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ABSTRACT 

One of the essential criteria for smart factories specifically the Open CNC machine 

tool, is bridging the gap between physical machine tool and software applications. The 

difficulties in this issue were the lack of efficient and sufficient monitoring systems 

that provide a solution for data acquisition, response, and feedback in real-time. In this 

study, a methodology to develop an integrated monitoring system to enable data 

acquisition, response, and feedback-based service-oriented internet of things 

architecture in STEP-NC based open CNC was proposed. The architecture comprises 

four main layers, perception, communication, application and CNC machine. The 

completed system was then tested through two case studies. The first case study is 

based on STEP-NC Example 1 of Part 21while case study two was based on modified 

STEP-NC Example 1 of Part 21. Both case studies are tested using a new and worn 

cutting tool. Based on the conducted case studies, the findings were summarized into 

four: First, the developed system successfully enabled data flow, from CNC machine 

tool back to CNC machine, via an integrated monitoring system based service-oriented 

IoT architecture in STEP-NC Open CNC environment. Secondly, the reading of 

temperature, vibration and electric current monitoring is higher for the worn cutting 

tool than the new cutting tool. Third, the percentage different between new and worn 

cutting tools for temperature is up to 3.38 % and for vibration, it is up to 78.93 %.  

Fourth, electric current reading is proportional to cutting force as the reading of electric 

current on cutting insert is higher than reading before cutting tool insert with 

percentage differences more than 8.33% up to 20%.  The case studies summarized that 

the developed integrated monitoring system is feasible and highly sensitive to any 

changes, specifically on the cutting tool condition. In the future, this integrated 

monitoring system could be applied to other Open CNC machine-based plug and play. 
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ABSTRAK 

Salah satu kriteria penting untuk kilang pintar khususnya mesin berbantu komputer 

terbuka adalah merapatkan jurang antara mesin fizikal dan aplikasi perisian teratas. 

Kesulitan dalam masalah ini disebabkan oleh kurangnya sistem pemantauan yang 

efisien dan mencukupi yang memberikan penyelesaian untuk pemerolehan data, 

respon dan maklum balas pemantauan waktu nyata. Dalam kajian ini, metodologi 

untuk mengembangkan sistem pemantauan bersepadu untuk membolehkan 

pemerolehan data, tindak balas dan maklum balas dan perkhidmatan berorientasikan 

seni bina internet bagi CNC terbuka dalam STEP-NC telah dicadangkan. Seni bina 

terdiri daripada empat lapisan utama yang meliputi lapisan persepsi, lapisan 

komunikasi, lapisan aplikasi dan mesin CNC. Sistem yang lengkap kemudian, diuji 

melalui dua kajian berskala. Kajian kes pertama berdasarkan contoh 1, STEP-NC Part 

21 manakala kajian kes kedua berdasarkan contoh 1, STEP-NC Part 21 yang 

diubahsuai. Kedua-dua kajian kes diuji menggunakan mata alat yang baru dan rosak. 

Berdasarkan kajian kes yang dilakukan, penemuan ini diringkaskan menjadi empat 

yang meliputi: Pertama, sistem yang dibangunkan berjaya membenarkan aliran data 

dari mesin CNC kembali ke mesin CNC melalui sistem pemantauan bersepadu 

berdasarkan orientasi perkhidmatan arkitaktur IoT ke dalam CNC terbuka berasaskan 

STEP-NC. Kedua, bacaan pemantauan suhu, getaran dan arus elektrik lebih tinggi 

untuk mata alat yang rosak berbanding mata alat baru. Ketiga, peratusan perbezaan 

mata alat baru dan rosak bagi suhu adalah sehingga 3.38% dan bagi getaran adalah 

sehingga 78.93%. Keempat, bacaan arus elektrik berkadar dengan daya pemotong 

kerana bacaan arus elektrik pada sisipan pemotong lebih tinggi daripada bacaan 

sebelum pemotongan dengan perbezaan peratusan lebih daripada 8.33% sehingga 

20%. Melalui kajian kes, dapat disimpulkan bahawa sistem pemantauan terpadu yang 

dibangunkan boleh dilaksanakan dan sangat sensitif terhadap sebarang perubahan, 

khususnya pada kondisi mata alat. Di masa depan, sistem pemantauan bersepadu ini 

dapat diterapkan pada mesin Open CNC yang lain berasaskan pasang dan laksanakan. 
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CHAPTER 1  

INTRODUCTION 

1.1 Background of research 

In this chapter, an overview of the current manufacturing industry of global and 

Malaysia are introduced. The drawbacks of the conventional Computer Numerical 

Control (CNC) machine and the future view of the monitoring system integrated with 

a conventional CNC machine are discussed in the problem statement. Moreover, the 

objectives, scope and significance of the study are highlighted. Finally, the thesis 

structure is detailed at the end of this chapter.  

1.2 Overview of Research 

In recent years, significant advancement has been achieved in the industrial domain 

with the newest industrial revolution known as Industry 4.0 (I4.0). This new revolution 

was first initiated in 2011 at Hanover Fair, German, focusing on merged production 

with information technology and the internet as a higher-technology strategy [1]. The 

reasons for the emergence are to enhance the current manufacturing system into a 

higher level of  flexibility in-terms of production and services, intelligence and 

autonomy [2]. Since the introduction, Germany, the United States of America, the 

United Kingdom, China, and the Republic of Korea are the leading countries  

embarking on the I4.0 transformation [3]. Their theme and aim for transformation are 

the same. The theme include data acquisition, data transfer, data analysis and data 

utilization for real-time information monitoring, response and feedback while 

developing a smart factory [4]. For a smart factory implementation, the Internet of 
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Things (IoT) and monitoring technology were adopted to empower the data 

management and service of the manufacturing information. 

Machine tool is one of the most critical resource that facilitate smart factories. 

The CNC system under the machine tool works as a brain for a machine tool. The CNC 

system enables the machining process to be executed by allowing machine control 

movement automatically. The machine tool has possessed much advancement since it 

was introduced. Today, it has become a modern and highly sophisticated CNC 

machine tool [5]. Although many advancements have been made, the commercial 

system is still closed in nature. Users were not able to make any modifications without 

vendor intervention.  As smart factories become fundamental, users’ needs CNC 

technology to be easily integrated with other manufacturing resources such as 

computers, measurement devices, robots, and cyberspace. To deal with that issue, an 

Open CNC technology integrate with the internet enables vertical and horizontal 

integration is an urge [6]. One of the direct methods to support Open CNC technology 

was replacing the G-code programming standard with a new and powerful standard 

called STEP-NC. Where in this method, the STEP-NC program is used directly to 

handle CNC systems [7]. With this method, vertical integration of  Open CNC systems 

that provide a universal and interoperable machining platform would be realized [8].  

As smart factories demand intelligent and network manufacturing, sensor information 

from the monitoring system is important for machine process condition monitoring 

[9]. The horizontal integration of Open CNC with Internet would be realized by 

integrating Open CNC with IoT. IoT enable things to be connected to the internet and 

enable information to be transfer from one platform to the other or back to the platform. 

The Open NC system has rapidly developed since the computer-based CNC 

system was introduced. Open CNC system refers to a software system that is free 

software or third-party software that offer a modular, reconfigurable and  high level of 

automation to a manufacturing system [10]. This architecture easily handles user-

specific functions and is able to cope with complicated parts [11]. A small modification 

of the code enables software to be reusable and enhance the machining system’s 

performance [12]. The application of the Open CNC system keeps increasing. There 

are many Open CNC systems available today including Open System Architecture for 

Control within Automation Systems (OSACA), Open Modular Architecture Controller 

(OMAC), Open System Environment Consortium (OSEC), Linux NC and Twin CAT 

[7][13][14][15][16][17]. 
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Under the umbrella of an Open CNC system, there are two approaches to 

realizing an open CNC system. Fully software-based CNC system and Open CNC 

system based on PC and motion control card [6]. Open CNC system based on PC and 

motion control card is a component approach.  As per the review, there are machining 

and interpreter for the Open CNC system based on PC and  motion control cards 

including [18] and [19]. However, there is still limited study applied for the monitoring 

system. Most monitoring studies applied a completely software-based Open CNC 

system which includes [4][20][6][14][15]. Only [19] and [21] applied a monitoring 

approach grounded Open CNC system based on a PC and motion control card. 

However, their studies only focus on component-based technology which does not 

support service-oriented IoT technology. Future more, Latif et al., [19] only applied 

live monitoring of the machining operation, which only visualized the machining 

process in real-time. While the monitoring system was developed by Adam 2020., [21]  

was only for drill bit monitoring and thermal monitoring in real-time based on a special 

device that is isolated and difficult to integrate. Both monitoring approaches were 

based on component-based technology, available for visualization only and do not 

offer any solution for service-oriented IoT technology that enable data acquisition, 

response, and feedback. Adopting service-oriented IoT technology on the current CNC 

will effectively and efficiently manage information and finally would significantly 

increase the productivity and savings of up to 50% and 40%, respectively [22], [23]. 

Therefore, a study on Open CNC system combine with service-oriented IoT 

technology is urgent.  

1.3 Problem Statement 

The CNC system plays a critical role in a machine tool. It works as a ‘brain’ and 

enables the machining process to be executed by allowing machine movement 

automatically.  As I4.0 has become a massive initiative worldwide, there is a need for 

future advanced CNC technology to be integrated easily with other manufacturing 

resources to support smart manufacturing. STEP-NC, for example, was introduced in 

1999 to solve the drawback of G-code [24]. As the STEP-NC based machining system 

becomes the future interest of researcher and academia, the CNC technology becomes 
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more complicated and vendor-dependent. To deal with the close nature of the CNC 

machine, an Open CNC system is an urge [6].  

Open CNC system allow users to freely utilize hardware and software and 

assemble it to any equipment type [18]. Personal computers for example, offer good 

open- ness, low cost and high performance to price ratio [19]. Most of the developed 

Open CNC system was developed completely based on software where each function 

is linked to each function to enable complete operation which is difficult to modify 

[7]. Based on the same approaches, several system have been developed using general 

purpose, object-oriented programming languages such as C, C++, JAVA, VB and 

others developed for machining, simulation, monitoring, optimization and others 

solutions [19]. However, the system was based on the indirect STEP-NC programming 

approach. 

 As the technology evolves, there is a need to empower the current CNC system 

with more and more features parallel with I4.0, Open CNC, STEP-NC compliant and 

equipped with an advanced monitoring system. An advanced monitoring system 

equipped with IoT enables data acquisition, response and feedback and supports 

service-oriented technology. The absence of a well develops monitoring system may 

finally results in undesirable conditions [25]. An undesirable condition such as bad 

tool condition, excessive tool wear and chatter occurrence may result in poor 

machining part quality, decreased productivity and decrease production efficiency 

[26][27][28][29].  

The Monitoring system with data acquisition, response and feedback 

supporting service-oriented IoT technology enable monitored information to be 

managed and utilized effectively and efficiently. Open CNC based PC and motion 

control card compliant with STEP-NC enable interpreted information of the STEP-NC 

compliant system to be extracted and utilized for machining parameter response and 

feedback.  

