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In the current era of the Industrial Revolution, 4.0 everything around is turning towards auto-

mation to achieve the ultimate benefit of IoT. Similarly, transformation is also going into the factory 
scenario. In order to achieve a smart factory or integrate the current factory setup into a more 
modern and advanced factory setup, the existing setup should go into some changes. 

In the context of the Automation pyramid, to achieve the perfect balance and maintain accurate 
communication along with all the levels of the pyramid, a monitoring system could be beneficial. 
Monitoring on the factory floor, in general, make sure proper use of resources, and the smooth-
ness in the production. 

Many technologies are used to implement such kind of monitoring system. Proper research 
has been directed to understand the existing technologies used for similar purposes. Especially 
RFID, Wi-Fi, Bluetooth, and Vision-based monitoring system were analysed in the context of the 
existing setup at FASTlab, which will be used as a testbed.  

In this research, a monitoring system is developed, which monitors the movement of the pallet 
along the conveyor of a factory line. IoT enabled hardware along with 3-axis-accelerometer has 
been used to detect motion of the pallets. Later these data were sent through MQTT protocol to 
a client, which included an event processing algorithm to process these data and detect the pro-
duction status of the pallet as well as the status of the pallet regarding pallet movement.  

Finally, comparisons limitations and achievement of this research are discussed, and the re-
search is concluded. 
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1. Introduction  

This chapter introduces the reader to the context of the research. This chapter also clar-

ifies the research statement, objective of the research, research methodologies. As per 

structure, this chapter is categorized into 1.1 Background, which discusses the current 

scenario and the limitations which the author is looking to solve. Section 1.2 will deal with 

further defining the problem statement; section 1.3 will set an objective of the thesis, 

Section 1.4 will discuss the research methodology, Section 1.5 will discuss the limitations 

faced while carrying out this research. Finally, Section 1.6 will deal with the Thesis out-

line. 

1.1 Background 

The 4th industrial revolution, which is also phrased as Industry 4.0, is transforming the 

complete scenario of factory automation, as we know. A similar revolution is also going 

through manufacturing facilities. Since industries are shifting towards IoT, lot of produc-

tion processes are going on to manufacture miniature level devices such as sensors, 

PCB boards etc. Since the production items are getting smaller day by the necessity of 

monitoring or tracking them is also rising over the time. Also, production halt due to ma-

chine failure, logistical miscommunication, missing inventory is huge too. Researches 

carried on quality issues concludes that, 5% of the cost comes from the prevention meth-

ods employed to maintain quality in the factory floor, the rest of the 95% of the quality 

cost comes from failure of the machines and heavy equipment which could be avoided 

with proper monitoring. [1] 

One of the key challenges has been monitoring and real-time tracking of robots, convey-

ors, pallets, etc. inside the factory floor. In factory floors, especially in the manufacturing 

process, there is a special need for monitoring and tracking a variety of components that 

directly and indirectly impact the production process. Since in the modern Automation 

structure, decisions in executive-level such as business policy and business and analysis 

are made based on the information gathered from the lower level of the pyramid. So, it 

is very important to know the status of the equipment mentioned above to make changes 

or improvements in the strategy. 

Proceeding in detail into the automation pyramid, we could understand the inevitability 

of the monitoring on the factory floor. The bottom-most of the pyramid contains field-level 
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devices that carries out the operation. Electric motors, hydraulics, and pneumatic actua-

tors are the main element in this level. 

The next level, as the name suggests, is used for controlling the field devices through 

PLC and PID’s. This level is based on the sensory data and the preset logic that operates 

the field level devices. 

The next level is the supervisory level, which allows operators to know the real-time sit-

uation of the factory floor operations, and this thesis would be focused on how to optimize 

communication from the factory floor to this level. Additionally, this level will also provide 

HMI to override the operation of the field devices.   

 

Figure 1. Automation Pyramid [2] 

The two levels of ERP and MES levels, respectively, were outside the focus of automa-

tion for a while. But now, with the advent of robot process automation, a lot of vendors 

are providing necessary support to automate these two layers. The more precise the 

operation of the lower three levels is, the easier it will be to automate the first two-layer. 

At present, UiPath, Blue Prism, Automation everywhere; could be used to automate func-

tionalities of these two layers, which are repetitive in nature.  

The context of the automation pyramid is that, to achieve the optimum automation in 

factory floor and an ideal smart factory, every level of the pyramid should work in a finely 

balanced manner. The focus of this thesis is to search a way of integrability of current 

industrial machinery into more smart and advanced platforms. 

Usually, industrial-grade products are installed in such a way that it would be functional 

for 15-20 years. Every production facility equipped with modern infrastructure has many 
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mechanical and electrical equipment like conveyors, robots, machines, pallets, contain-

ers, and so on. These kinds of equipment are an integral part of the production facility 

and the supply chain. Continuous monitoring of these instruments is necessary for the 

sense that if any of these instruments are damaged or out of service, then the production 

schedule will be delayed, which consequently will affect the production and supply of the 

finished goods to the end [3] . There are several methods in work which tracks and mon-

itors the movement and health of these machines so that if any anomaly arises, it can be 

dealt with instantly; also predictive maintenance is added through the same system, 

where different sensors will continuously update through a relevant server about the con-

dition of the equipment and whether it needs any maintenance or when is the next prob-

able maintenance schedule. This review focuses more on pallets and containers, which 

are not very expensive as compared to the other instruments, but they are an essential 

part of the system. Detecting position and sensing the events generated by pallets cor-

rectly can be very important in designing a sound production system, where the chance 

of anomaly in a system is reduced significantly by detecting and predicting movements 

of the pallets and containers.  

 

However, solutions found then were impractical because of cost and technical reasons. 

In some cases, passive tracking methods were used, which then again have disad-

vantages, such as no real-time data, can only record position at specific points, no 

chance of optimizations, or whatsoever. Since we are going through the 4th Industrial 

Revolution, new technologies are opening various kinds of possibilities for us for active 

tracking of pallets and containers. 

1.2 Problem Statement and Research Questions 

The key challenge which was presented in front of the author was to find a way to track 

and monitor the industrial pallets. The current system is integrated with RFID based so-

lution, the details of which will be discussed in Chapter 3 in detail. As discussed earlier 

the Industrial revolution 4.0, this thesis is focused on making Industrial pallets an integral 

part of the so-called Internet of Things (IoT) and handling it as a smart pallet or a “thing” 

in the network of IoT in the factory scenario. Some of the limitations of current setup are: 

• Traditional RFID based solution 

• No real time monitoring capability because of passive tracking method. 
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• Difficult to integrate the present technology into a modern IoT solution given the 

current structure. 

 

Keeping in mind these limitations a system has been proposed trying to answer a few 

questions. The following research questions has been introduced after critically going 

through the system: 

 

• Can a MEMS-based solution adopted for monitoring purpose on factory floor? 

• How industrial pallets can be approached as smart pallets? 

• How CEP algorithm can be used to develop a solution to monitor industrial pal-

lets? 

