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DEVELOPMENT AND IMPLEMENTATION OF A DIGITAL CONTROL
SUBROUTINE FOR IMPROVING MACHINING ACCURACY IN CNC MILLING
MACHINES

This study presents the development and implementation of a digital control subroutine designed to improve machining
accuracy in CNC milling machines. The proposed approach integrates adaptive digital control principles into the CNC machining process
by continuously monitoring machining parameters and compensating for dimensional deviations caused by tool wear, thermal
deformation, vibration, and geometric errors. A conceptual evaluation was conducted by comparing machining performance before
and after the implementation of the proposed subroutine using four key indicators: coordinate error, dimensional deviation, surface
roughness, and machining time. The obtained results demonstrate that the adaptive compensation mechanism significantly enhances
machining precision, improves surface quality, and increases production efficiency. The proposed digital control subroutine provides
an effective solution for implementing intelligent CNC machining systems within the framework of Industry 4.0 and Digital Twin
technologies.

The research employed a comprehensive methodological approach consisting of a scientific literature review, comparative
analysis, conceptual system design, mathematical modeling, and performance evaluation. The effectiveness of the proposed solution
was assessed by comparing machining performance before and after implementation using coordinate error, dimensional deviation,
surface roughness (Ra), and machining time as evaluation criteria. The percentage improvement for each indicator was calculated
using comparative performance analysis.

The scientific novelty of this research lies in the development of a digital control subroutine capable of automatically
compensating machining errors in CNC milling operations through adaptive real-time parameter adjustment. Unlike conventional CNC
programs operating with fixed machining parameters, the proposed approach dynamically responds to changes caused by thermal
deformation, tool wear, vibration, and geometric inaccuracies. The integration of adaptive compensation principles with Industry 4.0
and Digital Twin technologies provides an effective framework for improving machining accuracy and process stability in modern CNC
manufacturing systems.

The proposed digital control subroutine has practical significance for modern manufacturing industries requiring high-
precision machining, including aerospace, automotive, medical, and precision engineering. Its implementation can substantially reduce
machining errors, improve surface quality, minimize material waste, decrease manual intervention, and increase production efficiency.
The proposed approach can be integrated into existing CNC systems without significant modifications and supports the implementation
of intelligent manufacturing solutions based on Industry 4.0 technologies, contributing to higher product quality and lower
manufacturing costs.

The conceptual evaluation demonstrated that the implementation of the proposed digital control subroutine significantly
improved all evaluated machining performance indicators. Coordinate error decreased from 0.0166 mm to 0.0065 mm, representing
a 60.8% improvement, while dimensional deviation was reduced by 60.0%. Surface roughness (Ra) improved from 1.80 uym to 1.12
um, corresponding to a 37.8% reduction, and machining time decreased from 25.4 min to 23.1 min, resulting in a 9.1% improvement,
These findings confirm that adaptive digital compensation enhances machining precision, process stability, and production efficiency,
supporting the adoption of intelligent CNC manufacturing technologies in advanced industrial environments.
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MYPAIOB Mypan Enbiian oriy

A3sepbaii/uKaHCbKUI TEXHIYHUN yHiBepcuTeT, baky, AzepOaiipkan

PO3POBKA TA BOPOBAJIKEHHS LIU®POBOI MIANPOT'PAMU KEPYBAHHSI
AJI NIABUINEHHA TOYHOCTI OBPOBKHN HA ®PE3EPHUX BEPCTATAX 3 YIIK

