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Abstract: The trends in rapid production (RP) have largely impacted the 

development of technology in additional processes. Nevertheless, material 

incompatibility and accuracy issues with the additional processes have 

restricted the possibility of fabricating end-user products. The additional 

processes, including the more radical Computer Digital Control (CDC) 

machining, can in some cases be applied to RM. Using a 3-axis CDC milling 

machine equipped with an indexing device allows for increasing the 

accessibility of the cutting tools and avoiding numerous process restrictions. 

At the same time, more research should be conducted to advance the use of 

CDC in RM, which is the purpose of this thesis. This research aims to refine 

the process of deep machining and finishing operations and the application 

of cutting tools in CDC machining in order to make CDC machining 

applicable for RM. It is expected that the implementation of the proposed 

techniques will accelerate production and increase the quality of the parts 

produced. 
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1.Introduction 

Another way to increase the effectiveness of deep processing operations may include a change in the 

direction of cutting. Simulation analyses are conducted to change the values of orientations and calculate 

approximate cut-off times. Directions with a minimum processing time are chosen for performing deep 

processing operations. Further developments are aimed at changing geometrical tool characteristics and 

using straight and ball-nose cutters during the finishing process. An effective surface classification 

technique was developed to integrate milling tools and find out the cutting areas. The development of 

Computer-Aided Production (CAM) is implemented to conduct fast processing operations. It allows for the 

management of the CNC process with the help of special programming codes. Simulation study results are 

confirmed by the results of the processing experiment. First of all, this technology minimizes the time of 

rough work cutting in four independent directions and makes the process less sensitive to tool failures. 

Secondly, the use of milling tools increases the quality of the surfaces of machined parts. Finally, process 

planning programs provide effective simulation analysis and processing operations management. The 

application of computer numerical control (CNC) routers is very popular today because of the high-quality 
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results that can be obtained [1]. This popularity is further supported by the widespread adoption of 

standardized data formats that facilitate diverse manufacturing applications [2]. 

The CNC machines are flexible enough that they use different tools, which allows them to undertake various 

operations like cutting, carving, and drilling of different types of material, including metal, wood, plastic, 

and steel. G-code instructions are used to control the movement of the CNC machine [3].  The correct 

interpretation of file structures, such as the RS274X standard, is critical for avoiding errors in CNC routing 

[4]. 

These instructions help to define where the machine is going to move and at what speed it will do so [5]. 

These codes are typically sent through the serial interface, such as a USB interface, from an external 

computer program [6]. This project deals with developing a computer program to run a CNC laser machine 

and generate G-code for the design of the pattern as per the plan. The primary application is the 

manufacturing of PCBs [7], [8], [9], [9]. Reliable CAD-to-CAM communication relies on modern format 

standards to ensure data accuracy and seamless integration [11]. 

The received results have been processed statistically. 

Scientific novelty of the master's thesis. 

• Use of PCB boards 

• Installation of Stepper Motors 

• Integration of open source software on hardware 

Using a 3-axis CNC milling machine to ensure the availability of tools and justify many other technological 

priorities. But still, there is a need for improvement in the use of CNC in PC, and the task here is to improve 

deep machining and finishing operations, and the integration of cutting tools in CNC machining to adapt it 

to PC applications. The purpose of this research is to adapt CNC machining to rapid manufacturing [12], 

and it is assumed that implementation of the suggested approaches will help to accelerate the production 

process, improve the quality of parts, and make the process adaptable to PC. One of the ways to enhance 

deep machining operations is to apply various directions of cuts. The simulation analysis is conducted to 

manipulate the orientation values and obtain estimates of the cutoff times. For performing deep machining 

processes, directions with minimal processing times are chosen. 

There are ongoing advancements to enable the combination of tools of varying geometry, and in the 

machining process, straight and spherical tools are applied. A technique for the classification of surfaces 

has been designed in order to facilitate the integration and definition of cut regions. The advancement of 

computer-aided manufacturing (CAM) technology is adopted to ensure rapid processing [13]. It enables 

you to control the planning process of the CNC process using individual programming codes. The results 

of the simulation study have been validated through the results of the processing experiment. Firstly, it 

ensures that there is a minimum roughing time in four separate directions while avoiding any sensitivity to 

tool breakage. Secondly, the combination of milling tools ensures better surface quality of the machined 

workpiece. 