 

1.3 Research Objective 

The aim and objective of this thesis are to develop a solution through which industrial 

pallets could be monitored in real-time with the integration of the MQTT protocol and a 

MEMS sensor. Further investigation has been directed towards the use of MEMS sen-

sors in the factory use factor. Additionally, the use of event processing algorithm for these 

kinds of monitoring has also been explored in this research. 
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1.4 Research Methodology 

 

 

Figure 2.  Research Process Breakdown 

Study of Current Technologies: Research has been done on contemporary technolo-

gies by which monitoring and tracking are done. Several technologies were kept in mind 

before starting with this project. The advantages and disadvantages were thoroughly 

thought, and then the final decision has been made. 

Study of the available system issues and probable solution: After proper theoretical 

analysis checking technical feasibility was also done to estimate possible solutions with 

those technologies. Also issues and disadvantages of those technologies were taken 

into account. 

IoT Hardware Development: ESP32 devkit and a 3-axis accelerometer have been or-

dered after research and analysis. The devkit and the accelerometer then have been 

connected and soldered together on a matrix PCB board.  

IoT device Testing: After integrating the ESP32 devkit and the accelerometer, an IoT 

device has been developed which can measure the acceleration and send the data to 

an MQTT server through MQTT protocol.  

IoT Device Data Validation: A lot of time has been given in this part of the research. 

Since the accelerometer is very sensitive, it can sense even a small movement and vi-

bration in the production line. So, to remove the invalid and the noisy data without the 

use of a machine learning algorithm, trial and the error-based process has been imple-

mented. The validation was done in the actual production line at FASTlab.  

Event Processing Algorithm: An algorithm has been developed with Python to re-

trieve, decode, and perform event processing on the MQTT messages from the MQTT 

server.  
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Result Analysis and Testing at FASTlab: Finally, the product has been tested at the 

production line facility at FASTlab.  

 

1.5 Limitations and Challenges 

Every novel approach and research have their own challenges and limitations. This re-

search is also not free from those. Several methods and steps were thought off theoret-

ically, but since there is an involvement of hardware such as a 3-axis accelerometer 

sensor, which is then again not very accurate or a commercial-grade product, so there 

was a lot of anomaly in the data filtering and data collection process. This data filtering 

challenge was avoided with a lot of trial and error processes and testing at the lab. Alt-

hough in an ideal scenario or in an ideal world, a 3-axis accelerometer should only gen-

erate value along the axis, it is moving, but in this case, it was not, it was generating 

value along all the axis even if the accelerometer was moving in a certain direction. Prob-

ably a little bit more research could have been directed toward selecting a better MEMS 

sensor to avoid the mentioned issue, but nevertheless, a quick change in the strategy 

made sure that an alternative solution could be produced. 

There was also another hardware-level challenge, but that was with the production line 

itself. Few of the workstations in the production line are working perfectly, and some of 

them have some unknown issues with the stopper that stops the pallet from moving. So, 

this has been a big issue while testing the developed device in the lab. 

Limitations in the software side weren’t actually a limitation per se, but more like a lack 

of expertise in fields like machine learning, data analysis, and knowledge of SCALA and 

JAVA language, which is not forte of the author or is kind of out of scope for the research. 

But then again, with proper discussion with the supervisor, this issue too has been 

avoided. 

Another issue came up when it was decided that a CEP algorithm would be developed 

to monitor the condition of the pallet based on some preset assumptions. The main chal-

lenge was to use the Spark Streaming engine for the CEP algorithm purpose. The main 

advantage of this kind of engine is that it can handle hundreds of sensor data and pro-

cess them in real-time. This type of engine is an absolute necessity in a factory where 

hundreds of sensors are producing an innumerable number of data, and many of them 

need to be sorted, filtered out, etc. Spark streaming also works in that way. It uses a 

method called Discrete Stream, where every sensor is initialized as an individual stream. 
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If all of these streams are similar kind in nature, if compared to our case, if all of the IoT 

devices are used to monitor the pallets, then it becomes slightly easier for the system to 

run an algorithm over the union of all streams. But due to lack of support of the MQTT 

library in PySpark API, the connection with the MQTT server could not be made. Spark 

is offering support in Python, but that has been in very limited form, and since JAVA and 

SCALA are not the specialties of the author, an alternative solution for this has been 

developed.  
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2. Theoretical Background  

In this chapter, we are going to discuss the technologies used currently to monitor pallets 

and components on the factory floor. In this chapter, we will also be going through liter-

ature where the focus has been towards monitoring pallets and components on the fac-

tory floor. Finally, we will also be going through communication protocols used for ma-

chine to machine communication and details of the hardware components used for de-

veloping the IoT device. 

2.1 Monitoring in Production Floor 

In the modern era of manufacturing, it is very important to have a grasp and control of 

every component operating on the factory floor. The manufacturing process is getting 

leaner and smaller. With the advent of Industry 4.0, many factories are completely auto-

mated and require very little manpower. In some case, there are many components 

which are smaller in size but can be very impactful in the production process if anything 

out of order happens to it. For those kinds of systems, it is very efficient to keep track of 

these elements. 

These devices are monitored to track their movement and to know their whereabouts. In 

a factory of the future, it is very important to know where and how the moving parts are 

moving, if they are moving in a wrong order, a flag will be raised, and an inspection is 

needed to clear that flag. The more organized and connected a factory is, the less prone 

it is to break down and hamper the production. 

Additionally, Devices are also monitored to get real-time updates on their condition and 

performance. MEMS and different kinds of sensors are used to measure vibration, nec-

essary fluid level, dust level, level of contamination, air purity, etc. on the factory floor. 

Based on these monitory data systems can be initialized, reset, and performed opera-

tions on them. 

Another application of monitoring these components is predictive maintenance. As men-

tioned earlier, MEMS sensors can be attached to the moving components on a factory 

floor or heavy-duty machinery, which are essential in the manufacturing process. Error 

in such machines can cause shipping delay and inventory crisis, so to avoid them, ma-

chine learning algorithms are used to analyze data gathered from the sensors attached 
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to them. This is done by analyzing vibration, operational frequency, and abnormal fre-

quency, etc. 

 

Figure 3.  Usage of Monitoring and Tracking  

 

 

In a crucial part of the factories, it is essential to maintain air quality up to a certain level. 

In factories like ALD related factories or clean roam, it is necessary to maintain air quality. 

This kind of issue can also be sorted out with monitoring using MEMS sensors and ana-

lyzing the data and controlling the airflow based on the data. All of these can be done in 

real-time thanks to the fast transmission of data and processing engines, which can pro-

cess huge amounts of data in real-time. 

Inventory tracking and supply chain monitoring is also a popular concept at present. A 

lot of manufacturers predict and forecast the sale of a product, and based on that fore-

cast, they keep on updating their inventory. Some of the manufacturers do not want to 

keep a large number of products in their inventory because of the downside of having a 

big inventory. So, to find a balance in these situations, inventory tracking is done to 

properly balance between empty inventory and excess inventory. This kind of inventory 

tracking can also be done through monitoring using a MEMS sensor or optical identifica-

tion technologies. 

Integration with Enterprise Resource Planning services and with PLC is also a common 

technique implemented at the present time. This can be easily done with proper moni-

toring of the factory floor and analyzing those data and retrieve the result and share it to 

the ERP level. This is done through robot framework tools nowadays, which is gaining 

popularity. UI path, Selenium, Blue prism are some of the tools to implement this kind of 

service. 
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Several methods are followed to monitor factory components. Their type and categori-

zation based on the technologies will be discussed in detail in the upcoming sections. 

