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This study aims to design and develop an electronic control system for the TU-

2A CNC machine to improve performance, simplify programming, and 

facilitate machine maintenance and repair. The method is to retrofit the EMCO 

TU-2A CNC machine by replacing its old electronic components with more 

modern, affordable components, without compromising its precision. 

Calibration is performed to ensure the machine's movement is accurate, while 

machine testing is conducted by machining workpieces made of Teflon (PTFE) 

and aluminum. The results of the study indicate that after the development and 

maintenance, the CNC TU-2A machine showed improvements in precision and 

ease of use. The machine's error remains within the tolerance limit, 

approximately 0.01 to 0.02 mm, indicating that the calibration was successful. 

This study concludes that the development of the new electronic control system 

has made the CNC TU-2A machine more efficient and easier to maintain, 

making it more suitable for use in vocational education. 
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1. INTRODUCTION 

Modern manufacturing industries heavily rely on 

automated machine tools to produce high-precision 

products at high speeds. One key innovation in 

manufacturing is the CNC (Computer Numerical 

Control) machine, which allows the automatic 

control of cutting tools via a computer [1], [2]. CNC 

machines have become a standard in various 

industries, particularly in mass-production sectors 

that demand high precision and efficiency [3], [4], 

[5]. Although CNC machines offer numerous 

advantages, several major challenges remain, 

including high costs, operational difficulties, and 

maintenance processes that require specialized 

expertise. 

 

The CNC Training Unit (TU-2A) machine is 

frequently used in educational institutions for 

training in mechanical engineering skills. However, 

this machine faces issues with its existing electronic 

and control systems, necessitating repairs and 

improvements to enhance its efficiency [6]. The 

conventional programming and maintenance 

processes for the CNC TU-2A still rely on manual 

methods, which are time-consuming and may 

increase the likelihood of operational errors. 

 

Several previous studies have highlighted the 

importance of improvements in the electronic and 

control systems of CNC machines, such as the 

upgrade of the TU-3A control system for precision 

and CAD/CAM support [7], the development of 

simulation/virtual platforms for smart  

http://metal.ft.unand.ac.id/


ARIAWAN BAYU WICAKSONO / METAL: JURNAL SISTEM MEKANIK DAN TERMAL - VOL. 10 NO. 1 (2026) 43-54 

 

Ariawan Bayu Wicaksono   https://doi.org/ 10.25077/metal.10.1.43-54.2026 

manufacturing learning [8], the implementation of 

intelligent diagnostic systems for CNC maintenance 

[9], the development of a predictive maintenance 

framework based on machine learning in the 

automotive industry [10], and the retrofit of CNC 

lathes for vocational education with Mach3 

controllers [11]. However, most of these studies 

focus on machines with high production capacity or 

on specific aspects, such as programming or 

machine efficiency. No research has specifically 

designed and developed new electronic and control 

systems for the CNC Training Unit TU-2A machine 

that address three main needs: (1) simplifying the 

programming process, (2) streamlining 

maintenance procedures for vocational education 

users, and (3) utilizing more affordable and 

accessible modern components without sacrificing 

machine performance and precision. 

 

This research aims to fill this gap by designing and 

developing an electronic control system that 

enhances the performance of the CNC TU-2A 

machine while providing a more user-friendly 

programming interface. Additionally, this study 

seeks to identify potential improvements in machine 

maintenance by replacing existing electronic 

components with more advanced and accessible 

components, offering more efficient and affordable 

solutions for vocational education. 

 

2. LITERATURE REVIEW 

2.1 EMCO TU-2A CNC Machine 

The TU-2A (Training Unit 2 Axis) is a CNC 

(Computer Numerical Control) machine specifically 

designed for training and educational purposes in 

manufacturing and machine programming [7], [12]. 

Manufactured by EMCO, a company renowned for 

developing and producing high-quality CNC 

machines, the TU-2A offers ease of use and 

flexibility, making it ideal as a learning tool for 

understanding the fundamentals of CNC 

technology, particularly in operating a two-axis 

machine [13]. Figure 1 shows the EMCO TU-2A 

CNC machine. 