 

2. Running performance of the CNC-JS software 

Tool guidance performance was assessed based on the performance of the application, meaning how 

efficient application processed the image into a G-code file, the run-time of the G-code file generated, and 

the cut-to-engrave process performed. The computer used in this experiment is a computer with an Intel i5-

7200 dual-core (can run 4 threads at the same time) having a clock speed of 2.5 GHz and 8 GB of RAM; 

the following two images are used: 1. Image with a compact distribution of pixels to be deleted and 7 

different resampling factors (Figure 1). 
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Figure 1. Compact distribution of pixels to be deleted. 

An image with a more scattered distribution of pixels to be deleted and 7 different resampling factors 

(Figure 2). 

 

Figure 2. Scattered distribution of pixels to be deleted. 

As discussed earlier, the tool routing procedure can be broken down into five steps: image resampling, pixel 

segmentation, segment routing, segment linking, and guide generation. As image resampling uses the 

default interpolation methods, and both algorithms, zigzag and spiral, use the same resampled image, the 

execution time of image resampling is not considered. The following results were obtained for both Figures 

1 and 2. 

Table 1. G-code file generation time for Figure 1 with a compact distribution of pixels to be deleted 
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Table 2. Number of generated segments and Tool lines for Figure 1 with a compact distribution of pixels to be deleted. 

 

Table 3. G-code file generation time for Figure 2 with a scattered distribution of pixels to be deleted. 

 

As can be seen in Tables 1 and 2, the Zigzag algorithm creates more segments and therefore spends more 

time connecting them. Note that the zigzag segments are controlled by only one plane, and the spiral groups 

move with pixels from the same "step" and thus control a larger area in the image of their middle segments. 

However, it also creates more space and not only spends more time on the road, but also calculates and 

converts physical positions in generating G-codes. Setting up more G-codes can lead to longer cutting and 

engraving operations. It may also be noted that the number of segments moving forward in a zigzag is equal 

to the height (in pixels) of the image, which is its largest size, and is equal to the number of segments 

moving in a spiral, a very compressed distribution of pixels to extract from a limited distance. 
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Table 4. Number of generated segments and tool lines for Figure 2 with a scattered distribution of pixels to be deleted.

 

Unlike previous tables, the Zigzag algorithm generates many more segments due to the scatter of pixels 

that should be removed, as the groups of pixels to be removed are larger on the same line and thus generate 

many more segments per column of the image. Of course, an obvious flaw is the linkage of segments. It 

will adversely affect the performance of the software for large images due to the quadratic dependency of 

the number of iterations of the sorting procedure on the number of segments, as defined by Eq. One 

approach could be to carry out a less resource-intensive search by finding several groups of segments, which 

are at the same distance from the origin (lower-left corner). But it will require additional time for the cutting 

and engraving process. The difference in the total number of lines between the two algorithms is smaller 

than that of the previous image set, but the spiral still generates more instructions. When considering the 

efficiency of both algorithms, the following values (CNC motion) were found by choosing a resolution of 

one pixel per millimeter: 

The biggest difference between these algorithms is obviously the distance traveled by the CNC without 

actually engraving. If we consider that the CNC tool will move at constant speed regardless of acceleration 

and deceleration of direction changes, having in mind the properties of the CNC machine, which have a 

maximum feed rate of 1300 millimeters per minute, we can estimate that worst-case (8x) resampling factor 

would require approximately 31.49 hours to complete for zigzag algorithm and 34.39 hours for spiral, which 

is 9% slower. In this example, the zigzag algorithm proved faster at producing a G-code file, requiring just 

9 seconds against 35 seconds for the other algorithm. 
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Table 5. Number of tool lines generated for Figure 1 with a compact distribution of pixels to be removed and the distance 

traveled by the CNC tool. 

Table 6. Number of tool lines generated for Figure 2 with a scattered distribution of pixels to be deleted and the distance traveled 

by the CNC tool. 

Table 6 shows that, again, the difference in distance is still significant when the tool is not cutting or 

engraving. Assuming the same bit rate as before, the estimated completion time for the worst case (8x 

resampling factor) would be about 22.75 hours for the zigzag and 28.45 hours for the spiral, a 25% increase 

in time. This means that despite the toolpath taking 14 minutes, the zigzag algorithm generated a G-Code 

file about 6 hours faster than the spiral, which took only one minute to toolpath. This shows that the fastest 

algorithm is not always the most efficient. However, there is still much room for improvement. 