Based on the previous study, an Open CNC system based on PC and motion 

control card compliant with STEP-NC, which is available until now was developed for 

machining, interpreter and monitoring purpose by Elias et all.,[18], Latif et al.,[19] and 

Adam [21]. However, their monitoring approach was not focused on service-oriented 

IoT technology which supports service. It utilized a special monitoring device that is 

isolated and does not feasible for data acquisition, response, and feedback. 
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1.4 Objectives of the Study 

The objectives of this study include: 

i. To develop and implement milling process data acquisition in real-time via 

wearable devices through service-oriented internet of things architecture. 

ii. To develop an integrated response and feedback system based on monitoring 

information in STEP-NC based Open CNC system.   

iii. To validate the performance of the developed integrated monitoring system 

based on service-oriented internet of things architecture in STEP-NC based 

Open CNC through two case studies. 

1.5 Scopes of the Study 

The scope of this study includes: 

i. The monitoring system was developed for a conventional Pro-light 1000 

milling CNC machine. 

ii. The monitoring system integrates the machining system and interpreter 

compliant STEP-NC (ISO14649) Part 10, 11 and 111 of the milling process 

from the previous Open CNC system-based PC and motion control card study. 

iii. The monitoring system was developed under the Laboratory Virtual Instrument 

Engineering Workbench using Version 2016. 

iv. The monitoring system analyzed cutting tool temperature and alert based on 

cutting tool softening point for different cutting tool material. 

v. The monitoring system analyzed vibration between workpiece and cutting tool 

interaction under 16mm/s and alert based on vibration severity standard of ISO 

10816. 

vi. The monitoring system provide electric current utilized by the cutting tool 

spindle under 10A to prove the electric current utilized by the cutting spindle 

during machining operation is proportional to cutting force. 

vii. The monitoring information is sensed at the specific position as mentioned 

above during the machining process, send to the cloud, and sent back to the 

machine based on service-oriented IoT architecture. 
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viii. The monitoring system enables response and feedback from machining 

parameters of spindle speed based on initial information extracted from STEP-

NC interpreted information. 

1.6 Significance of the Study 

Innovation is defined as a new or improved production method that creates changes in 

technique, hardware, and software and enhances production quality, productivity, and 

efficiency. It was proved that manufacturing process innovation has a significant effect 

on operational performance [30]. This study intends to develop an integrated 

monitoring system that combine Service-oriented IoT technology with Open CNC in 

STEP-NC. The service-oriented architecture enables extendibility, reconfigurability, 

interoperability and cross-platform portability. These functionalities make the 

commercial CNC machine tool more flexible, adaptable, versatile, well-connected, 

widely accessible, smarter, and safer. 

1.7 Thesis Structure 

The work presented in this thesis deals with developing an integrated monitoring 

system to enable data acquisition, response, and feedback based service-oriented IoT 

architecture in STEP-NC based Open CNC, divided into six chapters. In chapter 2, a 

comprehensive literature review about the concerned technologies, reviews on past 

research, state of the art of STEP-NC, monitoring system, IoT and the research gap. In 

Chapter 3, the methodology adopted to address the research gap is presented. In 

Chapter 4, a detailed explanation of system development is covered. In chapter 5, the 

implementation and case study of the developed system is demonstrated. Finally, in 

chapter 6, the conclusion, research contribution, and future work are defined.

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



 

 

7
 

CHAPTER 2  

LITERATURE REVIEW 

2.1 Introduction 

Machine tools have gone a lot of advancement since the industrial revolution until 

now. In the era of industrialization, the need for a future advanced machine tool to the 

next level to adopt and adapt with the I4.0 concept must be recognized. This chapter 

presents an overview of I4.0, the cyber-physical machine tool, the challenges and 

needs for developing cyber-physical machine tools based on vertical and horizontal 

integration and state of art of STEP-NC research. Besides that, a decade in review on 

the machine monitoring system, the CNC machine tool data acquisition methodology, 

the standard for communication and the state of the art of IoT has also been 

highlighted. At the end of this chapter, the research gap is defined and an approach of 

integrated monitoring system to enable data acquisition, feedback, and response-based 

service-oriented internet of things architecture in STEP-NC based open CNC has been 

proposed.  

2.2 Overview of I4.0 

In recent years, significant advancement has been achieved in the industrial 

environment domain by the introduction of I4.0. This new revolution was first initiated 

in 2011 at Hanover Fair, German, focusing on merging production with Information 

Technology and the Internet as a high-technology strategy for 2020 [1]. I4.0, also 

known as “smart manufacturing”, “industrial internet,” or “integrated industry,” which 

was announced to change the entire industry's ecosystem by changing the way entire 
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systems operates through the combination of production and automation technologies 

[2], [31-32]. Automation technologies fueled by Information and Communication 

Technologies (ICT) enable integration between the physical world and virtual space 

[1], [33–35]. I4.0 is a new term for a new industrial paradigm that concerns Cyber 

Physical System, IoT, Internet of Services (IoS), Robotics, Big Data, Cloud 

Manufacturing, and Augmented Reality (AR) technologies for the future industry 

advancements.  

In 2006, Dr. James Truchard introduced the CPS concept by merging the 

virtual and physical worlds [36]. CPS is the foundation of I4.0. It is the system that 

collaborates with a computational setup that enables to connect with surrounding, 

ongoing process, access data and utilized data, provide services based on the processed 

data through the Internet to accomplished predefine targeting a flexible manner [37]–

[39]. In I4.0, CPS technology is utilized to create a Cyber Physical Production System 

(CPPS). CPS permits resources in the smart factory to become more intelligent and at 

the same time creates an intelligent production environment. IoT is the foundation of 

technology utilized to support CPS and the entrance key to realize the new paradigm, 

I4.0 [40]. IoT transforms physical things into a virtual network to support smart 

manufacturing. Adopting these technologies into the existing industry enables devices, 

machines, products, production activities, and other resources to exchange 

information, trigger actions and control and finally create an intelligent industry 

environment. This proposition permits enhancement of productivity and efficiency not 

only to a manufacturing factory but also to the rest of manufacturing factory that 

adopting and adapting this new paradigm [36], [39]. I4.0 offers vast potentials and 

opportunities to the economy and societies based on the transformation from classic 

work organization, business model and production technology into the new paradigm 

of work organization, business model and production technology [41]. Besides that, 

I4.0 also promises to tackle global challenges such as sustainability, resource, energy 

efficiency, and competitiveness [1], [42]. 

The production evolution based on manufacturing advancement resulting from 

the Industrial Revolution from first to fourth is illustrated in Figure 2.1. In 1999, as 

globalization began, the landscape of production also changed [43]. Manufacturing 

field facing unpredictable market changes that require different and complex parts 

rapidly. This complexity, personalization, and regionalization are not able to be 

fulfilled by the central production system. To answer these requirements, an advanced 
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manufacturing system that enables Reconfigurable Manufacturing System (RMS), 

intelligent manufacturing, flexible manufacturing, online manufacturing, agile 

manufacturing methods is essential [44]. Furthermore, it requires an appropriate 

technology that allows information exchange among reconfigured industrial devices 

and systems for production networks toward CPPS. This could be only realized by the 

implementation of cyber physical concept.  

 

Figure 2.1: Product Revolution [45] 

 

2.3 CNC Machine Tool 

I4.0 focuses on creating smart products and processes using smart machines for smart 

manufacturing systems toward smart factories and finally realizing the cyber-physical 

production system [41]. The term “Smart” refers to autonomous and independent 

devices that enable communication in real-time, collaborate with other smart devices, 

make decisions, and perform an action in a smart environment [46]. CNC Machine 

tool is one of the main resources under the manufacturing environment that 

significantly impacted manufacturing productivity and efficiency since the industrial 

revolution. It is claimed to be a ubiquitous instrument of modern manufacturing [33].  

In the dawn of I4.0 and response to the CPPS and smart factories, an effort to 

create a new generation of machine tools known as MT4.0 or cyber-physical machine 

tool has become essential. The necessity to cut or shape metal or rigid materials into 

the desire form in the industrial revolution 1.0 give birth of MT1.0 while the next tool 

path guided by machine gives birth to MT2.0 and digital revolution resulting from 
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computer application advancement resulted CNC based machine in MT3.0 and now 

continuously growth MT 4.0. The development of machine tool to a large extent 

mirrored industrial revolutions and results in the country growth. The evolution of 

machine tool with the industrial revolution is illustrated in Figure 2.2 [47]. Under the 

evolution of MT1.0  to MT3.0, today machine tool becomes more economical, 

resource-efficient, provide more function, flexible, adaptable and equipped with a high 

technological component such as bearing, drive motor and others [48]–[53]. However, 

the commercial CNC machine is still isolated [33] and the architecture become more 

and more complex.  

 

 

Figure 2.2: Industrial revolution versus machine tool revolution [47] 

 

2.4 Cyber Physical Machine Tool (CPMT) 

CPMT is the new term of MT4.0, which was inspired by CPS's recent advancement. 

CPS is generally defined as technology innovation that manages the interconnected 

systems via physical and computational environment integration [41]. Xu [47] defines 

CPMT as integrating machine tools, machining processes, computation, and networks 

that permit machining process monitoring and control. Liu et al. [54] describe CPMT 

as the integration of machine tool with machining processes in cyberspace through 

computation and networking ability to create CPS. CPMT has a clear-cut advantage 

compared to the conventional machine tool. Embedded computation facilitates real-
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time information, and decision-making support endows CPMT with advanced 

intelligence and autonomy. Connectivity and ubiquitous networking create product-

service CPMT systems. With the CPMT system, machining performance and 

efficiency would be significantly improved. Development of CPMT system focuses 

the integration of machine tool vertically and horizontally [27]. The implementation 

of vertical and horizontal integrations allows machine tool to be more flexible, more 

adaptable, versatile, well connected, smarter, and safer. 

2.5 Vertical Integration of Machine Tool 

Vertical integration of machine tool is termed by the end-to-end digital integration. 

The end-to-end digital integration integrates engineering, including design, process 

planning, manufacturing, assembly, and others. As a matter for the machining process, 

the term end-to-end integration referred to the integration from design to 

manufacturing, including part design, part design model, detail process planning, path 

process planning, and manufacturing process. The integration is successfully realized 

when all the information from design to manufacturing is available without any data 

losses. Unfortunately, the current CNC machine, MT3.0, as illustrated in Figure 2.3, 

is still predominantly using G-Code programming language since the 1950s [47], [55], 

[56]. G-code only delivers minimum information to the CNC on how-to-do 

information. It breaks the information to be flown between the CAx chain, unable to 

access the internal code, limited bandwidth. It does not offer shop floor modification 

[28], [57], making the MT3.0 less flexible, less intelligent, and unbearable. 
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Figure 2.3: Information flow in existing machine tool, MT3.0 [47] 

 

STEP-NC namely call as Standard for the Exchange of Product model data 

compliant with Numerical Control, guarantees to resolve G-code drawback and enable 

integration from design to manufacturing without data losses as it is compliant with 

STEP [47]. Furthermore, STEP-NC provides detailed information on what-to-do 

information. To sum up, these facilities provide an enormous interoperability platform 

and are vertically integrated into the manufacturing system [58]. Figure 2.4 illustrates 

the information flown capability via STEP-NC to realize MT4.0 as STEP-NC provides 

vertical integration capability, CAM and CAPP as consolidated with the CNC 

machine. Such capabilities enable CNC machines directly to interact with design 

model CAD. To do so, Open CNC compliant STEP-NC can provide smarter decisions 

dynamically and adaptively. Some previous study that had been done for open CNC 

system are [18], [19], [59]–[64]. 