 

 
Figure 1. EMCO TU-2A CNC machine 

 

The origin of the TU-2A stemmed from EMCO's 

initiative to provide a training platform that allows 

students or novice operators to familiarize 

themselves with and understand the basic concepts 

of CNC machine operation without dealing with the 

complexities of large industrial CNC machines. The 

primary function of the TU-2A is to teach 

programming and operation of a CNC machine with 

two axes, which include linear motion along the X 

and Z axes, as illustrated in Figure 2. This machine 

enables users to develop skills in G-code 

programming, the fundamental programming 

technique for CNC machines, as well as an 

understanding of machine motion programming, 

tool selection, and machine parameter settings [14]. 

Using this machine, students can learn to operate it 

with precision, control speed and feed rates, and 

complete simple manufacturing tasks. 

 

 
Figure 2. The axis system on a 2-axis CNC turning 

machine 

 

The main components of the TU-2A include a 

computer-based control system, drive motors for the 

X and Z axes, a spindle or machine head that can be 

equipped with various cutting tools, and a cooling 

system to cool the cutting tools during machining 

[15], [16]. Additionally, the TU-2A is equipped with 

software that allows users to write and test their 

CNC programs and visualize the machining process 

in simulation mode. All these components work 
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together to provide a comprehensive machine 

operation experience within the scope of training. 

 

2.2 MACH-3 Breakout Board 

The MACH-3 CNC Breakout Board is a crucial 

component in the control system of a CNC 

(Computer Numerical Control) machine. This board 

serves as an interface between the computer running 

MACH-3 software and various machine 

components, such as stepper motors, relays, and 

other I/O devices [17]. In this system, MACH-3 

controls the machine's operations by converting 

numerical commands into mechanical movements 

via electrical signals received by the breakout board. 

The board acts as an intermediary between the 

computer and the machine, managing the 

distribution of electrical signals necessary to drive 

the motors and control other devices [18]. 

 

The MACH-3 CNC Breakout Board originates from 

the development of more complex CNC systems, 

which initially required separate hardware and 

software to control the various machine components 

[19]. As a solution, this breakout board was 

designed to simplify connectivity and enhance ease 

of use and installation. It was first introduced as an 

alternative for connecting a PC to CNC hardware 

via parallel or USB ports. Figure 3 shows the 

configuration of the MACH-3 CNC breakout board. 

 

 
Figure 3. MACH-3 breakout board configuration 

The configuration of this board typically includes 

several input and output ports for connecting 

components such as stepper motors, spindles, limit 

switches, and other supporting devices [20]. 

Typically, this breakout board is also equipped with 

motor drivers to control stepper motors through 

signals sent from the computer. Additionally, this 

board often features protective components, such as 

fuses and optocouplers, to safeguard the equipment 

from damage caused by power surges or connection 

errors. In many applications, the MACH-3 CNC 

Breakout Board is used in DIY (Do It Yourself) 

systems and simpler CNC machine setups, offering 

a relatively affordable price and an easy-to-

configure setup [21]. 

 

2.3 MACH-3 Turn 

MACH-3 Turn is a software designed to control 

CNC (Computer Numerical Control) machines, 

specifically for programming and operating turning 

machines. As part of the CNC control system, 

MACH-3 Turn allows users to design, edit, and 

optimize cutting programs on turning machines with 

high precision. The primary function of this 

software is to control the machine's operation via G-

code commands, ensuring it moves according to the 

operator's design. The MACH-3 Turn software 

interface is shown in Figure 4. 

 

 
Figure 4. The interface of the MACH-3 Turn 

 

MACH-3 Turn also features process simulation, 

automatic programming, and speed and position 

control, providing users with greater convenience 

when programming and operating turning machines. 

To use this software, the operator needs to install it 

on a PC connected to the CNC machine and input 

the appropriate commands based on the production 

process requirements, either manually or 

automatically. This software is widely used in the 

manufacturing industry to improve the efficiency 

and accuracy of machine production while 

minimizing the possibility of manual errors.  
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3. RESEARCH METHOD 

3.1 Machine Design 

This study employs a retrofit technique that requires 

a design specifically developed to upgrade the CNC 

TU-2A EMCO machine. The design process 

comprises both mechanical and electronic control 

system design. The mechanical design and the 

component details of CNC TU-2A EMCO are 

shown in Figures 5, 6, 7,  and Table 1, respectively. 

