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Abstract

One of the issues in manufacturing is implementing the standard for the exchange of product data-numerical control (STEP-
NC) data interface model on computer numeric control (CNC) machines. The most often used STEP-NC programming
techniques for this implementation are indirect, interpreted, and adaptive. Because of the ease of integration with existing
control systems, the performance of the interpreted method was noticeably superior to that of the indirect and adaptive
approaches. This concept has resulted in the creation of several tools, systems, designs, algorithms, and methods. In this
study, a new STEP-NC implementation system has been created, in which the interpretation has been done using entity-plus
string-based (double layer) for more precise data extractions, the tool paths system can create facing, pocket, drill, bore, ream,
countersink, side, slot, and contour operations, the output file generation system can create output as per interpreted and hybric
programming approaches, and the execution system can handle multi-threaded operations. To enhance the overallinterpretatior
system and automate implementation by reducing manual intervention, an expert system has also been incorporated. The
STEP-NC part 21 examples 1 and 2 part programs were manufactured on the CNC prototype to validate the technology. The
creation of the system, the design of the algorithm, the experimental verification, the conclusion, and the future suggestions
are described in the paper’s content.

Keywords STEP-NC. ISO 14649 STEP-NC implementationCNC expert system

1 Introduction one-way communication from CAD/CAM to CNC, being
unable to incorporate smooth convergence between CAD-
The CNC unit's ability to generate, parse, and execut€€ AM-CNC, having extremely large and difficult to manage
sequential control has made it an indispensable part of therograms, and having difficulty accommodating last-minute
production process ever since its inception. The usage of pechanges on the shop floor [2]. Over the years, many man-
sonal computers and CAD/CAM programs is crucial to thisufacturers have extended G codes with new supplementary
innovation. It has seen extensive use across many differeabmmands to provide new features to their systems. These
sectors, each employing its unique controller and implemeraugmentations are not part of ISO 6983. As a result, G code
tation strategy. There was arise in the 1970s and 1980s in thecomes more machine-specific due to the component pro-
need for CNC systems to be flexible. Since CNC machinegrams’ effect on computer interoperability][
can be easily re-programmed to manufacture a wide variety Inorderto address these concerns, ISO 10303, or the stan-
of components, they have become an invaluable tool for gairdard for the exchange of product data, was developed in
ing insight into the current state of modular manufacturingl994, revised in 2021, and will be replaced with ISO/DIS
[1]. Scalable CNC systems’ development did reveal som&0303-1 [3]. This standard aims to offer an open-source
shortcomings in the 1ISO 6983 data interface model, sucmethodology for characterizing commodity data at all stages
as the following: providing limited data to CNC, shifting of its existence. The information interchange between CNC
machines and CAM systems has been facilitated by 1SO
X Kamran Latif 10303, which also increased interoperability between CAD
kamran@ftv.upsi.edu.my; engr.kamranqureshi@gmail.com devices. To bring the advantages of STEP to CAM and CNC,
Extended author information available on the last page of the article the International Organization for Standardization (ISO)
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published 1ISO 14649 (formerly known as STEP-(humericatontains metadata like the file’s title, creator, modification
control) NC) in 2004 [4]. As a follow-up to ISO 10303, date, and owner. In contrast, the DATA part has everything
ISO 14649 provides further guidelines regarding CAM andyou need to know about production processes and geomet-
CNC. STEP-NC standard enables the seamless integration€al specifications. The next subsections elaborate on the
design, engineering, and manufacturing processes by provi¢dements of this section: work plan or executables, technol-
ing a common language for data exchange between variowgyy description, and geometry description. The work plan
systems and processes. It makes it possible for computedletails a predetermined sequence of manufacturing actions
aided systems (CAx) based on STEP to work in tandenor directions. There could be data on the workpiece in this
with CNC machines. “Design, manufacture, and supporsection as well. Procedure stages, NC functions, and code
everywhere” is the goal of the standard for the exchangstructures are all examples of executables. The work plan’s
of product data-numerical control (STEP-NC)].[ Next-  essential executables define the 2.5D and 3D regions of the
generation sophisticated and flexible CNC systems will benanufacturing features. Sub-features, such as pockets, slots,
possible with the foundation laid by 1SO 14649 by offer- and round holes, with a cutting condition environment are
ing a standardized data model for the exchange of produetiso part of each working stage. The DATA section’s tech-
and process data in the manufacturing industry. In ordenological description includes information on the tool used,
to create a smart, connected, and productive manufacturirtge machining technique employed, the workpiece’s defini-
environment in Industry 4.0, it is essential to incorporatetions, the drilled hole’s depth, the feed rate, the spindle speed,
cutting-edge technologies into the manufacturing process&nd the tool’s diameter. However, the geometry description
such as the Internet of Things (loT), artificial intelligenceis comprehensive, detailing all geometry data employed by
(Al), and data analytics. However, a common language fothe components as per the ISO 10303 forrba6]. Figurel
data exchange between various systems and processes is nagpicts the overall STEP-NC file structure.
essary for this integration. In order to facilitate the seamless The implementation of STEP-NC faces a number of diffi-
exchange of data between various systems and processesilties, including interoperability, standardization, adoption,
STEP-NC offers this common language. This enables theomplexity, integration with current systems, data manage-
development of a digital thread connecting every phase ahent, and cost. Due to STEP-unconventional NC's data
the product lifecycle and serving as a single source of trutistructure, integrating it into CNC systems presents a new
for product data and information. set of challenges. STEP-NC data interface concept was con-
The STEP-NC data model is broken down into two dis-verted into ISO 6983 to improve its initial performance on
tinct parts: the HEADER and the DATA. The HEADER CNC machines;thistechniqueisknown astheindirect STEP-
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Fig.1 Structure of STEP-NC part 21 physical file
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NC programming approach [7]. Multiple iterations of the machine are the main pillars of this field, which are also
system have been created using this method, some of whigddressed in this study. The scientific contributions of this
are included in Tabl&. These implementations conclude thatstudy in comparison ta?§, 34] are as follows: the interpre-
this translation is insufficient to accomplish the goal of thetation system is enhanced from an entity-based to entity-plus
STEP-NC; hence, a different approach should be employedtring-based (double layer) for more accurate data extrac-
The following method relies on interpretation tools to read tions; the tool paths system is upgraded to facing, pocket,
analyze, interpret, and generate tool paths from STEP-NG@rill, bore, ream, countersink, side, slot, step, and contour
files; this technique is known as the interpreted STEP-N@rocesses; the output file generation system is able to gener-
programming approach]-tallowed STEP-NCto be imple- ate interpreted and hybrid programming approaches output
mented on CNC machines with greater efficiency. Manyfile; and the execution system can execute interpreted and
other systems have been implemented using this methotdybrid representations. Along with that, the entire inter-
some of which are included in Table and explained in pretation system has been enhanced with expert system to
details with comparison irg]. automate and streamline the implementation by reducing the
Due to its integration with current control systems, themanual intervention.