 

Figure 2.4: Information flow in MT4.0 [47] 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



13 

 

 

 

STEP-NC includes several parts, as listed in Table 2.1. The arrangement of the 

part is based on the hierarchy-tree method. Start with general process data Part 10, 

followed by process data for milling or turning Part 11 or Part 12, respectively, and 

finally followed by a description on Tool data for milling or Tool data for turning 

known Part 111 or Part 121, respectively. The STEP-NC file-based object-oriented 

data model structure is illustrated in Figure 2.5 [57], [65]. 

Table 2.1: ISO 14649 Parts [66] 
ISO14649 Part Specification Details 

Part 1 Overview and Fundamental 

Principles 

Provides an introduction and 

overview of a data model for CNCs, 

basic principles and advantages. 

Part 10 General Process Data Provides basic capabilities for 

machining parts process planning. 

Part 11 Process Data for milling Provides specific process planning 

capabilities for milling machine 

Part 111 Tools for Milling Provide description on Tool data for 

milling 

Part 12 Process data for turning Provides specific process planning 

capabilities for turning machine 

Part 121 Tools for Turning Provides description on Tool data for 

turning 

 

 

 

Figure 2.5: STEP-NC file based object-oriented Data model structure [67] 
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ISO released the physical representation of STEP-NC Example 1 for research 

activities is illustrated in Figure 2.6.  Example 1 consists of three features, which 

include a planar face, round_ hole and pocket. The code programming for the 

implementation of Example 1 is as in APPENDIX A. 

 
 

Figure 2.6: Physical representation of STEP-NC Example 1 

 

2.6 Horizontal Integration of Machine Tool 

Horizontal integration of machine tools integrates machine tools with other 

manufacturing facilities and resources that include robots, conveyors, measurement 

devices, and others to realize collaborative production [27]. The key requirement of 

horizontal integration of machine tool with other manufacturing facilities and 

resources is divided into two: acquire accurate and reliable information, data 

integration and communication capability through feedback and response facility. 
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2.6.1 Acquire Accurate and Reliable Information 

CNC machine tools are composed of different components and utilized different 

peripheral devices with different brands and capabilities. CNC machine tools generate 

a large amount of information during machining, influencing product quality, 

productivity, and production efficiency. Furthermore, the CNC controller provides 

some useful information such as axis position, speed, feed rate and others, but lacks 

critical information that directly influences the machining operation such as workpiece 

or tool or machine vibration, cutting force, temperature and other information [33], 

[68]. In the direction to realized MT4.0, a comprehensive representation of machine 

tools in a cyber world is essential. A standard information model together with real-

time information of machine tool critical components must be established.  

2.6.2 Data Acquisition Technology 

Despite different data acquisition technologies available today, the most critical issue 

is how to match the information from one machine to another machine and device to 

device to enable data integration and communication for feedback and response [47]. 

It may vary by the meaning, wording, units, values, and others. As mentioned earlier, 

CNC system provided some real-time information, however not all CNC system was 

available to be accessed. For example, Linux CNC can be accessed through the 

Application Programming Interface (APIs). Nonetheless, some CNC system are 

vendor-specific, such as FANUC, Siemens, and Haas, requiring specific adapters to 

enable access [47], [69].  MT Connect and Open Platform Communications United 

Architecture (OPC-UA) are currently open-source standards that allow solving data 

integration and communication issue for feedback and response, however, both 

adapters have their limitation. Therefore, to enable data integration and 

communication between machine to machine or device to device, an open, 

consolidated, and standard communication platform enables data flow to be 

implemented. 
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2.7 State of the Art of STEP-NC Research 

With over 60 years of CNC development, the CNC system has become more powerful, 

reliable, and secure. On the other perspective, the CNC system has become exclusive 

all the time. The exclusivity refers to the unstandardized of both hardware and software 

on CNC system [7]. To be more specific, the CNC software made of vendor-specific 

CNC domain logic includes traditional machining, additive machining and hybrid 

additive and subtractive machining [70]. With this proprietary software, the user 

unable to do any modification to adapt with new or other features.  Furthermore, this 

proprietary software is also tightly integrated with a vendor specified hardware 

platform which offers limited capabilities such as limited memory capacity, limited 

CPU performance and others. Besides that, users cannot migrate the CNC software to 

seamlessly to a more powerful platform [7]. In a nutshell, commercial CNC systems 

are proprietary and stand-alone. All this complexity made available CNC system 

unsuitable for today’s manufacturing environment as it may cause [19], and [4]:  

i. Difficulties in modifying its functionality with freedom. 

ii. Unable to distribute or migrate the software application to another platform   

seamlessly. 

iii. Increase the cost of installation, commissioning, training, and maintenance 

and increase the value of the CNC system. 

 

Therefore, to deal with those issues, the development and implementation of 

Open CNC was motivated and became the hottest topic in the last three decades. 

According to IEEE, an open system provides capabilities that enable properly 

implemented applications to run on  various of platforms from multiple vendors, 

interoperate with other system applications and present a consistent interaction style 

with the user [6][71]. It is broadly accepted that open CNC should be vendor-neutral 

and standard-based software that is independent and allows function extendable and 

reconfigurable and enables software system to be interoperable and portable so its 

usefulness could be customized for users  [4][10]. 

In the development of Open CNC applications, Component-based software 

development (CBSD) is widely utilized. It is referred as an Open CNC application 

approach built by composing a set of components. Each component is implementing 
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specific CNC sub-domain logic that enable extendibility and reconfigurability. Service 

Oriented Architecture (SOA) is the evolution of CBSD. SOA composed of more 

domain logic, enabling extendibility, reconfigurability, interoperability and cross-

platform portability [7]. Both service and component support independent deployment 

and reuse. However, service is not constrained by a specific component model and is 

independent of the infrastructure platform. An SOA is a set of components that can be 

invoked and whose interface descriptions can be published and discovered. SOA has 

been introduced to address the Dynamic Link Library (DLL Hell) issues of CBSD[72]. 

“DLL Hell” issues happened due to an incompatible version of the component on 

which the component was compiled. SOA enables to cover the emergence of varying 

platforms, varying protocols, various devices, the internet and others by enabling 

information to be subscribed by other independent software via RESTful HTTP APIs 

or lightweight messaging [73].  

In the era of I4.0, rapid advancement in computer application, information and 

communication, the internet and smart devices gave birth to multi approach 

automation such as smart manufacturing [74], cloud manufacturing [75] , industrial 

internet of things (IIoT) [14], and cyber-physical concepts [27]. The core of all the 

automation approaches is the integrating manufacturing resources and their 

information vertically and horizontally. In this way, the manufacturing systems are 

digitized and interconnected. Physical machine tool are developed in cyber space by 

using sensors, cameras, RFID tags and readers, signal processing devices, and so forth 

[47]. Various CNC resources and information are collected, maintained, and shared in 

a powerful platform. With all the resource and information available on the cloud 

platform, different CNC functions would be loosely executed, for example monitoring, 

inspection, optimization and others [76]. Thus, SOA architecture is suitable for CNC 

platforms instead of CBSD to cope with diversity and infrastructure platform [7]. 

Based on the review made for in the last five years, from 2017 to 2021 in the 

field of STEP-NC, a total of 74 articles were reviewed and summarized as shown in 

Table 2.2. The study conducted includes review work, framework development and 

system development and implementation. Throughout the review on the past five 

years, the research trend was on adapting and adopting the I4.0 concept to the CNC 

system. The research conducted not only emphasis on Open CNC machining system 

implementation, but also monitoring, optimization, inspection, and others. In 2020, 

Jovanović [6] summarized the Open CNC system into two: first, an Open CNC system 
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based on a Personal computer (PC) and motion control card and the second, completely 

software-based CNC system. Both approaches functionality is proficient by the 

utilization of software on PC. Good openness, low cost and high performance to price 

ratio made PC a preferred hardware platform for open CNC systems [77]. The 

software-based CNC system utilized software for overall system development, while 

the Open CNC system based on PC and motion control cards  integrates the  reusability 

of software with a redesigned hardware platform for more interoperability, portability, 

adaptability, and open system [18]. 
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Table 2.2: Research on Open CNC system (from 2017-2021) 
Author, Year, 

Country 

Title Machining 

Type 

CNC Domain 

(Function) 

ISO 

Standard 

Software 

& Type 

Research 

Focus 

Method Parameter Limitation 

Basharat- 

Foumani et al, 

[78], 2021, 

Finland 

Fundamental

s and new 

achievement

s in feature-

based 

modeling, a 

review 

-   - - - Review Work - - - 

Liu et al., 

[12], 2021, 

China 

An efficient 

machine tool 

control 

instruction 

compression 

method for 

networked 

numerical 

control 

systems,  

Milling   Controller - - Development 

and 

Implementation 

of machine tool 

control 

instruction 

compression 

method 

 

Applied 

Different 

Algorithm to 

enable data 

transmission 

for network  

 - 

Liu et al., [4] 

2020, China 

A method of 

NC machine 

tools 

intelligent 

monitoring 

system in 

smart 

factories 

Milling NCK PLC HMI - SOA Framework and 

implementation 

of monitoring 

system 

Data 

acquisition 

and 

integration 

through OPC-

UA between 

machine and 

upper 

application 

Multimachine 

monitoring, 

spindle 

speed, motor 

temperature 

Complex 

data 

acquisition 

methodology  
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Table 2.2: Research on Open CNC system (continue) 
Author, Year, 

Country 

Title Machining 

Type 

CNC Domain 

(Function) 

ISO 

Standard 

Software 

& Type 

Research 

Focus 

Method Parameter Limitation 

Mourad et al, 

[76], 2020, 

UK 

Assessment of 

interoperability 

in cloud 

manufacturing 

      Focusing on 

six drivers of 

big data 

applications in 

manufacturing 

Investigation 

on financial 

matter toward 

interoperability 

  

Cui et al., [79], 

2020, 

Australia 

Manufacturing 

big data 

ecosystem: A 

systematic 

literature 

review 

        Monitoring, 

prediction, 

ICT 

framework and 

data analytics 

are the four 

most 

frequently 

used big-data 

applications in 

manufacturing. 