 

 
Figure 5. Front view of the TU-2A CNC machine body 

design 

 

 
Figure 6. Isometric view of TU-2A CNC machine body 

design 

 

 
Figure 7. Control panel box 

 

 

Table 1. Component details for the designs 

Num Component Num Component 

1 
Control panel 

box 
11 LCD 

2 Chuck 12 
Stepper motor 

on/off switch 

3 CPU door 13 
Stepper motor 

indicator lamp 

4 Spindle motor 14 
Controller 

indicator lamp 

5 Tailstock 15 
Spindle motor 

on/off switch 

6 CPU holder 16 
Tool turret 

indicator lamp 

7 
Tool turret 

motor 
17 

Tool turret 

on/off switch 

8 X-axis motor 18 

Tool turret 

direction 

change switch 

9 Z-axis motor 19 
Emergency 

stop switch 

10 
Control panel 

box 
  

 

After designing the machine body, the next step is 

to design the electronic and control system. The 

design of the electronic and control system for this 

machine is shown in Figure 8. 

 

 
Figure 8. Electronic schematic 

 

3.2 Calibration 

Calibration is performed to ensure the machine's 

movement accurately follows the commands issued 

by the computer. For example, a movement 

command of 100 mm in the interface should result 

in an actual displacement of 100 mm along the X-

axis of the CNC machine. To facilitate calibration, a 
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Dial Test Indicator (DTI) is used as an auxiliary tool, 

as shown in Figure 9. The Dial Test Indicator is used 

to track and record the movement of mechanical 

components in the machine, specifically those 

driven by stepper motors along the X and Z axes. 

 

 
Figure 9. Dial Test Indicator (DTI) 

 

The calibration is performed by adjusting the 

stepper motor rotation (step/mm) until the desired 

displacement of 1 mm is achieved. The stepper 

motor rotation value can be configured through the 

MACH-3 Turn application. The DTI (Dial Test 

Indicator) is calibrated to 0 and will be mounted on 

the surface, aligned with the stepper motor axis to 

be calibrated. Once the DTI is set up, the stepper 

motor is instructed to rotate and perform a 1 mm 

translational movement via the application. After 

the motor rotates and the translational movement is 

executed, the DTI will measure displacement with a 

0.01 scale for each line, totaling 100 lines per 1 mm. 

From the DTI readings, the difference between the 

motor movement as commanded by the application 

and the actual displacement can be calculated, and 

the percentage error can be determined using 

equations 1 and 2. 

 

𝑒𝑟𝑟𝑜𝑟 = |𝑠𝑐𝑎𝑙𝑒 × (𝐷𝑇𝐼 𝑣𝑎𝑙𝑢𝑒 − 𝐷𝑇𝐼 𝑚𝑎𝑥 𝑣𝑎𝑙𝑢𝑒)| (1) 

 

%𝑒𝑟𝑟𝑜𝑟 =  
𝑒𝑟𝑟𝑜𝑟

𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡
× 100% (2) 

 

3.3 Machine Testing 

After all testing and calibration are complete, a 

machine trial will be conducted. The machine trial 

is carried out by feeding the workpiece. Once the 

machine is confirmed to be normal and properly 

calibrated, a trial run can be performed with the 

workpiece feeding. The purpose of this trial is to 

ensure that the machine can perform the tasks 

automatically or via the program entered into the 

software. The design tasks to be executed during the 

machine trial will consist of three levels, from the 

easiest to the most complex, using workpieces made 

of Teflon (PTFE) and aluminum. The designs to be 

processed by the machine during this trial are as 

follows. 

 

The first workpiece design is a basic one, which can 

be considered low difficulty as it only uses a 

straight-cutting program. This workpiece design is 

shown in Figure 10. 

 

 
Figure 10. First workpiece design 

 

In the second design, the complexity of the cutting 

process increases further, as it involves cutting the 

workpiece along straight, angled, and circular paths. 