  

2.2 Active vs. Passive monitoring  

Evidently, from the name, there are two main kinds of monitoring or tracking, Active and 

passive monitoring methods. They will be formally introduced in this section. 

Passive monitoring can be used to track the position of the pallets and containers. This 

kind of method has its own merits and demerits. This system can be implemented using 

RFID technology since RFID tags are very cheap and can be integrated with the system 

very easily. When an RFID tagged pallet passes through an RFID reader, the system 

notifies the clients who are subscribed to these events. This way, the last position of the 

tagged element is recorded in the database [3] .  

However, several problems are there with this technique. The real-time location remains 

unknown through this process. This process records data at certain points, in this case, 

only where RFID tag readers are attached. There is always a risk of the wrong placement 

of RFID readers, which might create an even bigger problem since the system will not 

give real-time data. If the pallets are misplaced or mishandled, there is nothing this sys-

tem can do since it will not notify the location until it passes through the tag readers, so 

this system is not theft-proof.  

On the other hand, active tracking gives real-time data of the pallets and containers. This 

method, therefore, gives room for error correction since it will notify every change in the 

usual path. This process also makes sure the tracked assets are not mismanaged, lost, 

or, being stolen. In a way, this process covers up the disadvantages of the passive meth-

ods discussed above. 

Now there are a lot of procedures one can apply to track pallets and containers. In terms 

of technical feasibility, the possibility is immense. Launch of 5G will commence soon, 

and it is one of the main enablers in Industry 4.0 [5] . If we analyze financial feasibility, 

we need to look at whether the pallets and containers we are trying to track are expend-

able; if yes, to what extent. Based on the value or the worth of the final product, the 

approach of tracking can be selected. The more expensive the system and tools are, the 

more accurate and precise they are, at least this is the present scenario. 
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Furthermore, the process changes if the tracking is indoors or outdoors. Indoor position-

ing is implemented on the factory floor and manufacturing plants, for example. Through 

indoor positioning, the position of a pallet or containers carrying finished goods that are 

still in the factory can be tracked. Additionally, the proper functionality of the workstations 

can be checked through indoor tracking.  

  

In the case of outdoor tracking, it is favored when the finished product is ready for ship-

ping, container storage, loading, and unloading in the deck of the carrier. This process 

of tracking can also be used to make sure the containers carrying valuable products are 

reaching the right place at the right time. Sometimes the client, on the other end, wants 

to track their ordered item, which is also possible through this process.  

  

  

2.3 RFID-based System 

In this section, we are going to discuss in detail about the RFID based system. Since the 

production line on which the research has been conducted on is an RFID based system, 

so we are going to delve into it a little bit more. 

RFID is categorized as an automatic identification technology. It transmits the identity of 

an item to which it is attached to. Reducing manual labor and increasing productivity has 

been the intention behind RFID invention. 

An RFID mechanism involves a tag that is attached to the subject and a reader, which 

decodes the data transmitted by the tag. Data type could be product or shipment infor-

mation, manufacture dates, sell-by dates, etc. from the manufacturing scenario. The 

reader then sends the data to the database or to the system where it is further processed. 

Based on the functionality, RFID can be of two types, passive and active. Active types 

always transmit the data, and the delay between the transmission can be used to meas-

ure the change in position. This type of method is also popular in factories, and a lot of 

research has been going on to increase the data transmission strength of these kinds of 

technology. 

Smart factories or factories of the future are using RFID in their production line. The use 

of RFID decreases errors in the manufacturing process, decreases manual labor, in-

creases loading, and unloading [6] . 
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But the issue with RFID based system is that it only enables a passive monitoring system 

which at some time is not enough. Especially when we are discussing smart factories of 

the future where everything will be autonomous, and a production facility will be very well 

equipped to process complicated events and process them. 

Compared with another form of technologies of a similar domain, it can be concluded as 

RFID comes with lesser flexibility with the current development of RFID. But since RFID 

is still a growing technology and impactful research are being done on RFID hopefully in 

future RFID based system can be implemented with more flexibility. 

  

2.4 Bluetooth-based System 

This section is dedicated to Bluetooth based monitoring and positioning system. Blue-

tooth (IEEE 802.15.1) is a wireless communication technology standard that can com-

municate between fixed and mobile devices. Typically, this technology is used in modern 

days in consumer electronics, industrial, and medical scenarios. 

Generally, the operating frequency is between 2.400 to 2.485 Mhz. It is mainly used to 

communicate in a short distance. Perks of using Bluetooth technology is, it supports up 

to 1Mbps communication and a range of 100 meters approximately. Newer Bluetooth 5 

standard can support up to 250 meters, which is more than double of previous standards. 

With Bluetooth proximity-based monitoring and positioning system is implemented. Prox-

imity-based systems include Bluetooth beacon and smart tag for reference purposes. 

Bluetooth beacons are attached in different positions in an indoor location. When the 

reference tagged element passes through that indoor location, it can calculate the dis-

tance from nearby beacons and can compare the value from the previously learned val-

ues which are stored in the database. This learning is done through Slam devices. Every 

location in that place will have a specific RSSI value. This RSSI value in the database 

will be compared to the reference value, and thus the position can be known. 

 

The advantage of Bluetooth technology is how It operates to avoid interference. This 

method of avoiding interference channel and moving to another channel is called hop-

ping, as depicted in figure 4. 
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Figure 4.  Frequency Hopping in Bluetooth Technology [7] 

 

Although these types of systems are used in modern times for indoor positioning pur-

poses, but for industrial purposes, there are few catches, though. Lack of “Line of sight” 

due to congested manufacturing lines with robots and other factory equipment can cause 

loss of signal. Also, electromagnetic interference inside the factory floor can be an issue 

for such kind of system. 

Furthermore, in this type of system, there are issues such as symmetric throughput per-

formance versus bit error rate, bit error rate vs. radio link distance under lack of sight, 

and packet error rate vs. link distance in a scatternet.[8] 

 

2.5 Vision-Based Monitoring System 

This method has been one of the most advanced techniques used to detect an object 

since it involves machine learning techniques. Products that needed to be tracked or 

monitored are tagged with a barcode, and through high-performance cameras, the bar-

code is snapped, analyzed, and detected in real-time. Also, using a machine learning 

technique, the system could be taught to detect the trackable objects. But this technique 

was not used that much since the equipment needed for this kind of system was too 

expensive. But with the advent of newer technologies, camera technology is becoming 

handier and easier to operate, and the price is going down too. 
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Although this kind of setup is quite accurate while detecting the objects, but there are 

some issues with precision. In some factories, floor precision is required even to an inch 

and centimeter for the purpose it is being monitored. 

2.6 Wi-Fi-Based Monitoring System 

There are several types of Wi-Fi-based monitoring solutions. The most popular among 

them is based on RSSI of devices connected to Wi-Fi, which is fairly similar to Bluetooth 

based monitoring system. A dataset is needed to be collected, which is comprised of 

every known location or every location which is needed to be monitored and stored in 

the database. When actual readings are taken, they are always correlated with the cor-

responding data in the database, and then the conclusion is published. 

Additionally, there are several more approaches to implement monitoring through Wi-Fi. 