 

Liu et al., [20], 

2020, China 

Development 

of a novel 

component-

based open 

CNC software 

system 

Milling NCK PLC HMI G-Code CBSD 

and DIP 

Development 

of Open CNC 

system with 

through 

Component 

and 

decomposition 

method 

CBSD - G-code 

based 

Saif et al.,[80], 

2020, 

Malaysia 

Systematic 

review of 

STEP-NC-

based 

inspection 

    STEP 

STEP-NC: 

ISO14649, 

STEP-NC: 

AP 238 

 Research was 

focus on 

STEP-NC 

implementation 

CNC system 

and inspection 
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Table 2.2: Research on Open CNC system (continue) 
Author, Year, 

Country 

Title Machining 

Type 

CNC Domain 

(Function) 

ISO 

Standard 

Software 

& Type 

Research 

Focus 

Method Parameter Limitation 

Saif et al., 

[81], 2020, 

Malaysia 

A Framework 

to develop 

intelligent 

system for 

measuring 

product 

features using 

Open-CV 

technique 

Milling NCK, PLC, HMI ISO 

14649 

SOA Inspection Vision system 

inspection via 

Open-CV 

Machining 

feature hole, 

pocket, 

planar face 

 

Tengku Mohd  

Sharir et 

al.,[82], 2020, 

Malaysia 

File and PC-

Based CNC 

Controller 

using 

Integrated 

Interface 

System (I2S) 

Milling NCK, HMI G-Code 

STEP 

STEP-

NC 

CBSD PC-based 

CNC 

controller 

through 

integrated 

interface 

The system 

read and 

extract 

machining 

information 

from STEP file 

as an output 

from G-code 

 G-code 

Srivastava & 

Komma [83], 

2020, India 

Systematic 

development 

of an interface 

for automatic 

generation of 

STEP-NC 

(AP238) code 

for milled 

feature 

Milling Interface AP203 

AP 244 

STEP-

NC AP 

238 

JSDAI for 

EXPRESS 

compiler 

and Java 

for 

interface 

Extract data 

from AP203 

& AP 244, 

feature 

recognition, 

process 

parameter 

selector and 

generate 

STEP-NC 

AP238 code 

in Part 21 

format 

Convert AP 

203 and 

AP244 to 

AP238 in Part 

21 format file 

for  

Systematic 

development 

of an 

interface for 

automatic 

generation 

of CC3 level 

of STEP-NC 

AP238 code 

using 

JSDAITM 
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Table 2.2: Research on Open CNC system (continue) 
Author, Year, 

Country 

Title Machining 

Type 

CNC Domain 

(Function) 

ISO 

Standard 

Software 

& Type 

Research 

Focus 

Method Parameter Limitation 

Othman et 

al.,[84], 2020, 

Malaysia 

Design and 

development 

of a 3-Axis 

vertical 

milling 

machine 

control logic 

architecture  

Milling NCK  HMI IEC 61499 

function 

 Motion 

control 

subsystem 

motion 

control 

subsystem 

using IEC 

61499 

function 

block 

Kubota et al., 

[85], 2020, 

New Zealand 

STEP-NC 

enabled 

machine tool 

digital twin 

Milling  STEP-

NC ISO 

14649 

 Machine tool 

digital twin 

Data transfer 

using OPC-

UA 

Knowledge 

based and 

Machining 

parameter 

Optimization 

 

Adam., [21], 

2020, 

Malaysia 

Development 

of sustainable 

platform 

controller for 

STEP-NC 

compliant 

open CNC 

system 

Milling HMI STEP-

NC: ISO 

14649 

LabVIEW 

Version 

2016, 

CBSD 

PC-based 

CNC 

controller 

CBSD Thermal 

monitoring, 

machining 

monitoring, 

Argument 

Reality 

The system 

does not 

include 

service-

oriented 

architecture 

Jeon et 

al.,[86], 2020, 

South Korea 

The 

architecture 

development 

of Industry 4.0 

compliant 

smart machine 

tool system  

    Provide 

architecture 

for the 

development 

of I4.0 

compliant 

smart 

machine tool 

Intelligent 

CNC system, 

AI, machine 

learning 
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Table 2.2: Research on Open CNC system (continue) 

Author, Year, 

Country 

Title Machining 

Type 

CNC Domain 

(Function) 

ISO 

Standard 

Software 

& Type 

Research 

Focus 

Method Parameter Limitation 

Martinov et 

al., [75], 2020, 

Russia 

From classic 

CNC systems 

to cloud-

based 

technology 

and back 

Milling  NCK Cloud 

based 

terminal 

(HMI, 

PLC, and 

others) 

G-code  Pc based 

CNC 

controller 

Cloud based 

CNC system 

Jokkanovi., 

[6], 2020, 

Bosnia and 

Herzegovina 

Towards an 

Open CNC 

Turning   PC based 

open 

system: 

Completely 

software-

based CNC 

control. 

G-code VS2013 Software 

based 

controller 

Open CNC 

architecture 

based on 

modest servo 

drive, common 

communication 

devices and 

open-source 

microcontrollers 

Gua and Sun ., 

[17], 2020, 

China 

Research and 

development 

of monitoring 

system and 

data 

monitoring 

system and 

data 

acquisition of 

CNC 

machine tool  

Turning PC based open system: 

Completely software-

based CNC control. 

G-code  Software 

based 

controller 

Open CNC 

interface 

 MT connect. 

 

Established 

hierarchical 

object-oriented 

Petri net model 

of machining 

tasks 

Numerical 

control 

machining 

task 

modeling, 

machining 

task 

prediction, 

and 

processing 

task 

progress 

monitoring 

G-code 
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Table 2.2: Research on Open CNC system (continue) 

Author, Year, 

Country 

Title Machining 

Type 

CNC Domain 

(Function) 

ISO 

Standard 

Software 

& Type 

Research 

Focus 

Method Parameter Limitation 

Cao et al, [87], 

2020, China 

Digital Twin–

oriented real-

time cutting 

simulation for 

intelligent 

CNC 

machining 

Milling   HMI  STEP-NC  Software 

based 

simulation 

Open CNC 

interface 

MT Connect 

and OPC-UA 

for data 

communication 

and integration 

Lu et al., [74], 

2020, 

New Zealand 

A critical 

review of the 

standards and 

envisioned 

scenarios 

-    ISO14649 

ISO AP238 

 

 Focus on 

different type 

of standard 

for smart 

manufacturing 

process and 

system 

MT Connect 

for monitoring 

standard 

Liu et al, [7], 

2020, China 

A review of 

the 

application of 

CBSD in 

open CNC 

systems 

     Highlight 

component 

based open 

CNC 

  

Latif et al., 

[28], 2019, 

Malaysia 

The 

Importance of 

STEP-NC in 

the IR 4.0 

Manufacturin

g Systems 

    highlighting 

the history 

and concept 

of IR4.0 in 

manufacturing 

system, 

limitation of 

G-code, 

advantage of 

STEP-NC 

   

  

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



 

 

  

REFERENCES 

[1] D. T. Matt, V. Modrák, and H. Zsifkovits, Industry 4.0 for SMEs Challenges , 

Opportunities and Requirements. Springer Nature Switzerland AG, 2020. 

[2] Y. Yusof, A. Adam, M. Iliyas, and Y. Saif, “Review on Manufacturing for 

Advancement of Industrial,” Int. J. Innov. Manag. Technol., vol. 10, no. 5, pp. 

93–98, 2018. 

[3] Ministry of International Trade and Industry, Industry4WRD, National Policy 

on Industry 4.0. Ministry of International Trade and industry, 2018. 

[4] W. Liu, C. Kong, Q. Niu, J. Jiang, and X. Zhou, “A method of NC machine 

tools intelligent monitoring system in smart factories,” Robot. Comput. Integr. 

Manuf., vol. 61, no. July 2019, p. 101842, 2020. 

[5] X. W. Xu and S. T. Newman, “Making CNC machine tools more open, 

interoperable and intelligent - A review of the technologies,” Comput. Ind., vol. 

57, no. 2, pp. 141–152, 2006. 

[6] S. Jokanovic, R. Jankovic, and M. Zeljkovic, “Towards an OpenCNC,” in 2020 

3rd International Symposium on Small-scale Intelligent Manufacturing 

Systems(SIMS), 2020, pp. 1–4. 

[7] L. Liu, Y. Yao, and J. Li, “A review of the application of component-based 

software development in open CNC systems,” Int. J. Adv. Manuf. Technol., vol. 

107, pp. 3727–3753, 2020. 

[8] J. Um, S.-H. Suh, and I. Stroud, “STEP-NC machine tool data model and its 

applications,” Int. J. Comput. Integr. Manuf., vol. 29, no. 10, pp. 1058–1074, 

2016. 

[9] G. Vasilic, “A new CNC programming method using STEP- NC protocol,” no. 

January, 2017. 

[10] G. Pritschow et al., “Open controller architecture - Past, present and future,” 

CIRP Ann. - Manuf. Technol., vol. 50, no. 2, pp. 463–470, 2001. 

[11] M. Rauch, R. Laguionie, and J. Y. Hascoët, “A STEP-NC approach for multi-

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



190 

 

 

process manufacturing, simulation and optimisation,” Int. J. Prod. Dev., vol. 

19, no. 1/2/3, p. 21, 2014. 

[12] M. Liu, Y. Yao, and J. Du, “An efficient machine tool control instruction 

compression method for networked numerical control systems,” Robot. 

Comput. Integr. Manuf., vol. 67, no. August 2019, p. 102027, 2021. 

[13] C. Liu, X. Xu, Q. Peng, and Z. Zhou, “MTConnect-based Cyber-Physical 

Machine Tool : a case study,” Procedia CIRP, vol. 72, pp. 492–497, 2018. 

[14] C. F. E. Navas, A. E. Yepes, S. Abolghasem, and G. Barbieri, “MTConnect-

based decision support system for local machine tool monitoring,” vol. 00, 

2019. 

[15] T. Kubota, C. Liu, K. Mubarok, and X. Xu, “A cyber physical machine tool 

framework based on STEP-NC,” in Proceedings of International Conference 

on Computers and Industrial Engineering, 2018, no. December, pp. 2–5. 

[16] K. Zhu, G. Li, and Y. Zhang, “Big Data Oriented Smart Tool Condition 

Monitoring System,” IEEE Trans. Ind. Informatics, vol. PP, no. c, p. 1, 2019. 

[17] Y. Guo and Y. Sun, “Research and development of monitoring system and data 

monitoring system and data acquisition of CNC machine tool in intelligent 

manufacturing,” no. April, pp. 1–12, 2020. 

[18] D. M. Elias, Y. Yusof, and M. Minhat, “An open STEP-NC controller via 

LabVIEW platform,” Appl. Mech. Mater., vol. 660, pp. 873–877, 2014. 

[19] K. Latif, Y. Yusof, A. Nassehi, and Q. B. Alias Imran Latif, “Development of 

a feature-based open soft-CNC system,” Int. J. Adv. Manuf. Technol., vol. 89, 

no. 1–4, pp. 1013–1024, 2017. 

[20] L. Liu, Y. Yao, and J. Li, “Development of a novel component-based open CNC 

software system,” Int. J. Adv. Manuf. Technol., vol. 108, pp. 3547–3562, 2020. 

[21] M. K. A. bin C. Adam, “Development of sustainable platform controllerfor 

STEP-NC compliant open CNC system,” Universiti Tun Hussein Onn 

Malaysia, 2020. 

[22] A. G. Rehorn, J. Jiang, and P. E. Orban, “State-of-the-art methods and results 

in tool condition monitoring: A review,” Int. J. Adv. Manuf. Technol., vol. 26, 

no. 7–8, pp. 693–710, 2005. 

[23] M. Luo, Z. Chong, and D. Liu, “Cutting Forces Measurement for Milling 

Process by Using Working Tables with Integrated PVDF Thin-Film Sensors,” 

Sensors (Basel)., vol. 18, no. 11, 2018. 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



191 

 

 

[24] J. C. S. S. J. Hascoet and I. Stroud, “A roadmap for implementing new 

manufacturing technology based on STEP-NC,” J. Intell. Manuf., pp. 959–973, 

2016. 

[25] R. Y. Zhong, L. Wang, and X. Xu, “An IoT-enabled Real-time Machine Status 

Monitoring Approach for Cloud Manufacturing,” Procedia CIRP, vol. 63, pp. 

709–714, 2017. 

[26] M. Rizal, J. A. Ghani, M. Z. Nuawi, and C. H. C. Haron, “An embedded multi-

sensor system on the rotating dynamometer for real-time condition monitoring 

in milling,” Int. J. Adv. Manuf. Technol., vol. 95, no. 1–4, pp. 811–823, 2018. 

[27] C. Liu, H. Vengayil, Y. Lu, and X. Xu, “A Cyber-Physical Machine Tools 

Platform using OPC UA and MTConnect,” J. Manuf. Syst., vol. 51, no. April, 

pp. 61–74, 2019. 

