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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 hybrid
programming approaches, and the execution system can handle multi-threaded operations. To enhance the overall interpretation
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.
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1 Introduction

The CNC unit’s ability to generate, parse, and execute
sequential control has made it an indispensable part of the
production process ever since its inception. The usage of per-
sonal computers and CAD/CAM programs is crucial to this
innovation. It has seen extensive use across many different
sectors, each employing its unique controller and implemen-
tation strategy. There was a rise in the 1970s and 1980s in the
need for CNC systems to be flexible. Since CNC machines
can be easily re-programmed to manufacture a wide variety
of components, they have become an invaluable tool for gain-
ing insight into the current state of modular manufacturing
[1]. Scalable CNC systems’ development did reveal some
shortcomings in the ISO 6983 data interface model, such
as the following: providing limited data to CNC, shifting
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one-way communication from CAD/CAM to CNC, being
unable to incorporate smooth convergence between CAD-
CAM-CNC, having extremely large and difficult to manage
programs, and having difficulty accommodating last-minute
changes on the shop floor [2]. Over the years, many man-
ufacturers have extended G codes with new supplementary
commands to provide new features to their systems. These
augmentations are not part of ISO 6983. As a result, G code
becomes more machine-specific due to the component pro-
grams’ effect on computer interoperability [1].

In order to address these concerns, ISO 10303, or the stan-
dard for the exchange of product data, was developed in
1994, revised in 2021, and will be replaced with ISO/DIS
10303-1 [3]. This standard aims to offer an open-source
methodology for characterizing commodity data at all stages
of its existence. The information interchange between CNC
machines and CAM systems has been facilitated by ISO
10303, which also increased interoperability between CAD
devices. To bring the advantages of STEP to CAM and CNC,
the International Organization for Standardization (ISO)
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published ISO 14649 (formerly known as STEP-(numerical
control) NC) in 2004 [4]. As a follow-up to ISO 10303,
ISO 14649 provides further guidelines regarding CAM and
CNC. STEP-NC standard enables the seamless integration of
design, engineering, and manufacturing processes by provid-
ing a common language for data exchange between various
systems and processes. It makes it possible for computer-
aided systems (CAx) based on STEP to work in tandem
with CNC machines. “Design, manufacture, and support
everywhere” is the goal of the standard for the exchange
of product data-numerical control (STEP-NC) [1]. Next-
generation sophisticated and flexible CNC systems will be
possible with the foundation laid by ISO 14649 by offer-
ing a standardized data model for the exchange of product
and process data in the manufacturing industry. In order
to create a smart, connected, and productive manufacturing
environment in Industry 4.0, it is essential to incorporate
cutting-edge technologies into the manufacturing process,
such as the Internet of Things (IoT), artificial intelligence
(AI), and data analytics. However, a common language for
data exchange between various systems and processes is nec-
essary for this integration. In order to facilitate the seamless
exchange of data between various systems and processes,
STEP-NC offers this common language. This enables the
development of a digital thread connecting every phase of
the product lifecycle and serving as a single source of truth
for product data and information.

The STEP-NC data model is broken down into two dis-
tinct parts: the HEADER and the DATA. The HEADER

contains metadata like the file’s title, creator, modification
date, and owner. In contrast, the DATA part has everything
you need to know about production processes and geomet-
rical specifications. The next subsections elaborate on the
elements of this section: work plan or executables, technol-
ogy description, and geometry description. The work plan
details a predetermined sequence of manufacturing actions
or directions. There could be data on the workpiece in this
section as well. Procedure stages, NC functions, and code
structures are all examples of executables. The work plan’s
essential executables define the 2.5D and 3D regions of the
manufacturing features. Sub-features, such as pockets, slots,
and round holes, with a cutting condition environment are
also part of each working stage. The DATA section’s tech-
nological description includes information on the tool used,
the machining technique employed, the workpiece’s defini-
tions, the drilled hole’s depth, the feed rate, the spindle speed,
and the tool’s diameter. However, the geometry description
is comprehensive, detailing all geometry data employed by
the components as per the ISO 10303 format [5, 6]. Figure1
depicts the overall STEP-NC file structure.