Time of Arrival approach: The travel time between a transmitter and a receiver is 

known as Time of arrival. The distance in this case can be measured by multiplying 

speed of light with the travel time. Synchronization between transmitters and receivers 

is used to measure the speed. Performance in this kind of system is dependent on the 

sampling rate and bandwidth strength. When a signal's bandwidth is not wide enough, 

the Time of Arrival measurement may create an error in result with respect to time. [9] 

  

The angle of Arrival: In this method, the direction of the incoming signal from the trans-

mitter can be determined by calculating the phase difference between the transmitter 

and the receiver. This method needs two anchors with antenna arrays for the precision 

in the positioning of the object. Accuracy and precision in this method are quite hard to 

obtain. 

  

Hybrid Approach: In this type of system, both AoA and ToA both are combined to get 

a single monitoring solution. The hybrid method faces the same issue of signal bandwidth 

as well as the antenna numbers. Nevertheless, hybrid systems leverage the benefit of 

both mechanisms. 

Given the perks of the Wi-Fi-based system, there are also limitations. Accuracy and pre-

cision can be an issue, as mentioned earlier. Wrong positioning is worse than no indoor 

positioning. Since a lot of factory operations will be dependent on this unified monitoring 

process, a single wrong positional error can cause a catastrophic situation. 
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2.6 Communication Protocols 

Communication protocols can be determined based on the specifics of the system de-

sign. Based on the system design, various kinds of communication protocols can be 

implemented. Though mainly, there are two major categories of communication protocol. 

One can be phrased as service-oriented communication; the other one is event-driven 

communication, and the focus of this is leaning towards the latter one. 

In the service-oriented mechanism, a consumer request for a service, and the service 

providers responds to the request with the asked response. It can be compared to the 

traditional method of request-reply mechanism. 

The reason SOA based communication method was not favored in this research is be-

cause how it is loosely connected with the consumers. In this system, communication is 

a bidirectional but also one to one, which can be an issue in this kind of system architec-

ture. Also, communication takes place only on the request of the consumer. Unless and 

until there is no request from the consumer, the service provider would not provide any 

change or update of the service. 

 

Figure 5. Service Oriented Communication 

 

Figure 5 shows a service-oriented communication method where a consumer requests 

for a service and the service provider responses with the requested service. 

Contrary to the SOA architecture, there is another mode of communication, which is 

event-driven communication. In this type of communication, a publisher that is connected 

to a source publication publishes the event change to the event broker. In this thesis, an 

event-based communication technique will be implemented. 
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Figure 6. Event Driven Communication 

 

Event Broker acts as a post office and delivers the message which contains in-

formation about event change. Now the difference in this type of communication 

method is that a subscriber will only get the message if it is subscribed to that 

event. Publisher to Subscriber relation can be one too many. The publisher is not 

concerned with the subscriber of the message. It only publishes the message, 

and the event broker delivers the message to the proper recipient based on the 

subscription. 

2.7 Message Queuing Telemetry Transport (MQTT) 

MQTT is a lightweight communication protocol to maintain machine to machine commu-

nication. This is a kind of event-driven communication method, as discussed in the pre-

vious section and is a publish/subscribe based system. This is also designed in such a 

way that it could be for constrained devices and low-bandwidth, high-latency, or unrelia-

ble networks. Since it is also necessary to keep in mind that a lot of devices will be mobile 

and wireless, so the issue of battery power is also considered. In the IoT era, machine 
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to machine communication is the key to build a network of things.

 

Figure 7. MQTT Communication Protocol 

MQTT could be a very useful tool in maintaining the machine to machine communication 

when the network of things has been set up in the next Industrial revolution 4.0. Espe-

cially in the case where such a connection between the publisher and the subscriber is 

most probable to be used frequently, in this case, the MQTT might have a slight ad-

vantage over other protocols. Also, MQTT protocol can carry on the large payload in a 

single connection in a given time compared to the other protocol.[10]  

 

2.8 State of the Art 

Substantial research is carried on tracking and positioning of essential elements of the 

supply chain such as pallets and containers. Some of the researchers tried to cover both 

the indoor and outdoor tracking with a single integrated solution; some of the researchers 

suggested solutions where indoor positioning and warehouse solutions were integrated 

to provide a unique solution. 

Hongwei, Shuang & Yong (2010) proposed a similar solution where they have combined 

tracking of pallets and the system with a warehouse, where the warehouse will be digit-

ized and products can be tracked from the warehouse and can be sought on command 

with robotic arms autonomously [3] . This method will make sure the pallets are well 



24 
 

tracked during production and even after it is kept in the warehouse. Additionally, this 

method also makes sure the products produced first will leave the warehouse first. This 

process will increase warehouse capacity. Furthermore, because of using RFID tag op-

eration procedures will improve, and the records will be easy to keep. The entire inven-

tory of the system will remain updated, and inventory in and inventory out will be recorded 

autonomously and accurately. This method only tracks when pallets are on the factory 

floor and in the warehouse. Some solutions are proposed where both indoor and outdoor 

tracking is done with a single combined system. 

David, Ahmed, and David Durand (2015) proposed a collaborative supply chain where 

the pallets and container will be tracked through the integration of existing technology 

and IoT technology [11].   

The authors discussed the generic methods of pallet tracking, importance, and how it is 

difficult to do it because of complicated supply chain structure and lack of standardization 

among technologies throughout the supply chain, which makes it more complicated to 

use data gained from different systems. Nevertheless, things are looking good with the 

introduction of IoT and cloud computing in this sector. The so-called fourth industrial 

revolution will make sure a good collaboration among the level of supply chain and the 

data transfer rate will hugely increase thanks to the incorporation of 5G in the supply 

chain. There are several factors in the supply chain, which need to be constantly tracked, 

and being informed about those factors will keep the organization ahead of the game.   

 The main idea in their research was to track the position of the pallet from the manufac-

turing plant to the end-user, using sensors, which again sends the data regarding the 

position of the pallet to the actors of the supply chain system where it is needed. Trans-

mission of data and other computations will be handled through the cloud, so physical 

computing hardware is not needed. RFID sensors are used to detect the pallet. After 

detection, the position of the pallet is shared through the cloud platform, which is estab-

lished by using existing old platforms and modernizing it with the use of IoT in this het-

erogeneous structure [11].   

 At the lowest level of the hierarchy, the pallets will be equipped with RFID technology. 

The movement of the pallets will be duly noticed by RFID sensors kept in the optimum 

position for accurate positioning. The position of the pallet is then updated to the cloud 

through communication technology, which can GPRS/GSM or 5G in the future. These 

data will be forwarded to the cloud where all the information will be stacked in a database 

and can be retrieved as per the access permission of the client. In addition, clients can 

instantly ask about the whereabouts of specific pallets or containers, and they can get a 
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continuous notification if they are subscribed to the events generated by the movement 

of the pallets, which is done by Publish/Subscribe method.   

Furthermore, the authors also state in detail about data transmission using different 

methods such as Sigfox cellular network, GPRS. The advantages and disadvantages 

are discussed briefly. In short, we can say that the authors suggested Sigfox over GPRS 

because of cost efficiency and the ability of sigfox to connect with multiple devices [11].   

 These are some conventional methods to track with very elementary technologies. 