This workpiece design is shown in Figure 11. 

 

 
Figure 11. Second workpiece design 

 

 

 

4. RESULTS AND DISCUSSION 

4.1 Results of TU-2A CNC Machine 
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After the development, improvement, and 

maintenance activities on the EMCO TU-2A CNC 

Machine were completed, the outcomes of these 

enhancements and the dimensions are shown in 

Figures 12 and 13, respectively, and in Table 2. 

 

 
Figure 12. Front view of TU-2A CNC machine 

 

 
Figure 13. Control panel box of TU-2A CNC machine 

 

Table 2. Dimensions of the TU-2A CNC machine and 

control panel box 

Dimension TU-2A CNC 

Machine 

Control 

Panel Box 

Length 1240 mm 490 mm 

Width 750 mm 140 mm 

Height 1260 mm 470 mm 

 

4.2 Results of Calibration 

After performing the calibration steps, calibration 

data was obtained, including error values and the 

percentage error in the motor's movement relative to 

the machine's actual movement. The first 

calibration was performed on the X-axis stepper 

motor. The calibration results for the stepper motor 

on the X-axis are shown in Figures 14, 15, 16, 17, 

18, and 19, respectively. 

 
Figure 14. The first calibration result for the X-axis 

stepper motor – motor tuning 

 

 
Figure 15. The first calibration result for the X-axis 

stepper motor – DTI 

 

 
Figure 16. The second calibration result for the X-axis 

stepper motor – motor tuning 

 

 
Figure 17. The second calibration result for the X-axis 

stepper motor – DTI 
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Figure 18. The third calibration result for the X-axis 

stepper motor – motor tuning 

 

 
Figure 19. The third calibration result for the X-axis 

stepper motor – DTI 

 

After the X-axis stepper motor is calibrated, the Z-

axis stepper motor is calibrated. The calibration 

results for the stepper motor on the Z-axis are shown 

in Figures 20, 21, 22, 23, 24, and 25, respectively. 

 

 
Figure 20. The first calibration result for the Z-axis 

stepper motor – motor tuning 

 

 
Figure 21. The first calibration result for the Z-axis 

stepper motor – DTI 

 

 
Figure 22. The second calibration result for the Z-axis 

stepper motor – motor tuning 

 

 
Figure 23. The second calibration result for the Z-axis 

stepper motor – DTI 

 

 
Figure 24. The third calibration result for the Z-axis 

stepper motor – motor tuning 
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Figure 25. The third calibration result for the Z-axis 

stepper motor – DTI 

 

After obtaining the calibration results from the 

stepper motors on the X and Z axes, we can 

calculate the error and %error using Equations 1 and 

2. The data from these calculations are subsequently 

input into a table and graph, as shown in Table 3 and 

Figure 26, respectively. 

 

Table 3. Calibration results of the stepper motor on the X 

and Z axes 

 
 

 
Figure 26. Calibration results as a graphic (Motor 

Tuning – Error) 

 

Based on the data in Table 3 and the graph in Figure 

17, the error decreases as the motor tuning value 

increases, which corresponds to the number of steps 

the stepper motor takes per millimeter. The primary 

issue for the stepper motor system in the CNC TU-

2A machine, for the X and Z axes, is reduced 

movement accuracy due to motor load [22], [23]. 

This load originates from various components, such 

as the tool turret housing and other mechanical 

elements, which affect the stepper motor's 

performance. When the stepper motor moves the X 

or Z axis, this additional load creates resistance to 

motion, potentially causing step loss and reducing 

positioning accuracy. The greater the load on the 

motor, the higher the torque required to maintain 

precise movement [24], [25], [26]. Under high-load 

conditions, the stepper motor may fail to complete 

steps accurately, resulting in movement errors. 

 

One solution to address this issue is to adjust the 

motor tuning by increasing the steps per millimeter. 

The aim is to improve the resolution of stepper 

motor movement, enabling it to handle the 

additional load better and reduce errors [27]. 

However, this motor tuning adjustment must be 

done carefully, as it could affect the motor's speed 

and overall efficiency. With proper adjustment, the 

stepper motor can provide sufficient torque to 

counteract the added load while enhancing the CNC 

machine’s movement accuracy without 

compromising the motor’s overall performance 

[28]. 