STEP-NC interpretation technique is widely used. Addition- This research presents a novel method for the STEP-
ally, this connection offers a variety of customization optionsNC implementation system using a virtual component
In this method, software tools restructured the input datdechnology-based expert system. The distinctive aspect of
to match the internal hardware structure. Remember thdhis strategy is that it provides two different means of
this interpretation is not a G code to STEP-NC conversionSTEP-NC implementation: interpreted and hybrid via expert
This concept has been put into practice by creating variousystem. The STEP-NC programming approach described
interpretation tools, systems, designs, algorithms, and procé: [7] provides the interpreted method foundation. The
dures. Data extraction, interpretation, and execution on thiybrid, however, mixes interpreted and indirect STEP-NC

Table 1 Summary of STEP-NC implementation on CNC machine

Indirect STEP-NC systems Interpreted STEP-NC systems

Aydin et al. [9, 2006, Siemens 840D system for three-axis milling[10], 2006, PC and PCI7212c system with analog and digital input—
machine developed in JAVA output features. Developed in C for three and five-axis control

Lee et al. L0, 2006, PC and PCI7212c system with analog and digita[11], 2007, PC-based Embedded microcontroller RCM 3700 Linux
input—output features. Developed in C for three and five-axis control CNC system developed in C for three and five-axis motion control
Kramer Thomas et al. [J22006, FBICS CNC for three-axis milling [13], 2008, PC-based CNC system for three-axis motion control. Devel-
machine. Developed in C with ST developer and rose library oped in PLC, C with ROSE and STIX library

Minhat et al. 4], 2009, Linux PC-based EMC for three-axis motion [15], 2011, OWL and Neural Network-based Linux RTAI system
control. Developed by utilizing JAVA and functional blocks