There are some revolutionary solutions where the state-of-the-art instruments, technol-

ogies are used to track the pallets. Such a solution was proposed by Ihab, Alessio, 

Mastrogiovanni, where pallets were tracked and detected using machine learning tech-

niques and 2D ranger, which is CNN based classifier. Additionally, the Kalmar filter has 

been used to reduce vibration errors and accurately detect the pallet position [12].  

This system’s framework is designed in such a way that it will detect, track, and localize 

multiple pallets at the same time. This is a data-driven module rather than an event-

driven system where this system can be adapted to detect other objects as well. In this 

system, a 2D laser rangefinder combined with machine learning techniques has been 

used to detect the pallet locations [12]. 
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3. Research Methodology  

This chapter aims to contribute with the methodology followed in development of MEMS 

based monitoring system. The steps taken while doing this thesis is described with a 

systematic iterative approach.  

3.1 Study of Current Technologies 

The general approach before starting any major research work is to do some groundwork 

regarding the current scenario, existing challenge, probable resolutions, and state of the 

art research papers. The same was the case during this thesis too. 

Before diving into a solution, the first step was to understand the existing problem. In 

chapter 2, the author described the technologies and methods currently used in the fac-

tory monitoring floor. While doing the research, the accuracy of the method, precision of 

the method, energy consumption, initial investment of installation has also been ana-

lyzed. 

As mentioned earlier, theoretical research has been done on several technologies that 

are currently used for monitoring purposes. RFID has been used in a lot of factory envi-

ronments. RFID has been in the scenario for a long time. But the way it should have 

managed to build trust in itself it could not do it. Jarkko Miettinen, Vice President of Sales 

at Confidex, mentions: “Automotive production is one of the most challenging applica-

tions for RFID not just because of its complexity, but also due to its uncompromising, 

high-reliability requirements.” Furthermore, Mark Higham, General Manager of Process 

Automation at Siemens, also clarifies that management is nervous about the technology 

and is doubtful of the efficiency of an RFID tag. The reason is there might be concerns 

about reader consistency. Additionally, there are also issues regarding interference and 

disturbance since a lot of metallic objects move along inside the factory floor, so there is 

also concern about wireless coverage. So, more research should be done in a factory-

like environment to eradicate the issues and complaints this system poses. [13] 

3.2 Available System Issues and Probable Solution 

The proper study has been focused on currently available technologies that are used for 

similar monitoring systems. Technologies such as Bluetooth, Wi-Fi, and camera-based 

solutions were considered as a probable solution. The pros and cons of each solution 



27 
 

were also gone through extensively. Issues that were important while making decisions 

were cost-performance ratio, technical feasibility, real-time monitoring performance, time 

constraints in familiarizing with the development environment. 

Additionally, keeping in mind, the factory floor, and obstacles, which might create a tech-

nical anomaly in the process were also considered while selecting the hardware. 

3.3 MEMS-based Hardware Development 

After going thoroughly over research papers based on different solutions regarding mon-

itoring on the factory floor, it has been decided to give a try to develop a MEMS-based 

solution and to check whether a MEMS-based IoT integration can be possible in order 

to achieve the monitoring solution for industrial pallets. 

Nowadays, IoT based solutions are preferred since the 4rth industrial revolution will be 

a reality in the near future, and we need to integrate our existent solutions to IIOT. In-

dustrial grade instruments are made, keeping in mind that they would be useful for 20 to 

25 years. So, it is no possible for every manufacturing process to overhaul the complete 

process with a single notice. Engineers and researchers are working on solutions that 

can be integrated with the old system and can still be part of the IIOT network. 

Additionally, reasons to work with MEMS-based hardware are an increase in the effi-

ciency of silicon-based devices at the present time. Since most of the phones have sev-

eral MEMS sensors, more research has been focused on improving the efficiency of 

these sensors. Over the years, the efficiency and performance of the sensors increased 

manifold if compared to statistics of the last 7-8 years. 

Since these pallets needed to be monitored, a solution was selected, which could be 

attached to the pallets. Underneath the pallets, its hollow, and the whole IoT device could 

be attached to the pallet. 

IoT device was developed with an ESP32 Devkit module with a three-axis Adafruit ac-

celerometer attached to it. Details of the IoT device will be discussed in the 4th chapter. 

3.4 Device Accuracy and Data validation 

In this stage of the research data gathered from the IoT device were tested in the real 

factory like situations. Data gathered from the IoT device had issues which posed diffi-

culties and changed the course of the research in a slightly different course. After the 
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data were filtered and made ready to be used with the event processing algorithm it was 

again tested in the factory like scenario.  

3.5 Event Processing Algorithm 

In this section, the origin and the necessity of Event Processing in the context of this 

thesis will be discussed. After thorough research and analysis, it has been decided that 

a pure monitoring system based on the data generated by the accelerometer only cannot 

be used to develop a monitoring solution for the pallet movement on the FASTory line. 

So, after further discussion and research, it was made sure that only based on the Start 

and Stop of the pallet, an event-based algorithm will be developed. Further discussion 

and breakdown of the algorithm will be discussed in the next chapter. 

3.6 Result Analysis  

Finally the result obtained by analyzing the data from the IoT device is compared in the 

FASTory line and checked and verified that it can be capable of monitoring given that it 

has multiple limitations, which will be discussed in detail in the next chapter.  
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4. Implementation  

This chapter is dedicated to the practical implementation of this thesis. This chapter will 

include details about hardware development from scratch. Additionally, discussion about 

the integration of the developed hardware and integrating it with an MQTT server and 

the client-side server where the necessary event processing will be handled are also 

discussed. The development of the project will be discussed chronologically in sections. 

4.1 Hardware Integration 

In this section, the hardware used in this thesis will be discussed thoroughly, and the 

basis of their use will be analyzed and discussed. Details will include features of the 

hardware used, the reason behind selecting those technologies, and a total overview of 

the system architecture. 

4.1.1 “3-axis” Accelerometer 

 

After thorough research, it has been decided that a 3-axis accelerometer will be used in 

order to monitor the movement of the pallets in the FASTory line. The MMA8451 has 

been selected for this purpose by the renowned vendor ADAFRUIT. The MMA8451 is a 

smart, I2C enabled, three-axis, capacitive, low-power microelectromechanical accel-

erometer with 14 bits of resolution. This accelerometer is filled with embedded functions 

with programable configurations with a lot of flexibility, configurable to two interrupt pins. 

Embedded interrupt functions allow for overall power savings relieving the host proces-

sor from continuously polling data. Moreover, this sensor can operate in extreme factory 

temperatures from -40 to +85 degrees Celsius. 

This accelerometer is also equipped with both low pass filter and a high pass filter, which 

minimizes the data analysis required for shock or sudden change detection and faster 

transitions. The device can be configured to generate inertial wake-up interrupt signals 

from any combination of the configurable embedded functions allowing the MMA8451 
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Figure 8. 3-axis accelerometer used in this thesis[14] 

 

to monitor events and remain in a low-power mode during periods of inactivity.[14]  

The sensor also has these features: 

• 1.95 V to 3.6 V supply voltage 

• ±2 g/±4 g/±8 g dynamically selectable range, in short this is the sensitivity of the 

accelerometer. 

• I2C interface 

• It can detect orientation, landscape, and portrait modes. 