The implementation of STEP-NC faces a number of diffi-
culties, including interoperability, standardization, adoption,
complexity, integration with current systems, data manage-
ment, and cost. Due to STEP-unconventional NC’s data
structure, integrating it into CNC systems presents a new
set of challenges. STEP-NC data interface concept was con-
verted into ISO 6983 to improve its initial performance on
CNC machines; this technique is known as the indirect STEP-

Fig. 1 Structure of STEP-NC part 21 physical file

123

5372 The International Journal of Advanced Manufacturing Technology (2023) 129:5371–5385



NC programming approach [7]. Multiple iterations of the
system have been created using this method, some of which
are included in Table1. These implementations conclude that
this translation is insufficient to accomplish the goal of the
STEP-NC; hence, a different approach should be employed.
The following method relies on interpretation tools to read,
analyze, interpret, and generate tool paths from STEP-NC
files; this technique is known as the interpreted STEP-NC
programming approach [7]. It allowed STEP-NC to be imple-
mented on CNC machines with greater efficiency. Many
other systems have been implemented using this method,
some of which are included in Table1, and explained in
details with comparison in [8].

Due to its integration with current control systems, the
STEP-NC interpretation technique is widely used. Addition-
ally, this connection offers a variety of customization options.
In this method, software tools restructured the input data
to match the internal hardware structure. Remember that
this interpretation is not a G code to STEP-NC conversion.
This concept has been put into practice by creating various
interpretation tools, systems, designs, algorithms, and proce-
dures. Data extraction, interpretation, and execution on the

machine are the main pillars of this field, which are also
addressed in this study. The scientific contributions of this
study in comparison to [24,34] are as follows: the interpre-
tation system is enhanced from an entity-based to entity-plus
string-based (double layer) for more accurate data extrac-
tions; the tool paths system is upgraded to facing, pocket,
drill, bore, ream, countersink, side, slot, step, and contour
processes; the output file generation system is able to gener-
ate interpreted and hybrid programming approaches output
file; and the execution system can execute interpreted and
hybrid representations. Along with that, the entire inter-
pretation system has been enhanced with expert system to
automate and streamline the implementation by reducing the
manual intervention.

This research presents a novel method for the STEP-
NC implementation system using a virtual component
technology-based expert system. The distinctive aspect of
this strategy is that it provides two different means of
STEP-NC implementation: interpreted and hybrid via expert
system. The STEP-NC programming approach described
in [7] provides the interpreted method foundation. The
hybrid, 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
machine developed in JAVA

[10], 2006, PC and PCI7212c system with analog and digital input–
output features. Developed in C for three and five-axis control

Lee et al. [10], 2006, PC and PCI7212c system with analog and digital
input–output features. Developed in C for three and five-axis control

[11], 2007, PC-based Embedded microcontroller RCM 3700 Linux
CNC system developed in C for three and five-axis motion control

Kramer Thomas et al. [12], 2006, FBICS CNC for three-axis milling
machine. Developed in C with ST developer and rose library

[13], 2008, PC-based CNC system for three-axis motion control. Devel-
oped in PLC, C with ROSE and STIX library

Minhat et al. [14], 2009, Linux PC-based EMC for three-axis motion
control. Developed by utilizing JAVA and functional blocks

[15], 2011, OWL and Neural Network-based Linux RTAI system

Sivakumar and Dhanalakshmi [16], 2013, FANUC CNC-based
XLTURN controller for the two-axis lathe

[17], 2012, PC and microcontroller-based three-axis CNC prototype
developed in JAVA

Minhat et al. [14], Linux CNC for three-axis motion control. Developed
in C, STEP-NC modular, and adopter

[18], 2014, HIT-CNC system for three-axis milling machine. Developed
in C with CAD/CAM systems

Zhang et al. [19], 2013, Java-based Siemen 840 D controller for three-
axis milling machine

[20], 2015, PC, PLC, servo, and Ethernet-based three-axis milling sys-
tem. Developed with C, PLC, and EtherCAT

Benavente et al. [21], 2013, Siemens Sinumerik 840 Di with Server sys-
tem for three-axis motion control. Developed in JAVA and ST developer

[22], 2016, an OMAC-based CNC system build with EXPRESS and
kernel

Elias et al. [23], 2014, PC-based universal machine interface for three-
axis milling machine. Developed in JAVA with ST developer and
LabView

[24], 2017, PC-based machine motion control system for three-axis ATC
CNC milling machine. Developed in LabVIEW

Saša and Glavonjiˇc [25], 2014, FANUC LOLA with HMC500 machine
control system for two and three-axis

