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Abstract

This thesis describes (a) the search and findings of smart factories and their enabling
technologies (b) the methodology to build or retrofit a smart factory and (c) the
building and operation of a simple smart factory using the methodology. A factory is
an industrial site with large buildings and collection of machines which are operated
by persons to manufacture goods and services. These factories are made smart by

incorporating sensing, processing and autonomous responding capabilities.

Developments in four main areas (a) sensor capabilities (b) communication
capabilities (c) storing and processing huge amount of data and (d) better utilization
of technology in management and further development have contributed significantly
for this incorporation of smartness to factories. There is a flurry of literature in each
of the above four topics and their combinations. The findings from the literature can
be summarized in the following way. Sensors detect or measure a physical property
and records, indicates, or otherwise responds to it. In real-time they can make very
large amount of observations. Internet is a global computer network providing a
variety of information and communication facilities and the internet of things, 10T, is
the interconnection via the Internet of computing devices embedded in everyday
objects, enabling them to send and receive data. Big data handling and provision of
data services are achieved through cloud computing. Due to the availability of
computing power the big data can be handled and analysed under different
classifications using several different analytics. The results from these analytics can
be used to trigger autonomous responsive actions that make the factory smart.

Having thus comprehended the literature a seven stepped methodology for building
or retrofitting a smart factory was established. The seven steps are (a) situation
analysis where the condition of the current technology is studied (b) breakdown
prevention analysis (c) sensor selection (d) data transmission and storage selection
(e) data processing and analytics (f) autonomous action network and (g) integration

with the plant units.

Experience in a cement factory highlighted the wear in a journal bearing causes plant
stoppages and thus warrant a smart system to monitor and make decisions. The
experience was used to develop a laboratory-scale smart factory monitoring the wear
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of a half-journal bearing. To mimic a plant unit a load carrying shaft supported by
two half-journal bearings were chosen and to mimic a factory with two plant units,
two such shafts were chosen. Thus there were four half-journal bearings to monitor.
USB Logitech C920 webcam that operates in full-HD 1080 pixels was used to take
pictures at specified intervals. These pictures are then analysed to study the wear at
these intervals. After the preliminary analysis wear versus time data for all four

bearings are available. Now the ‘making smart activity’ begins.

Autonomous activities are based on various analyses. The wear time data are
analysed under different classifications. Remaining life, wear coefficient specific to
the bearings, weekly variation in wear and condition of adjacent bearings are some of
the characteristics that can be obtained from the analytics. These can then be used to
send a message to the maintenance and supplies division alerting them on the need
for a replacement shortly. They can also be alerted about other bearings reaching

their maturity to plan a major overhaul if needed.

Keywords: Smart factories, autonomous, 10T (Internet of Things), big data, cloud

computing, journal bearing.
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Chapter 1: Introduction

1.1 Overview

A factory, with its origin during the 18th century, is an industrial site,
consisting of buildings and large collection of machinery, where workers operate
machines to manufacture goods. The technologies employed were continuously
improved with continued new developments in science and technology. Factories
manufacturing chemicals are often called plants and have most of their equipment,
consisting of blowers and ducts, pumps and piping, tanks, pressure vessels and
chemical reactors, located outdoors and operated by personnel in control rooms.
Such a plant will have several machine units made up as an assemblage of several
components that get worn-out and eventually break. Maintenance in these factories
consists of actions necessary for retaining or restoring a piece of equipment,
machine, or system to the specified operable condition. This is often achieved by
replacing components, that have reached the near-end-of-life condition or broken

down completely, during an overhaul.

Traditional maintenance assumes that the operation of a population of devices

can be viewed, as shown in Figure 1, comprising 3 distinct periods:
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Figure 1: Cumulative Operating Time Versus Failure Rate

a) an ‘carly failure’ (burn-in) period, where the chance of failure is high at the
beginning and decreasing rapidly over time

b) a ‘random failure’ (useful life) period, where the chance of failure remains
constantly low over time and

C) a ‘wear-out’ period, where the chance of failure increases over time

Historical data are collected in the form of time to failure or mean time to
failure (MTTF) and components are assumed to reach the ‘wear-out’ period when
their time in operation approaches the MTTF. During a shutdown of a plant for
maintenance, it is customary to replace such components that are in the wear-out
period to increase the reliability of the plant. However, these components will often
have some useful life left in them. Thus a traditional factory can be considered as an
assemblage of components which are kept in operating state optimally by (a)
replacing and restoring components guided by the MTTF and (b) keeping

components and personnel in stand-by for rectifying breakdowns.
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On the other hand science and technology worldwide has advanced in several
dimensions and the final report of the Industrie 4.0 Working Group [1] states that
“the introduction of the internet of Things, IoT and Services, into the manufacturing
environment is ushering in a fourth industrial revolution. In the manufacturing
environment, these Cyber-Physical Systems, CPSs, comprise smart machines,
storage systems and production facilities capable of autonomously exchanging
information, triggering actions and controlling each other independently. This
facilitates fundamental improvements to the industrial processes involved in
manufacturing, engineering, material usage and supply chain and life cycle
management”. The factories that employ these approaches and technologies are
called smart factories. Within a CPS, the combination of cyber and physical elements
can transform a product into a smart product. A smart product is a product that can
perform a much more useful function with the empowerment provided by the

Internet of Things [2].

In this context a smart factory can be described as a factory with the
empowerment provided by the data, connectivity and processing capabilities of the
components (and their additional accessories) of a factory which enable them to
function autonomously or semi-autonomously thereby increasing the capability of

the factory.

This thesis describes designing and building a simple smart factory as an
assemblage of two sets of loaded shafts running on half journal bearings which were
empowered by a computer vision system that continuously monitor the wear in them
and communicate to a computer which analyzes the data and initiate cross

communication between the components and with some modifications in the future
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work it can trigger remedial actions. The main aim is to understand the constituents
and the method of their integration to form a smart factory. The required knowledge
in different areas for a smart factory is described in chapter 2. It also includes facts
about the ways of measuring wear in journal bearings. Chapter 3 provides details
about the proposed methodology for retrofitting an existing factory into a smart
factory. Chapter 4 discusses the implementation of the proposed methodology .The
results are presented and discussed in chapter 5. Finally, chapter 6 concludes the

outcomes of this thesis work and provides an insight to future works.

1.2 Statement of the Problem

There is a tremendous worldwide effort underway to incorporate
technological developments described later in chapter 2 to address a multitude of
industrial problems under the broad heading Industry 4. Smart factories are the
principal structures in Industry 4. However the literature shows limited guidelines on
‘how to build or retrofit a smart factory’. To get the knowledge and experience on
‘how to build or retrofit a smart factory addressing specific issues’, a simple smart
factory, made up of basic building blocks and addressing a single issue using the
principles of smart factory outlined above is needed. Wear in journal bearings is an
issue encountered in many industries and this is chosen as the single issue to be

addressed in this effort to build a simple smart factory.

1.3 Aim and Objectives

The research aims to “Design and build a simple smart factory as an
assemblage of two sets of loaded shafts running on half journal bearings to monitor
the wear characteristics and use the principles of smart factory to empower the

bearings to function autonomously”.



This objectives of this research are as follows:

1. To conduct a detailed literature survey and comprehend the concept of smart
factories and their constituents

2. Establish a methodology to retrofit an existing factory into a smart factory

3. Design and build a laboratory-scale factory consisting the two sets of loaded
shafts running on half journal bearings.

4. Design and build a computer vision based ‘sensing system’to continuously
monitor and record wear in bearings.

5. Design and implement algorithms and analytics to process wear data.

1.4 Salient Achievements and Findings from the Research

This research has five main achievements. They are:

a. Collecting, comprehending and summarizing the constitution and constituents
of a smart factory and establishing a method for retrofitting.

b. Designing and building a laboratory-scale smart factory with four half journal
bearings as the elements.

c. Designing and building a vision monitoring system for monitoring wear in
individual bearings.

d. Developing a MATLAB based software for analyzing and obtaining wear
characteristics for individual bearings.

e. Observing and measuring the variation of wear factor so that autonomous
remedial actions can be taken to make the system more robust .

f. Estimating the remaining life which results in removing uncertainties in

conventional factories.



Chapter 2: Literature Survey

A great worldwide endeavour is underway, to use the Internet of Things (loT)
and smart analytics in technologies in the manufacturing industries and,
consequently, to improve the overall performance, quality, and controllability of
manufacturing processes. Smart factory may be described as the incorporation of
latest technologies in its development to have self-x capabilities, where x stands for
characteristics such as description, awareness, management, organizing, controlling,
directing, healing, correction, auto-discovery, re-configuration, predicting,
comparing, maintaining, organizing etc., which in turn makes manufacturing reliable,
safer, economical, sustainable and high quality. The integration of all IoT
technological advances in computer networks, data combination and analytics to the
manufacturing factory is referred to as a smart factory [3]. It is a fully connected and
flexible system that can use a constant stream of data from connected operations and
production systems to learn and adapt to new demands [4]. ‘Smart Factory’ can be
defined as a factory of connected and intelligent machines, where waste, defect, and
downtime are almost equal to zero. These highly productive factories move materials
more efficiently across the factory floor, made possible in part by data seamlessly
moving from sensors on machines to servers to services [5]. Smart factory is seen as

the panacea for all the difficulties and limitations of conventional factories.

Smart factory is a disruptive development to the existing factory system, and
as such the first step of this review considers the ‘advances in science and
technology’ that make the smart factories appropriate for the present time (sensors,
loT, storing and processing a huge amount of data and data analytics). In the second

step the descriptions of smart factories (definitions) are collated and analyzed and in
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the third step the constituents, governing design principles as identified from the
literature are collected, analyzed and categorized. Then the prevailing factory system
and its weaknesses are identified to elicit the benefits that are offered by smart
factory systems. It then paves the way for a methodology to implement retrofitting or
designing new facility so that it will be a smart factory. It can be said that this
research is aimed at reviewing the published literature to identify (a) why smart
factory is the appropriate development now, for the factory system of manufacture
(b) what are the constituents of a smart factory and (c) how retrofitting or developing

a new factory has to be handled.

2.1 Technological Developments

This section describes the advanced technological developments that are the
key contributors for the desired disruptive development for the present factory

system. They are identified and grouped as the following for easy comprehension:

a. New opportunities to generate large amount of data (sensors)

b. Opportunities provided by communication capabilities and 10T

c. Opportunities for storing and processing huge amount of data

d. Opportunity for new and better management

The following sub-sections describe them.

2.1.1 New Opportunities to Generate Data (Sensors)

Sensor is a device that detects events or changes in the environment, and
transforms signals from different energy domains (such as radiant, mechanical and

thermal) to the electrical domain and provides a corresponding output [6]. It detects
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or measures a physical property and records, indicates, or otherwise responds to it.
Sensors are used in high precision manufacturing equipment like CNC machine tools
and industrial robots to provide feedback signals to the controller that uses them to
precisely move the drives. Sensors and instrumentation are considered as the central
driving forces for innovation for all megatrends that are described with the adjective
smart, e.g. smart factory, smart production, smart mobility, smart home, or smart
city [7]. Kanoun and Trankler [8] state that sensors and sensor systems achieve their
function through an interlocked interaction of sensor structure, manufacturing
technology, and signal processing algorithms. It consists of a sensor element that
changes its output depending on the magnitude if the measured quantity and a pre-
processing unit where the sensor signal is transformed into an adequately amplified
and filtered signal. There are a variety of sensors including temperature sensor,
proximity sensor, accelerometer, infrared sensor, pressure sensor, optical sensor and
ultrasonic sensor. With such a vast choice, non-destructive online sensors have
become easily available at affordable prices. Multi-sensor systems have become
affordable where a phenomenon is measured by more than one sensor for
applications that require high level of reliability like applications involving fire and

passenger transportation.

In 2004 Kanoun and Tréankler [7] anticipated the following two areas of

development:

a) Maintenance-free sensors with long life expectancy and low electric power

consumption.

b) Increased use of multisensory and wireless systems and miniaturization.
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In 2018 Schiitze, Helwig and Schneider [8] report of smart sensors, which
generate the data and allow further functionality from self-monitoring and self-
configuration to condition monitoring of complex processes. In short sensor
technology of today has become advanced to provide sensors to (a) continuously
generate data for every aspect of the manufacturing process (b) track real-time
movements and locations of raw materials, work-in-progress and finished goods, and
high-value tooling (c) be placed on equipment to drive predictive and cognitive
maintenance analytics and (d) geofence dangerous equipment from operating in close
proximity to personnel. In this context geofence is a virtual geographic boundary,
defined by GPS (Global Positioning System) or RFID (Radio-frequency
Identification) technology that enables software to trigger a response when a mobile

device enters or leaves a particular area.

2.1.2 Opportunities Provided by Communication Capabilities and 10T

Internet, as known to everyone, is a global computer network providing a
variety of information and communication facilities. The internet of things, 0T, is
the interconnection via the Internet of computing devices embedded in everyday
objects, enabling them to send and receive data. This is a revolutionizing
development that has the potential to change the way factories operate and people
conduct their day-to-day lives. In other words this can be part of the disruptive

technology desired for developing smart factories.