Sivakumar and Dhanalakshmi [162013, FANUC CNC-based [17], 2012, PC and microcontroller-based three-axis CNC prototype
XLTURN controller for the two-axis lathe developed in JAVA

Minhat et al. L4], Linux CNC for three-axis motion control. Developed [18], 2014, HIT-CNC system for three-axis milling machine. Developed
in C, STEP-NC modular, and adopter in C with CAD/CAM systems

Zhang et al. [1 2013, Java-based Siemen 840 D controller for threef20], 2015, PC, PLC, servo, and Ethernet-based three-axis milling sys-
axis milling machine tem. Developed with C, PLC, and EtherCAT

Benavente et al. [412013, Siemens Sinumerik 840 Di with Server sys-[22], 2016, an OMAC-based CNC system build with EXPRESS and
tem for three-axis motion control. Developed in JAVA and ST developekernel

Elias et al. R3], 2014, PC-based universal machine interface for threef24], 2017, PC-based machine motion control system for three-axis ATC
axis milling machine. Developed in JAVA with ST developer andCNC milling machine. Developed in LabVIEW

LabView

SaSa and Glavormi[25], 2014, FANUC LOLA with HMC500 machine [26], 2017, Visual Studio-based Closed-loop STEP-NC system
control system for two and three-axis

Ivares et al. [2], 2016, Glade JAVA-based Linux CNC for motion con- [28], 2018, ASEA IRB6-S2 based machine control system

trol

Shin et al. [29, 2016, JAVA prime-based Virtual Machining Model [30], 2019, EXPRESS-based EtherMAC two-axis machine motion con-
(STEP2M) for two-axis motion control trol system

Ye et al. B1], 2018, OWL, JAVA, and MapReduce-based PC CNC sys{32], 2021, IEC61499-based STEP-NC motion control system

tem

Liu et al. [33, 2019, Graphtec CNC
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Fig.2 STEP-NC implementation approaches

programming techniques. FiguPgorovides an overview of system is to enable automated decision-making capabilities
all STEP-NC programming techniques. However, an expetin STEP-NC data mining, tool path generation, and machine
system applies STEP-NC by processing and interpretingxecution technique. The ISO 14649 data interface model is
STEP-NC data using its knowledge base and reasoningiined for its useful information in the mining phase so that it
abilities. For the purposes of enabling data analysis, procan be used in the generation phase during tool path creation.
cess planning, and decision-making, an expert system iBhe output phase entails the organization of the created tool
trained to comprehend the STEP-NC standard and its applpathways into machine-executable code, which is then run
cation. By considering variables like material properties,on the actual machine in the execution phase. Figulias-
tooling, operations, processes, interpretations systems, atrétes how the mining, generation, and output phases are used
machine capabilities, the system uses its knowledge to detdr the expert system’s design. The expert system approach
mine the most effective STEP-NC programming approachbegins by collecting information on CNC machining opera-
to manufacture the part. The further content includes systemions, manufacturing parameters, machining scenarios, part
development, algorithm design, experimental validation, thggeometries, tooling options, machining strategies, and other
paper’s conclusion, and future recommendations. information. The mined data is analyzed to find the perti-
nent features or parameters for the decision-making process,
such as toolpath details, feed rate, spindle speed, tool spec-
ifications, and part geometry. Following feature recognition
and data mining, rule-based systems structure the mapping

The mining, generating, output, and execution stages maiQ gathered d?ta ar?d rcljomainl knowleg?er.] Tr? crelatg a \;]a_”d
up the expert system. The primary function of an expertSTEP'NC tool path, these rules establish the relationships

2 Expert system
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Fig.3 Expert system design
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between the input features and the desired output. The rulestity represents a different aspect of the product model data,
are currently defined manually, but in the future, machinesuch as geometric shapes, machining operations, toolpaths,
learning algorithms will be utilized. and material properties. The data extraction process typically
involves parsing the STEP-NC file, identifying the relevant
entities, and extracting the data from each entity. Whereas in
the string-based data extraction, the process of extracting data

The ISO 14649 datainterface model code is first parsed by tHeom a STEP-NC file is carried out by reading and parsing the
data mining a|gorithm' which he|p5 to assure the integrity ofstring-based representation of the data in the file. In a STEP-
the data by ensuring that the data is consistent and error-fré¥¢C file, data is stored in an ASCII text format, with each line
and by deleting duplicates. The mined data is used to train thef the file representing a different aspect of the product model
expert system. The entire data extraction process is carrigita. The data extraction process typically involves reading
outin two layers, namely, entity-based extraction and stringthe string-based data from the file, extracting the data into its
based extraction. In the entity-based data extraction, a STEPOMponent elements.