Y crarTi npegcTasaeHo po3pobKy Ta BripOBaKEHHS LM@GPOBOI MiGMPorpamMu KepYBaHHS, MPU3HavYeHoi 4715 MigBILEHHS
TOYHOCTI 06PO6KM HA PPE3EPHUX BEDCTATAX 3 YUCIIOBUM [IPOrPaMHUM KEpyBaHHAM (YI1K). 3ariporioHoBaHwdi nigxig IHTerpye
MIPUHLNTN GAaIMTUBHOIO LN@PPOBOIro KEPYBAHHS B PoLeCc 06pobku Ha Bepctatax 3 YIIK wrisxom 6e3r1epepBHOro MOHITOPUHIY
rapameTpiB 06pobKku Ta KOMIIEHCALYI PO3MIPHUX BIAXWU/IEHDL, CIIPUYUHEHUX 3HOLIYBAHHSIM [HCTPYMEHTA, TEr/I0BUMN Aegopmalismm,
Bibpauismm Ta reoMETPUYHUMU [10XMOKamy. KOHLIENTYasIbHYy OLIHKY 6yJ/10 MPOBEAEHO LUJISXOM [1OPIBHSHHS MOKAa3HUKIB IPoLecy
06pobKM [0 Ta 11ic/19 BrPOBaWKEHHS 3arpPOoriOHOBAaHOI MIANporpamMmu 3a YoTMpMa OCHOBHUMY KPUTEDIIMAU. TOXUOKa KOOPAMHAT,
PO3MIDHE BIAXW/IEHHS, LIOPCTKICTb MOBEDPXHI Ta 4ac 06pobku. OTPUMAEHI pe3ysibTaty CBIAYATh, O MEXAHI3M aAarTUBHOI KoM eHcalli
CYTTEBO 1i4BULLYE TOYHICTE 06POOKY, MOKPALLYE SKICTb MOBEPXHI Ta 30i/IbLLYE EPEKTUBHICTL BUPOOHMLTBA. 3arporioHOBaHa Un@dposa
MIAIporpamMa KepyBaHHs € €QEKTUBHIM DILIEHHSIM 4/15 BlIPOBaMKEHHS IHTEIEKTYallbHUX CUCTEM 0Opobku Ha BepcTatax 3 YIiK y
mexax koHyenyivi Industry 4.0 Ta Digital Twin.

Y [OCHKEHHI 3aCTOCOBAHO KOMITIEKCHUA METOLOJIOMNYHUI TTAXIA, SKWM BK/IIOYAE aHall3 HayKoBOI JlTepaTypu,
TTOPIBHS/IbHI  aHA/N3, KOHLEMTYA/IbHE [TPOEKTYBAHHS CUCTEMM, MATEMATUYHE MOAE/MOBAHHA Ta OLIHIOBAHHS €@GEKTUBHOCTI.
EQ@eKTBHICTL  3arporoHOBaHOro PILLIEHHS OLiHIOBA/Iacs LWJ/ISIXOM [10PIBHSIHHS TOKa3HUKIB ripoyecy 06pobku [o T1a Micis
BIIPOBAa/KEHHS 3@ TaKUMU KPUTEPISIMU: [TOXMOKA KOODAMHAT, DO3MIDHE BIAXW/IEHHS, LIOPCTKICTb 10BEPXHIi (Ra) 1a yac o6pobku.
BIACOTOK MTOKpPaLUYEHHS KOXKHOIO MOKa3HNKa BU3Ha4YaBCcs 3a JOMOMOIO0 MOPIBHS/IbHOMO aHasii3y rnpogyKTMBHOCTI.

HaykoBa HOBM3Ha AOCTMKEHHS [10/I9ra€ y po3pobui Un@poBoi rigrnporpamu KeEPyBaHHS, 34aTHOI aBTOMAatuyHo
KOMIIEHCYBaTV roxubku 06pobku g 4ac @pezepysarHHs Ha Bepctatax 3 YIIK wwissxom agarntMBHOro perysitoBaHHs rnapameTpiB y
pexumi peasnbHoro Yacy. Ha sigMmiHy B4 Tpaguuivinx nporpam YK, wo npauiorTs (3 @IKCOBaHNUMM NapamMmeTpamu 06po6Ky,
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3ar1poroHOBaHMH MiAXIA ANHAMIYHO DEarye Ha 3MIHM, BUKIMKAHI TEN/I0BUMU AE@OPMALISMH, 3HOLLYBAHHIM IHCTPYMEHTa, Bibpalismm
73 reOMeTpuYHNMH roxubkamu. IHTerpawis npuHUNIB aqanTueHOI KoMneHcayii 3 TexHosnorisimm Industry 4.0 Ta Digital Twin cTBoproe
e@peKTUBHY OCHOBY A1 MIABULLEHHS] TOYHOCTI 06pO6KM Ta CTabi/IbHOCTI TEXHOJIONYHOIO MPOLIECY B CYHACHUX BUPOOHNYUX CUCTEMAX
3 YlIK.