[26], 2017, Visual Studio-based Closed-loop STEP-NC system

lvares et al. [27], 2016, Glade JAVA-based Linux CNC for motion con-
trol

[28], 2018, ASEA IRB6-S2 based machine control system

Shin et al. [29], 2016, JAVA prime-based Virtual Machining Model
(STEP2M) for two-axis motion control

[30], 2019, EXPRESS-based EtherMAC two-axis machine motion con-
trol system

Ye et al. [31], 2018, OWL, JAVA, and MapReduce-based PC CNC sys-
tem

[32], 2021, IEC61499-based STEP-NC motion control system

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

programming techniques. Figure2 provides an overview of
all STEP-NC programming techniques. However, an expert
system applies STEP-NC by processing and interpreting
STEP-NC data using its knowledge base and reasoning
abilities. For the purposes of enabling data analysis, pro-
cess planning, and decision-making, an expert system is
trained to comprehend the STEP-NC standard and its appli-
cation. By considering variables like material properties,
tooling, operations, processes, interpretations systems, and
machine capabilities, the system uses its knowledge to deter-
mine the most effective STEP-NC programming approach
to manufacture the part. The further content includes system
development, algorithm design, experimental validation, the
paper’s conclusion, and future recommendations.

2 Expert system

The mining, generating, output, and execution stages make
up the expert system. The primary function of an expert

system is to enable automated decision-making capabilities
in STEP-NC data mining, tool path generation, and machine
execution technique. The ISO 14649 data interface model is
mined for its useful information in the mining phase so that it
can be used in the generation phase during tool path creation.
The output phase entails the organization of the created tool
pathways into machine-executable code, which is then run
on the actual machine in the execution phase. Figure3 illus-
trates how the mining, generation, and output phases are used
in the expert system’s design. The expert system approach
begins by collecting information on CNC machining opera-
tions, manufacturing parameters, machining scenarios, part
geometries, tooling options, machining strategies, and other
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
of gathered data and domain knowledge. To create a valid
STEP-NC tool path, these rules establish the relationships
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Fig. 3 Expert system design

between the input features and the desired output. The rules
are currently defined manually, but in the future, machine
learning algorithms will be utilized.

2.1 Mining

The ISO 14649 data interface model code is first parsed by the
data mining algorithm, which helps to assure the integrity of
the data by ensuring that the data is consistent and error-free
and by deleting duplicates. The mined data is used to train the
expert system. The entire data extraction process is carried
out in two layers, namely, entity-based extraction and string-
based extraction. In the entity-based data extraction, a STEP-
NC file is broken down into its component entities, each

entity represents a different aspect of the product model data,
such as geometric shapes, machining operations, toolpaths,
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
from a STEP-NC file is carried out by reading and parsing the
string-based representation of the data in the file. In a STEP-
NC file, data is stored in an ASCII text format, with each line
of the file representing a different aspect of the product model
data. The data extraction process typically involves reading
the string-based data from the file, extracting the data into its
component elements.
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Fig. 4 Entity-based data
extraction

The entity-based approach is designed to begin by look-
ing for entity number (#1), which serves as the project data’s
entry point. The algorithm will take the entity number’s (#1)
whole data and separate it into entity numbers and entity data
tokens. When all of the data has been extracted, as illustrated
in Fig. 4, the extracted entities will be searched once again
to yield further data. The entity-based technique’s specifics
are described in [34], whereas the string-based is explained
here. The input STEP-NC code’s general information can
be found in the header section, while geometry, topology,
tooling, and machining information can be found in the data
section. Therefore, the algorithm divides the header and data
sections into separate files. From them, the algorithm sorts
the information about the workpiece and the work plan enti-
ties string separately and then also looks for the project entity
string within the data section. Information about the material,
material properties, and clamping positions is then extracted
from the workpiece entity string. The working steps data is
accessed by removing the work plan entity string, which is
then split into the entity strings for the security plane, the
cutting process, and the finishing process. Data on the secu-
rity plane’s elementary surface, axis placement, location, and
reference direction can be gleaned from its entity string by
further extracting it. The cutting process entity string extrac-
tion gleans data on the workpiece, finishing process, axis

location, depth, axis, and the reference direction. Last but not
least, information about the cutting tool, machining technol-
ogy, machine function, and machining strategy is transferred
from the extraction of the finishing process entity string. After
all relevant information has been extracted, the algorithm
then generates a data cluster for each machining process.
Then, the data clusters of entity-based and string-based are
matched together to authenticate the data. In the case of com-
plete data match, the cluster data is merged as a single data
and parsed to train the expert system, and later to be used in
the subsequent generation of tool paths. Figure5 shows the
overall structure of the algorithm design used in this stage.
Figures4and5make the difference between these two meth-
ods very clear. The ISO 14649 data contains entity strings
(workpiece, work plan, etc.) as well as entity numbers (#13,
#14 etc.). The entity-based data extraction method uses entity
numbers to find and extract the data. In contrast, the string-
based approach extracts data by adhering to entity strings.