Toolpath Quality. The quality of the engraving depends very much on the type of material being 

engraved. Plywood was used to compare the print quality of both algorithms and the SVG outline, and the 

following result was obtained: 
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Figure 3. Image with a compact distribution of pixels printed using the zigzag algorithm. A. Print result (left); B. Simulation (right). 

Figure 4. Image with a compact distribution of pixels printed using the spiral algorithm. A. Print result (left); B. Simulation (right). 

The obtained results reveal that the engraving process using the zigzag algorithm is much smoother, as the 

number of turns or corners made by the CNC in the spiral algorithm leads to a greater duration of the laser 

being on in the same place [14]. The simulations have revealed a great difference between the distance 

covered when the laser is off, illustrated by the blue lines, thus resulting in a longer time for etching or 

cutting of the figure, as stated above. The physical size of the image was about 90 x 75 mm, and the duration 

of printing of both results was 14 minutes 28 seconds for zigzag and 19 minutes 14 seconds for spiral 

algorithms, respectively, using the feed rate of 1000 mm.  

The main purpose of this project was to design a computer application that would be able to handle the 

CNC machine and tool path for all the most widely used types of image files. The CNC machine was 

controlled using the instructions given in G code, which explained how the CNC tool would move and what 

type of movement it should have [3].  A graphical user interface was created for the software using Windows 

Forms, which makes the user independent of the instructions and makes processes like calibration, printing, 

and orientation of the instruments easier. Such interface designs are essential for providing effective visual 

solutions that simplify the management of complex CNC workflows [15]. There is also a G-code simulator 

that analyzes the given file for the proper G-code instructions and displays the result so that the user can 

get an idea about the file and orient the CNC machine or the material before printing it. Coming to the 

image tool path, this project is related to the orientation of the raster images using the two most widely used 

methods, zigzag and spiral.. For the tests performed, the zig-zag method is the most efficient in terms of 

both time and quality of the cutting or engraving operation, although in some cases it takes longer to create 

the file. The selection and optimization of such path algorithms are critical for enhancing the efficiency of 

pocket milling processes [16]. While both try to minimize the distance traveled with the laser off, the spiral 

method also tries to create longer paths with the laser on, which results in fewer path segments with start 

and end points further apart.  

The sorting algorithm that is employed to join the segments attempts to optimize only the proximity to the 

next path and not the entire length of the connection, making the latter unnecessarily elongated, sometimes 

even spirally. In order to address this issue, the sorting algorithm should analyze quite a few possible paths 

that may increase the time necessary to generate the toolpath file significantly. Utilization of the GPU for 

processing the toolpath would not only help to solve this problem but also speed up the process in general. 

Speaking about the SVG images, the conversion of Bezier and ellipses into simple lines and arcs was 

performed successfully, although there were some difficulties aligning the fill path with the outline. The 

latter were more noticeable for images with transformations like rotation or skew because the rendered 

version of the image did not correspond exactly to the outline path. 

 

3. Result and Discussion 

Although the project turned out to be significantly more complicated than I thought, it helped me learn 

about the topic of image processing and CNC machine control. 
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The results obtained demonstrate that the zigzag algorithm produces more uniform engravings since the 

number of turns made by the CNC in the spiral method results in longer exposure of the laser to the same 

place. In addition, the simulations reveal that there is a considerable difference in the distance traveled when 

the laser is not on, demonstrated by blue lines, thus making it more time-consuming to etch or cut a figure 

The physical parameters of the image used were 90 by 75 millimeters, while it took 14 minutes 28 seconds 

and 19 minutes 14 seconds to print these two algorithms, respectively, at a feed rate of 1000 mm. 

Practical significance of the research work: The results obtained are of great practical significance. So, 

the combination of CNC machines and software on the hardware, and its implementation on CNC-js 

JavaScript and distribution of algorithms may be significant. 

Approval of work. The use of computer numerical control (CNC) routers has become extremely popular 

due to the high-quality results that can be achieved. CNC machines are versatile and can use different types 

of tools, allowing them to perform a wide variety of tasks such as cutting, engraving, and drilling different 

materials such as wood, plastic, or hard metals such as steel. 
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