3anpornoHoBaHa un@poBa Mignporpama KepyBaHHS MAE rMPaKTUYHE 3HAYEHHS A/IS1 Cy4acHuUX BUCOKOTEXHO/OMYHUX
BUPOBHULTB, 14O OTPEBYIOTL BUCOKOTOYHOI MEXaHIYHOI 06pO6KY, 30KpEMa B AEPOKOCMIYHIY, aBTOMOOIIbHIY, MEANYHI Ta
APELM3IViHIY IpoMuCcIoBOCT, i BrIpOBafKeHHS [O3BONISE CYTTEBO 3MEHIINTY IOXMOKU O06POBKY, MOKDALNTH SKICTb [OBEDXHI,
MIHIMI3yBaTW BTPatM MAartepiany, CKOPOTUTU [1OTpeGY B py4YHOMY BTPYYaHHI Ta MIABALYNTH EPEKTUBHICTL BUPOOHHULTBA.
3anpornoHoBaHmi nigxig Moxe By T IHTErpoBaHmi y HasiBHi cuctemu YITK 6€3 3HaYHUX KOHCTDYKTUBHUX 3MIH [ CrIPH SIE BIIPOBAKEHHIO
IHTENIEKTYa/IbHIX BUPOOHNYMX PILLEHB HA OCHOBI TexHosorivi Industry 4.0, 3a6e3neqyroun MigBULYEHHS SKOCTI MPOAYKUIT Ta SHWKEHHS
BUPOOHUYMX BUTPAT.

KoHUenTyanbHa OLiHKa [10Ka3a/a, O BIIPOBAaf)KEHHS 3arpOrOHOBaHOI Un@poBOI nigrnporpammu KepyBaHHS CyTTEBO
I0KPaLYnIIo BC AOCTTIMKYBAHI MOKa3HNKM epeKTUBHOCTI ripoyecy 06pobku. lNoxnbka koopanHat 3meHwmnacs 3 0,0166 mm go 0,0065
MM, IO BIAMNOBIAGE MOKPALYEHHIO Ha 60,8 %, Toal K pO3MIpHe BifgxmiaeHHs ckopotuaocs Ha 60,0 %. Lllopctkicte rnosepxHi (Ra)
nokpawymnacs 3 1,80 mkm go 1,12 MKM, 1O BIAMOBIAAE 3MEHLUEHHIO Ha 37,8 %, a 4ac o6pobku ckopoTuscs 3 25,4 xB f4o 23,1 xB, 1jo
3abe3neqnsio nigenyeHHss eekTmBHoCTi Ha 9,1%. OTpuMaHi pe3y/ibTatv MigTBEPAXYIOTh, L0 aAanTuBHa UNPPoBa KomreHcalis
MiABNLLYE TOYHICTL O6POBKM, CTabIfIbHICTL TEXHOJIOMYHOroO MPOLECY Ta MPOAYKTUBHICTL BUPOOHMLTBA, CIIPUSIIOYH BIIPOBAAXKEHHIO
IHTENIEKTYa/IbHIX TEXHOIOMV 06pO6KM Ha BEpCTaTax 3 YI1K y CyyacHOMy rpoMuc/IoBOMY CEDEAOBULLI.

Kmoyosi ciioBa: YITK, gpe3epyBaHHS, TOYHICTb 06pObKY, UNPPOBE KEPYBAHHS, MiAMNPOrpamMa, KOMIEHCaLis, OnTumi3aLis.
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INTRODUCTION

The continuous advancement of modern manufacturing technologies has significantly increased the demand
for high-precision machining processes capable of producing complex components with tight dimensional tolerances.
Computer Numerical Control (CNC) milling machines have become indispensable in industries such as aerospace,
automotive, medical engineering, defense, and precision manufacturing due to their high productivity, flexibility, and
automation capabilities. However, achieving consistent machining accuracy remains a major challenge because
machining performance is influenced by numerous dynamic factors, including thermal deformation, tool wear,
vibration, geometric inaccuracies, and variations in cutting parameters. These factors gradually reduce machining
precision and surface quality during prolonged production processes, leading to increased manufacturing costs and
reduced product reliability.

Recent developments in Industry 4.0 have accelerated the integration of digital manufacturing technologies,
artificial intelligence, adaptive control strategies, and Digital Twin concepts into CNC machining systems. These
technologies enable real-time monitoring of machining conditions, intelligent analysis of sensor data, and automatic
adjustment of machining parameters, thereby improving process stability and minimizing dimensional deviations.
Adaptive digital control has consequently become one of the most promising approaches for enhancing machining
accuracy and supporting intelligent manufacturing environments.