Patel and Patel [9] express the vision of 10T in the following way: Internet of
Things (10T) is a concept and a paradigm that considers pervasive presence in the
environment of a variety of things/objects that through wireless and wired

connections and unique addressing schemes, are able to interact with each other and
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cooperate with other things/objects to create new applications/services and reach
common goals. In the context of a factory the things/objects can be blowers and
ducts, pumps and piping, tanks, pressure vessels, chemical reactors, and their
constituent components like shafts and bearings. With the latest development of
RFID technology, 10T has been paid more and more attention because it could
provide a promising opportunity to build powerful industrial systems and
applications. This is achieved by leveraging the growing ubiquity of RFID, wireless,
mobile and sensor devices embedded in the object, logic object and internet-based
information infrastructure. The Internet of Things (loT) is a significant element of
Industry 4.0 that creates comprehensive network infrastructure to create virtual
systems and physical objects using the internet [10] leading to operations that can be

performed more efficiently, accurately and intelligently [11].

Two remarkable developments that are worth mentioning here are (a) Internet

of Services (10S) and (b) Cyber physical systems (CPS).

Internet of Services (10S): The internet of services enables service vendors to
offer their services via the internet. The 10S consists of participants, an infrastructure
for services, business models and the services themselves. Services are offered and,
combined to value-added services, by various suppliers; they are communicated to
users as well as consumers and are accessed by them via various channels [12]. In
the context of a factory this can mean for example the two-way communications
originated by a component between the maintenance team or supplies division and
itself about its approaching end-of-life condition. It is possible that this concept can
be transferred from single factories to entire value added networks. Factories may go

one step further and offer special production technologies instead of just production
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types. These production technologies could be offered over the oS and can be used
to manufacture products or compensate production capacities. Within the Internet of
Services, large amounts of data can be processed autonomously in order to provide
better and more useful services: Smart services. Examples of these Smart Services
include predictive and preventive maintenance made possible by processing large

amounts of data collected from running product or machines [13].

Cyber Physical Systems: A cyber physical system (CPS) can be described as
a physical system that is controlled or monitored by computer-based algorithms and
tightly integrated with the Internet and its users. The industry of developed countries
in Europe and North America are based on the use of cyber-physical systems based
on the integration of wireless control system, wireless systems, machine learning and
production based sensors [14]. Such industries are developing a national platform for
new production systems. In other words, it is a new generation of systems that
integrate computer and physical capabilities. Through the ability to interact and use
the expansion capabilities of the physical world using computing power,
communication technologies and control mechanisms of the physical world, cyber
physical systems allow feedback loops, improving production processes and
optimum support of people in their decision making processes [15]. By using the
corresponding sensor technology, cyber physical systems are able to receive direct
physical data and convert them into digital signal. They can share this information
and access the available data that connect it to digital networks, thereby forming an
Internet of Things [16].The real value of the 10T comes by using the cyber elements
in order to make an object, a machine or a plant perform better. Within a CPS, the

combination of cyber and physical elements can transform a product into a smart
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product. A smart product is a product that can perform a much more useful function

with the empowerment provided by the internet of things [13].

2.1.3 Opportunities for Storing and Processing Huge Amount of Data

Advancement in sensor technology has opened the floodgates for the influx
of huge amounts of industrial data. Industrial data is growing twice as fast as any
other sector. Yet today, less than 3% of the data is tagged and used in a meaningful
fashion [17]. With the use of advanced sensor technologies modern manufacturing
systems increase the complexity in generating huge amounts of continuously
generated data. This data contain valuable information useful for several use cases
such as knowledge generation, optimization of key performance indicators (KPI),
diagnosis, prediction, and feedback to design or decision support [18]. Technology
for storing and handling this data also is developing faster. Big data is the concept of
data where it is hard to collect, manage and process by traditional tools and
technologies [12]. One of the focuses of smart manufacturing is to create
manufacturing intelligence from large amount of real-time data to support accurate
and timely decision-making. Therefore, big data analytics is expected to contribute
significantly to the advancement of smart manufacturing [13]. Big data analytics
tools are the suitable solutions to provide ease in cleaning, formatting and

transforming industrial data [12].

Cloud computing is a complete new technology to provide services in storing
and processing huge amount of data. To users, cloud computing is a Pay-per-Use-
On-Demand mode that can conveniently access shared IT resources through the
Internet where the IT resources include network, server, storage, application, service

and so on and they can be deployed with much quick and easy manner and least
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management and also interactions with service providers. It is the development of
parallel computing, distributed computing grid computing, and is the combination
and evolution of virtualization, utility computing, Infrastructure-as-a-Service (laaS),
Software-as-a-Service (SaaS), and Platform-as-a-Service (PaaS). Cloud is a
metaphor to describe web as a space where computing has been pre-installed and
exist as a service; data, operating systems, applications, storage and processing
power exist on the web ready to be shared [14]. I0T cloud computing architecture
plays a great role in the 10T data. 0T data and applications are stored in the cloud to
make it easy to get from anywhere with any web browser or client software. Industry
4.0 appreciates the cloud computing architecture for their centralized control
available by different users including managers, customers, operators and

programmers [12].

2.1.4 Fundamental Deviation in Data Processing and Use of Data

In order to figure out huge data and its impact imagine a journal bearing
carrying a running shaft in a factory. The wear in the bearing is the parameter that
tells whether it is in the operable condition or is reaching the wear-out period. When
no continuous data is available, as in the conventional factory, routine change of
lubricant and the MTTF from the historical data are the two things to rely upon.
Imagine a condition where the wear is taken twice every hour. This is a large amount
of data about a single component. But this provides opportunities to decide the daily
wear rate reflecting the condition of lubrication providing a better way to manage
than the routine oil change. The measurement of wear permits the estimation of the
remaining life. This can facilitate to plan the spare part and bring the maintenance

team in time to minimize the downtime. But this needs two things: (a) availability of
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large data and (b) processing capability or analytics to compute different monitoring
constructs to assist efficient operation. In other words, a fundamental deviation in

collecting data and processing data is required.

Collection of continuous data provides opportunities for viewing single and
subsets of data under different classifications. In this context classification can be
seen as a systematic arrangement of data. For example, the continuously collected
data from the journal bearing above can be used to calculate (a) the average wear per
week (b) overall wear rate per day to estimate the life available (c) the impact of the
environmental change (say the dusty condition) by considering the data during the
period (d) the requirement of lubricant change indicated by increased wear on the
daily and weekly basis and so on. It is worth noting here that a single item of data
can belong to several different groups under different classifications. The
classification of data for different constructs results in establishing different
analytics. Making the journal bearing smart may include it sending a photograph of
itself to the maintenance team when it is entering the ‘end-of-life’ stage of its life.
Thus the data processing and use of data has to be part of the disruptive technology
and undergo a fundamental deviation. It should adopt the processing techniques
highlighted earlier in section 2.1.3 about ‘Opportunities for storing and processing

huge amount of Data’.

2.1.5 Opportunity for Better Management

Groover [15] identifies that production systems have two constituents namely
(a) facilities and (b) manufacturing management systems. Facilities consist of the
factory, production machines and tooling, material handling equipment, inspection

equipment and computer systems that control the manufacturing operations.
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Manufacturing Management Systems are the procedures and systems used by the
firm to manage production and solve the technical and logistics problems associated
with designing the product, planning the processes, ordering materials, controlling
the work-in-process as it moves through the plant, and delivering the product to
customers. Four functions are performed in this category: business functions, product
design, manufacturing planning, and manufacturing control. Collection of huge
amount of data and associated analytics greatly enhance the ability to utilize the
facilities to the full and seamlessly integrate the manufacturing management systems
to assist production and minimizing waste and downtime while maximizing

sustainability.

2.2 What is a smart factory?

Smart factory can be described as the incorporation of latest technologies
described in section 2.1 in its development to have the self-x capabilities, where x
stands for characteristics such as description, awareness, management, organizing,
controlling, directing, healing, correction, auto-discovery, re-configuration,
predicting, comparing, maintaining, organizing etc., which in turn makes
manufacturing reliable, safer, economical, sustainable and high quality. This follows
the technology transfer model Research — Development — Design — Production as
proposed by Ramanathan [16]. In this model research findings are first developed
sufficiently for incorporation into design of goods and services. Then the design
phase starts which leads to commercial production. Smart factory concept is between
the development and design phases and hence the definition of it in terms of
constituents and the level of their incorporation in designs are fuzzy. Another

important aspect about technology transfer identified by Bennet and Vaidya [19] is
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the ‘basic knowledge in science and technology of the recipients’. The nature of
smart factory requires competence in what is traditionally called multi-disciplinary.
The level of competence of the implementers thus has a significant influence on the
constituents of any specific implementation of smart factories. The following sub
sections explore the description of smart factory by different authors, constituents of

smart factories and design principles of smart factories.

2.2.1 Description of Smart Factories by Authors

The literature has listed many descriptions for ‘smart factory’. When reading
through them one could immediately realize that they are goal oriented descriptions
answering the ‘what’ question than the ‘how’ question. Table 1 shows some of these

descriptions.

Table 1: Description of Smart Factory by Authors

Author Description of Smart Factory

The combination of all new IoT technological advances in
Jay Lee [3] computer networks, data integration and analytics to bring
transparency to all manufacturing factories

Integrating between the numerous industrial and non-industrial
partners who build virtual organizations resulting in an effective
and flexible production solution.

Elvis Hozdic
[20]

A manufacturing solution that is related to automation, known as
Radziwon etal. | a combination of software, hardware and mechanics, which
[21] should lead to optimization of manufacturing resulting in
reduction of unnecessary labor and waste of resource.

Deloitte A self-optimizing performance across a broader network, self-
Development adapt to and learn from new conditions in real or near real time
[4] and autonomously run entire production processes
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2.2.2 Constituents of Smart Factories

According to Deloitte Development LLC [4] the components needed to
enable a successful smart factory are largely universal, and each one is important:
data, technology, process, people, and security. Following this five clusters were

formed.

1) Data:

Data is the lifeblood of the smart factory. Through the power of algorithmic
analyses, data drive all processes, detect operational errors and provide user
feedback. When gathered in enough scale and scope, it can be used to predict
operational and asset inefficiencies or fluctuations in sourcing and demand.
Combining and processing the resulting data actions are what make them valuable.
To power the smart factory, manufacturers should have the means to create and
collect on-going streams of data, manage and store massive loads of information

generated [4].

2) Technology:

For a smart factory to function, assets defined as plant equipment such as
material handling systems, tooling, pumps, and valves should be able to
communicate with each other and with a central control system. The control system
can take the form of a manufacturing execution system, which is an integrated,
layered hub that functions as a single point of entry for data from across the smart
factory and the broader digital supply network, aggregating and combining
information to drive decisions. Organizations have to consider other technologies
including transaction and enterprise resource planning systems, 10T and analytics

platforms, and requirements for edge processing and cloud storage.
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3) Process and Governance:

One of the most valuable features of the smart factory is its ability to self-
optimize, self-adapt, and autonomously run production processes which can
fundamentally alter traditional processes and governance models. An autonomous
system can make and execute many decisions without human intervention, shifting
decision-making responsibilities from human to machine in many cases, or
concentrating decisions in the hands of fewer individuals. The connectivity of the
smart factory may extend beyond its four walls to include increased integration with

suppliers, customers, and other factories.

4) People:

In a smart factory people are expected to still be key to operations. However
there can be profound changes in the operations and IT/OT organizations, resulting
in a realignment of roles to support new processes and capabilities. Some roles may
no longer be necessary as they may be replaced by robotics (physical and logical),
process automation, and Al. Other roles might be augmented with new capabilities
such as virtual augmented reality and data visualization. Organizational change in
management could play an important role in the adoption of any smart factory

solution.

5) Cybersecurity:

By its nature, the smart factory is connected and thus cybersecurity risk
presents a greater concern in the smart factory than in the traditional manufacturing
facility and should be addressed as part of the overall smart factory architecture. In a
fully connected environment, cyber-attacks can have a more widespread impact and

may be more difficult to protect against, given the multitude of connection points.
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2.2.3 Terminologies used in Smart Factory Descriptions

It was observed that existing technologies and terminologies were given
specific features and meanings when they were applied in smart factory applications.
Therefore, the existing terminologies towards smart factories have been reviewed.
With their additional features and meanings they have become the active constituents

of smart manufacturing. They could be clustered into the above five constituents.

Table 2: Technology/Terminology and References

Technology/Terminology Reference
Intelligent [22-25]
Energy saving efficiency [24, 26-30]
Cybersecurity [24-26, 31]
Real time Communication [24, 34, 35]

CPS/CPPS

[24, 26, 34-36]

Virtual Reality and Augmented
Reality

[26, 37, 38]

loT/lloT

[24, 26, 39, 40]

Data analytics/big data

analytics [29, 41-46]
Data visualization [47, 48]
Operation Planning [49]
IT-based production [24]
management

Smart Materials [27, 50, 51]

Advanced manufacturing

[52, 53, 57, 29]
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Table 2 illustrates a collection of these technologies and terminologies, which

were found in the references accompanying them. For example, one terminology is
intelligent technology which means the ability to change its action based on its own
experience. Another term is energy saving efficiency which is a technology where
the energy necessary to provide a product or service can be reduced. Cyber security
is one of the five constituents as discussed earlier in section 2.2.2, it is when data
should be secured from cyber threats. In addition real-time communication is a
technology, which enables users to exchange data with systems in real-time and this,
can be put with the technology cluster. CPS/CPPS (Cyber Physical Systems /Cyber
Physical Production System) are technologies used to solve and work with physical
mechanisms or components. This is placed under the process and governance cluster.
Virtual Reality (VR) creates 3D images using a computer and the interaction in that
space with the help of electronic devices, for the user to feel as if he or she has been
immersed in a synthetized environment. Augmented Reality (AR) is a technology
that can superimpose a computer-generated 3D numerical format in the real world
but not interact with it. VR and AR are categorized under the people cluster because
there are changes in the operations supporting new processes and abilities. 10T/lloT
(Internet of Things /Industrial Internet of Things) enables communication between
the physical and internet-enabled devices, which can be used to improve the existing
manufacturing systems. 1oT/l1oT is also placed under the process and governance

cluster.