[28] K. Latif, A. Z. A. Kadir, and Y. Yusof, “The Importance of STEP-NC in the IR 

4.0 Manufacturing Systems,” vol. 8, no. 4, pp. 1568–1570, 2019. 

[29] M. Iliyas Ahmad, Y. Yusof, M. E. Daud, K. Latiff, A. Z. Abdul Kadir, and Y. 

Saif, “Machine monitoring system: a decade in review,” Int. J. Adv. Manuf. 

Technol., vol. 108, no. 11–12, pp. 3645–3659, 2020. 

[30] A. Dahiyat, “The mediating role of product and process innovations on the 

relationship between knowledge management and operational performance in 

manufacturing companies in Jordan ",” Bus. Process Manag. J., vol. 23, no. 2, 

2017. 

[31] A. Ciffolilli and A. Muscio, “Industry 4.0: national and regional comparative 

advantages in key enabling technologies,” Eur. Plan. Stud., vol. 26, no. 12, pp. 

2323–2343, 2018. 

[32] K. Salvi, R. Shaikh, P. A. Khan, E. Engineering, and M. H. S. Siddik, 

“Intelligent Home Security System using Artificial Intelligence,” pp. 3869–

3872, 2019. 

[33] C. Liu and X. Xu, “Cyber-physical Machine Tool - The Era of Machine Tool 

4.0,” Procedia CIRP, vol. 63, pp. 70–75, 2017. 

[34] M. Iliyas Ahmad, Y. Yusof, A. Adam, and M. E. Daud, “Machine process 

condition monitoring with 3MP,” Proc. - 2019 4th Int. Conf. Electromechanical 

Control Technol. Transp. ICECTT 2019, pp. 142–145, 2019. 

[35] E. Union, Multi-annual Roadmap for the contractual PPP under H2020. 2013. 

[36] Z. Keliang, T. Liu, and L. Zhou, “Industry 4.0: Towards Future Industrial 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



192 

 

 

Opportunities and Challenges,” 2015, pp. 2147–2152. 

[37] K. Schwab, “The Fourth Industrial Revolution,” Penguin UK, 2017. 

[38] B. Tjahjono, C. Esplugues, E. Ares, and G. Pelaez, “What does Industry 4.0 

mean to Supply Chain?,” Procedia Manuf., vol. 13, pp. 1175–1182, 2017. 

[39] L. Da Xu, E. L. Xu, and L. Li, “Industry 4.0: State of the art and future trends,” 

Int. J. Prod. Res., vol. 56, no. 8, pp. 2941–2962, 2018. 

[40] I. Karabegovi, E. Karabegovi, and M. Mahmi, “New Technologies, 

Development and Application II,” vol. 76, pp. 3–14, 2020. 

[41] A. C. Pereira and F. Romero, “A review of the meanings and the implications 

of the Industry 4.0 concept,” Procedia Manuf., vol. 13, pp. 1206–1214, 2017. 

[42] H. Kagermann, W. Wahlster, and J. Helbig, “Securing the future of German 

manufacturing industry Recommendations,” Final Rep. Ind. 4.0 WG, no. April, 

p. 82, 2013. 

[43] Y. Koren, X. Gu, and W. Guo, “Reconfigurable manufacturing systems: 

Principles, design, and future trends,” Front. Mech. Eng., vol. 13, no. 2, pp. 

121–136, 2018. 

[44] Z. Liu and P. Bellot, “A configuration tool for MQTT based OPC UA PubSub,” 

vol. 0, pp. 1–6, 2020. 

[45] D. Fogal et al., “Factory of the Future.,” 2015. 

[46] A. Radziwon, A. Bilberg, M. Bogers, and E. S. Madsen, “The smart factory: 

Exploring adaptive and flexible manufacturing solutions,” Procedia Eng., vol. 

69, pp. 1184–1190, 2014. 

[47] X. Xu, “Machine Tool 4.0 for the new era of manufacturing,” Int. J. Adv. Manuf. 

Technol., vol. 92, no. 5–8, pp. 1893–1900, 2017. 

[48] M. Frankowiak, R. Grosvenor, and P. Prickett, “A review of the evolution of 

microcontroller-based machine and process monitoring,” Int. J. Mach. Tools 

Manuf., vol. 45, no. 4–5, pp. 573–582, 2005. 

[49] A. Ferrolho and M. Crisostomo*, “Flexible Manufacturing Cell: development, 

coordination, integration and control,” in 2005 International Conference on 

Control and Automation, 2005, vol. 16, no. 6, pp. 56–57. 

[50] E. Abele, Y. Altintas, and C. Brecher, “Machine tool spindle units,” CIRP Ann. 

- Manuf. Technol., vol. 59, no. 2, pp. 781–802, 2010. 

[51] M. Mori, M. Fujishima, Y. Inamasu, and Y. Oda, “A study on energy efficiency 

improvement for machine tools,” CIRP Ann. - Manuf. Technol., 2011. 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



193 

 

 

[52] P. Bosetti and E. Bertolazzi, “Feed-rate and trajectory optimization for CNC 

machine tools,” Robot. Comput. Integr. Manuf., 2014. 

[53] K. Nakamoto and Y. Takeuchi, “Recent advances in multiaxis control and 

multitasking machining,” Int. J. Autom. Technol., vol. 11, no. 2, pp. 140–154, 

2017. 

[54] C. Liu, S. Cao, W. Tse, and X. Xu, “Augmented Reality-assisted Intelligent 

Window for Cyber-Physical Machine Tools,” J. Manuf. Syst., vol. 44, pp. 280–

286, 2017. 

[55] U. Yaman and M. Dolen, “Direct command generation for CNC machinery 

based on data compression techniques,” Robot. Comput. Integr. Manuf., vol. 29, 

no. 2, pp. 344–356, 2013. 

[56] M. I. Ahmad, Y. Yusof, and M. E. Daud, “An overview of the current status on 

step-nc,” J. Phys. Conf. Ser., vol. 1150, no. 1, 2019. 

[57] S. Zivanovic, N. Slavkovic, and D. Milutinovic, “An approach for applying 

STEP-NC in robot machining,” Robot. Comput. Integr. Manuf., vol. 49, no. 

June 2017, pp. 361–373, 2018. 

[58] R. Bonnard, “Industrializing Additive Manufacturing - Proceedings of Additive 

Manufacturing in Products and Applications - AMPA2017,” Ind. Addit. Manuf. 

- Proc. Addit. Manuf. Prod. Appl. - AMPA2017, vol. 2, 2018. 

[59] D. Yu, Y. Hu, X. W. Xu, Y. Huang, and S. Du, “An open CNC system based 

on component technology,” IEEE Trans. Autom. Sci. Eng., vol. 6, no. 2, pp. 

302–310, 2009. 

[60] X. Li, L. Lin, and H. Liang, “An open CNC for machining NURBS surfaces 

based on STEP-NC,” 2009 IEEE Int. Conf. Mechatronics Autom. ICMA 2009, 

pp. 1268–1272, 2009. 

[61] Y. Yusof and K. Case, “Design of a STEP compliant system for turning 

operations,” in Robotics and Computer-Integrated Manufacturing, 2010, vol. 

26, no. 6, pp. 753–758. 

[62] Y. Yusof and K. Latif, “Frame Work of LV-UTHM: AN IS0 14649 Based Open 

Control System for CNC Milling Machine Yusri,” vol. 330, no. 2013, pp. 619–

623, 2013. 

[63] M. Rauch, J. Y. Hascoët, V. Simoes, and K. Hamilton, “Advanced 

programming of machine tools: Interests of an open CNC controller within a 

STEP-NC environment,” Int. J. Mach. Mach. Mater., vol. 15, no. 1–2, pp. 2–

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



194 

 

 

17, 2014. 

[64] K. Latif and Y. Yusof, “New Method for the Development of Sustainable 

STEP-Compliant Open CNC System,” in Procedia CIRP, 2016, vol. 40. 

[65] Y. Yusof and K. Latif, “New technique for the interpretation of ISO 14649 and 

6983 based on open CNC technology,” Int. J. Comput. Integr. Manuf., vol. 29, 

no. 2, pp. 136–148, 2016. 

[66] ISO 14649-11, “International Standard,” 2003. 

[67] H. Wang, X. Xu, and J. Des Tedford, “An adaptable CNC system based on 

STEP-NC and function blocks,” Int. J. Prod. Res., vol. 45, no. 17, pp. 3809–

3829, 2007. 

[68] K. Zhou, T. Liu, and L. Zhou, “Industry 4.0: Towards future industrial 

opportunities and challenges,” 2015 12th Int. Conf. Fuzzy Syst. Knowl. Discov. 

FSKD 2015, pp. 2147–2152, 2016. 

[69] C. Liu, H. Vengayil, R. Y. Zhong, and X. Xu, “A systematic development 

method for cyber-physical machine tools,” J. Manuf. Syst., vol. 48, pp. 13–24, 

2018. 

[70] S. Chaharsooghi and D. Version, “Hybrid Additive and Subtractive Machine 

Tools- Research and Industrial Developments,” vol. 101, pp. 79–101, 2016. 

[71] C. Brecher, W. Lohse, and M. Vitr, “Module-based Platform for Seamless 

Interoperable CAD-CAM-CNC Planning,” Adv. Des. Manuf. Based STEP, pp. 

439–462, 2009. 

[72] H. P. Breivold and M. Larsson, “Component-Based and Service-Oriented 

Software Engineering : Key Concepts and Principles,” no. Seaa, 2007. 

[73] J. Bogner, S. Wagner, and A. Zimmermann, “Automatically Measuring the 

Maintainability of Service-and Microservice-based Systems – a Literature 

Review Automatically Measuring the Maintainability of Service- and 

Microservice-based Systems – a Literature Review,” no. October, 2017. 

[74] Y. Lu, X. Xu, and L. Wang, Smart manufacturing process and system 

automation – A critical review of the standards and envisioned scenarios, no. 

July. 2020. 

[75] G. M. Martinov, A. B. Ljubimov, and L. I. Martinova, “From classic CNC 

systems to cloud-based technology and back,” Robot. Comput. Integr. Manuf., 

vol. 63, no. December 2019, p. 101927, 2020. 

[76] M. H. Mourad, A. Nassehi, D. Schaefer, and S. T. Newman, “Assessment of 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



195 

 

 

interoperability in cloud manufacturing ☆,” Robot. Comput. Integr. Manuf., 

vol. 61, no. June 2019, p. 101832, 2020. 

[77] K. Latif and Y. Yusof, “New Method for the Development of Sustainable 

STEP-Compliant Open CNC System,” in Procedia CIRP, 2016. 

[78] H. Besharati-foumani, M. Lohtander, and J. Varis, “Fundamentals and new 

achievements in feature-based modeling , a review,” Procedia Manuf., vol. 51, 

no. 2019, pp. 998–1004, 2021. 

[79] Y. Cui, S. Kara, and K. C. Chan, “Manufacturing big data ecosystem : A 

systematic literature review,” Robot. Comput. Integr. Manuf., vol. 62, no. 

August 2019, p. 101861, 2020. 

[80] Y. Saif, Y. Yusof, K. Latif, A. Z. A. Kadir, and M. lliyas Ahmed, “Systematic 

review of STEP-NC-based inspection,” Int. J. Adv. Manuf. Technol., 2020. 

[81] Y. Saif, Y. Yusof, K. Latif, A. Zuhra, A. Kadir, and M. E. Technology, “A 

framework to develop intelligent system for measuring,” vol. 15, no. 2, pp. 42–

51, 2020. 