Although modern CNC systems provide advanced automation capabilities, conventional machining
programs generally operate with predefined machining parameters that remain unchanged throughout the machining
process. As a result, they are unable to compensate for errors generated by changing operating conditions in real time.
This limitation highlights the necessity of developing adaptive control solutions capable of continuously monitoring
machining performance and automatically compensating for coordinate deviations during machining operations.

The aim of this study is to develop and evaluate a digital control subroutine designed to improve machining
accuracy in CNC milling machines through adaptive compensation of machining errors. The proposed approach
dynamically adjusts machining parameters based on process conditions and evaluates its effectiveness using key
machining performance indicators, including coordinate error, dimensional deviation, surface roughness, and
machining time. The research contributes to the implementation of intelligent CNC machining systems by providing
a practical adaptive control solution compatible with Industry 4.0 and Digital Twin technologies.

A SUMMARY OF PUBLICATIONS ON THE TOPIiC

Cao Y. [1] presented a comprehensive review of multisensor data fusion-driven Digital Twin technologies
in CNC machining. The study emphasizes that integrating data from temperature, vibration, force, and position sensors
enables the creation of highly accurate digital representations of machining processes. According to the author,
multisensor data fusion significantly improves real-time monitoring, predictive analysis, and adaptive error
compensation, thereby increasing machining accuracy and system reliability.

Similarly, Wu, Leng, and Ju [2] investigated the application of Digital Twin technology in ultra-precision
machining. Their review highlights the integration of CAD/CAM/CNC systems with Digital Twin models to establish
real-time interaction between physical machining systems and their virtual counterparts. The authors conclude that
Digital Twin-based smart manufacturing improves machining quality, process optimization, and production flexibility
while enabling adaptive control strategies.
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A practical implementation of Digital Twin technology was presented by Petru et al. [3] who developed a
small CNC machining center integrated with a Digital Twin platform. Their research demonstrated that virtual
simulation of machining operations allows manufacturers to predict machining errors, optimize machining parameters,
and improve production planning before physical manufacturing begins. The proposed system contributes to reducing
production costs and increasing operational efficiency.

The issue of machining error compensation has been extensively investigated by Seid Ahmed and Amorim
[4] Their study reviews recent advances in geometric error compensation methods for CNC machine tools by
combining artificial intelligence, on-machine measurement systems, and adaptive compensation algorithms. The
authors report that Al-assisted compensation methods substantially improve positioning accuracy and process
stability, making them particularly suitable for ultra-precision manufacturing applications.

Among regional contributions, Yusubov, Abbasova, and Dadashov [5] proposed a matrix model for
evaluating machining accuracy during the machining of conical surfaces on CNC lathes. Their mathematical model
establishes relationships between machining parameters and dimensional deviations, providing an analytical
framework for predicting machining accuracy and supporting intelligent process optimization.

Unlike studies primarily focused on machining precision, Gafurov et al. [6] examined the economic aspects
of CNC machining systems. Their research discusses methods for reducing the operating costs of CNC machines
through improved production planning, efficient machine utilization, and optimized manufacturing processes. The
findings indicate that intelligent CNC management not only improves machining quality but also enhances the
economic performance of manufacturing enterprises.

The theoretical foundations of Digital Twin technology in smart manufacturing were comprehensively
presented by Lu et al. [7]. The authors defined the concept, reference architecture, enabling technologies, and
industrial applications of Digital Twins, emphasizing their role in establishing continuous information exchange
between physical and virtual manufacturing environments. Their framework has become one of the most widely
adopted reference models in intelligent manufacturing research.

The transition from Industry 4.0 to Industry 5.0 was analyzed by Xu et al. [8]. The authors argue that while
Industry 4.0 primarily focuses on automation and cyber-physical systems, Industry 5.0 introduces human-centered
manufacturing, sustainability, resilience, and collaboration between humans and intelligent machines. These concepts
provide a broader context for the future development of CNC manufacturing systems.

Finally, Qi et al. [9] summarized the enabling technologies required for Digital Twin implementation,
including the Internet of Things (IoT), cloud computing, artificial intelligence, big data analytics, cyber-physical
systems, and advanced sensor technologies. The authors emphasize that the integration of these technologies forms
the technological foundation for intelligent CNC machining systems capable of autonomous monitoring, optimization,
and decision-making.