Additional terminologies such as big data is a technology that can analyze
large sets including real-time data that are difficult to analyze by traditional methods.
Data analytics is dealing with data into actions and insights within a manufacturing

system. This terminology is clustered under the data cluster. Indeed, big data can be
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understood as being part of this technology which also makes it under the data
constituent cluster. Data visualization represents data with the help of graphs and
other visual representations which can lead to graph patterns to analyze the data. The
authors agreed that data visualization should be in the process and govenance cluster.
Furthermore, operation planning is when all the activities of the organization is
planned to achieve the final objective. In other words, connecting everything
happening within the organization through the help of IT. This terminology can also
be placed on the process and governance cluster. The IT-based production
management includes computer-aided design (CAD), computer-aided manufacturing
(CAM), computer aided technology (CAX) etc. These are the tools that allow to
design, analyze and facilitate the design and production. Therefore, the CAXx tools are
included in the technology cluster. Smart materials can sense the change in
environment with the help of sensors and take the corrective actions using actuators,
as well as they provide data for analysis as well, which may lead to improved part

design.

Smart materials can sense the change in environment and operations with the
help of sensors and can take corrective actions using actuators and they can also
provide data for analysis as well which results in an improved part design. Since
smart materials require the use of sensors and actuators they should be considered in
the data cluster. Finally, advanced manufacturing terminology which is for instance
additive manufacturing that is a technology that can print a 3D image into an object

with the help of laser beam, electron beam which is a technology cluster .

In summary, the clustering has been done according to my subjective

judgment by determining the most suitable cluster because there are some items that
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could have been possibly placed in another cluster; nevertheless, they are placed in
a specific cluster. However, it is fully acknowledged that one might argue that the
respective items might fit into another cluster as well based on the individual

background and experience.

2.2.4 Design Principles of Smart Factories

Various authors identified six design principles that would help designers to
build new smart factories or upgrade existing ones [12, 55-57]. The five constituents
are data, technology, process, people, and security that are identified from section
2.2.2 are aimed to act as the capabilities to enable smart manufacturing together with

these design principles. These design principles are:

1) Interoperability: Being able to allow communication through interfaces
between the components/sub-systems of a manufacturing system, allowing it to work

with or use parts of another components of subsystems.

2) Virtualization: Creating an artificial factory environment with CPS similar
to the actual environment and to being able to monitor and simulate physical
processes. Such environment can be created by the information transparency in CPS

and the aggregation of sensor data [58] .

3) Decentralization: is the ability of smart manufacturing systems and
technologies to make decisions on their own and to perform their tasks autonomously

including global production goals [58].

4) Real-time capability or Responsiveness: is the ability to automatically and
in real-time collect manufacturing system data via a network of sensors such as 10T

and immediately provide the derived understandings [59].
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5) Service orientation: Manufacturing industries and organizations focus on
profit from selling the service rather than selling the product [57]. Cloud computing

plays an important role in enabling the on-demand provision of services [60].

6) Modularity: is the design of the system components. It is when system
components are combined and separated easily and quickly. It allows the system to
respond to changing customer requirements and to avoid the internal system

malfunctions [61].

After understanding (a) the technological advancements that make the smart
factory as an appropriate contemporary development (b) the definitions of a smart
factory and its five constituents (c) the terminologies that describe smart factory
systems and (d) the design principles guiding the design of smart factories, it is time
to introduce the issue encountered in this thesis which is wear in journal bearings.
This is done by discussing some general assessment of wear failure and ways of

measuring wear of journal bearings in industry.

Journal bearings are used to provide support and to enable the relative motion
between rotor systems.The bearing failures are generally complex and can be
recognized to several failure modes which combine to cause a failure.The journal
bearings are smaller in nature and relatively cheaper than the components of an
engine or machine.The failure of a machine bearing leads to serious problems
including the need for a complete overhaul. The bearing damage that frequently
occurs in journal bearings includes scratching,wiping,wear and fatigue.The most
common cause for journal bearing failures are related to inadequate lubrication,

faulty assembly, improperly machined components, misalignment and overloading.
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When the journal bearings are lubricated properly,they do no exhibit signs of
wear.The wear takes place on the bearing when the speed of the shaft is too low to

produce sufficient fluid pressure to support the bearing sufaces on a lubricant film.

2.3 Fundamentals of Wear Failure

Wear is a critical concern in many types of machine components; in fact, it is
often a major factor in defining or limiting the suitable lifetime of a component. An
important example is the wear of dies and molds. Wear generally is manifested by a
change in appearance and profile of a surface. Wear results from contact between a
surface and a body or substance that is moving relative to it. Wear is progressive in
that it increases with usage or increasing amounts of motion, and it ultimately results
in the loss of material from a surface or the transfer of material between surfaces.
Wear failures occur because of the sensitivity of a material or system to the surface
changes caused by wear. Typically, it is the geometrical or profile aspects of these
changes, such as a dimensional change, a change in shape, or residual thickness of a
coating, that cause failure. However, a change in appearance and the nature of the
wear damage also can be causes for failure. An example of the former would be
situations where marring is a concern, such as with optical scanner windows, lens,
and decorative finishes. Examples of the latter include valves, which can fail because
of galling, and structural components, where cracks caused by wear can reduce
fatigue life [62, 63]. In addition to these differences, the same amount or degree of
wear may or may not cause a wear failure; it is a function of the application. For
example, dimensional changes in the range of several centimeters may not cause
wear failure on excavator bucket teeth, but wear of a few micrometers might cause

failure in some electromechanical devices. As a consequence of these differences,
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there is no universal wear condition that can be used to define failure. The specific
nature of the failure condition generally is a significant factor in resolving or
avoiding wear failures. It can affect not only the solutions to a wear problem but also
the details of the approaches used to obtain a solution. While this is the case, there
are some general considerations and approaches that can be of use in resolving or

avoiding wear problems.

2.3.1 Ways of Measuring Wear

There are several techniques have been used for measuring wear in journal
bearings where out-of-roundness was found to be the most reliable method for
measuring small wear quantities in journal bearings.Wear measurement methods can
be categorized in three groups based on change in weight, change in geometry and
change in wear debris quantity. To achieve high accuracy in measurements it is
preferred that the amount of wear is significant so that the measurement error is
small too. Measurement of wear by recording the change in geometry of the
component itself is also a useful wear measuring method and directly useful in
estimating the life of tribo-pairs such as brakes and clutches [64]. The three wear

measurement methods can be summarized as follows:

a) Weight loss: weight loss in bearing as well as in shaft.
Weight loss is one of the direct evidence of wear losses and also one of the
most trusted approaches of measuring the wear in machine components. It was

recorded for the bearing as well as sleeve specimens.
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b) Change in wear debris quantity: particle count and debris weight.
Change in wear debris quantity is considered to be a reliable method for
monitoring wear in machine components. There are two methods of quantifying the

wear debris: the particle count and the aggregate weight of the wear debris.

c) Change in geometry: out-of-roundness, radial clearance, surface roughness,
maximum wear depth.

The change in radii of the bearing as well as in the shaft gives the correct
measure of the change in radial clearance of the bearing. The change in radial
clearance directly relates to the load carrying capacity of a journal bearing. A
relationship between the drop in load carrying capacity and the useful life of a
bearing can be successfully derived analysing the effect of change in radial clearance

on minimum oil film thickness similar to that of Chu and Kay [65].

The following section evaluates the evolvement of conventional factories and
their methods of operation. This vision would create the foundation for smart factory

implementation.

2.4 Conventional Factory

A conventional factory can be seen as a collection of physically connected
and non-connected units. An industrial blower driven by a motor is a typical example
for such a connection. The motor will be totally unaware of the condition of the
impellor vanes or the supporting bearings of the blower, even though they are
physically connected. External monitoring and human intervention are the means to
make this connection in a conventional factory. Routine inspections and observation
of noise and current levels are the principal means employed to handle deficiencies.

Preventive maintenance based on historical data and routine inspection, are the two
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main methods for keeping a conventional factory in the functional state. Increasing
the reliability of key plant units and scheduled maintenance activities including
replacement of partially worn-out units in key plants are some of the steps taken to

keep the conventional factories operational.

2.4.1 Limitations of Conventional Factory

Operation of a conventional factory can be regarded as an endeavour to
maximize the state of functioning (Sofu) and minimize the state of failure (Sofa) of
the plant in the safest possible manner. Every activity, including resource allocation
and data collection, is tailored to minimize ‘Sofa’. Maintenance was classified as (a)
breakdown maintenance (b) preventive maintenance and (c) planned maintenance for
general work and condition based maintenance for special units. Maintenance
personnel called the ‘running maintenance team’ were kept on ‘stand-by’ to attend
breakdowns. Preventive maintenance routinely checked the plant and changed the
lubricants routinely to prevent breakdowns. Based on historic data planned
maintenance works were carried out to refurbish or replace worn-out components
nearing their life expectancy derived from crude measurements and historic data.
Historic data itself was collected as aggregate parameters like the time to failure
(which is used to estimate the mean life of a component) rather than the large amount
of data about each component at short time intervals. Spare units of critical
components also were kept in waiting for replacement during break down
maintenance or planned maintenance. This approach has stabilized the operation and
maintenance and, efficiency levels were established as targets to represent good
performance (for example more than 330-340 days of operation of a cement plant in

an year). The limitations can be summarized as follows:



28
a) Organization of the maintenance as breakdown, preventive and planned

maintenance.

b) Running maintenance team waiting as stand-by.

c) Spare components waiting as stand by.

d) Shortage of spare units and emergency purchases.

e) Data collection in summary form which lacks continuous analysis of data and

optimization.

f) Limited opportunities to detailed data analysis for finding root causes, due to

summary format of data collection.

g) Bulk of the maintenance work is post-event.

The problem is further exacerbated by the rapid obsolescence of products and
the emergence of new products, high quality standards, short delivery and decreasing
costs [20]. Conventional factories and their supply chains face challenges in keeping
up with ever-shifting fashion. Conventional factories have the safety, environmental
and sustainability issues [4]. ‘Fixed Routing’ is a major limitation where the
production line is fixed except when manually reconfigured by people with system
power down. There is no communication among machines, products, information
systems and people and the field devices are separated from the upper information
systems. In the current thinking this is considered as a major drawback. Another
major limitation is due to the fact that ‘any malfunction of a single device will break
the full operation since every machine is preprogramed to perform the assigned

functions only’ [66].
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2.4.2 Analysis

The situation in the conventional factories needs some disruptive
development that will destroy the existing methodologies and procedures and
introduce better and autonomous new ones based on advanced technologies that
make very much reduced waste, defect, and downtime. New developments based on
advanced technologies namely (a) sensors to generate more operational data (b)
Internet of Things (loT) for effective communication (c) cloud and dedicated
computing to handle huge amount of data (d) deviation from traditional processing
and (e) integrated management, should be considered for incorporation. Non-
invasive online condition monitoring and appropriate autonomous corrective actions
are the way forward for these factories. Analysis of the literature about the
methodology for retrofitting and implementing smart factories revealed seven main
steps underlying a successful smart factory implementation which are discussed in

chapter 3 and 4.
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Chapter 3: The Methodology

Chapter 2 concluded that non-invasive online condition monitoring and
appropriate autonomous corrective actions are the way forward for these factories. A
conventional factory can be visualized as a collection of elements of which some are
physically connected to ensure functionality. Figure 2 shows a factory as an
assemblage of physically connected elements. Depending on the nature of the
elements they need some components in them refurbished or replaced. Data about
these elements are collected routinely at very large intervals of time and there is no
possibility for any inter-element communication. If it is a process plant operating
round the clock the endeavour is to maximize its state of functioning and minimize
its state of failure. The traditional approach is to monitor the key elements and

replace or refurbish them during a planned shut down or an unplanned breakdown.

A Conventional Factory with Some Elements Physically Connected

Figure 2: A Factory as an Assemblage of Physically Connected Elements

The objective of the proposed methodology is to make the conventional
factory into a smart factory by including smart technologies in the appropriate plant
units. In a smart factory the elements are physically connected to ensure functionality
as in the conventional factory and the key elements are fitted with accessories and

sensors which continuously monitor them and communicate the condition to
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controllers which store and analyze the data with or without the help of backup cloud
computing. The controller then communicate with the accessories to effect changes
based on the results of the analyses. This ability to monitor and control provides
autonomous capabilities to the element and the factory. Figure 3 shows the schematic
of a smart factory as an addition of accessories and sensors to the elements shown in

the conventional factory to make it smart.