[82] S. N. A. Y. Tengku Mohd Sharir Tengku Sulaiman, Saiful Bahri Mohamed,*, 

Mohamad Minhat, Ahmad Syafiq Mohamed, Ahmad Ridhuan Mohamed and 1, 

“File and PC-Based CNC Controller using Integrated Interface System ( I 2 S 

),” J. Adv. Res. Appl. Mech., vol. 1, no. 1, pp. 1–8, 2020. 

[83] D. Srivastava and V. R. Komma, “Systematic development of an interface for 

automatic generation of STEP-NC (AP238) code for milled features,” Int. J. 

Comput. Integr. Manuf., 2020. 

[84] M. A. Othman, Z. Jamaludin, M. Minhat, and M. A. U. Patwari, “Design and 

development of a 3-Axis vertical milling machine control logic architecture 

using IEC 61499 function block,” vol. 14, no. 1, pp. 61–74, 2020. 

[85] T. Kubota, R. Hamzeh, and X. Xu, “STEP-NC Enable Machine Tool Digital 

Twin,” Procedia CIRP, vol. 93, pp. 2212–8271, 2020. 

[86] B. Jeon, J. Sung, Y. Jumyung, U. Suk, and H. Suh, “The architecture 

development of Industry 4 . 0 compliant smart machine tool system ( SMTS ),” 

J. Intell. Manuf., no. 0123456789, 2020. 

[87] X. Cao, G. Zhao, and W. Xiao, “Digital Twin – oriented real-time cutting 

simulation for intelligent computer numerical control machining,” no. 37, 2020. 

[88] G. Zhao, X. Cao, W. Xiao, Q. Liu, and M. B. Jun, “STEP-NC feature-oriented 

high-efficient CNC machining simulation,” 2019. 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



196 

 

 

[89] G. Zhao, X. Zhang, O. Zavalnyi, Y. Liu, and W. Xiao, “Extended roughing 

operations to ISO 14649-11 for milling T-spline surfaces,” 2019. 

[90] H. Wang, G. Liu, Q. Zhang, and W. Mu, “Developing an energy-efficient 

process planning system for prismatic parts via STEP-NC,” pp. 3557–3573, 

2019. 

[91] Y. S. and Y. Yusof, “Integration models for closed loop inspection based on 

step-nc standard Integ,” 2019. 

[92] Y. Liu, G. Zhao, O. Zavalnyi, and W. Xiao, “STEP-NC compliant data model 

for freeform surface manufacturing based on T-spline,” Int. J. Comput. Integr. 

Manuf., vol. 00, no. 00, pp. 1–17, 2019. 

[93] S.-J. Shin, “A hybrid process planning for energy-efficient machining : 

Application of predictive analytics,” 2019. 

[94] K. Monkova, P. Monka, M. Ungureanu, N. Ungureanu, and O. Gusak, “Data 

network related to an object manufacturing inside of exerted Intelligent 

System,” EAI Endorsed Trans. Ind. Netw. Intell. Syst., vol. 6, no. 18, pp. 1–6, 

2019. 

[95] Y. Liu, G. Zhao, O. Zavalnyi, X. Cao, K. Cheng, and W. Xiao, “STEP-

Compliant CAD / CNC System for Feature-Oriented Machining,” vol. 16, no. 

2, pp. 358–368, 2019. 

[96] G. Zhao, X. Cao, W. Xiao, Y. Zhu, and K. Cheng, “Digital Twin for NC 

Machining Using Complete Process Information Expressed by STEP-NC 

standard,” no. October, 2019. 

[97] Y. Yang, T. Hu, Y. Ye, W. Gao, and C. Zhang, “A knowledge generation 

mechanism of machining process planning using cloud technology,” J. Ambient 

Intell. Humaniz. Comput., vol. 0, no. 0, p. 0, 2019. 

[98] C. W. Keong and Y. Yusof, “A Design of New Product Database System for 

Supporting Step- Compliant Total Integration Applications,” vol. 1, no. 1, pp. 

1–13, 2019. 

[99] N. Kassim, Y. Yusof, H. M. Noor, M. N. Janon, and H. Masandig, “Cloud 

manufacturing framework based on step-nc machine tool for capturing design 

and manufacturing data,” 2019. 

[100] Y. Lu, C. Liu, K. I. Wang, H. Huang, and X. Xu, “Digital Twin-driven smart 

manufacturing : Connotation , reference model , applications and research 

issues,” Robot. Comput. Integr. Manuf., vol. 61, no. August, p. 101837, 2019. 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



197 

 

 

[101] M. F. M. Nor and Y. Y. 2019, “Review of STEP-NC System Controlled by 

Android Platform Through Wifi,” 2019. 

[102] S. Sivakumar and V. Dhanalakshmi, “Extraction of Subtractive Features of 

Prismatic Parts from STEP File for CAD / CAM Integration,” vol. 27, no. 1, pp. 

343–356, 2019. 

[103] H. Wang, R. Y. Zhong, G. Liu, W. Mu, X. Tian, and D. Leng, “An optimization 

model for energy-ef fi cient machining for sustainable production,” J. Clean. 

Prod., vol. 232, pp. 1121–1133, 2019. 

[104] W. Gao, C. Zhang, T. Hu, and Y. Ye, “An intelligent CNC controller using 

cloud knowledge base,” 2019. 

[105] F. Laroche, B. Furet, P. Stief, J. Dantan, A. Etienne, and A. Siadat, “Towards a 

knowledge-based framework for digital chain monitoring within the industry 

paradigm,” Procedia CIRP, vol. 84, pp. 118–123, 2019. 

[106] S. Afanasev, G. Zhao, and W. Xiao, “Towards cloud-based STEP-NC to 

enhance interoperability in global manufacturing,” 2019. 

[107] X. Wenlei, H. Huiyue, and Z. Gang, “Communication methodology between 

machine tools using MTConnect protocol,” vol. 03066, 2018. 

[108] Y. Ye, T. Hu, Y. Yang, W. Zhu, and C. Zhang, “A knowledge based intelligent 

process planning method for controller of computer numerical control machine 

tools,” J. Intell. Manuf., 2018. 

[109] G. Zhao, Y. X. Zhang, P. F. Zhang, and W. L. Xiao, “A STEP-NC Compatible 

Cutting Tool Detection System,” 2018. 

[110] Y. Xiao, Q. Liu, J. Wang, P. Sun, and Q. Liu, “Design and Application of 

Energy Consumption Acquisition System Based on MTConnect,” 2018 IEEE 

Int. Conf. Mechatronics Autom., pp. 1376–1381, 2018. 

[111] S. Zivanovic, “Application of the STEP-NC standard ISO10303 AP238 for 

turining operation,” no. September, 2018. 

[112] D. Lukic, S. Zivanovic, J. Vukman, and M. Milosevic, “The possibilities for 

application of STEP-NC in actual production conditions,” no. July, pp. 19–21, 

2018. 

[113] J. C. E. Ferreira, “A process planning and production scheduling system using 

STEP-NC machining workinsteps and alternative operation,” no. April 2019, 

pp. 1994–1998, 2018. 

[114] C. I. Riano and A. J. Alvares, “Feedback strategy for closed-loop inspection 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



198 

 

 

based on STEP-NC,” 2018. 

[115] Y. Zhang et al., “A Design for a Novel Open , Intelligent and Integrated CNC 

System Based on ISO 10303-238 and PMAC,” vol. 3651, pp. 470–478, 2018. 

[116] A. M. Ubaid, “Sustainable Systems Integration by means of STEP-NC : 

Literature Review,” 2018 Adv. Sci. Eng. Technol. Int. Conf., no. July, pp. 1–8, 

2018. 

[117] S. Shin, “Standard Data-Based Predictive Modeling for Power Consumption in 

Turning Machining,” vol. m, pp. 1–19, 2018. 

[118] S. Singh and A. M. Mohanty, “A Survey of Automated Process Planning 

Approaches in Machining,” no. June 2019, 2018. 

[119] M. Lundgren, M. Hedlind, G. Sivard, and T. Kjellberg, “Process Design as 

Fundament in Efficient Process Planning,” Procedia Manuf., vol. 25, no. 

January, pp. 487–494, 2018. 

[120] M. Dharmawardhana, G. Oancea, and A. Ratnaweera, “A review of STEP-NC 

compliant CNC systems and possibilities of closed loop manufacturing,” 2018. 

[121] C. Liu, H. Vengayil, R. Y. Zhong, and X. Xu, “A systematic development 

method for cyber-physical machine tools,” J. Manuf. Syst., pp. 1–12, 2018. 

[122] N. Cai, S. Bendjeble, S. Lavernhe, C. M. Souzani, and N. Anwer, “Freeform 

Machining Feature Recognition with Manufacturability Analysis,” Procedia 

CIRP, vol. 72, pp. 1475–1480, 2018. 

[123] W. Zhu, T. Hu, W. Luo, Y. Yang, and C. Zhang, “A STEP-based machining 

data model for autonomous process generation of intelligent CNC controller,” 

Int. J. Adv. Manuf. Technol., 2018. 

[124] S. Bendjebla, N. Cai, N. Anwer, S. Lavernhe, and C. Mehdi-souzani, “Freeform 

machining features : new concepts and classification,” Procedia CIRP, vol. 67, 

pp. 482–487, 2018. 

[125] G. V. V. Živanović, Saša T, “A New CNC Programming Method Using STEP-

NC Protocol,” pp. 149–158, 2017. 

[126] C. Danjou, J. Le Duigou, and B. Eynard, “Closed-loop manufacturing process 

based on STEP-NC,” Int. J. Interact. Des. Manuf., vol. 11, no. 2, pp. 233–245, 

2017. 

[127] P. Lei, L. Zheng, W. Xiao, C. Li, and D. Wang, “A closed-loop machining 

system for assembly interfaces of large-scale component based on extended 

STEP-NC,” Int. J. Adv. Manuf. Technol., vol. 91, no. 5–8, pp. 2499–2525, 2017. 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



199 

 

 

[128] H. Wang, X. Xu, C. Zhang, and T. Hu, “A hybrid approach to energy-efficient 

machining for milled components via STEP-NC,” Int. J. Comput. Integr. 

Manuf., vol. 00, no. 00, pp. 1–15, 2017. 

[129] P. Sun, Q. Liu, J. Ding, and S. Pi, “Open CNC System Design for Multiple 

Intelligent Functions Based on TwinCAT and . NET Framework,” pp. 910–915, 

2017. 

[130] D. Lechevalier, S. S. Sudarsan, R. Sebti, Y. T. Lee, A. Bouras, and Y. T. Lee, 

“Simulating a virtual machining model in an agent-based model for advanced 

analytics,” J. Intell. Manuf., 2017. 

[131] J. S. Toquica, “A STEP-NC compliant robotic machining platform for advanced 

manufacturing,” 2017. 

[132] Y. Yusof and K. Latif, “New interpretation module for open architecture control 

based CNC systems,” Procedia CIRP, vol. 26, pp. 729–734, 2015. 

[133] M. Rizal, M. Rizal, J. A. Ghani, M. Z. Nuawi, and C. H. Che Haron, “A wireless 

system and embedded sensors on spindle rotating tool for condition 

monitoring,” Adv. Sci. Lett., vol. 20, no. 10–12, pp. 1829–1832, 2014. 

[134] Z. Zedong and M. A. Azman, “Towards Industry 4.0: Sensorizing CNC 

Machine,” Singapore Polytechnic, 2017. 

[135] J. B.Hillman, “Graphic time-sharing with real-time data bases,” in Proceeding 

ACM ’69 Proceedings of the 1969 24th national conferenceg, 1969, pp. 443–

457. 