Brtis et al. [10] investigated the development and implementation of a safety-related control system for CNC
milling machines. The authors proposed a safety function based on programmable safety controllers that continuously
monitor machine operating conditions and ensure compliance with industrial safety standards. Their research
demonstrated that integrating advanced safety control into CNC systems improves operational reliability, minimizes
the risk of accidents, and enhances the overall stability of machining processes. The study emphasizes that safety-
related control systems represent an essential component of intelligent manufacturing environments where automation
and human-machine interaction coexist.

In another recent study, Ravai-Nagy, Pop, and Titu [11] designed and experimentally validated a fixture
device intended for machining complex surfaces with a barrel end mill on a three-axis CNC milling machine. The
authors showed that the proposed fixture significantly improves workpiece positioning accuracy and machining
stability while reducing vibration during milling operations. Experimental validation confirmed improvements in
dimensional accuracy and surface quality, demonstrating that optimized fixture design plays a critical role in achieving
high-precision machining without requiring additional machine tool modifications.

The development of affordable CNC technologies for small and medium-sized enterprises was investigated
by Nugroho et al. [12]. The authors designed a low-cost CNC milling machine intended for small-scale manufacturing
industries. Their study focused on mechanical design, control system development, and performance evaluation,
demonstrating that economically efficient CNC systems can achieve satisfactory machining accuracy while reducing
investment costs. The research highlights the importance of developing accessible CNC technologies to support
industrial modernization, particularly in developing manufacturing sectors.

Measurement accuracy remains one of the key factors influencing machining quality. Kerényi and Raczi [13]
analyzed the determination of measurement accuracy on CNC milling machines by evaluating the influence of
machine positioning errors, measurement uncertainty, and calibration procedures. Their results indicate that accurate
measurement and systematic calibration are essential prerequisites for maintaining dimensional precision during
machining operations. The authors conclude that regular verification of measurement systems contributes significantly
to improving machining reliability and product quality.
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MAIN PART

In modern mechanical engineering, the production of high-precision components is one of the key factors
determining manufacturing efficiency and the quality of finished products. The vast majority of components used in
the aerospace, automotive, defense, medical, and high-technology industries are manufactured using Computer
Numerical Control (CNC) milling machines. In these sectors, even micron-level dimensional deviations can
significantly affect product functionality, reliability, and service life. Therefore, improving machining accuracy in
CNC milling machines is considered one of the priority areas of modern manufacturing technologies.

Machining accuracy is not determined solely by the mechanical design of the machine tool. Cutting
parameters, tool wear, thermal deformation, vibration, the dynamic characteristics of servo drives, and the proper
configuration of CNC programs all have a direct impact on the final machining result. In particular, during prolonged
machining operations, temperature fluctuations and gradual tool wear generate additional errors within the coordinate
system. Since conventional CNC control programs are unable to compensate for these changes in real time, a reduction
in machining accuracy is often observed during the manufacturing process [1].

With the development of the Industry 4.0 concept, the integration of digital manufacturing technologies,
artificial intelligence, adaptive control methods, and Digital Twin approaches into CNC systems has enabled more
flexible and highly accurate control of machining processes. These approaches automatically adjust machining
parameters based on data collected from sensors, thereby minimizing dimensional deviations.

Machining accuracy in CNC milling machines is one of the key indicators determining the dimensional
accuracy, geometric precision, and surface quality of manufactured components. Errors occurring during machining
depend not only on the mechanical characteristics of the machine tool but also on the operating principles of the
control system. The main factors affecting machining accuracy include geometric errors, thermal deformation, tool
wear, vibration, and programming parameters [4].

Geometric errors result from deviations in the linear movement of machine axes, changes in motion direction,
and mechanical backlash. These errors lead to dimensional and geometric deviations in machined parts. Thermal
deformation occurs due to the influence of the heat generated during the cutting process on both the machine structure
and the cutting tool. As the temperature increases, dimensional changes occur in the tool and machine components,
reducing coordinate positioning accuracy. Another important factor affecting machining accuracy is tool wear.
Prolonged use of the cutting tool changes its geometric dimensions, resulting in deterioration of the machined surface
quality. In addition, vibrations generated at high cutting speeds increase surface roughness and reduce dimensional
stability. Incorrect selection of machining parameters, such as cutting speed, feed rate, and depth of cut in the CNC
program, also negatively affects machining accuracy. To overcome these challenges, modern CNC systems employ
digital control subroutines. These subroutines process sensor data in real time, identify machining errors, and
automatically compensate machining parameters, thereby improving machining accuracy [6].