• Very low current consumption from 6 μA to 165 μA 

Because of the manifold embedded features these sensors are used in lot of applications 

in most of the smart devices around us.  

These types of sensors are used in applications such as: 

• Compass application in smart devices 

• Orientation detection 

• Freefall detection offered in many electronics, especially in phones and hard 

drives for protection. 

• Real time orientation detection for navigation purpose and for virtual reality pur-

pose 
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The author decided to discover the reach and capability of this kind of sensor in industrial 

monitoring of pallet to the full extent, hence this sensor was selected for the purpose. 

4.1.2 ESP32 Features 

 

The data generated by the accelerometer needs to be transmitted to the dedicated 

MQTT server (the details of which will be discussed in the later sections). For that reason, 

a system on chip (SoC) has been selected, which is ESP 32. A devkit version of the 

ESP32 has been used, more specifically, the ESP32-WROOM-32 version. 

 

Figure 9. Functional block Diagram of ESP 32 

 

ESP32 is a chip that can be used in a lot of IoT based development because of its mul-

tipurpose usability and its features. Its equipped with Tensilica Xtensa 32-bit LX6 micro-

processor with a clock speed of 240 MHz. It can also do low-level computation while it is 

in power saver mode that is in a deep sleep. It also supports wireless connectivity such 

as 802.11 b/g/n/e/I Wi-Fi and 4.2 Bluetooth. On the analog side, there are two 8-bit DACs 

and two 12-bit ADCs that multiplex over eighteen pins. There is also a built-in analog 

preamplifier, a temperature sensor, and a hall sensor. The analog section on the ESP32 

is much advanced from the ESP8266’s single ADC input pin, which was the predecessor 

of ESP32. 
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Moreover, it also has features like Analog to Digital converter, Digital to analog converter, 

I2C, CAN 2.0 integration, etc. and more. 

 

Figure 10. Pinout Diagram of ESP32 WROOM Devkit[15]  

 

Although the potential of this ESP32 module is very high, the full potential was not ex-

plored in this thesis because it was not needed. In this thesis, ESP32 was used to cal-

culate the acceleration generated due to the movement of the pallet and decide whether 

the pallets are stationary or if it is moving. A proper algorithm was loaded into the ESP32 

module to differentiate between data difference of “Pallets moving” and “Pallets Station-

ary”. The details of the algorithm would be discussed in later sections. 
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4.2 FASTlab as Testbed 

Proper study and research have been done before fixating a course path. Solutions that 

were thought of in the context of the factory environment, which is in FASTlab at Tam-

pere University Automation Lab. The production line, which is known as FASTory Line, 

is comprised of ten robotic workstations, eight assembly stations, a pallet loading station, 

and a conveyor for transporting the pallet to the workstations. The workstations are com-

bination of conveyor and cells carrying robots. Pallets is transported to the workstations 

for operation to be done on them and the carried again by the conveyor. Loading and 

unloading of the pallet are done from WS 7.    

 

 

Figure 11. Workstations at FASTlab [16] 

 

Besides each work cell is equipped with Sony SCARA robot which is capable of drawing 

frame, keyboard, and screen. This FASTory line uses INICO S1000 Remote Terminal 

Units, INICO S1000 is a programmable RTU device which offers control capabilities, 

web-based HMI, REST and DPWS web services. A dedicated RTU is used for each work 

cell which all are connected through a local network. 
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Figure 12.  An animated top view of FASTory line (17) 

 

 

 

Figure 13. Industrial Pallet which will be monitored 
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4.3 IoT device Development 

Details about the ESP32 and the 3-axis accelerometer has been discussed in the previ-

ous section. After selecting and procuring the hardware, they have soldered together. 

After that, the SCL (I2C clock pin) pin of the accelerometer is soldered with the clock pin 

of the ESP32, which is the 22nd pin. SDA that is the I2C data pin is soldered with the 

I2C data pin of the microcontroller that is the 21-number pin. Ground (GND) and power 

(Vin) pins are soldered in series, respectively. 

 

Figure 14. IoT device developed with ESP32 and a 3 axis Accelerometer  

 

Since this device will be attached to the pallets on the FASTory line, it has to be wireless 

and should be able to operate on battery. A JST ph. 2.0 pin has been soldered. The 

ESP32 dev kit has two points of power source, a 3.3V pin, and a 5V pin, although inter-

nally, it will be converted into 3.3 V via ESP32’s own integrated voltage regulator. 
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4.4 Testing the IoT device Accuracy 

In this stage, the IoT device which was developed was tested in the real FASTory line to 

check whether it could sense the motion of the pallets. In Addition, some changes were 

made in the range of a 3-axis accelerometer to get more precise value. After the IoT 

device has been developed, values of the acceleration are compared with actual pallet 

movement. Several issues were noticed, which resulted due to the vibration of the con-

veyor belt—additionally, the stopper, when stops the pallet, also cause strong vibration, 

which also causes noisy data. 

Furthermore, one important aspect was needed to check that the data which is being 

transmitted through MQTT protocol reaches the client-server in real-time and can be 

processed in real-time and still can be relevant in real-time in contrast with the real-time 

pallet movement. 

4.5 Analyzing the Data from IoT device 

As mentioned in previous sections, the acceleration data gathered via the IoT device 

could not be used straightforwardly. So further analysis was done to figure out the noisy 

data from the actual data. 

Furthermore, several datasets were created and then analyzed to find similarity in the 

data generated due to the movement of the pallet on the conveyor. From those data, 

some data were plotted to have a good visualization to find a correlation between similar 

kinds of movement. 

  

From Figure 15, an anomaly could be detected in the data. When the pallet moves along 

the straight part of the conveyor, it should not get any data along the Y-axis, but since 

we are getting, it was decided that the approach will be changed. 
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Figure 15. Data visualization to find relation between similar movement 

The above figure depicts the movement of the pallet in the bypass conveyor. From this 

figure, we could see that due to movement along the X and Y axis, we are getting data 

along both axes. But the issue arises when pallet moves along the straight conveyor, 

and it will be discussed in detail in later chapters. 

 Similarly, data has been taken from the different movements of the pallet in a different 

part of the conveyor. Several methods and machine learning algorithms were researched 

to analyze these kinds of data. 

Figure 16 shows the bypass conveyor. 

 

Figure 16. Bypass conveyor [17] 

  

Correspondingly, similar visualization has been created for movement of pallet through 

the straight part of the conveyor. 
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Figure 17. Acceleration data of pallet movement in the straight part of 

the conveyor 
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4.6 Software Development of the IoT device 

After the Hardware part of the IoT device has been configured, the ESP32 has been 

programmed with the sketch, also known as Arduino programming language. The reason 

behind selecting Arduino language was because of its simplicity and how close its to C 

language and machine languages which makes the processor process the data faster. 

At the beginning of the Arduino sketch, the libraries used in the code are needed to be 

initialized. 

 

Figure 18. Initializing Libraries  

 

After the libraries has been initialized from figure 18 it can be seen that, SSID and pass-

word of the Wi-Fi network are declared. Similarly, the server address of the MQTT server, 

proper authentication and the topic is declared. Details about MQTT server will be dis-

cussed in the next section. 

Moreover, the Arduino sketch is divided into two blocks, setup block and the loop block. 