NC file is broken down into its component entities, each

2.1 Mining
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The entity-based approach is designed to begin by looKecation, depth, axis, and the reference direction. Last but not
ing for entity number (#1), which serves as the project data’¢east, information about the cutting tool, machining technol-
entry point. The algorithm will take the entity number’s (#1) ogy, machine function, and machining strategy is transferred
whole data and separate it into entity numbers and entity dafeom the extraction of the finishing process entity string. After
tokens. When all of the data has been extracted, as illustratedl relevant information has been extracted, the algorithm
in Fig. 4, the extracted entities will be searched once agaithen generates a data cluster for each machining process.
to yield further data. The entity-based technique’s specific¥hen, the data clusters of entity-based and string-based are
are described in34], whereas the string-based is explainedmatched together to authenticate the data. In the case of com-
here. The input STEP-NC code’s general information camplete data match, the cluster data is merged as a single data
be found in the header section, while geometry, topologyand parsed to train the expert system, and later to be used in
tooling, and machining information can be found in the datahe subsequent generation of tool paths. Figusaows the
section. Therefore, the algorithm divides the header and dataverall structure of the algorithm design used in this stage.
sections into separate files. From them, the algorithm sortSigures4 and5 make the difference between these two meth-
the information about the workpiece and the work plan enti-ods very clear. The ISO 14649 data contains entity strings
ties string separately and then also looks for the project entitgworkpiece, work plan, etc.) as well as entity numbers (#13,
string within the data section. Information about the material#14 etc.). The entity-based data extraction method uses entity
material properties, and clamping positions is then extractedumbers to find and extract the data. In contrast, the string-
from the workpiece entity string. The working steps data ishased approach extracts data by adhering to entity strings.
accessed by removing the work plan entity string, which is
ther_l split into the entity ;tr_lng_s for the security plane, thez.2 Generation
cutting process, and the finishing process. Data on the secu-

rity plane’s elementary surface, axis placement, location, an‘f’lhe cluster information is used by the generation algorithm

reference direction can be gleaned from its entity string b¥o produce tool paths that can be executed automatically.

further extracting it. The cutting process entity string extraC-rpis section introduces a few of the many algorithms

tion gleans data on the workpiece, finishing process, XlFsed to generate tool paths. The developed expert system
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first decomposes the cluster information into its constituen2.2.2 Drill, bore, counter sink, and ream

parts, such as geometry, location, depth, profile, tool, and

machining classes, before it can be processed into tool pafbata on the location, depth, profile, and machining of drills,

algorithms. Once the tool paths are created, the expert systdmres, reamers, and counter sinks are retrieved from the clus-

optimizes the machining time based on the concept presentéel and compared with data on the corresponding holes to

in [35]. determine the algorithm’s tool path strategy. The system will
use a circle mill strategy if the tool diameter is smaller than
the hole diameter. However, when basic drilling is appropri-

2.2.1 Facing and pocket operation ate, it is used. Figur@ shows the developed system design

and working mechanism.
The cluster provides the algorithm with information on the

facing and pocket operations, including location, depth, pro-

file, and machining data. Based on this information, the

expert system determines the optimal tool position (inside2.2.3 Side, slot, step, and profile contour

center, outside) and cutting strategy for the geometry. The

expert system can generate the existing facing and pock&he algorithm constructs the tool paths by retrieving the
tool path in three ways: zigzag, one-way, and contour. Théocation, depth, profile, and machining data from the clus-
algorithm will begin constructing tool paths based on clusteter and applying it to the side, slot, step, and contour results.
information after these selections and perform optimizationin order to guarantee complete material removal, the sys-
at the end. The jargon used in this procedure is depicted item optimizes geometrical and profile data to determine the
Fig. 6. proper amount of overlap in the process profiles. Figlire
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Fig.7 Dirill, bore, counter sink, and ream generation

depicts the framework used by the algorithms underlyingnstructions is not enough to complete the task, the expert

these procedures. system creates a hybrid code to do it. The output code is gen-
erated in a mix of indirect and interpreted formats specified
2.3 Output by the expert system.