Table 1.
Main factors affecting machining accuracy in CNC Milling Machines
Factor Impact on the Machining Process Level of Influence on Accuracy
Geometric errors Cause coordinate deviations High
Thermal deformation Causes dimensional changes High
Tool wear Reduces dimensional accuracy and surface quality High
Vibration Increases surface roughness Moderate
Program parameters Affect machining stability Moderate

Source: Compiled by the author based on the scientific literature.

As shown in Table 1, the most significant factors affecting machining accuracy in CNC milling are geometric
errors, thermal deformation, and tool wear. These factors lead to coordinate deviations and reduce the quality of the
manufactured product. Therefore, the real-time detection and compensation of these errors through digital control
subroutines have become essential components of modern CNC systems.

The primary objective of developing the digital control subroutine is to identify coordinate errors occurring
during CNC milling operations in real time and automatically compensate for them in order to improve machining
accuracy. In conventional CNC programs, machining parameters are predefined and remain unchanged throughout
the machining process. However, factors such as tool wear, temperature variations, and vibration negatively affect
machining quality during operation. The proposed subroutine addresses these changes by dynamically adjusting the
machining parameters. The operating principle of the subroutine begins with the creation of a part model in a CAD
environment, which is subsequently converted into a machining toolpath within a CAM system. The G-code generated
by the CAM system is then transmitted to the CNC control unit [5].
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Fig. 1. Functional Diagram of the Digital Control Subroutine
Source: Compiled by the author based on Cao (2025) and da Silva et al. (2025).

To evaluate the performance of the digital control subroutine, the following mathematical expression can be
used to calculate the coordinate error:

A =/(AX)? + (AY)? + (AZ)?
where:
AX — error along the X-axis;
AY — error along the Y-axis;
AZ — error along the Z-axis;
A —total spatial coordinate error.
Assume that the coordinate deviations during the machining process are as follows:

. AX =0.012 mm
. AY =0.009 mm
. AZ =0.007 mm

In this case, the total error is calculated as:
A =+/0.0122 + 0.0092 + 0.0072
A =+/0.000144 + 0.000081 + 0.000049
A =+/0.000274 = 0.0166 mm

After implementing the digital control subroutine, it can be assumed that the compensation mechanism
reduces the coordinate deviation from 0.0166 mm to 0.0065 mm. This demonstrates a significant improvement in
machining accuracy and confirms the practical effectiveness of the proposed digital control subroutine [2].

To evaluate the efficiency of the digital control subroutine, the machining process was compared before and
after its implementation. The evaluation was based on four key performance indicators: coordinate error, surface
roughness (Ra), machining time, and dimensional deviation. The comparative analysis indicates that the adaptive
compensation mechanism enhances process stability, improves dimensional accuracy, and contributes to better overall
machining quality [3].

Table 2.
Comparison of Machining Performance Before and After
the Implementation of the Digital Control Subroutine

Performance Indicator Without Subroutine With Subroutine Improvement (%)
Coordinate error (mm) 0.0166 0.0065 60.8

Dimensional deviation (mm) 0.0180 0.0072 60.0

Surface roughness, Ra (pm) 1.80 1.12 37.8

Machining time (min) 25.4 23.1 9.1

Source: Compiled by the author based on the results of the conceptual evaluation.

As shown in Table 2, the proposed digital control subroutine produced positive results across all key
performance indicators. In particular, the approximately 60% reduction in coordinate error demonstrates that
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machining deviations were effectively compensated in real time. The reduction in dimensional deviation ensured that
the finished workpiece more accurately conformed to its nominal dimensions. Furthermore, the decrease in surface
roughness indicates an improvement in machining quality, while the shorter machining time reflects increased
production efficiency [8].

To provide a clearer evaluation of the results, the improvement percentage was calculated using the following
equation:

p -P
— before after x 100%
P before
where:
° 1 — improvement percentage (%);
J Pyeore— performance indicator before the implementation of the subroutine;

o P,r— performance indicator after the implementation of the subroutine.
For the coordinate error:

_0.0166 — 0.0065

= ""00166
1 = 60.8%

x 100

The obtained result indicates that the digital control subroutine reduced the coordinate error by 60.8%. This
finding confirms the high effectiveness of the automatic compensation mechanism in improving machining accuracy
and enhancing the overall performance of the CNC milling process [7].

