operational life of assets. When defects are detected early, maintenance
teams can plan and execute minor repairs or interventions, preventing these issues

from escalating into major, costly problems.
By addressing defects promptly, the robot assists in extending the operational

lifespan of equipment and structures. Planned, proactive maintenance is far less

disruptive than emergency repairs, reducing downtime and production losses.
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CHAPTER 6

SUMMARY AND CONCLUSION
6.1 SUMMARY

The development and successful implementation of a robot for vibrational analysis
represent a groundbreaking advancement in the landscape of industrial
maintenance. This intelligent solution combines autonomous navigation, advanced
sensor integration, and real-time data analysis to revolutionize the way machinery
health is monitored and maintained. With a focus on enhanced communication,
reporting, and a multitude of cost-saving measures, this project not only ensures the
longevity and optimal performance of critical machinery but also positions industries
for sustained efficiency gains and long-term financial benefits. As industries
embrace this transformative solution, they stand to unlock new levels of operational

excellence, resilience, and competitiveness in an ever-evolving landscape.

As an economic boon, the project unveils a trove of cost-saving measures. From
mitigating downtime costs through early issue detection to optimizing maintenance
efforts and extending equipment lifespan, each facet contributes to a symphony of
operational efficiency. The robot's role in preventive maintenance not only slashes
reactive repair expenses but also enhances energy efficiency and streamlines labor

costs.

6.2 CONCLUSION

Vibration Analysis Robot is a transformative force in the realm of industrial
maintenance. This project's crowning achievement lies in the creation of an
autonomous marvel that navigates complex environments, decoding the intricate
language of machinery vibrations. Through advanced sensor integration and real-
time analysis, this robot emerges as a virtuoso, offering unprecedented insights into
equipment health.

In the symphony of communication and reporting, the robot plays a pivotal role.
Real-time alerts, customizable reporting templates, and seamless integration with

mobile devices empower maintenance teams with immediate, actionable
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information. Cloud-based storage enhances accessibility, fostering global

collaboration in decision-making.

Cost-saving measures, orchestrated by the robot, present an economic symphony.
From mitigating downtime costs to optimizing maintenance efforts and extending
equipment lifespan, each note resonates with operational efficiency. This project is
not merely a safeguard for machinery; it orchestrates a harmonious convergence of

technological prowess, financial prudence, and operational excellence.

As industries embrace this transformative solution, they embark on a journey toward
sustained efficiency gains, financial prosperity, and a resilient future. The Vibration
Analysis Robot stands as a beacon, guiding industries through the dynamic
landscape of industrial innovation with a promise of enhanced reliability and

economic vitality.
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