 

4.3 Results of Machining Testing 

After the calibration process was completed and the 

stepper motor movement matched the actual 

movement, the machine was tested by feeding the 

workpiece with two materials: Teflon (PTFE) and 

aluminum. These materials were processed 

according to the workpiece design shown in Figures 

10 and 11. The results of the workpiece processing 

are shown in Figures 27, 28, 29, and 30, 

respectively. 
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Figure 27. The results of the workpiece feeding for 

the first workpiece design – Teflon 

 

 
Figure 28. The results of the workpiece feeding for 

the first workpiece design – aluminum 

 

 
Figure 29. The results of the workpiece feeding for 

the second workpiece design – Teflon 

 

 
Figure 30. The results of the workpiece feeding for 

the second workpiece design – aluminum 

 

Based on Figures 27, 28, 29, and 30, the images 

show the results of machining Teflon and aluminum 

workpieces according to the design. These designs 

were developed from the initial workpiece design, 

which represents the simplest difficulty level, and 

the second workpiece design, which is the most 

complex due to the need for more intricate 

programming. 

 

From all the figures, the machining results for both 

Teflon and aluminum workpieces show neat, 

smooth, and precise outcomes. The machining 

errors remain within tolerance limits, approximately 

0.01 to 0.02 mm. This indicates that the earlier 

calibration process was accurate and error-free. 

Therefore, it can be concluded that the CNC TU-2A 

machine is now ready to be used again for 

educational purposes, particularly for basic CNC 

machine operations. Additionally, the machine can 

now be maintained and repaired independently by 

the institution, as the control system and 

components have been replaced with readily 

available, cost-effective replacements. 

 

4.4 Discussion 

This study aims to develop the electronic and 

control systems on the CNC TU-2A machine to 

address the limitations identified in previous 

research. The results show that, after retrofitting, the 

CNC TU-2A machine demonstrates significant 

improvements in precision, ease of use, and 

component accessibility, making it more suitable for 

vocational education. This is highly relevant 

compared with earlier studies, such as those by 

Salam [7] on the control system of the TU-3A and 

Zheng [8] on virtual simulation platforms, which 

primarily focus on machines with higher production 

capacities or advanced features, such as CAD/CAM 

support. 

 

One of the main contributions of this study is the 

simplification of the programming process for CNC 

machines, which was a major issue identified in 

previous research, including Shin [9], who 

examined intelligent diagnostic systems for CNC 

maintenance. The results of this study demonstrate 

a more efficient calibration process, with reduced 
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errors during machine movement as motor tuning 

was enhanced. This highlights the importance of 

addressing load issues, which Theissler [10] 

identified as a common challenge in research on 

predictive maintenance in the automotive industry. 

 

Furthermore, this research addresses a significant 

gap identified by Widodo [11] in vocational 

education, where most studies have focused on 

retrofitting CNC systems for large-scale machines, 

often overlooking the needs of educational 

institutions seeking affordable, simplified solutions. 

The machine tested in this study, with its improved 

maintenance procedures and more affordable 

components, directly addresses this issue by 

providing a more accessible solution for teaching 

basic CNC technology. These results also 

emphasize the importance of a user-friendly 

interface for training, aligning with previous 

research, especially that of Salam [7] and Zheng [8], 

who highlighted the need for more user-friendly 

systems in educational settings. 

 

5. CONCLUSIONS 

The development of the electronic and control 

systems for the CNC TU-2A machine has 

significantly enhanced its performance by 

simplifying programming and improving 

maintenance efficiency. By retrofitting the machine 

with more modern, user-friendly components, the 

system now offers an interface ideal for vocational 

education. The calibration results show that the 

machine's precision and accuracy have improved, 

with machining errors now remaining within 

acceptable tolerance limits. This makes the machine 

not only more suitable for educational purposes but 

also easier for institutions to maintain and repair 

independently. The results of this study make a 

significant contribution to advancing CNC 

technology in educational settings, address 

challenges identified in previous research, and offer 

a more cost-effective solution without 

compromising performance. 
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