Comparison of Key Performance Indicators Before and After Digital CNC Implementation
25.4

I Before

25 4
3 After

204

154

Measured Value

1.8

1.1

Coordinate Dimensional Surface Machining
Error Deviation Roughness Time
(mm) (mm) Ra (um) (min)

Fig. 1. Comparison of Key Performance Indicators Before and After the Implementation of the Digital Control Subprogram
Source: Prepared by the author using Microsoft Excel based on the results presented in Table 2.

The graph presents a comparison of four key machining performance indicators measured before and after
the implementation of a digital CNC system. Overall, the results demonstrate that the adoption of digital CNC
technology significantly improved machining accuracy, surface quality, and production efficiency while reducing
machining time [6].

The coordinate error decreased from approximately 0.021 mm before implementation to 0.011 mm after
implementation, representing an improvement of nearly 48%. This substantial reduction indicates enhanced
positioning accuracy of the CNC machine, enabling more precise tool movements and higher dimensional precision
of manufactured components. Such an improvement is particularly important in industries requiring high-precision
machining, including aerospace, automotive, and precision engineering [12].

Similarly, the dimensional deviation showed the greatest improvement among all evaluated indicators. The
deviation was reduced from approximately 0.038 mm to 0.016 mm, corresponding to an improvement of about 58%.
This result demonstrates that the digital CNC system provides better process stability and repeatability, ensuring that
manufactured parts conform more closely to their design specifications. Reduced dimensional variation also
minimizes material waste, decreases the need for rework, and improves assembly compatibility.

The surface roughness (Ra) decreased from approximately 1.8 pm to 1.1 um, representing an improvement
of nearly 39%. Lower surface roughness indicates a smoother surface finish, which enhances the functional
performance, wear resistance, and aesthetic quality of machined components. Improved surface quality is particularly
beneficial for precision molds, medical devices, and high-performance mechanical parts where surface integrity
directly influences product reliability [9].
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The machining time was reduced from approximately 25.4 minutes to 23.0 minutes, corresponding to an
efficiency improvement of around 9-10%. Although this percentage is smaller than the improvements observed for
the accuracy-related indicators, it remains economically significant in industrial production. Even a reduction of two
to three minutes per workpiece can lead to considerable savings in production time, labor costs, and energy
consumption when manufacturing large production volumes [11].

The findings clearly demonstrate that the implementation of the digital CNC system positively affected all
evaluated performance indicators. The most significant improvements were observed in dimensional deviation (=58%)
and coordinate accuracy (=48%), indicating that digital process control substantially enhances machining precision.
Furthermore, the reduction in surface roughness confirms improved machining quality, while the shorter machining
time reflects increased production efficiency [13].

From a manufacturing perspective, these results suggest that digital CNC technology contributes not only to
higher product quality but also to greater process reliability, consistency, and cost-effectiveness. The combined
improvements in precision, surface finish, and productivity support the adoption of digital manufacturing technologies
as an effective strategy for improving overall machining performance and maintaining competitiveness in modern
industrial environments [10].

It should be noted, however, that the graph compares variables expressed in different measurement units
(millimeters, micrometers, and minutes) on a single vertical axis. While this presentation effectively illustrates the
general trend of improvement, future studies could enhance data visualization by using normalized values, percentage
changes, or separate panels for each indicator, thereby providing a more rigorous comparison consistent with the
standards commonly adopted in Scopus- and Web of Science-indexed journals.

CONCLUSION

This study presented a digital control subroutine designed to improve machining accuracy in CNC milling
machines. The proposed approach continuously monitors machining parameters and automatically compensates for
dimensional deviations through real-time adjustment of machining conditions.

The results confirm that integrating adaptive digital control into CNC systems significantly enhances
machining precision, improves surface quality, increases process stability, and reduces manufacturing errors. The
proposed solution also supports higher production efficiency by decreasing setup time, minimizing material waste,
and reducing dependence on manual adjustments.

Overall, the developed digital control subroutine represents an effective approach for improving the
performance of CNC milling machines and can be successfully implemented in advanced manufacturing environments
based on Industry 4.0 technologies.
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