[136] M. Holub, F. Bradac, Z. Pokorny, and A. Jelinek, “Application of a ballbar 

fordiagnostics of cnc machine tools,” MM Sci. J., vol. 2018, no. December, pp. 

2601–2605, 2018. 

[137] I. O. & M. D. Olalere, “Early fault detection of elevators using remote condition 

monitoring through IoT technology,” South African J. Ind. Eng., vol. 29, no. 

December, pp. 17–32, 2018. 

[138] Y. Zhou and W. Xue, “A Multisensor Fusion Method for Tool Condition 

Monitoring in Milling,” Sensors, vol. 18, no. 11, p. 3866, 2018. 

[139] Y. F. Zhao and X. Xu, “Advanced Engineering Informatics Enabling cognitive 

manufacturing through automated on-machine measurement planning and 

feedback,” Adv. Eng. Informatics, vol. 24, no. 3, pp. 269–284, 2010. 

[140] P. Y. Sevilla-Camacho, J. B. Robles-Ocampo, J. Muñiz-Soria, and F. Lee-

Orantes, “Tool failure detection method for high-speed milling using vibration 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



200 

 

 

signal and reconfigurable bandpass digital filtering,” Int. J. Adv. Manuf. 

Technol., vol. 81, no. 5–8, pp. 1187–1194, 2015. 

[141] K. Yang, G. Wang, Y. Dong, Q. Zhang, and L. Sang, “Early chatter 

identification based on an optimized variational mode decomposition,” Mech. 

Syst. Signal Process., vol. 115, pp. 238–254, 2019. 

[142] Y. Dai and K. Zhu, “A machine vision system for micro-milling tool condition 

monitoring,” Precis. Eng., vol. 52, pp. 183–191, 2018. 

[143] P. Krishnakumar, K. Rameshkumar, and K. I. Ramachandran, “Machine 

learning based tool condition classification using acoustic emission and 

vibration data in high speed milling process using wavelet features,” vol. 1, pp. 

1–18, 2018. 

[144] B. Rabah, T. Benkedjouh, and R. Said, “Tool wear condition monitoring based 

on blind source separation and wavelet transform,” Lect. Notes Electr. Eng., 

vol. 522, pp. 377–389, 2019. 

[145] Y. X. Huang, X. Liu, C. liang Liu, and Y. ming Li, “Intrinsic feature extraction 

using discriminant diffusion mapping analysis for automated tool wear 

evaluation,” Front. Inf. Technol. Electron. Eng., vol. 19, no. 11, pp. 1352–1361, 

2018. 

[146] W. Li, “Study on Feature Selection and Identification,” Int. J. Smart Sens. Intell. 

Syst., vol. 6, no. 2, pp. 448–465, 2013. 

[147] C. H. Lauro, L. C. Brandão, D. Baldo, R. A. Reis, and J. P. Davim, “Monitoring 

and processing signal applied in machining processes - A review,” Meas. J. Int. 

Meas. Confed., vol. 58, no. December, pp. 73–86, 2014. 

[148] G. Quintana and J. Ciurana, “Chatter in machining processes: A review,” Int. J. 

Mach. Tools Manuf., vol. 51, no. 5, pp. 363–376, 2011. 

[149] S. Kurada and C. Bradley, “A review of machine vision sensors for tool 

condition monitoring,” Comput. Ind., 1997. 

[150] G. Wang, Y. Yang, Q. Xie, and Y. Zhang, “Force based tool wear monitoring 

system for milling process based on relevance vector machine,” Adv. Eng. 

Softw., vol. 71, pp. 46–51, 2014. 

[151] J. Wang, J. Xie, R. Zhao, L. Zhang, and L. Duan, “Multisensory fusion based 

virtual tool wear sensing for ubiquitous manufacturing,” Robot. Comput. Integr. 

Manuf., vol. 45, pp. 47–58, 2017. 

[152] Y. S. Hong, H. S. Yoon, J. S. Moon, Y. M. Cho, and S. H. Ahn, “Tool-wear 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



201 

 

 

monitoring during micro-end milling using wavelet packet transform and 

Fisher’s linear discriminant,” Int. J. Precis. Eng. Manuf., vol. 17, no. 7, pp. 845–

855, 2016. 

[153] S. N. B. Oliaei and Y. Karpat, “Influence of tool wear on machining forces and 

tool deflections during micro milling,” Int. J. Adv. Manuf. Technol., vol. 84, no. 

9–12, pp. 1963–1980, 2016. 

[154] C. Jennings, J. Terpenny, and R. X. Gao, “Cloud-Based Parallel Machine 

Learning for Tool Wear Prediction,” J. Manuf. Sci. Eng., no. c, 2017. 

[155] W. Yang, Q. Zhou, and K. Tsui, “Differential evolution-based feature selection 

and parameter optimisation for extreme learning machine in tool wear 

estimation,” vol. 7543, no. December, 2015. 

[156] M. Wang and J. Wang, “CHMM for tool condition monitoring and remaining 

useful life prediction,” Int. J. Adv. Manuf. Technol., vol. 59, no. 5–8, pp. 463–

471, 2012. 

[157] B. Kaya, C. Oysu, and H. M. Ertunc, “Force-torque based on-line tool wear 

estimation system for CNC milling of Inconel 718 using neural networks,” Adv. 

Eng. Softw., vol. 42, no. 3, pp. 76–84, 2011. 

[158] K. Javed, R. Gouriveau, X. Li, and N. Zerhouni, “Tool wear monitoring and 

prognostics challenges : a comparison of connectionist methods toward an 

adaptive ensemble model,” J. Intell. Manuf., 2016. 

[159] A. Torabi Jahromi, M. J. Er, X. Li, and B. S. Lim, “Sequential fuzzy clustering 

based dynamic fuzzy neural network for fault diagnosis and prognosis,” 

Neurocomputing, vol. 196, pp. 31–41, 2016. 

[160] H. C. Yan, J. H. Zhou, and C. K. Pang, “Gamma process with recursive MLE 

for wear PDF prediction in precognitive maintenance under aperiodic 

monitoring,” Mechatronics, 2015. 

[161] O. Geramifard, J.-X. Xu, J.-H. Zhou, and X. Li, “Multimodal Hidden Markov 

Model-Based Approach for Tool Wear Monitoring,” IEEE Trans. Ind. 

Electron., vol. 61, no. 6, pp. 2900–2911, 2014. 

[162] K. Zhu and B. Vogel-Heuser, “Sparse representation and its applications in 

micro-milling condition monitoring: Noise separation and tool condition 

monitoring,” Int. J. Adv. Manuf. Technol., vol. 70, no. 1–4, pp. 185–199, 2014. 

[163] J. Abbas, A. Al-Habaibeh, and D. Z. Su, “Investigating the Design of Condition 

Monitoring Systems to Evaluate Surface Roughness under the Variability in 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



202 

 

 

Tool Wear and Fixturing Conditions,” Key Eng. Mater., vol. 572, pp. 467–470, 

2013. 

[164] E. Bagci, “Monitoring and analysis of MRR-based feedrate optimization 

approach and effects of cutting conditions using acoustic sound pressure level 

in free-form surface milling,” Sci. Res. Essays, vol. 6, no. 2, pp. 256–277, 2011. 

[165] F. Cus and U. Zuperl, “Real-time cutting tool condition monitoring in milling,” 

Stroj. Vestnik/Journal Mech. Eng., vol. 57, no. 2, pp. 142–150, 2011. 

[166] F. Girardin, D. Rémond, and J. F. Rigal, “A new method for detecting tool wear 

and breakage in milling,” Int. J. Mater. Form., vol. 3, no. SUPPL. 1, pp. 463–

466, 2010. 

[167] S. Cho, S. Binsaeid, and S. Asfour, “Design of multisensor fusion-based tool 

condition monitoring system in end milling,” Int. J. Adv. Manuf. Technol., vol. 

46, no. 5–8, pp. 681–694, 2010. 

[168] J. C. Jauregui, J. R. Resendiz, S. Thenozhi, T. Szalay, A. Jacso, and M. Takacs, 

“Frequency and Time-Frequency Analysis of Cutting Force and Vibration 

Signals for Tool Condition Monitoring,” IEEE Access, vol. 6, no. c, pp. 6400–

6410, 2018. 

[169] Friedrich Bleicher, P. Schorghofer, and C. Habersohn, “In-Process Control with 

A Sensory Tool Holder to Avoid chatterc,” J. Mach. Eng., vol. 18, no. 3, pp. 

16–27, 2018. 

[170] J. L. Milner and J. T. Roth, “Condition monitoring for indexable carbide end 

mill using acceleration data,” Mach. Sci. Technol., vol. 14, no. 1, pp. 63–80, 

2010. 

[171] C. K. Madhusudana, H. Kumar, and S. Narendranath, “Condition monitoring of 

face milling tool using K-star algorithm and histogram features of vibration 

signal,” Eng. Sci. Technol. an Int. J., vol. 19, no. 3, pp. 1543–1551, 2016. 

[172] C. Zhang, X. Yao, J. Zhang, and H. Jin, “Tool condition monitoring and 

remaining useful life prognostic based on awireless sensor in dry milling 

operations,” Sensors (Switzerland), vol. 16, no. 6, 2016. 

[173] C. Deng, R. Guo, P. Zheng, C. Liu, X. Xu, and R. Y.Zhong, “From Open CNC 

Systems to Cyber-Physical Machine Tools: A Case Study,” vol. 72, pp. 1270–

1276, 2018. 

[174] C. K. Madhusudana, S. Budati, N. Gangadhar, H. Kumar, and S. Narendranath, 

“Fault diagnosis studies of face milling cutter using machine learning 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



203 

 

 

approach,” J. Low Freq. Noise Vib. Act. Control, 2016. 

[175] C. F. Bisu, M. Zapciu, O. Cahuc, A. Gérard, and M. Anica, “Envelope dynamic 

analysis: A new approach for milling process monitoring,” Int. J. Adv. Manuf. 

Technol., vol. 62, no. 5–8, pp. 471–486, 2012. 

[176] M. M. S. D. B. Srinivasa Prasad*, a, “Analysis of Face Milling Operation Using 

Acousto Optic Emission,” Jordan J. Mech. Ind. Eng., vol. 5, no. 6, pp. 509–

519, 2011. 

[177] K. Harris, K. Triantafyllopoulos, E. Stillman, and T. McLeay, “A Multivariate 

Control Chart for Autocorrelated Tool Wear Processes,” Qual. Reliab. Eng. Int., 

vol. 32, no. 6, pp. 2093–2106, 2016. 

[178] P. Y. Sevilla-Camacho, J. B. Robles-Ocampo, J. C. Jauregui-Correa, and D. 

Jimenez-Villalobos, “FPGA-based reconfigurable system for tool condition 

monitoring in high-speed machining process,” Meas. J. Int. Meas. Confed., 

2015. 

[179] H. Li, X. Jing, and J. Wang, “Detection and analysis of chatter occurrence in 

micro-milling process,” Proc. Inst. Mech. Eng. Part B J. Eng. Manuf., vol. 228, 

no. 11, pp. 1359–1371, 2014. 

[180] H. Liu, L. Lian, B. Li, X. Mao, S. Yuan, and F. Peng, “An approach based on 

singular spectrum analysis and the Mahalanobis distance for tool breakage 

detection,” Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci., vol. 228, no. 18, 

pp. 3505–3516, 2014. 