Backup Cloud

for storing and
Special processing
Controller/computer
i @
Se!sor &

Accessory

A Smart Factory with Some Elements Physically Connected and Some
Other Elements are Fitted with Smart Sensors and Connected through Intermet

Figure 3: Schematic of a Smart Factory

This chapter proposes a methodology for installing the online condition
monitoring and appropriate autonomous corrective actions. The proposed
methodology has seven stages (a) situation analysis (b) breakdown prevention
analysis (c) sensor selection (d) data transmission and storage selection (e) data
processing and analytics (f) autonomous action network (g) integration with the
physical plant units. The methodology is schematically shown in Figure 4. The

following sections describe these seven stages.
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Situation Analysis

Breakdown Prevention Analysis

Sensor Selection

Data Transmission & Storage Selection

Data Processing and Analytics

Autonomous Action Network

Integration with the Physical Plant Units

Figure 4: Methodology for Building a Smart Factory

3.1 Situation Analysis

Situation analysis starts with the process description with the associated plant
units. Then historical data of these units could be appraised through performance
analysis of the plant units. This would identify the units that have robust performance
and need little change, and the vulnerable units that can be subjected to process
improvement. A ‘Pareto Analysis’ can easily identify the units that frequently

breakdown and thus need enhancement [67].
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3.2 Breakdown Prevention Analysis

In the next breakdown prevention analysis the vulnerable units identified
earlier are investigated for rectifying their vulnerability. It may be that the particular
unit is breaking down because of the failure of a particular part. Then monitoring the
condition of this part and taking remedial action at the right moment is the way
forward in making them robust. This needs the identification of the needed self-x
characteristics. This self-x characteristic for example may be the notification of the
remaining life of a journal bearing. At the end of this stage a ‘list of vulnerable units

and the needed self-x characteristics’ can be produced as the output of this stage.

3.3 Sensor Selection

The next stage is to establish the monitoring needed to incorporate the
specific self-x characteristics. Suitable sensors have to be selected for this
monitoring. There are a variety of sensors including temperature sensor, proximity
sensor, accelerometer, infrared sensor, pressure sensor, optical sensor and ultrasonic
sensor. With such a vast choice, non-destructive online sensors have become easily
available at affordable prices. The chosen sensor should easily measure the required
characteristic or parameter amongst the various noises such as vibration, dusty

condition and bad lighting that can prevail in the factory.

3.4 Data Transmission and Storage Selection

The data generated by the measurements made by sensors should be
transmitted and stored for analysis. Estimation of the amount of data that would be
generated and the choice of the communicating method are crucial at this stage.There

are a variety of communicating technologies that support the specific networking
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functionality needed in an loT system in contrast to a standard uniform, network of
common systems. The major enabling technologies of loT are RFID, NFC, low
energy bluetooth, low energy wireless, low energy radio protocols, LTE-A and Wi-

Fi-Direct [68]. The following subsections describes them.

3.4.1 NFC and RFID

RFID (radio-frequency identification) and NFC (near-field communication)
provide simple, low energy, and useful options to identity and access tokens,
connection bootstrapping, and payments etc. RFID technology uses two-way radio
transmitter-receivers to identify and track tags associated with objects. However,
NFC consists of communication protocols for electronic devices, typically a mobile

device and a standard device [69].

3.4.2 Low-Energy Bluetooth

This technology supports the low-power, long-use need of IoT function while
exploiting a standard technology with native support across systems. Bluetooth
technology allows connection to a variety of different electronic devices wirelessly to
a system for the transfer and sharing of data and this is the main function of
bluetooth. Bluetooth technology uses radio waves to communicate between devices.
Most of these radio waves have a range of 15 to 50 feet. Cell phones are connected to
hands-free earpieces, wireless keyboard, mouse and mic to laptops with the help of
bluetooth as it transmits information from one device to other device. Bluetooth
technology has many functions, and it is used most commonly in wireless

communications’ market [69].



35

3.4.3 Low-Energy Wireless

This technology replaces the most power hungry aspect of an 10T system.
Though sensors and other elements can power down over long periods, wireless
communication links must remain in listening mode. Low-energy wireless not only
reduces consumption, nevertheless also extends the life of the device through less use

[69].

3.4.4 Radio Protocols

ZigBee, Z-Wave, and Thread are radio protocols for creating low-rate private
area networks. These technologies are low-power, but offer high throughput unlike
many similar options. This increases the power of small local device networks

without the typical costs [69].

345 LTE-A

LTE-A, or LTE Advanced, delivers an important upgrade to LTE technology
by increasing not only its coverage, but also reducing its latency and raising its
throughput. It gives 10T a great power through expanding its range, with its most

significant applications being vehicle, UAV, and similar communication [69].

3.4.6 WiFi-Direct

WiFi-Direct allows P2P (peer-to-peer) connections with the speed of WiFi,
but with lower latency therefore it eliminates the need for an access point. Although,
WiFi-Direct eliminates an element of a network that often bogs it down, and it does

not compromise on speed or throughput [69].
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3.5 Data Processing and Analytics

The important next stage is where the generated large amount of data is
arranged in suitable classes (data processing) and subjected to various analyses.
Evaluation of the analyses would reveal conditions where remedial or reactive
actions are needed to keep the unit operational or to minimize the downtime and
safety risks. This activity may require services from ‘Cloud Computing’. Most cloud
computing services fall into four broad categories which are infrastructure as service
(laaS), platform as a service (PaaS), server less, and software as a service (SaaS)
[70]. These are called cloud computing stack because they build on top of one

another.

3.5.1 Infrastructure as a Service (laaS)

This is the most basic category of cloud computing services. With laaS, the
IT infrastructure servers and virtual machines, storage, networks, operating systems

form a cloud provider on as you go basis [71].

3.5.2 Platform as a Service (PaaS)

This is another cloud computing service that supply an on-demand
environment for developing, testing, delivering, and managing software applications.
PaaS is designed to make it easier for developers to quickly create web or mobile
apps without worrying about setting up or managing the underlying infrastructure of
servers, storage, network, and databases needed for development. However,
serverless computing which is considered as the overlapping of PaaS focuses on
building app functionality without spending time continually managing the servers

and infrastructure required to do so. The cloud provider handles the setup, capacity
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planning, and server management for you. Server less architectures are highly
scalable and event-driven only using resources when a specific function or trigger

occurs [72].

3.5.3 Software as a Service (SaaS)

This is a method for delivering software applications over the internet, on
demand and typically on a subscription basis. With SaaS, cloud providers host and
manage the software application and underlying infrastructure and handle any
maintenance like software upgrades and security patching. Users connect to the
application over the Internet, usually with a web browser on their phone, tablet or PC

[72].

3.6 Autonomous Action Network

Time has now come to take remedial action autonomously. This needs the
controlling network for transmitting controlling information to accessories fitted in
the originating plant unit or to other units or seek human intervention. The control
action may include shutting down the plant, sections of the plant, units in sections or
slowing down operational rates. This is the establishment of autonomous or self-

acting network of activities.

3.7 Integration with Physical Plant Units

Once the network of activities or actions described in section 3.6 is
established the last stage is to integrate the process with plant units. It may include
fitting new accessories in various plant units or totally replacing the unit itself with a
better one. This will make the vulnerable units in the conventional plant more robust

due to self-monitoring and autonomous remedial action. As a closing remark it can
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be said that the methodology proposed is based on the findings from literature review
and the limited experience with plant units. The methodology needs testing to prove

its validity.
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Chapter 4: The Implementation

Chapter 3 established a methodology for retrofitting an existing factory into a
smart factory or building a new smart factory. Implementing the methodology
therefore needs a factory in the first place. A laboratory-scale factory was built for
this purpose. The methodology was then applied to make it smarter. This chapter
describes the building of the factory and implementation of the methodology to make
it smart. As explained in Chapter 3, a factory is considered as an assemblage of some
physically connected elements, which function together in harmony to form the

factory.

4.1 The Laboratory-Scale Factory

This section explains the conceptualization and designing of the laboratory
scale factory which was built and tested. There are very many mechanical elements
and the factories housing them that can be chosen for investigation. The main aim
here as stated earlier is ‘To get the knowledge and experience on ‘how to build or
retrofit a smart factory addressing specific issues’, a simple smart factory, made up
of basic building blocks and addressing a single issue using the principles of smart
factory outlined earlier’. Based on the experience the main supervisor Dr
Sivaloganathan had in a cement factory wear in journal bearings, an issue

encountered in many industries, is chosen as the single issue to be addressed.

4.1.1 Requirements

In order to build the laboratory-scale factory its requirements were identified

as follows:
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a. It should reflect some real-life situation and involve elements that are widely

used in factories.

b. These elements should have behavioral characteristics that make them

vulnerable due to random failure.

c. The characteristic or characteristics should be easily monitored in a

continuous manner.

d. Analysis of the measured data of the characteristic under consideration
should lead to some behavior that could be explained using established

principles of engineering.

e. The analysis should point towards some remedial actions to improve the

performance of the factory.

4.1.2 Triggering Problem and Conceptual Design

An experience by the main supervisor Dr Sivaloganathan in a cement factory
triggered the basis for the laboratory-scale factory. The experience can be described
in the following way: The drive of the grate cooler attached to the kiln was connected
to the drive through a journal bearing. The bearing gets worn out in short intervals.
When the wear increases beyond a certain limit the play in the bearing creates a
‘knock’, which shakes the cooler plate assembly. This and the resulting vibrations
loosen the bolts that fix the cooler plates to the chassis and the cooler plates got

dislodged causing a breakdown stopping the kiln.

The experience identified journal bearing as the candidate for observation and

wear of the bearing as the characteristic for continuous monitoring. The wear caused



41
the failure and it is affected by various factors such as the ambient temperature, dusty
condition of the air, condition of lubrication etc. Cameras were chosen to monitor the
wear on a continuous basis. A single bearing can be considered as an element in the
factory and two of them when connected to carry a shaft can form a connected unit.
But there should be more than one such unit. In the end the laboratory-scale factory
was conceptualized to have two shaft assemblies, each carried by two journal
bearings. But getting a clear view from the camera to monitor wear, proved difficult.
It was observed that ‘Goods Wagons’ in railways use half-bearings as shown in
Figure 5. Following this pattern the shafts were carried by half journal bearings. This

enabled clear vision of the ‘top part’ of the lower-half bearing.

Figure 5: Bearings in Railway Goods Wagons [73]

To initiate wear the shaft has to be loaded. To load the rotating shaft a pulley
supported by a ball bearing was installed at the center of the shaft. The conceptual
design of the setup is shown in Figure 6. The conceptual design consists of two
motors, two gear boxes, two loaded shafts and four half journal bearings. Out of

these, the four half journal bearings, are the key elements that are vulnerable for



42
failure due to wear. To make the factory smart these bearings have to be monitored
continuously. A vision system has been developed to monitor these bearings. Four

webcam cameras were employed for this purpose.

Figure 6: Conceptual Design of the Laboratory-Scale Factory

4.1.3 Completed Laboratory-Scale Factory

The detailed design of the factory was completed using SolidWorks software

as shown in Figure 7. The ‘Production Drawings’ are given in Appendix A.
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Figure 7: Motor and Shaft Assembly without the stand

4.1.4 Stand for the Cameras

Proper measurements require clear pictures and they should be at a constant
location to yield accurate calculations. The cameras should not be fixed to the factory
frame because the vibrations could shake the camera while pictures are being taken.
To prevent this a frame to mount the four cameras was designed and fabricated as
shown in Figure 8. The fabricated factory and the camera stand are shown in

Figure 9.
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Figure 8: Framework for Carrying the Cameras
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Figure 9: The Fabricated Laboratory-Scale Factory

4.1.5 Functional Description of the Factory

Two motors each were connected to a flexible coupling (universal joint) and
then to a shaft formed the drive units.The flexible coupling was used to fix any
misalignment between the gearbox and the shaft. A 316 L AISI stainless steel shaft
was loaded by a ball bearing fixed inside the pulley holding a load of 7.5 kg and the
half journal bearings were mounted on bearing housings to carry the shaft.The
housing of the journal bearing was made from aluminium alloy (Al Zn 6 Mg Cu)

whereas the bushing of the journal bearing was made from bronze (Cu Sn 7 Pb 6
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Zn 4). The bill of materials table is shown in Appendix C. Each journal bearing had a
camera sensor to monitor its wear. Operating the journal bearing with the load in a
harsh condition to get the maximum amount of wear and monitoring and making this
failing bearing smart were the purposes of this factory. Furthermore, the design
allows for relatively simple assembly and disassembly requiring 2 persons (complete
removal and disassembly of the setup requires less than 4 hours).Having thus seen
the description of the laboratory-scale factory the seven-stepped methodology for

making it smart can be applied.

4.2 Situation Analysis

Since this laboratory scale factory is built to monitor the journal bearings

there is no need for a situation analysis.