2.2 Generation

The cluster information is used by the generation algorithm
to produce tool paths that can be executed automatically.
This section introduces a few of the many algorithms
used to generate tool paths. The developed expert system
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Fig. 5 String-based data extraction and algorithm design of the data mining phase

123

5377The International Journal of Advanced Manufacturing Technology (2023) 129:5371–5385



first decomposes the cluster information into its constituent
parts, such as geometry, location, depth, profile, tool, and
machining classes, before it can be processed into tool path
algorithms. Once the tool paths are created, the expert system
optimizes the machining time based on the concept presented
in [35].

2.2.1 Facing and pocket operation

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 (inside,
center, outside) and cutting strategy for the geometry. The
expert system can generate the existing facing and pocket
tool path in three ways: zigzag, one-way, and contour. The
algorithm will begin constructing tool paths based on cluster
information after these selections and perform optimization
at the end. The jargon used in this procedure is depicted in
Fig. 6.

2.2.2 Drill, bore, counter sink, and ream

Data on the location, depth, profile, and machining of drills,
bores, reamers, and counter sinks are retrieved from the clus-
ter and compared with data on the corresponding holes to
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-
ate, it is used. Figure7 shows the developed system design
and working mechanism.

2.2.3 Side, slot, step, and profile contour

The algorithm constructs the tool paths by retrieving the
location, depth, profile, and machining data from the clus-
ter and applying it to the side, slot, step, and contour results.
In order to guarantee complete material removal, the sys-
tem optimizes geometrical and profile data to determine the
proper amount of overlap in the process profiles. Figure8

Fig. 6 Facing and pocket generation
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Fig. 7 Drill, bore, counter sink, and ream generation

depicts the framework used by the algorithms underlying
these procedures.

2.3 Output

This stage follows tool path generation and converts the
resulting data into code that can be run on a CNC machine in
accordance with ISO standards. The two distinct machine-
executable code types that the expert system can generate are
interpreted and hybrid. The information in the interpreted
code is in the special format required to run the machines
using coordinates. This translation is illustrated by the codes
depicted in the tool paths in Figs.5, 6, and7. The developed
CNC prototype used it to carry out actual machine execu-
tion; this is discussed in greater detail in the experimental
study section. Indirect and interpreted forms come together
to form a hybrid code. When using just indirect or interpreted

instructions is not enough to complete the task, the expert
system creates a hybrid code to do it. The output code is gen-
erated in a mix of indirect and interpreted formats specified
by the expert system.

2.4 Execution

During this stage, the algorithm examines the code in its
machine-readable form. The process of deciding which
method to use in implementation will begin once it has been
determined that the code can be run on the target machine.
Algorithms use an interpreted approach-based machine exe-
cution system if their output code is written in that style.
The algorithm will similarly decide on indirect or hybrid
machine execution strategies. The hybrid strategy is uti-
lized by the algorithm if certain functionality is outside
the scope of the interpreted approach which will combine
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Fig. 8 Side, slot, step, and
profile contour generation

the indirect and interpreted methods for tool path building.
After this decision is made, the information pertaining to
the various cuts is separated so that the cutting process can
be completed without interference from other cuts. A pro-
gram stores the data and transforms it into blocks, which are
then used as input by the communication and feedback pro-
gram. These blocks contain the entire manual for building
the machine. The communication tool initiates the connec-
tion between the execution system and machine hardware to
perform motion control operations. The appropriate parts of
the machine are informed of things like axis motion, cutting
tool, spindle, and feed. Meanwhile, the data is sent back to
the executable application for tracking purposes. The editor

tool receives the machine-executable data and updates the
shop floor while the machine is operating. Through the use
of a human-machine interface (HMI), the device can be run
automatically by a computer and manually by a human oper-
ator. The visual simulator and machine monitoring tools are
activated when the code is run, providing live streaming
of the cutting process alongside sensor data. The execu-
tion system only feedbacks the machine-executable data for
shop flour editing, whereas the sensor data is used for live
monitoring only. This feedback of information is limited to
execution system; it is not feedback to expert system. The
flowchart for the algorithm used in the execution is shown in
Fig. 9.
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Fig. 9 Execution system algorithm design