[181] G. F. Wang, Y. W. Yang, Y. C. Zhang, and Q. L. Xie, “Vibration sensor based 

tool condition monitoring using ν support vector machine and locality 

preserving projection,” Sensors Actuators, A Phys., vol. 209, pp. 24–32, 2014. 

[182] W. H. Hsieh, M. C. Lu, and S. J. Chiou, “Application of backpropagation neural 

network for spindle vibration-based tool wear monitoring in micro-milling,” Int. 

J. Adv. Manuf. Technol., vol. 61, no. 1–4, pp. 53–61, 2012. 

[183] J. C. Jauregui, J. R. Resendiz, S. Thenozhi, T. Szalay, A. Jacso, and M. Takacs, 

“Frequency and Time-Frequency Analysis of Cutting Force and Vibration 

Signals for Tool Condition Monitoring,” IEEE Access, vol. 6, no. c, pp. 6400–

6410, 2018. 

[184] A. H. Ammouri and R. F. Hamade, “Current rise criterion: A process-

independent method for tool-condition monitoring and prognostics,” Int. J. Adv. 

Manuf. Technol., vol. 72, no. 1–4, pp. 509–519, 2014. 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



204 

 

 

[185] C. Drouillet, J. Karandikar, C. Nath, A. C. Journeaux, M. El Mansori, and T. 

Kurfess, “Tool life predictions in milling using spindle power with the neural 

network technique,” J. Manuf. Process., vol. 22, pp. 161–168, 2016. 

[186] P. Y. Sevilla-Camacho, G. Herrera-Ruiz, J. B. Robles-Ocampo, and J. C. 

Jáuregui-Correa, “Tool breakage detection in CNC high-speed milling based in 

feed-motor current signals,” Int. J. Adv. Manuf. Technol., vol. 53, no. 9–12, pp. 

1141–1148, 2011. 

[187] M. Ritou, S. Garnier, B. Furet, and J. Y. Hascoet, “Angular approach combined 

to mechanical model for tool breakage detection by eddy current sensors,” 

Mech. Syst. Signal Process., vol. 44, no. 1–2, pp. 211–220, 2014. 

[188] F. Aghazadeh, A. Tahan, and M. Thomas, “Tool condition monitoring using 

spectral subtraction and convolutional neural networks in milling process,” Int. 

J. Adv. Manuf. Technol., 2018. 

[189] F. Aghazadeh, A. Tahan, and M. Thomas, “Tool Condition Monitoring Using 

Spectral Subtraction Algorithm and Artificial Intelligence Methods in Milling 

Process,” Int. J. Mech. Eng. Robot. Res., vol. 6, no. 6, pp. 30–34, 2017. 

[190] H. Shao, X. Shi, and L. Li, “Power signal separation in milling process based 

on wavelet transform and independent component analysis,” Int. J. Mach. Tools 

Manuf., vol. 51, no. 9, pp. 701–710, 2011. 

[191] P. S. Sivasakthivel and R. Sudhakaran, “Optimization of machining parameters 

on temperature rise in end milling of Al 6063 using response surface 

methodology and genetic algorithm,” Int. J. Adv. Manuf. Technol., vol. 67, no. 

9–12, pp. 2313–2323, 2013. 

[192] R. H. Smith, E. P. Scott, and P. M. Ligrani, “Experimental validation of an 

inverse heat conduction problem using thermocouple and infrared data,” 39th 

Aerosp. Sci. Meet. Exhib., no. c, 2001. 

[193] D. Michalski, K. Strak, and M. Piasecka, “Comparison of two surface 

temperature measurement using thermocouples and infrared camera,” EPJ Web 

Conf., vol. 143, 2017. 

[194] G. Wang, Y. Yang, and Z. Li, “Force sensor based tool condition monitoring 

using a heterogeneous ensemble learning model,” Sensors (Switzerland), vol. 

14, no. 11, pp. 21588–21602, 2014. 

[195] J. H. Zhou, C. K. Pang, Z. W. Zhong, and F. L. Lewis, “Tool wear monitoring 

using acoustic emissions by dominant-feature identification,” IEEE Trans. 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



205 

 

 

Instrum. Meas., vol. 60, no. 2, pp. 547–559, 2011. 

[196] J. T. Roth, D. Djurdjanovic, X. Yang, L. Mears, and T. Kurfess, “Quality and 

Inspection of Machining Operations: Tool Condition Monitoring,” J. Manuf. 

Sci. Eng., vol. 132, no. 4, p. 041015, 2010. 

[197] W. Sun, B. Chen, B. Yao, X. Cao, and W. Feng, “Complex wavelet enhanced 

shape from shading transform for estimating surface roughness of milled 

mechanical components,” J. Mech. Sci. Technol., vol. 31, no. 2, pp. 823–833, 

2017. 

[198] M. Liukkonen and T. N. Tsai, “Toward decentralized intelligence in 

manufacturing: recent trends in automatic identification of things,” Int. J. Adv. 

Manuf. Technol., vol. 87, no. 9–12, pp. 2509–2531, 2016. 

[199] S. Dutta, S. K. Pal, and R. Sen, “Progressive tool condition monitoring of end 

milling from machined surface images,” J. Eng. Manuf., 2016. 

[200] A. Zaretalab, H. S. Haghighi, S. Mansour, and M. S. Sajadieh, “A mathematical 

model for the joint optimization of machining conditions and tool replacement 

policy with stochastic tool life in the milling process,” Int. J. Adv. Manuf. 

Technol., vol. 96, no. 5–8, pp. 2319–2339, 2018. 

[201] K. Domdouzis and B. Kumar, “Radio-Frequency Identification ( RFID ) 

applications : A brief introduction,” vol. 21, pp. 350–355, 2007. 

[202] I. Ayatollahi, B. Kittl, F. Pauker, and M. Hackhofer, “Prototype OPC UA Server 

for Remote Control of Machine Tools,” in-Tech, vol. 55, no. January, pp. 73–

76, 2013. 

[203] SISCO Inc., “Overview and Introduction to the Manufacturing Message 

Specification (MMS),” ReVision, no. 11/95, 1995. 

[204] Y. Koren et al., “Reconfigurable manufacturing systems,” CIRP Ann. - Manuf. 

Technol., vol. 48, no. 2, pp. 527–540, 1999. 

[205] F. Pauker, T. Weiler, I. Ayatollahi, and B. Kittl, “Information Architecture for 

Reconfigurable Production Systems,” pp. 873–886, 2013. 

[206] G. Ćwikła, “Methods of manufacturing data acquisition for production 

management - A review,” Adv. Mater. Res., vol. 837, pp. 618–623, 2014. 

[207] M. Felser, “The Fieldbus Standards : History and Structures,” no. January 2002, 

pp. 1–5, 2002. 

[208] N. P. Mahalik, Fieldbus Technology: Industrial Network Standards for Real-

Time Distributed Control, First Edit. Springer, Heidelberg, 2003. 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



206 

 

 

[209] S. Profanter, A. Tekat, K. Dorofeev, M. Rickert, and A. Knoll, “OPC UA versus 

ROS, DDS, and MQTT: Performance evaluation of industry 4.0 protocols,” 

Proc. IEEE Int. Conf. Ind. Technol., vol. 2019-Febru, pp. 955–962, 2019. 

[210] R. Dubey, A. Gunasekaran, P. Helo, T. Papadopoulos, S. J. Childe, and B. S. 

Sahay, “Explaining the impact of reconfigurable manufacturing systems on 

environmental performance: The role of top management and organizational 

culture,” J. Clean. Prod., vol. 141, pp. 56–66, 2017. 

[211] M. Schleipen, “OPC UA supporting the automated engineering of production 

monitoring and control systems,” IEEE Int. Conf. Emerg. Technol. Fact. Autom. 

ETFA, pp. 640–647, 2008. 

[212] T. Zeybek, C. H. Chang, and Z. Yang, “An IoT Implementation for 

Manufacturing Using Wi-Fi, 6LoWPAN, and MQTT,” Proc. 2019 Int. Conf. 

Embed. Wirel. Syst. Networks, pp. 362–366, 2019. 

[213] M. S. Rocha, G. S. Sestito, A. L. Dias, A. C. Turcato, D. Brandão, and P. Ferrari, 

“On the performance of OPC UA and MQTT for data exchange between 

industrial plants and cloud servers,” Acta IMEKO, vol. 8, no. 2, pp. 80–87, 2019. 

[214] H. Shi, “Construction of Industrial Internet of Things Based on MQTT and OPC 

UA Protocols,” pp. 1263–1267, 2020. 

[215] Orange, “Internet og Things: Surviving the machine- to-machine protocols 

jungle,” 2016. 

[216] A. Chaudhary, S. K. Peddoju, and K. Kadarla, “Study of Internet-of-Things 

Messaging Protocols Used for Exchanging Data with External Sources,” in 

Proceedings - 14th IEEE International Conference on Mobile Ad Hoc and 

Sensor Systems, MASS 2017, 2017. 

[217] J. Jacobi, “International Open Standards Consortium Expands to Include 

Initiative for Business Messaging Interoperability within Middleware, Mobile, 

and Cloud-based Environments,” 2012. 

[218] Z. Shelby, K. Hartke, and C. Bormann, “The Constrained Application Protocol 

(CoAP),” 2014. 

[219] A. Larmo, A. Ratilainen, and J. Saarinen, “Impact of coAP and MQTT on NB-

IoT system performance,” Sensors (Switzerland), vol. 19, no. 1, 2019. 

[220] D. Thangavel, X. Ma, A. Valera, H. X. Tan, and C. K. Y. Tan, “Performance 

evaluation of MQTT and CoAP via a common middleware,” IEEE ISSNIP 2014 

- 2014 IEEE 9th Int. Conf. Intell. Sensors, Sens. Networks Inf. Process. Conf. 

PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH



207 

 

 

Proc., no. April, pp. 21–24, 2014. 

[221] L. Da Xu, W. He, and S. Li, “Internet of things in industries: A survey,” IEEE 

Trans. Ind. Informatics, vol. 10, no. 4, pp. 2233–2243, 2014. 

[222] Kevin Asthon, “That ’ Internet of Things ’ Thing,” RFID J., p. 4986, 2010. 

[223] E. Sisinni, A. Saifullah, S. Han, and I. Ulf, “Industrial Internet of Things : 

Challenges , Opportunities , and Directions,” IEEE Trans. Ind. Informatics, vol. 

PP, no. X, p. 1, 2018. 

[224] P. Fremantle, “A reference architecture for the internet of things,” WSO2 White 

Pap., vol. 0, no. October 2015, p. 21, 2014. 

[225] S. W. Lin et al., “The Industrial Internet of Things Volume G1: Reference 

Architecture,” 2017. 

[226] K. Latiff, “New Technique for The Development of Open CNC CELL 

Controller Based on ISO 14649 and ISO 6983,” 2015. 

[227] P. Palanisamy, I. Rajendran, S. Shanmugasundaram, and R. Saravanan, 

“Prediction of cutting force and temperature rise in the end-milling operation,” 

Proc. Inst. Mech. Eng. Part B J. Eng. Manuf., vol. 220, no. 10, pp. 1577–1587, 

2006. 

[228] W. Q. Lim, D. H. Zhang, J. H. Zhou, P. H. Belgi, and H. L. Chan, “Vibration-

based fault diagnostic platform for rotary machines,” IECON Proc. (Industrial 

Electron. Conf., pp. 1404–1409, 2010. PTTA
PERPUS

TAKAAN
 TUNKU

 TUN A
MINAH