4.3 Breakdown Prevention Analysis

To prevent the breakdown there are some self-x characteristics needed. The
vulnerable unit in the cement factory was the journal bearing which has been chosen
as a candidate component for making the factory smart. Monitoring the condition of
the journal bearing and taking remedial actions at the right moment is the way
forward for making it robust. The needed self-x characteristics for making the
frequently failing journal bearing smart is (a) The notification of the remaining life
of the journal bearing can be calculated from the historic data ‘wear value to
breakdown’.(b) The average K is the combination of K, and the coefficient of friction
fs called the ‘wear factor’ and is determined by experiments for different
materials.This value for the specific bearing can be calculated where the K value can

be used to trigger a lubricant flush.
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Other vulnerable units can exist and accordingly a list of self-x characteristics

can be generated.

4.4 Sensor Selection

The monitoring needed to incorporate the self-x characteristics is done using
a sensor. There are several sensors available in literature but in this work the sensor
selected was the USB Logitech C920 webcam. It operates in full-HD 1080 pixels. It
comes with a photo quality of 15 Mega pixels and a video quality of 1920x1080.It
has a full-HD glass lens. The frame rate of the cameras is 30 frame per second.
Logitech C920 produces brighter images because it is equipped with automatic HD
light correction, the C920 fine tunes to your lighting conditions to produce bright,
well-contrasted images even if you’re in a dim setting [74].The camera was placed at
a constant distance of 7 centimetres away from the journal bearing. Figure 10 shows

the C920 Logitech USB Webcam.

Figure 10: A C920 USB Logitech Webcam

4.5 Data Transmission and Storage Collection

The data generated by the measurements made by the sensor selected
(Logitech C920) in section 4.4 should be transmitted and stored for analysis.
Estimation of the amount of data that would be generated and the choice of the

communicating method are crucial at this stage. There are several communication
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methods that can be used such as ethernet, low energy wireless, low energy radio
protocols, LTE-A and Wi-Fi-Direct. In this thesis ethernet communication has been
used for data transmission and storage collection where the devices were connected
through a wired local area network. MATLAB image processing toolbox and the
USB webcam package has been installed to the PC using Ethernet communication
(wired communication). The Image Processing Toolbox is a collection of functions
that extend the capability of the MATLAB numeric computing environment [75].
The toolbox supports a wide range of image processing operations. MATLAB Image
processing toolbox has been used to measure and process the wear of half journal
bearing. At specific time intervals a Logitech webcam camera takes an image or
picture of the shown journal bearing assembly, which is stored in the computer
memory. The vision software then analyzes the image of the region ABCD shown in
Figure 11 and estimates by how much the edge AD has moved from the first image.
This is the wear. The wear is written to a file together with the lapsed time. The
process continues with the image-acquiring and wear-calculating activities. The
measured wear is then analyzed to monitor the wear rate, remaining life etc. They
can be used to trigger messages to the maintenance, supplies and other necessary

parties.

HALF JOURNAL BEARING

A =2 4

Figure 11: The Half Journal Bearing under Investigation
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Diagrams and images are considered more communicative as compared to

text. Therefore, Jackson Structured Programming Diagrams [76] has been used to
illustrate the code. JSP is basically a program design procedure that applies on
systems with well-defined inputs and outputs. This design technique is language
independent and can be used for any structured programming language. Table 3

shows the JSP symbols and description.

Table 3: JSP Symbols and Description

JSP Symbols Description

Sequence
A component that has two or more parts
occurring once each, and in order

) Selection
It is a composite task and consists of one
or more parts, only one of them is
executed

* Iteration
It is a composite task that repeats zero or
more fimes

The Methodology of measuring the wear consists of three parts:
1. Image acquisition
2. Creating the mask with first unworn image and
3. Obtaining the measurement of the wear and getting the wear versus time
values table.

The following subsection describe the process done in each one of them.
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4.5.1 Image Acquisition

Acquire
Image
Set Call Plot &ngt Save, clear
Parameters Webcam || pictures & close
Increment Display Write
Counts Picture Picture

Figure 12: Software for Acquiring the Image

This is the process of taking pictures at a specified interval over a specified
period of time, display the image on the computer screen, and write the picture in a
file. For the process reported here the images were obtained for a period of three
hours and the pictures were taken at 50 seconds interval so that with processing time
one picture is taken every minute that is a total of 180 pictures for each trial. To see
significant amount of wear no lubricants were introduced between the journal and the
bearing. The software to execute this activity is written as a function in MATLAB
whose structure is shown in Figure 12. The function starts with setting up maximum
time, pause time, resolution, file name and other similar variables under the title ‘set
parameters’. The camera, which is connected to form part of the image processing
system, is then called to take pictures. The camera in turn takes pictures in cycles.
The picture taken is transferred to the computer, which displays the picture in the

screen and writes it in the file present in the computer hardware during every cycle.
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The process is repeated until the specified maximum time is reached. Appendix B

shows the code structure of the ‘acquire image function’.

4.5.2 Masking the Region of Interest

Mask
First Image

Draw Polyg. | | Set

& set Mask | | Ref. angle Set Values

Figure 13: Software for Masking the Region of Interest

The picture covers a relatively large area in comparison to the bearings area
of interest, which is marked by the reference rectangle ABCD shown earlier in
Figure 11. This step is done only once on the first image in each set since the camera
does not move and its position is constant for the same set. The process starts by
drawing the rectangle ABCD (called polygon in Figure 11) and setting this rectangle
as the mask. Then the reference angle is set as one equal to the arc tan of y divided
by the x values. The values of the drawn rectangle and the distance are set. Figure 13
shows the program structure of the masking .These values are saved for use in the

next program where the wear is measured.

4.5.3 Algorithm for Measuring Wear

This section discusses the process of processing the wear, where the mask
done in the previous step is loaded and initialized first. Then a for loop is written to
split the pictures into jpg format and numbers to make it easy in handling and

manipulation.
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Then the pixels and depth of wear is initialized to start obtaining wear continuously.
Before obtaining the wear some preprocessing is done to prepare the region of
interest to be calculated. Then setting the angular position to fix the inclination after
cropping. This results in some black edges appearing on the edges. The black edges
are removed and the image is grayscaled, filtered and binarized. Moreover, the pixel
versus rows is plotted to see the distance from the first edge to the other edge by
detecting the maximum peaks. To remove the error it has been subtracted and then
the plot of wear versus time is obtained. Figure 14 shows the algorithm for
measuring the wear. Figure 15 shows the whole process for measuring the wear. The

detailed process with pictures is shown in chapter 5.

Measure
Wear

Initialize & Split picturgg Initialize C)btain\v\‘feaf':r Plot Wear
Load Mask | [(jpg & nos.)| |Pixel depth [loontinuousty| | -time graph

Crop region | | Set angular Remove Grayscale Plot pixel Detect Max |[Subtract & Write Wear-
Required Position black edges | filter&binarize | | versus rows|| . peaks Remove error| |time Table

Figure 14: Software for Measuring Wear



Obtain Wear-time Plot
through Image Processing

Acquire Mask Measure
Image First Image| Wear
Set Call Plot 8writ?] [Save, clear| [Draw Polyg.] [ Set Set Values | | IMtelize & | fspit Pictured | nitalize  obtain wear] | Plot Wear
Parameters | | Webcam ||pjctures | |& close & set Mask | | Ref. angle Load Mask | [(jpg & nos.)| | Pixe! depth continuousty| | -time graph
PARAMETERS
1 MaximumTime
2 PauseTime
- : 3 FileName .
Increment Display Write 4 Resolution Crop region | | Set angular Remove Grayscale Plot pixel || Detect Max ||Subtract & Write Wear-
Counts Picture Picture 5 Distance = 25 mm Required | |Position black edges |fiiter&binarize || versus rows| - peaks Remove error] |time Table
6 iRect1 - Rectangle dimensions

Figure 15: Structure of the Complete Program
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4.5.4 Details of Processing and Preprocessing the Wear

The procedure for preprocessing and calculating wear is described in this
chapter.The required region is masked as shown in Figure 16(i) and cropped as in
Figure 16(ii) and then the cropped image is rotated as in Figure 16(iii) this results in
adding more zeros, or in other words black edges around the image. The zeros are
removed by taking row-wise and column-wise sum of the pixel values, and
considering the first nonzero sum as the beginning and the end of each summed lines
and the result of this step is shown in Figure 16(iv). The RGB image is converted to
grayscale, after that a range filter is used to enhance only the important aspects like
contour of wear. The filtered image is then binarized using a predefined threshold to
capture much of the contour that indicates wear. Figure 16(v) shows the binarized
image showing the boundaries of the bearing. Figure 16(a) shows the unworn journal
bearing 1 and Figure 16(b) shows the same steps for processing a worn journal
bearing 1. Figure 17,18 and 19 shows the same process for the the other three journal

bearings.
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(a) Unworn Journal Bearing 1

Figure 16: Processing the Images (a) Unworn Journal Bearing 1 (b) Worn Journal
Bearing 1
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(@) Unworn Journal Bearing 2

Worn Journal Bearing 2

(®)

Figure 17: Processing the Images (a) Unworn Journal Bearing 2 (b) Worn Journal
Bearing 2
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Figure 18: Processing the Images (a) Unworn Journal Bearing 3 (b) Worn Journal
Bearing 3
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® (i)

Figure 19: Processing the Images (a) Unworn Journal Bearing 4 (b) Worn Journal
Bearing 4
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Then this binarized image is used to get the pixels’ values versus rows graph.

The highest peaks are detected by using differentiation command so that the
boundaries of the region of interest are clearly shown. Figure 20 shows a typical
‘pixel sum’ versus ‘Row’ graph where the actual length is represented by the gap
between the peaks. Every picture taken by the camera at specified time intervals will
be having a similar graph from which the actual size of AB represented by this gap
can be calculated during the processing of that picture. The difference between the

reference size (from the first picture) and the current size is the cumulative wear.
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Figure 20: Pixel Sum Versus Row Number

4.6 Data Processing and Analytics

The important next stage is where the generated large amount of data is
arranged in suitable classes (data processing) and subjected to various analyses.
Evaluation of the analyses would reveal conditions where remedial or reactive

actions are needed to keep the unit operational or to minimize the downtime and
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safety risks. This activity may require services from ‘cloud computing’ such as laaS,
PaaS or SaaS. In this work they were however not needed. Evaluation of the analyses
would reveal conditions where remedial or reactive actions are needed to keep the

unit operational or to minimize the downtime and safety risks.

The processed data has a huge impact in the management of a journal bearing
carrying a running shaft in a factory. The wear in the bearing is the parameter that

tells whether it is in the operable condition or is reaching the wear-out period.

A large amount of data about a single component can be classified in several
ways. For example the condition of the wear rate when lubrication is provided and
the wear rate when no lubrication is provided (harsh condition).This data provide a
better way to manage than the routine change done in the MTTF from the historical

data.

The measurement of wear permits the estimation of the remaining life. This
can facilitate to plan the spare part and bring the maintenance team in time to
minimize the downtime. But this needs two things: (a) availability of large data and
(b) processing capability or analytics to compute different monitoring constructs to

assist efficient operation.

4.7 Autonomous Action Network

Time has now come to take remedial action autonomously. The proposed
smart system communicates with a cloud server on the internet through the ethernet
network of the factory. The maintenance personnel check the status of the bearings
through a web application. Thus, this facilitates a condition based maintenance

instead of the preventive maintenance. This facilitates the decision making process in
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which different stake holders could access the data and take required actions such as

shutting the plant, or triggering the supplies for a spare part etc. This can be shown in

Figure 21.
Factory
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Figure 21: Schematic of the Developed Smart Factory

The analysis section of the project analyses these images and obtain the wear
characteristics. The wear characteristics are plotted and displayed as a graph showing

wear versus time. Another part of analysis calculates the following:

a. The wear constant

b. Any variation in wear rate

c. Remaining life

The findings from the analyses autonomously trigger alerts to the
maintenance and supplies divisions to get ready with spares and maintenance team

for corrective maintenance. However, this part has not been done in this thesis.
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The network system is composed of the following components:

e Networked Factory (Wired or Wireless)
e Cloud Server

e Web Application

4.8 Integration with the Physical Plant Units

Once the network of activities or actions described in section 4.7 is
established the last stage is to integrate the process with plant units. It may include
fitting new accessories in various plant units or totally replacing the unit itself with a
better one. This will make the vulnerable units in the conventional plant more robust

due to self-monitoring and autonomous remedial action.
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Chapter 5: Results and Discussion

In this chapter, the results of the implementation done in the previous chapter
is illustrated. The four graphs of the four journal bearings are presented .As described
earlier the entire system has been implemented in MATLAB using the Image

Processing Toolbox.