This stage follows tool path generation and converts th@.4 Execution

resulting data into code that can be run on a CNC machine in

accordance with 1ISO standards. The two distinct machineburing this stage, the algorithm examines the code in its
executable code types that the expert system can generate arachine-readable form. The process of deciding which
interpreted and hybrid. The information in the interpretedmethod to use in implementation will begin once it has been
code is in the special format required to run the machinedetermined that the code can be run on the target machine.
using coordinates. This translation is illustrated by the codeslgorithms use an interpreted approach-based machine exe-
depicted in the tool paths in Figs, 6, and7. The developed cution system if their output code is written in that style.
CNC prototype used it to carry out actual machine execuThe algorithm will similarly decide on indirect or hybrid
tion; this is discussed in greater detail in the experimentaiachine execution strategies. The hybrid strategy is uti-
study section. Indirect and interpreted forms come togethdized by the algorithm if certain functionality is outside
to form a hybrid code. When using just indirect or interpretedthe scope of the interpreted approach which will combine
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Fig. 8 Side, slot, step, and Contour, Side, Slot, and Step
profile contour generation
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the indirect and interpreted methods for tool path buildingtool receives the machine-executable data and updates the
After this decision is made, the information pertaining toshop floor while the machine is operating. Through the use
the various cuts is separated so that the cutting process caha human-machine interface (HMI), the device can be run
be completed without interference from other cuts. A pro-automatically by a computer and manually by a human oper-
gram stores the data and transforms it into blocks, which arator. The visual simulator and machine monitoring tools are
then used as input by the communication and feedback practivated when the code is run, providing live streaming
gram. These blocks contain the entire manual for buildingf the cutting process alongside sensor data. The execu-
the machine. The communication tool initiates the connection system only feedbacks the machine-executable data for
tion between the execution system and machine hardware sthop flour editing, whereas the sensor data is used for live
perform motion control operations. The appropriate parts ofnonitoring only. This feedback of information is limited to
the machine are informed of things like axis motion, cuttingexecution system; it is not feedback to expert system. The
tool, spindle, and feed. Meanwhile, the data is sent back towchart for the algorithm used in the execution is shown in
the executable application for tracking purposes. The editdFig. 9.
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Fig.9 Execution system algorithm design

3 System interface All control buttons can also be used to manually operate the
machine instead of having it read commands from the input

As can be seen in FiglO, the system has two primary code.

user interfaces: generation and execution. There are tabs

labeled “interpreter,” “simulator,” and “toolpath” in the

generation interface. Data mining, tool path generationg Experimental validation

machine-executable code, and code modifications are the

main features of the interpreter tab. Comparatively, therpe developed system was put to the test on a STEP CNC
simulator tab edits the generated code and runs graphica}ototype using the Part 21 examples 1 and 2 programs. The
simulations in 2D and 3D. Detailed information about thepototype consists of a motion control card, microcontrollers,

cutting process is available in the toolpath tabs and can bgstepper motor, a spindle, motor drivers, and a custom circuit
used for in-shop tweaking. Jog, start, stop, pause, single Stefyard. The code for the motion control boards is based on
home, reset zero, return to zero, soft reset, configurationsrtyal component technology and the concept of execution
clear alarm, spindle, video stream, and capture are some fegryorithm. Face, pocket, and drill procedures are all presentin
tures available through the execution interface. The tool patfhe first test file. Cutting operations such as facing, drilling,

datais automatically uploaded into the execution system,aqgormg' tapping, pocket, slot, t-slot, and step are all repre-
the cutting process is initiated upon pressing the start buttogented in the second STEP-NC sample file. The example
because the generated code already contains all the necessge/ \was executed in two case studies based on the inter-
information about the machine setup and cutting procesgyeted and hybrid approaches. In the interpreted approach, all
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manufacturing operations were directly executed by the exeshown in Figlla. The tool path generation by the expert sys-
cution system, whereas, to test the hybrid system pocket, sidem was found to be satisfactory as the manufactured parts are
side, and contour operations were disabled from the systethe same in design and dimension in both cases. Fitjlive
database so the expert could generate the hybrid code. TeRows the manufactured parts and the entire experimental
simulation outcomes for the two cases discussed above apeocess. The successful manufacturing of the parts validates
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