3 System interface

As can be seen in Fig.10, the system has two primary
user interfaces: generation and execution. There are tabs
labeled “interpreter,” “simulator,” and “toolpath” in the
generation interface. Data mining, tool path generation,
machine-executable code, and code modifications are the
main features of the interpreter tab. Comparatively, the
simulator tab edits the generated code and runs graphical
simulations in 2D and 3D. Detailed information about the
cutting process is available in the toolpath tabs and can be
used for in-shop tweaking. Jog, start, stop, pause, single step,
home, reset zero, return to zero, soft reset, configuration,
clear alarm, spindle, video stream, and capture are some fea-
tures available through the execution interface. The tool path
data is automatically uploaded into the execution system, and
the cutting process is initiated upon pressing the start button
because the generated code already contains all the necessary
information about the machine setup and cutting process.

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

4 Experimental validation

The developed system was put to the test on a STEP CNC
prototype using the Part 21 examples 1 and 2 programs. The
prototype consists of a motion control card, microcontrollers,
a stepper motor, a spindle, motor drivers, and a custom circuit
board. The code for the motion control boards is based on
virtual component technology and the concept of execution
algorithm. Face, pocket, and drill procedures are all present in
the first test file. Cutting operations such as facing, drilling,
boring, tapping, pocket, slot, t-slot, and step are all repre-
sented in the second STEP-NC sample file. The example
file was executed in two case studies based on the inter-
preted and hybrid approaches. In the interpreted approach, all
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Fig. 10 System interface

manufacturing operations were directly executed by the exe-
cution system, whereas, to test the hybrid system pocket, slot,
side, and contour operations were disabled from the system
database so the expert could generate the hybrid code. The
simulation outcomes for the two cases discussed above are

shown in Fig.11a. The tool path generation by the expert sys-
tem was found to be satisfactory as the manufactured parts are
the same in design and dimension in both cases. Figure11b
shows the manufactured parts and the entire experimental
process. The successful manufacturing of the parts validates

Fig. 11 Experimental process and results
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the developed expert system capabilities of mining, genera-
tion, output, and execution.

5 Conclusion

Since its inception, STEP-NC has caused functional diffi-
culties for CNC machine builders. Indirect, interpreted, and
adaptive methods, among others, have been utilized to carry
out this application. In order to execute the machine via the
indirect method, the STEP-NC file must be translated back
to G code. At the same time, interpreted methods produce the
tool path based on the STEP-NC data they are given. This
strategy relied on numerous pieces of software and computa-
tional processes to carry out the interpretation process. These
two implementations of STEP-NC, which make use of a wide
range of software and hardware, have been the basis for the
creation of a wide variety of systems over the period of several
decades. The interpretive method consistently outperformed
the indirect method for the duration of the project’s execu-
tion. But there needs to be a lot of research done in this area.
The work done in this research improved the STEP-NC pro-
gramming method system by creating new algorithms and
systems. New algorithms for data mining, tool path develop-
ment, and execution are added to the indirect and interpreted
STEP-NC programming paradigm. If certain functionality is
outside the scope of the present system, a new hybrid method
is presented, which will combine the indirect and interpreted
methods for tool path building. An alternative method for
developing machine-executable code in a bespoke format is
also introduced. A two-tiered approach to data extraction has
also been implemented for further improvement. Further-
more, a new STEP-NC execution system based on virtual
component technology is developed. The execution system
may run the STEP-NC component program in both inter-
preted and hybrid modes. There is a whole new algorithm
involved in this way of implementation design, and it can
be run on machines in real time. Tools for modeling and
monitoring, as well as remote manipulation, are a part of
the package. The two implemented systems were subjected
to experimental testing, with examples 1 and 2 from STEP-
NC part 21 being executed. In the interpreted approach, all
manufacturing operations were directly executed by the exe-
cution system, whereas, to test the hybrid system pocket, slot,
side, and contour operations were disabled from the system
database so the expert could generate the hybrid code. The
successful manufacturing of the parts validates the developed
expert system capabilities of mining, generation, output, and
execution. In the near future, an adaptive STEP-NC imple-
mentation strategy will be incorporated into the system, along
with more optimization and artificial intelligence algorithms
to enhance system capabilities in light of the fourth industrial
revolution.
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