5.1 Analysis of the Results — Graphs

Figure 22 shows the wear-time curve of the first journal bearing. The right
part of the journal bearing has been masked as the region of interest. It can be seen
that the wear is increasing rapidly because no lubricant was introduced. Initially, the
curve shows a rapid change in wear (0 to 20 minutes) up to 0.15 mm. The slope
started to be less steep after the 20 minutes. From 40 to 139 minutes the wear

increased gradually to reach a value of 0.45 mm at 140 minutes.
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Figure 22: Wear versus Time Plot of Journal Bearing 1
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Figure 23 shows the wear-time curve of the second journal bearing. Initially,

the curve shows a rapid change in wear (0 to 10 minutes) where the wear reached
0.06 mm. The wear started to increase gradually to reach a value of 0.17 mm at 140

minutes.
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Figure 23: Wear versus Time Plot of Journal Bearing 2

Figure 24 shows the wear-time curve of the third journal bearing. Initially,
the curve shows a high peak wear value of 0.06 mm in the beginning and then it
decreased to reach 0.02 mm.This can be an error because of the detection or the
illumination. Then it shows a representative response of wear increasing gradually

until to reach a value of approximately 0.2 mm.
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Figure 24: Wear versus Time Plot of Journal Bearing 3

Figure 25 shows the wear-time curve of the fourth journal bearing. Initially,
the curve shows a rapid change in wear (0 to 5 minutes) where the wear reached 0.3

mm. The wear started to increase slightly to reach a value of 0.45 mm at 140

minutes.
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Figure 25: Wear versus Time Plot of Journal Bearing 4

5.2 Analysis of the Results — Analytics

160
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The graph in Figure 22 has been analyzed where the estimation of K and the

remaining life of the journal bearing has been calculated from the wear-time table.

Table 4 shows the time and wear extracted from the Figure 22 plot. Table 4 can be

used for getting the analytics.



5.2.1 Analysis of the Wear

Table 4;: Wear-Time Table

Time Wear
0 0

10.833 | 0.11684
20 0.14733
30 0.19316
40 0.19985
50 0.22416
60 0.23496
70 0.23595
80 0.26065
90 0.30723
100 | 0.33717
110 | 0.36578
120 | 0.40171
130 | 0.43033
140 0.4492
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Budyanas and Nisbett in Shigley’s Mechanical Engineering Design [77]

explains the wear in the following way.

f
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Figure 26: Sliding Block Subjected to Wear (Adapted from [77])
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Consider the block of cross sectional area A shown in Figure 26 (a) sliding
through a distance S and reaches the position as shown in Figure 26 (b). In the
process it undergoes a wear w as shown. Let the pressure on the wearing surface be P

and the coefficient of friction be f;.

The frictional force,

f,PA Newtons 1)
Work done in moving by a distance S is,

f,PAS )

But the work done is proportional to the volume of material removed. The material

removed is,
wA mm3 (3)
Therefore,
f,PAS o wA 4)
This leads to
w = K;fsPS mm (5)
Also,
S=Vt (6)
This leads to

w = KPVt mm @)
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Where K is the combination of K; and f;, called the ‘Wear Factor’ and is

determined by experiments for different materials.

A journal bearing works satisfactorily until the wear reaches a limit at which
point the sloppiness would increase vibrations and create damage to the rest of the
plant units. Normally maintenance units replace the worn-out bearings. Continuous
monitoring as described above would permit the estimation of the wear factor at

frequent intervals for the specific bearing. This can give the following benefits:

5.2.2 Estimation of the Exact Value of K for the Given Bearing

Consider the bearing in the test rig. The motor has a speed of 1400 rpm and
the gearbox has a reduction of 50. This leaves the speed of the shaft be 28 rpm. The

shaft diameter is 25 mm. Hence the peripheral velocity of rubbing equals,

(1t X 25) X (g) x 1073 = 0.037 m/sec (8)

The load at the center is 7.5 kg. This can be considered as 75 Newtons. The length of

the bearing is 25 mm. Hence the,

75
2X25%25

Average pressure = = 0.06 MPa 9)

Thus in general for this bearing the wear w = K X 0.06 x 0.037 X 103 X ¢t

Now if the wear during the first 10 minutes is considered

0.11684 = K x 0.06 x 0.037 x 103 X 10.8333 X 60 (10)
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Hence,

K= 011084 = 8.0973 x 105 (11)

T 0.06X0.037x103%10.833X60

Now if the 30 minutes’ interval from 20 minutes to 50 minutes is considered.

Wear w = 0.22416 — 0.1473 = K X 0.06 x 0.037 x 103 x 30 X 60 (12)

Hence,

_ 0.07686
T 0.06%0.037X103X30X60

=1.9234 x 1075 (13)

This tells that the K value under normal operations is much lower than the
initial value. The initial K was high till the peaks and valleys in the two mating
surfaces smooth themselves out. The variation of K values in 20 minutes’ intervals is

given in Table 5.

Table 5: Variation of K in 20 Minutes Interval

Time(min) | Wear (mm) K
0 0
20 0.14733 | 5.530 x 107>
40 0.19985 | 3.751x 107°
60 0.23496 | 3.940 x 1075
80 0.26065 | 2.446 x 1075
100 0.33717 | 2.531x 1073
120 0.40171 | 2,513 x 107°
140 0.4492 | 2.409 x 1075
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Monitoring the K value can give an indication about the lubrication and
environmental condition such as dust. It also is a reflection of the materials of the
shaft and the bearing. Any increase in the value would indicate the need for checking

the environment and lubrication instead of depending on Preventive maintenance.

5.2.3 Estimation of Remaining L.ife

Estimation of remaining life based on specific measured values would be
more reliable than those figures based on historical data. For the given setup let the
permissible wear be 3 mm. If an average value of 7.2 x 107> is assumed for K the

total life can be calculated as,

Permissible wear 3

Total life = = = 312.8 Mins (14)

Kx0.06x0.037%x103 7.2Xx1075X0.06X0.037%x103

As can be seen the estimated total life is 312.8 minutes. This value will
change with the change in the K value. But it can be used as a more reliable estimate.
Using this for example at the end of 140 minutes the remaining life can be

estimated as:

Remaining life = (312.8 — 140) = 172.8 mins (15)
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Chapter 6: Discussion, Areas for Future Work and Conclusion

This thesis and the laboratory-scale factory are the results of the maiden
effort in the department on smart factories and digital manufacturing. Since this topic
is current and many researchers are actively involved in the research the number of
publications in the public domain is very high. Common terminologies in English
language had different specific meanings in this digital formation. It was therefore a

huge effort to carry out a representative literature survey.

6.1 Discussion

The findings from the survey prompted the question ‘How can one retrofit or
build a smart factory?’. The survey and the methodology proposed were summarized
and published in the International Journal of Advance Research, Ideas and
Innovations in Technology under the title ‘Smart Factory: A methodology for
adaptation’. This defined the smart factory for us and the methodology to build one.
In the next step we used the methodology to build a laboratory-scale smart factory.
The journal bearings were chosen as the single issue for investigation. The biggest
problem was finding the right sensor and the method of using it for condition
monitoring. Several alternatives were considered and abandoned due to their high
cost. Logitech Webcam C920 was chosen and Image Processing Toolbox from
MATLAB were used for carrying out the functions. It required substantial command
in programming. A program was formulated and written using Jackson’s Structured
Programming methodology, JSP. This was written as a paper for the Computing
Conference 2019 under the title ‘Vision monitoring of half journal bearings’. This
was the first attempt to monitor a single bearing. It was thought that monitoring all

four bearings simultaneously could be done easily. Though monitoring was achieved
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the process was far from easy and complete. It needed the 10T platform. At this point
it was decided that this phase would conclude here, showing how the data collected
could be used to make the factory smart rather than implementing it. Chapter 5
showed that the following could be done using the data collected during the
continuous monitoring (a) observing and measuring the variation of wear factor k so
that autonomous actions can be taken to make the system more robust (b) estimating

the remaining life which results in removing uncertainties in conventional factories.

6.2 Future Work — 1oT Platform

An 10T platform bridges the gap between device sensors and data network. It
is a set of components that allows developers to spread out the applications, remotely
collect data, secure connectivity, and execute sensor management. It connects
different components, ensuring uninterrupted flow of communication between the
devices. In a factory there can be several plant units that require routine replacement
after certain time is elapsed. Coordinating them and replacing them during a single
planned shutdown is a major task in conventional factory maintenance. With
continuous monitoring and facility for the estimation of remaining lives of several
units the plant units can communicate among themselves and plan an optimal time
for a shutdown. In addition to, journal bearings can communicate with voice
commands illustrating the remaining live left in them and send a request to the

supplies department for replacing the journal bearings.

6.3 Conclusions

This research has provided several insights into smart factories. The following can be

said as conclusions from this research:
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In the first instance it carried out an extensive survey on ‘Smart Factory’ and
identified and understood the enabling technologies on which smart factories
are and can be built. Developments in four main areas (a) sensor capabilities
(b) communication capabilities (c) storing and processing huge amount of
data and (d) better utilization of technology in management and further
development are these enabling technologies and practices.
The research proposed a methodology to retrofit an existing factory into a
smart factory and for formulating the development of a new smart factory. It
outlines a systematic approach for the introduction of ‘Smartness’ in the
operation of a smart factory.
In the research a factory at the laboratory-scale has been built. It identified
the route cause or shortcoming of existing factories (wear in journal bearings)
and used the enabling technologies to make it smart.
The laboratory-scale factory used the vision-based sensing system in a novel
way to study the wear characteristics of half journal bearings.The maximum
wear value was 0.45mm for journal bearing 1 and 2.
Finally algorithms and analytics have been developed to process the data to

get results that can be used to make applications of journal bearings ‘Smart’.



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

75

References

Kagermann, H., Helbig, J., Hellinger, A., & Wahlster, W. (2013).
Recommendations for implementing the strategic initiative INDUSTRIE 4.0:
Securing the future of German manufacturing industry; final report of the
Industrie 4.0 Working Group. Forschungsunion. Retrieved from
https://www.din.de/blob/76902/e8cac883f42bf28536e7e8165993f1fd/recommen
dations-for-implementing-industry-4-0-data.pdf.

Omron Industrial Automation. (2017). Integrated, interactive and intelligent
automation: Innovation by automation enabling innovation in manufacturing.
Retrieved from https://www.pressreleasefinder.com/Omron/OMRPR001/en/

Lee, J. (2015). Smart factory systems. Informatik-Spektrum, 38(3), 230-235.

Burke, R., Mussomeli, A., Laaper, S., Hartigan, M., & Sniderman, B. (2017).
The smart factory: Responsive, adaptive, connected manufacturing. Deloitte
Insights, August, 31. Retrieved from
https://www2.deloitte.com/content/dam/insights/us/articles/4051_The-smart-
factory/DUP_The-smart-factory.pdf.

Verzijil, D., Dervojeda, K., Sjauw, J., Nategaal, F., Netherlands, P., Probst, L.,
... Luxembourg, P. (2014). Smart Factories Capacity Optimization. European
Commission, 23, 52-63.

Yurish, S. (2017) . Sensors and Sensor Systems: Design and development for
smart phones and IoT. (2017). Retrieved from
https://www.iaria.org/conferences2017/filesSIGNAL17/SergeyYurish_Tutorial_
SIGNAL_2017.pdf.

Kanoun, O., & Trankler, H. R. (2004). Sensor technology advances and future
trends. IEEE Transactions on Instrumentation and Measurement, 53(6), 1497-
1501.

Schutze, A., Helwig, N., & Schneider, T. (2018). Sensors 4.0-smart sensors and
measurement technology enable Industry 4.0. Journal of Sensors and Sensor
Systems, 7(1), 359-371.

Patel, K. K., & Patel, S. M. (2016). Internet of things-10T: definition,
characteristics, architecture, enabling technologies, application & future
challenges. International journal of engineering science and computing, 6(5), 23-
36.



76

[10] Trappey, A. J., Trappey, C. V., Fan, C. Y., Hsu, A. P., Li, X. K., & Lee, I. J.
(2017). 10T patent roadmap for smart logistic service provision in the context of
Industry 4.0. Journal of the Chinese Institute of Engineers, 40(7), 593-602.

[11] Jia, X., Feng, Q., Fan, T., & Lei, Q. (2012, April). RFID technology and its
applications in Internet of Things (1oT). In 2012 2nd international conference on
consumer electronics, communications and networks (CECNet) (pp. 1282-
1285). IEEE. Retrieved from https://ieeexplore-ieee-
org.ezproxy.uaeu.ac.ae/document/6201508.

[12] Khan, M., Wu, X., Xu, X., & Dou, W. (2017, May). Big data challenges and
opportunities in the hype of Industry 4.0. In 2017 IEEE International
Conference on Communications (ICC) (pp. 1-6). IEEE. Retrieved from
https://ieeexplore-ieee-org.ezproxy.uaeu.ac.ae/document/7996801.

[13] Ramakrishna, S., Khong, T. C., & Leong, T. K. (2017). Smart Manufacturing.
Procedia Manufacturing, 12, 128-131.

[14] Kumar, S., & Goudar, R. H. (2012). Cloud computing-research issues,
challenges, architecture, platforms and applications: a survey. International
Journal of Future Computer and Communication, 1(4), 356-367.

[15] Groover, M. P. (2016). Automation, production systems, and computer-
integrated manufacturing. Pearson Education India.

[16] Ramanathan, K. (1989). Evaluating the national science and technology base: A
case study on Sri Lanka. Science and Public Policy, 15, 304-320

[17] Gantz, J., & Reinsel, D. (2012). The digital universe in 2020: Big data, bigger
digital shadows, and biggest growth in the far east. IDC iView: IDC Analyze
the future, 20(12), 1-16. Retrieved from
https://www.emc.com/collateral/analyst-reports/idc-digital-universe-united-
states.pdf.

[18] Nagorny, K., Lima-Monteiro, P., Barata, J., & Colombo, A. W. (2017). Big data
analysis in smart manufacturing: a review. International Journal of
Communications, Network and System Sciences, 10(3), 31-40.