The setup block is used to establish the WIFI connection, MQTT server connection and 

3-axis accelerometer sensor connection. 
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Figure 19. Setup block of Arduino Sketch 

 

From figure 19, it is evident that primarily IoT devices will try to establish with the WIFI 

network, and then will establish a connection with the MQTT server provided that the 

username and password and proper port numbers and authentication codes are pro-

vided properly. The next step would be to communicate with the 3-axis accelerometer 

sensor and establish a connection. If anyone of the connection fails, it will notify the 

console. 

The next block in the Arduino sketch is the loop block. In this section, the raw data from 

the accelerometer is collected. Also, acceleration in m/s 2 form is collected from the 

sensor. This loop will make sure every change in the acceleration data of the IoT device 

within 200 ms will be published to the MQTT broker. 

Furthermore, the sketch has been designed in such a way that the IoT device will sense 

the motion of the pallet and send only the meaningful notification to the broker. 
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Figure 20. Publishing Pallet Movement 

The “event.acceleration.x” limit, which is 0.4, is fixed by measuring the acceleration of 

pallet in every condition while on the conveyor. After taking multiple datasets and com-

paring it in real-time, it has been made sure that the IoT device could sense the exact 

motion of the pallet on the conveyor. In the analysis part of this thesis in detail, it will be 

discussed why the exact knowledge of “pallet stationery” and “pallet moving” is useful 

and an improvement over the existing solution. 

4.6.1 MQTT Server Setup 

As mentioned in previous sections, in this research, it has been decided to use MQTT 

based communication to transmit data from the IoT device to the client where the event 

processing algorithm has been implemented. The working principle of MQTT in this re-

search’s context is such as that, the IoT device will publish the condition of the pallet, 

that if the pallet is stationary or if the pallet is moving to the MQTT broker under a specific 

topic. The broker then will publish those data to the client, whoever subscribes to the 

topic under which those data are published. 

An MQTT broker service provider has been selected to work as an MQTT broker. 

“CloudMQTT” is such a vendor that allows five devices to be connected to the broker in 

the free plan. A custom domain can also be used with CloudMQTT, but its own certificate 

with MQTT+TLS and web sockets needed to be provided. The server also has a web 

socket to view the MQTT messages coming from the publisher in real-time, and it also 

has databases to store the log of the connections and the devices.  
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Figure 21. Instance to create MQTT server 

 

 
 
4.7 System Architecture 

As mentioned in the previous section, the system architecture stands out somewhat, as 

the figure 22 depicts. The IoT device will be connected beneath the pallet with proper 

adhesive, keeping in mind the x-axis direction will be towards the conveyor movement 

direction. Whenever the IoT device senses the motion or stopping of the pallet based on 

the data filter included in the Arduino program, it will notify the MQTT broker with the 

message “Pallet Stationary” for the pallet being stopped, and “Pallet Moving” for the pal-

let moving along the conveyor. These messages are very crucial in this research’s con-

text since, based on the notification of such type, an event-based algorithm will be de-

signed.    
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Figure 22. System Architecture 

Figure 22 shows the system architecture implemented in this thesis. The IoT device will 

be connected to a Wi-Fi network, which will help the device to connect with the Cloud-

MQTT broker. The IoT device will publish necessary information under the topic, esp32. 

On the other hand, the client program designed with Python will subscribe to the topic 

“esp32” and thus will get all the data sent by the IoT device for further processing. 
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4.8 Event Processing Algorithm 

As per discussion in the previous sections, it is evident that a true real-time monitoring 

system based on just the data provided by the accelerometer is not possible physically 

because of the limitation of the 3-axis accelerometer and vibrations in the conveyor. So, 

in order to avoid the limitation, an event processing algorithm has been implemented in 

this system where the time is counted in between two consecutive messages to get an 

idea for how long the pallet is being stationary. The current system available can draw 

frame keyboard and screen. So, by keeping them in mind, time has been set for each of 

this operation, and if the pallet stops for that preset time, then the operation is concluded 

successfully. 

 

Figure 23. Time based Event Processing 

As evident in figure 22, the total process starts with the first “Pallet Stationary.” The al-

gorithm is designed in such a way that, after getting a “Pallet Stationary” message, the 

counting of time will start. An operation such as drawing Frame, drawing Keyboard, and 

drawing screen can be assigned with different preset time notions. So, whenever a pallet 

stops for 20 seconds in a position, and if that is the time for drawing a frame, then the 

algorithm will conclude as Frame Drawn. The time counting will stop when the system 

gets a “Pallet Moving” message. 

Similarly, the process for every pallet will continue until every operation on it has been 

completed. The pallet identification can be made by renaming every IoT device under 

each pallet, specifically, which only denotes that specific pallet.  
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Moving” 
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time at a 
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Production is 
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the operation is 
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4.9 Implementation Result 

Section 4.4 and 4.5 provides a detailed idea about how the system is designed and how 

the algorithm is designed to get an optimum result from the current set up. After the IoT 

device has been integrated with the pallet and the conveyor is running, we send the 

REST post method message to the INICO server to start the conveyor and move the 

pallet from one position to another. As in the introduction chapter and in the sections 

regarding the event processing algorithm, the author discusses the limitation of the setup 

to precisely monitor whether the conveyor is in the bypass part of the conveyor or in the 

straight conveyor.  

 

Figure 24. Bypass and the Straight Conveyor [17] 

The red marked zone is the straight conveyor. This conveyor is used to move from one 

workstation to another. The yellow marked zone is the bypass conveyor, which is used 

to enter the workstation for operations such as frame and screen production. The IoT 

device is not capable of sensing a change in these two movements, as mentioned in 

Figure 11 and 12, respectively. So, in order to avoid this, even processing algorithms 

based on the received time of two consecutive messages has been implemented. After 

the system receives the first “Pallet Stationary” message, the Time-based event pro-

cessing algorithm will be activated, and the processes will start running. 
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Figure 25. Operation starts with Frame Drawing 

Figure 26 shows console output when 1 of 3 operations in this case Frame is drawn. The 

first printout Pallet Stopped shows such value since it has been declared globally be-

cause when the program runs and the comparison is made within the same process, the 

previous message cannot be stored and compared with the next current message, which 

is common for these kinds of messaging system. Also, the Difference variable will show 

the time difference between the consecutive message, which primarily is ignorable, but 

after receiving the first message, it counts the time difference. An imaginary time con-

straint has been declared for these operations, which is then again customizable. For 

the frame, it has been assumed the robot needs 15-20 seconds to draw the frame on the 

pallet. 

Additionally, the movement of the pallet along the straight conveyor is assumed to be 

done between 1-10 seconds. So, any stay of the pallet which exceeds this time will be 

considered as pallet in bypass conveyor. 

Furthermore, the pallet waits for two operations to be done upon it. When the next “Pallet 

Stationary” message arrives, and it stays in the same position for a few seconds, that 

means it is in the bypass conveyor and in the workstation for an operation. 

 

Figure 26. 2nd Operation, Keyboard drawn 

From Figure 26, it can be seen that after a “Pallet Stationary” message arrived, the pallet 

stayed in the same position for 15.73 seconds approximately, which is in the limit of the 
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set value and thus the probability of the 2nd operation which is drawing of the keyboard 

is very high. Therefore, the system also concludes that the keyboard is drawn, and it 

moves for the next operation. 