[19] Bennett, D., & Vaidya, K. (2005). Meeting technology needs of enterprises for
national competitiveness. International Journal of Technology Management,
32(1-2), 112-153.

[20] Hozdi¢, E. (2015). Smart factory for industry 4.0: A review. International
Journal of Modern Manufacturing Technologies, 7(1), 28-35.



77

[21] Radziwon, A., Bilberg, A., Bogers, M., & Madsen, E. S. (2014). The smart
factory: exploring adaptive and flexible manufacturing solutions. Procedia
engineering, 69, 1184-1190.

[22] Robert F. (2017). Robotics and Intelligent Systems. Princeton University
Princeton, NJ. Retrieved from
http://www.stengel.mycpanel.princeton.edu/RISVirText.html.

[23] Qu, S., Jian, R., Chu, T., Wang, J., & Tan, T. (2014). Comuptional reasoning
and learning for smart manufacturing under realistic conditions. In 2014
International Conference on Behavioral, Economic, and Socio-Cultural
Computing (BESC2014) (pp. 1-8). IEEE.

[24] Mittal, S., Khan, M. A., Romero, D., & Wuest, T. (2019). Smart manufacturing:
characteristics, technologies and enabling factors. Proceedings of the institution
of mechanical engineers, part B: journal of engineering manufacture, 233(5),
1342-1361.

[25] Cheng, K. (2015). Keynote presentation-2: Smart tooling, smart machines and
smart manufacturing: Working towards the Industry 4.0 and beyond. In 2015
21st International Conference on Automation and Computing (ICAC) (pp. 1-1).
IEEE.

[26] Kang, H. S., Lee, J. Y., Choi, S., Kim, H., Park, J. H., Son, J. Y., ... & Do Noh,
S. (2016). Smart manufacturing: Past research, present findings, and future
directions. International Journal of Precision Engineering and Manufacturing-
Green Technology, 3(1), 111-128.

[27] European Commission (2015). Directorate-General for Research & Innovation.
Energy-efficient Buildings: Multi-annual roadmap for the contractual PPP under
horizon 2020. Retrieved from
http://lwww.buildup.eu/en/practices/publications/energy-efficient-buildings-
multi-annual-roadmap-contractual-ppp-under-horiz-0.

[28] Trombley, D., & Rogers, E. (2014). Benefits and barriers of smart
manufacturing. Retrieved from http://hdl.handle.net/1969.1/152162.

[29] Davis, J. Cyberinfrastructure in Chemical and Biological Process Systems:
Impact and Directions. A University Industry CI Perspective. (2006). Retrieved
from http://www.oit.ucla.edu/nsfci/NSFCIFullReport.pdf.



78

[30] Davis, J. (2006). Cyberinfrastructure in chemical and biological process
systems: impact and directions. In NSF workshop report, Arlington, VA.
Retrieved from https://smartmanufacturingcoalition.
org/sites/default/files/the_norma_language application_to_solution_of_strong_
nonequilibrium_transfer. pdf (2006, accessed 29 March 2017).

[30] Malik, J. A. N. (2016). US expects energy savings through smart manufacturing.
MRS Bulletin, 41(1), 10-11. Retrieved from
https://www.cambridge.org/core/services/aop-cambridge-
core/content/view/f8c0e0269ae8bbbe85dcfb5ef6962eba/s088376941500319xa.
pdf/us_expects_energy_savings_through_smart_manufacturing.pdf.

[31] G.D. Abowd , M. Ebling , G. Hung , Hui Lei & H.-W. Gellersen. (2002).
Context-aware computing. IEEE pervasive computing, 1(3), 22-23. Retrieved
from https://ieeexplore-ieee-org.ezproxy.uaeu.ac.ae/document/1037718.

[31] Abowd, G. D., Ebling, M., Hung, G., Lei, H., & Gellersen, H. W. (2002).
Context-aware computing [Guest Editors' Intro.]. IEEE Pervasive Computing,
1(3), 22-23. Retrieved from https://ieeexplore-ieee-
org.ezproxy.uaeu.ac.ae/document/1037718.

[32] Kibira, D., Morris, K., & Kumaraguru, S. (2015). Methods and tools for
performance assurance of smart manufacturing systems. National Institute of
Standards and Technology, NISTIR, 8099. Retrieved from
https://www.nist.gov/publications/methods-and-tools-performance-assurance-
smart-manufacturing-systems-0

[33] Korambath, P., Wang, J., Kumar, A., Davis, J., Graybill, R., Schott, B., &
Baldea, M. (2016). A smart manufacturing use case: Furnace temperature
balancing in steam methane reforming process via kepler workflows. Procedia
Computer Science, 80, 680-689.

[34] Leitdo, P., Colombo, A. W., & Karnouskos, S. (2016). Industrial automation
based on cyber-physical systems technologies: Prototype implementations and
challenges. Computers in Industry, 81, 11-25.

[35] Lee, E. A. (2008, May). Cyber physical systems: Design challenges. In 2008
11th IEEE International Symposium on Object and Component-Oriented Real-
Time Distributed Computing (ISORC) (pp. 363-369). IEEE.

[36] Monostori, L. (2014). Cyber-physical production systems: Roots, expectations
and R&D challenges. Procedia Cirp, 17, 9-13.

[37] Esmaeilian, B., Behdad, S., & Wang, B. (2016). The evolution and future of
manufacturing: A review. Journal of Manufacturing Systems, 39, 79-100.



79

[38] Choi, S., Jung, K., & Noh, S. D. (2015). Virtual reality applications in
manufacturing industries: Past research, present findings, and future directions.
Concurrent Engineering, 23(1), 40-63.

[39] Wang, M., Zhong, R. Y., Dai, Q., & Huang, G. Q. (2016). A MPN-based
scheduling model for 10T-enabled hybrid flow shop manufacturing. Advanced
Engineering Informatics, 30(4), 728-736.

[40] Alberti, A. M., & Singh, D. (2014). Developing a NovaGenesis architecture
model for service oriented future Internet and I0T: An advanced transportation
system scenario. In 2014 IEEE World Forum on Internet of Things (WF-10T)
(pp. 359-364). IEEE.

[41] Yu, C., Xu, X., & Lu, Y. (2015). Computer-integrated manufacturing, cyber-
physical systems and cloud manufacturing—concepts and relationships.
Manufacturing letters, 6, 5-9.

[42] Kihnle, H., & Bitsch, G. (2015). Foundations & principles of distributed
manufacturing (Vol. 422). Berlin: Springer.

[43] Kusiak, A. (2018). Smart manufacturing. International Journal of Production
Research, 56(1-2), 508-517.

[44] Schabus, S., & Scholz, J. (2015). Geographic Information Science and
technology as key approach to unveil the potential of Industry 4.0: How location
and time can support smart manufacturing. In 2015 12th International
Conference on Informatics in Control, Automation and Robotics (ICINCO)
(Vol. 2, pp. 463-470). IEEE.

[45] Shin, S. J., Woo, J., & Rachuri, S. (2014). Predictive analytics model for power
consumption in manufacturing. Procedia CIRP, 15, 153-158.

[46] Kusiak, A. (2017). Smart manufacturing must embrace big data. Nature News,
54(48), 23-35.

[47] Gershwin, S. B. (2018). The future of manufacturing systems engineering.
International Journal of Production Research, 56(1-2), 224-237.

[48] Shao, G., Shin, S. J., & Jain, S. (2014). Data analytics using simulation for smart
manufacturing. In Proceedings of the Winter Simulation Conference 2014 (pp.
2192-2203). IEEE.

[49] TERAMOTO, K., Wu, D., Ota, K., & HAYASHI, R. (2016). A framework of
accuracy assured machining for smart manufacturing. Mem Muroran Inst Tech,
65, 35-39.



80

[50] Sinha, S. (2016). Advanced/Smart Manufacturing: From Nanoscale to
Megascale. IEEE Potentials, 35(4), 7-8.

[51] Wu, D., Jennings, C., Terpenny, J., Gao, R. X., & Kumara, S. (2017). A
comparative study on machine learning algorithms for smart manufacturing:
tool wear prediction using random forests. Journal of Manufacturing Science
and Engineering, 139(7), 70-83. Retrieved from
https://manufacturingscience.asmedigitalcollection.asme.org/article.aspx?article
10=2615421.

[52] Davis, J., Edgar, T., Graybill, R., Korambath, P., Schott, B., Swink, D., ... &
Wetzel, J. (2015). Smart manufacturing. Annual review of chemical and
biomolecular engineering, 6, 141-160.

[53] Anderson, A. (2011). Report to the President on Ensuring American Leadership
in Advanced Manufacturing. Executive office of the President. Retrieved from
https://eric.ed.gov/?id=ED529992.

[54] Park, H. S., & Tran, N. H. (2014). Autonomy for smart manufacturing. Journal
of the Korean Society for Precision Engineering, 31(4), 287-295.

[55] Vogel-Heuser, B., & Hess, D. (2016). Guest editorial industry 4.0—prerequisites
and visions. IEEE Transactions on Automation Science and Engineering, 13(2),
411-413.

[56] Mabkhot, M., Al-Ahmari, A., Salah, B., & Alkhalefah, H. (2018). Requirements
of the Smart Factory System: A Survey and Perspective. Machines, 6(2), 23.
Retrieved from https://www.mdpi.com/2075-1702/6/2/23.

[57] Hermann, M., Pentek, T., & Otto, B. (2016). Design principles for industrie 4.0
scenarios. In 2016 49th Hawaii international conference on system sciences
(HICSS) (pp. 3928-3937). IEEE.

[58] Cyplik, P., & Patecki, A. (2011). Rtls Vs Rfid-Partnership or Competition?.
LogForum, 7(3), 35-48. Retrieved from URL.:
http://www.logforum.net/vol7/issue3/nol.

[59] Shpilevoy, V., Shishov, A., Skobelev, P., Kolbova, E., Kazanskaia, D.,
Shepilov, Y., & Tsarev, A. (2013). Multi-agent system “Smart Factory” for real-
time workshop management in aircraft jet engines production. IFAC
Proceedings VVolumes, 46(7), 204-209.



81

[60] Yao, X., Jin, H., & Zhang, J. (2015). Towards a wisdom manufacturing vision.
International Journal of Computer Integrated Manufacturing, 28(12), 1291-
1312. Retrieved from https://www-tandfonline-
com.ezproxy.uaeu.ac.ae/doi/abs/10.1080/0951192X.2014.972462.

[61] Odwazny, F., Szymanska, O., & Cyplik, P. (2018). Smart Factory: The
requirements for implementation of the Industry 4.0 solutions in FMCG
environment-case study. LogForum, 14(2), 52-67. Retrieved from
http://www.logforum.net/pdf/14 2 10 18.pdf.

[62] Budinski, K. G. (1981). Incipient galling of metals. Wear, 74(1), 93-105.

[63] Lutynski, C., Simansky, G., & McEvily, A. J. (1982). Fretting fatigue of Ti-6Al-
4V alloy. In Materials Evaluation Under Fretting Conditions. ASTM
International. Retrieved from
https://www.astm.org/DIGITAL_LIBRARY/STP/PAGES/STP29402S.htm

[64] Chandra Sharma, S., & Hargreaves, D. (2014). A suitable method for journal
bearing wear measurement. Industrial Lubrication and Tribology, 66(1), 15-22.
Retrieved from https://www-emeraldinsight
com.ezproxy.uaeu.ac.ae/doi/full/10.1108/ILT-06-2011-0104.

[65] Chu, P. S. Y., & Kay, E. (1974). Optimum clearance fits for journal bearings in
relation to BS 1916 and to lubrication theory. Wear, 27(3), 329-343.

[66] Wang, S., Wan, J., Li, D., & Zhang, C. (2016). Implementing smart factory of
industrie 4.0: an outlook. International Journal of Distributed Sensor Networks,
12(1), 31-42.

[67] Deka, D., Nath, T. (2015). Breakdown and Reliability Analysis in a Process
Industry. International Journal of Engineering Trends and Technology, 28(3),
150-156.

[68] Tutorials point (2016). Internet of Things Tutorials point. Retrieved from
https://www.tutorialspoint.com/internet_of things/internet_of things_tutorial.p
df.

[69] The Apprenda Library (n.d). laaS, PaaS, SaaS (Explained and Compared).
Retrieved from https://apprenda.com/library/paas/iaas-paas-saas-explained-
compared/.

[70] Search Cloud Computing (2018). Infrastructure as a Service (laaS). Retrieved
from https://searchcloudcomputing.techtarget.com/definition/Infrastructure-as-
a-Service-laaS.



82

[71] Microsoft Azure (n.d). What is cloud computing?-A beginner’s guide. Retrieved
from https://azure.microsoft.com/en-ca/overview/what-is-cloud-computing/.

[72] Wikipedia (2019). Plain Bearing. Retrieved from
https://en.wikipedia.org/wiki/Plain_bearing.

[73] Logitech Support (n.d). Logitech Specifications. Retrieved from
https://support.logitech.com/en_us/product/hd-pro-webcam-c920/specs.

[74] Mathworks (n.d). Image Processing Toolbox. Retrieved from
https://www.mathworks.com/help/imag/product-overview.html.