Moreover, the pallet will move along the conveyor and reach into a certain place. Primar-

ily the stopped location cannot be known as mentioned earlier but based on the time of 

the stoppage of the pallet, the probability of the pallet being in a bypass conveyor can be 

predicted highly.  

 

Figure 27. Final Operation and Production Complete 

From figure 27, it is evident that the time difference between a “Pallet Stationary” and 

“Pallet Moving” is above 15 seconds and below 20 seconds, which creates a high prob-

ability for the system to operate on the pallet and draw the screen. 

Since all the operations, which include the screen, frame, and keyboard, are complete, 

the system concludes as “Production Complete,” and the IoT device goes to deep sleep 

for battery power saving. 
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5. Discussion 

This chapter is dedicated for discussion regarding thesis objective, results obtained after 

the implementation and how the research questions has been tackled through the prac-

tical work.  

5.1 Research Question: Summary of Findings 

5.1.1 MEMS - based solution for Smart Pallets 

 

A major part of this thesis has been directed towards creating an IoT device by which 

the regular traditional pallets can be turned into a smart and ready for integration into the 

next “Industrial Revolution” phase. One of the works from which a lot of motivation and 

guidance has been accepted while conducting this research is “A REAL-TIME POSI-

TIONING SYSTEM OF MANUFACTURING CARRIERS DEPLOYING WIRELESS 

MEMS ACCELEROMETERS AND GYROSCOPES.” In this research, the author quotes, 

“Events GO, and STOP is not reliable and should have only support meaning.” [18] 

The author of the quoted text preferred to detect the “Start” and “Stop” of the pallet with 

the acceleration at the Z-axis. Since acceleration along the X-axis and the Y-axis was 

not reliable enough to conclude the “Start” and “Stop” of the pallet. 

Compared to that, the IoT device used in this research can clearly depict whether the 

pallet has stopped or started moving very accurately. Moreover, one shortcoming men-

tioned in the last paragraph was the lack of usability of acceleration data along the X and 

Y-axis. In this research, that limitation has been removed. Movement of the pallet along 

the respective axis can be identified by analyzing the acceleration data generated by that 

movement. This process has been done by collecting a lot of data sets and monitoring 

the movement of the pallet and their corresponding acceleration change in real-time and 

coming to a conclusion. 
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5.1.2 Smart Pallets-The Future 

 

One key research question was the approach method by which a traditional pallet can 

be converted into a smart pallet. 

On the factory floor, especially in the case of real-time monitoring, precision with time 

accuracy is very important. The reason is that if the pallet through the IoT device notifies 

the MQTT broker a few seconds late and based on the delayed data, the time-based 

event processing algorithm will calculate may come to the wrong conclusion. An incom-

plete pallet with half operation done in it can be counted as a finished product, which 

may create several issues. 

Moreover, a pallet with all the operation done on it can also be counted as an incomplete 

production unit and might roam around the conveyor and can cause wastage of re-

sources. 

Being a very lightweight protocol MQTT manages to publish necessary information to 

the event processing client in real-time with great accuracy. Given the fact that the Wi-Fi 

with which the IoT device is connected has strong signal strength, then data transmission 

from the IoT the device to the MQTT broker and then to the event processing client would 

take place smoothly, as seen in the context of this research.  

 
5.1.3 Complex Event Processing 

Complex event processing is a method through which incoming streaming can be ana-

lyzed in real-time to detect an anomaly or predict opportunities and threats. CEP algo-

rithm can be taught a specific pattern to identify that specific pattern in millions of streams 

in real-time. 

After analyzing the feature and compatibility of several CEP engines, Apache Spark has 

been selected. Apache Spark is a fast and general-purpose cluster computing system. 

It provides high-level several programming platforms such as Python, Java, Ruby, Scala, 

etc. 

The reason for selecting Apache Spark was their Spark Streaming Core. It had function-

alities such as Spark SQL for SQL and structured data processing, machine learning 

functionalities with Mlib, graphics processing. 
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Apache spark has been providing support through their API for JAVA and SCALA over 

the years, and it is used for advanced purposes. The recent popularity of Python in ma-

chine learning and deep learning also made them provide API support in Python too. But 

the issue with PySpark API designated for Python is not very enriched and is still in beta 

form and in the developing stage. 

 

Figure 28. Revoke of MQTT library Support 

 

The main issue generated in this research was the lack of support for the MQTT library 

in PySpark. In earlier days of Apache Spark, there was support for MQTT protocol 

through a third-party extension from Apache Bahir. In the later updates of the Apache 

Spark, that support has been revoked. The limitation of the Author with Java program-

ming platform and several issues regarding errors generated by the PySpark while trying 

to connect with the MQTT broker was the reason this approach could not be successful. 

Figure 28 depicts the error command generated while trying to make a connection with 

the MQTT server. 

To avoid this error, a custom connection would be required which was not possible due 

to technical background and limitation of the author in Java and Scala.  
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5.1.4 Time-Based Event Processing 

 

From the previous section, it became evident that the primary approach of the thesis was 

a little different from where the current research has been directed. To avoid the issues 

raised by not using stream processing engines, a way around was needed. After further 

research and analysis, it was decided that based on only two messages, “Pallet station-

ery”, “Pallet Moving,”; the whole system will be developed. 

Additionally, the position of the pallet can also be predicted based on the work done on 

it. When a workstation performs an operation such as Frame, Screen, or Keyboard draw-

ing, it will keep a record of the operation on the database. Based on the co-relation of 

these data and the position of the workstation along the conveyor and the data of the 

pallet position of the pallet could also be predicted. 

Given the assumptions and the limitations, the results obtained through this research 

were quite accurate, provided the accelerometer and the ESP32 boards are not used 

typically for industrial-grade purposes. 
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6. Conclusion and Future Research 

6.1 Thesis Summary 

This research started with the objective of simplifying factory floor monitoring with tech-

nologies available and accessible to everyone. With the forthcoming Industrial revolution, 

4.0 factories everywhere in every industry will go through massive changes. Since in-

dustrial-grade equipment is constructed in such a way that complete overhaul may not 

be needed within 20 years. So, in order to integrate the existing setup with modern IoT 

tools and technologies and turn the whole system into a more advanced and smarter 

structure. 

Proper research has been directed towards state-of-the-art technologies to understand 

the current trend and what will be the need in the context of the smart factory of the 

future. Also, the current setup at the FASTlab was also studied to get an idea about 

limitations in the existing setup. 

IoT enabled microcontroller and devkit were used with the integration of a 3-axis accel-

erometer to monitor the industrial pallet movement. Later these data were analyzed and 

then were used to develop a time-based event processing algorithm to monitor the pallet 

movement in the FASTory line at the FASTlab, which is used as a testbed. Detailed 

implementation has been discussed in the implementation chapter.  

 

6.2 Future Research 

As for future research, the possibility is immense in this era of IoT and IIOT. Implemen-

tation of a similar system with other MEMS sensors such as gyroscope could further 

enhance the capability of such a system. Additionally, pallets could be given a bit more 

intelligence to decide production status, incomplete or complete, and its awareness re-

garding position along the conveyor or on the factory floor. 
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