[75] Kang, R. (2002). Introduction to Jackson Structured Programming (JSP).
Retrieved from https://flightline.highline.edu/rkang/JSP/JSP.pdf.

[76] Shigley, J. E. (2011). Shigley's mechanical engineering design. Tata McGraw-
Hill Education.



83

List of Publications

Iman AbdulWaheed, Sangarapillai Sivaloganathan and Khalifa Harib. Intelligent
Computing - Proceedings of the 2019 Computing Conference, Paper ID #425.

Iman AbdulWaheed, Sangarapillai Sivaloganathan and Khalifa Harib; “Smart
Factory: A methodology for adaptation”International Journal of Advance Research,
Ideas and Innovations in Technology ”, vol.5, no.1, pp.281-288, January-February
2019.



Appendix A

NOTE
1 ALL THE DIMENSIONS ARE IN MM

2 DO NOT S
IF ANY DOUBTS PLEASE ASK

CALE THE DRAWING

NO. DESCRIPTION TMATERIAL:

I — R e e

3 [UNIVERSAL JOINT PRAWN TLE DATE

4 HALF JOURNAL BEARING TOLERENCE SYSTEM DESISHED TEST RIG ASSEMBLY |02-07-18

5] FLY WHEEL DIAGRAM

6 |HALF JOURNAL BEARING 2% 10:1 CHECKED e

7 EIGHT HOLDER 25.0 +0.05 APPROVED WORK ORDER NO.:
25.00 20.01 SCALE DRAWING NO. REV.NO SHEET NO
25.000 +0.005 REVISIONS DATE |REMARKS NTS 01 1.9F

¥8



430.00

1210.00

1

|
- -
- -
- -
-
| |
- =) -
= <
TRCE i 5
i 3] 3] i =
= L - = -
1% 2 |
L ad
- =
- -
i ® |
- -
- -
- -
L LR AR BB __NBE ___BE BB __R§ ___J}J J
TAATERTALS
SHRINKAGE:
D RAWN "EEFEE: DATE
TOLERENCE SYSTEM DESISNED TEST RIG ASSEMBLY 02-07-18
25 +0.1 CHECKED
A3
250 20,05 APPROVED WORKORDER NO.:
25.00 T SCALE [DRAWING NO. REV.NO| SHEETNO
a1 10F1
25000 | .0.005 REVISIONS DATE |REMARKS NTS

g8



1210.00

260.00
20.00
(3 5]
™
/ "}
. NB =l g
= 5] sl F
© =~ © &
] Y
o | | / =]
= L | — | 1
Q |
2] 5 = o | = =
\ ]|
L~ —
260.00
MATERTAL:
SHRINKAGE:-
DRAWN TEEE: DATE
NOTE: TOLERENCE SYSTEM DESIGNED TEST RIG ASSEMELY | 02-07-18
1 ALL THE DIMENSIONS ARE IN MM DIAGRAM
2. DO NOT SCALE THE DRAWING 2 201 CHECKED A3
IF ANY DOUBTS PLEASE ASK %5 005 APPROVED WORK ORDER NO.:
25.00 T SCALE |DRAWING NO. REV.NO| SHEET NO
25000 | .0.008 REVISIONS DATE |REMARKS NTS 01 1OF1

98



372.50

225.20
136.90
T11.60 & o
7900 B a8
& &
=) =1
o S S 3
—- -—md - - w - - -—t - 1 - -1
o o™
&
1.90
. | e, O
S
= 264.90
<
348.00
MATERIAL:-
NOTE: SHRINKAGE:-
1. ALLTHE DIMENSIONS ARE IN MM = T -
2. DO NOT SCALE THE DRAWING DRAWN : DATE
IF ANY DOUBTS PLEASE ASK e EREICE o TEh DESIGNED TEST RIG ASSEMBELY |02-07-18
25 +0.1 CHECKED SHAFT
A3
250 :0.05 APPROVED WORK ORDER NO.:
25.00 .0.01 SCALE DRAWING NO. REV.NO SHEET NO
25.000 40.005 REVISIONS DATE |REMARKS NTS 01 1oF

JAS



=
=
+— 1 —F o
o
20.00
2500
D
— ]
‘E _fE
o
j =
S
2000
D
—g]

NOTE:
1.  ALL THE DIMENSIONS ARE IN MM
2. DO NOT SCALE THE DRAWING

IF ANY DOUBTS PLEASE ASK

100.00

83.00

66.00

o L]
=
o
o
@8.00
o
=
o
! —
t t
0 185.00
200.00
2%%1'??‘ D] % MATERIAL-
SHRINKAGE:
DRAWN % e = DATE
TOLERENCE SYSTEM PESIGHED TEST RIG ASSEMBLY 02-07-18
g i TS HALF JOURNAL BEARING =
250 +0.05 APPROVED WORK ORDER NO.:
25.00 p— SCALE |DRAWING NO. REV.NO| SHEETNO
10F1
25000 | 10.005 REVISIONS DATE |REMARKS] NTS 01

88



@&54.00

@50.00

20.00

25.00

68



NOTE:
1.  ALL THE DIMENSIONS ARE IN MM
2. DO NOT SCALE THE DRAWING

IF ANY DOUBTS PLEASE ASK

40.00

28.680
28.00
iiZi
- -
o
o
w
S| = =
o
) I = =2
p=1 L=
348
6.00
2.12
SECTION A-A
SCALE1:1.5
TAATER AL
SHRINKAGE:
D RAWN T TEES DATE
TOLERENCE SYSTEM PESIGNED: TEST RIG ASSEMBLY 02-07-18
25 20.1 CHECKED FLY WHEEL
A3
250 10.05 APPROVED WORKORDER NO.:
25.00 .0.01 SCALE [DRAWING NO. REV.NO| SHEETNO
10F1
25.000 :0.005 REVISIONS DATE |REMARKS] NTS 01

06



NOTE:

1. ALLTHE DIMENSIONS ARE IN MM

£, DO NOT SCALE THE DRAWING
IF ANY DOUBTS PLEASE ASK

@25.00

25.00

10.00
o ==
==
| o
w w —
L= Q@
ATERTALS
SHRINKAGE:-
DRAWN TITEE: DATE
TOLERENCE SYSTEM DESTSHED TEST RIG ASSEMBLY 02-07-18
25 401 CHECKED BROMNZE BUSH
A3
250 4005 APPROVED WORK ORDER NO.:
25.00 o SCALE |DRAWING NO. REV.ND] SHEETNO
- a1 10F 1
25000 | 10005 REVISIONS DATE |REMARKS NTS

16



1500.0

860.0

1450.0

0
D
|

-

+

)

-

+

K

.

)

"

+

i1

I 40.0

130.0

870.0

720.0

640.0

500.0

630.0

NOTE:

1: ALL THE DIMENSIONS ARE IN MM
2 DO NOT SCALE THE DRAWING
IF ANY DOUBTS PLEASE ASK

FAAT ERTAL -
SHRINKAGE:-
[ ul ] ] DRAWN TITLE: DATE
TOLERENCE SYSTBuW DESIGHNED ) =
VISION SYSTEM FRAME [22-01-19
25 +0.1 CHECKED
250 £0.05 APPROVED WORK ORDER NO.: Ad
R Ein0 001 SCALE  [DRAWING NO. REV.NO.[SHEET NO
25.000 +0.005 REVISIONS DATE [RBWARKS ®B NFS Lllz

c6



93

Appendix B

Image Acquistion

clear

maxTime = 240; %in minutes

Fname =[num2str (maxTime), ' minute']; % just any name for the folder
pauseTime = 60; %in seconds

cams = webcamlist; % call the webcam connected

cameral = webcam(l);

resolution = '1920x1080"';

% camera=webcam ('Logitech HD Pro Webcam C920');%Connect to the
camera

cameral.Resolution = resolution;%change this but try to keep 4:3
standard

pause (10) ; $ensure setting of resolutions

% picturel=cameral.snapshot;

% subplot(1l,2,1);image (picturel);

% path = ('Photos\');
cnts = 0;
maxTime = maxTime *60 + 10;

mkdir (strcat ('C:\Users\user\Pictures\Logitech Webcam\Saved
Photos\', Fname)) ;

presentTime = 0;

while (presentTime < maxTime)

tic
cnts = cnts + 1;

% picture=camera.snapshot;

% image (picture) ;title(['image ',num2str(cnts)])
picturel=cameral.snapshot;
subplot(1,2,1);image (picturel) ;title(['caml ',num2str(cnts)])
drawnow;

pathl=strcat ('C:\Users\user\Pictures\Logitech Webcam\Saved
Photos\',Fname, '\caml ',num2str (cnts),'.jpg’');

imwrite (picturel, pathl)

pause (pauseTime)

presentTime = presentTime + toc;
end

clc
fprintf ('Done !\n')
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Cropping the ROI

clc
clear
close all

fldName = 'C:\Users\user\Pictures\Logitech Webcam\Saved Photos\180
minute\"';

fnamel = 'caml 1.jpg’';

RGB1 = imread([fldName, fnamel]) ;
imshow (RGB1)

h good = impoly();

xyl = h good.getPosition;

x = floor (min(xyl(:,1)));

y = floor (min(xyl (:,2)));
" ceil (range(xyl(:,1)));
h = ceil(range (xyl(:,2)));
thetal = rad2deg(atan((xyl(2:end,2) - xyl(l:end-1,2)) ./
(xyl(2:end,1l) - xyl(l:end-1,1))));

iRectl [x v w h];
iMaskl = h good.createMask();
dist = 25;%mm

save ('DistanceMask caml.mat','iMaskl', 'iRectl', 'thetal')

Getting Wear

clc

clear

close all

load DistanceMask.mat

fldName ='C:\Users\user\Pictures\Logitech Webcam\Saved Photos\180
minute cam2\';

folder = dir (fldName) ;

folder not a directory = folder ((~[folder.isdir]));
[filenamesl]=deal ({})
[index1] = deal ([]):
for ii=l:length(folder not a directory)
nn = folder not a directory(ii) .name;
TextSplit = strsplit(nn,{'_','."'});
filenamesl{end+1} = nn;
indexl = [indexl str2double (TextSplit{2})1];
end

if exist ('thetal', 'var')
theta = thetal;

end

if ~exist('dist', 'var')
dist = 12.5;

end

[~,x1] = sort(indexl);



filenamesl = filenamesl (x1);

[pixelsl,depthl] = deal([]);
for itr = 1l:length(filenamesl)
filenamel = filenamesl{itr};
RGB1 = imread([fldName, filenamel]) ;
rgbl = RGB1;
rgbl (repmat (~iMaskl,1,1,3)) = 0;
rgbl = imcrop (rgbl, iRectl);
imagel = imrotate (rgbl,theta(2));
VectorSum = sum(imagel, 3);
yF = find(sum(VectorSum,2),1, 'first');
yL = find(sum(VectorSum,2),1, 'last’');
xF = find(sum(VectorSum,1),1, 'first');
xL find (sum(VectorSum,1),1, 'last');
imagel = imagel (yF:yL,xF:xL,:);
binaryimagel = imbinarize (rgb2gray(rangefilt (imagel)),0.15);
Pixels versus row Plot = sum(binaryimagel,2);

if itr ==
pop=binaryimagel;
[a,b]=findpeaks (diff (-Pixels versus row Plot));
[~,idx] = max(a);
PeakStart = b (idx)+2;
[c,d]=findpeaks (diff (Pixels versus_row_ Plot));

[~,1idx] = max(c);
PeakStop = d(idx)-2;
depth = 0;
h2 = Pixels versus row Plot (PeakStart:PeakStop);
hl = h2;
else

h2 = Pixels versus row Plot (PeakStart:PeakStop);
h = h2 - hl;

[pks,locs] = findpeaks (h);

bottomOfWear = locs (end-5);

if isempty (bottomOfWear), bottomOfWear = 0; end
depth =bottomOfWear/ (PeakStop-PeakStart+1) *dist;
depth=12.5-depth;

end
pixelsl = [pixelsl h2];
depthl = [depthl depth];

fprintf ('CAM1:done %3g of %3g \n',itr,length(filenamesl))
end
depth of wearl = movmean (depthl, [100,01]);
depth of wearl= depth of wearl-depth of wearl(l);

depth of wearl(1l)=[];
no of picturesl = length(depth of wearl);
timel = (0:no_of picturesl-1)*50; S%seconds

depth of wearl=depth of wearl (1l0:end)-depth of wearl (10);
timel=timel (10:end)

figure ('Name', 'caml')

plot (timel/60, smooth (depth of wearl),'o');

xlabel ('Time, mins')

ylabel ('Wear depth, mm')

grid on
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Appendix C
s/n  Vendor Name Item name Specification
Bearings World
1 | Auto Spare Parts 63/28 Bearings 28 cm diameter shaft
Trading L.L.C
2 | SKIDAUTO.CO Universal Joint Borgeson Steering 1in.48 x
M 1DD diameter

3 | ACE Al Futtaim HOME WORKS FOLD

Trading Co LLC =~ WORKBENCH WRoL | 'Vooden Workshop table
4 | GUANGLU 2 motors 50:1 Gearbox 1400 rpm and 1hp motor
MOTOR FZCO ratio 50:1 Gearbox ratio
5 | SOUQ.COM 4 Logitech C920 1080p Full HD Webcam
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