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1. Introduction

Trends such as Industry 4.0 or Cyber-Physical-Systems
have significantly increased the development and integration 
of sensor systems in CNC applications, as well as the 
produced data volumes available for analytics [1]. Concepts 
such as the Digital Twin build on this data by creating a 
virtual model as counterpart to a physical machine on the shop 
floor, often referred to as Machine Tool 4.0 [2]. Connecting 
the real machine feedback with a virtual representation 
provides advantages in numerous ways such as virtual 
machine commissioning, virtual process planning and 
simulation or condition monitoring to detect anomalous 
performance [3]. Utilizing the combination of virtual 
simulation capabilities and direct feedback from machines, a 
new generation of smart, flexible, and autonomous working 
machine tools is possible [4].

In order for these concepts to work, a bi-directional data 
interface needs to be established, enabling seamless 
communication between real machines, sensor technology and 

the virtual representation. In the context of CNC machining, 
several approaches for seamlessly data communication such as 
feature based machining or STEP-NC (ISO 14649) have been 
introduced in previous years, however, have not been fully 
adapted by manufacturing companies in day-to-day practices.

2. Related Work

2.1. Feature-based-machining for CAx environments

A fundamental concept for modern CNC machining, is the 
separation of part geometries and machining operations in 
design and manufacturing features. Features are prismatic 
elements such as pockets, slots or holes, created during the 
Computer-Aided-Design (CAD) and Computer-Aided-
Manufacturing (CAM) phases of product development [5].

In the design domain, a feature is defined as a combination 
of geometric features, used to construct the overall shape of a 
component. In the manufacturing domain, it represents fixed 
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geometries, associated with process defining information such 
as operations, dimensions, tolerances, surface roughness or 
tool engagement strategies. Related techniques for automated 
feature recognition as well as conversion between the design 
and manufacturing domain, have been studied by several 
researchers [6].

In context of Knowledge-Based-Engineering, features 
provide a machining-oriented perspective on geometric 
elements, enabling to add a specific Product Manufacturing 
Information (PMI) such as tolerances, surface requirements or 
best-practice standard processes and tools [7,8]. By that, 
automated generation of specific process steps and toolpaths 
for features can be implemented in order to reduce the overall 
time required to create numerical control programs during the 
CAM product development phase [9].

Similar concepts can also be adopted for inspection tasks 
and coordinate measurement equipment. Recognized features 
in Computer-Aided-Quality (CAQ) software can be used for 
automatic generation of measuring code if the respective PMI 
information is associated with those features, and non-
ambiguous tolerance information in line with GD&T 
regulations are applied [10].

2.2. Bi-directional data exchange using STEP-NC

Feature-based approaches support integrated 
CAD/CAM/CAQ software environments, however, are 
traditionally not supported by commercial CNC control 
systems. State-of-the-art CNC systems use the ISO 6983 “G-
Code” standard, which is a low level programming language 
to describe machine movements in an interpretable format.
The language focuses on the description of the cutter centre 
location with respect to the machine kinematics, eliminating 
higher level CAD/CAM feature information entirely [11].
Thus, relevant process data from the CNC machine, such as 
vibration or cutting force, cannot be utilized in a closed 
feedback-loop from the manufacturing process to either 
design, process planning or quality control. Potential 
opportunities to improve product design, reduce 
manufacturing cost or improve delivery time are limited [12]. 

To enable a bi-directional data communication between 
CAD/CAM and CNC systems, thus providing opportunities 
for process data feedback loops, STEP-NC Standard (ISO
14649) has been developed. STEP-NC is an object-oriented 
interface, fundamentally building on STEP standard (ISO 
10303) and feature data models [13]. It contains a wide range 
of high-level information such as part and feature geometry, 
process plan description and technology attributes using a 
vendor independent format. Exemplary prototypes cover 
indirect implementations where STEP-NC programs are 
translated into traditional G-Codes, as well as direct 
approaches, utilizing specialized STEP-NC interpreter and 
CNC controller enabling bi-directional communication and 
adaptive process strategies [14]. Various STEP-NC 
demonstration examples are highlighted in [15]. In [16], a 
STEP-NC application for part inspection is demonstrated.
More recent research also implemented prototypes for STEP-

NC to cover additive manufacturing processes [17] or CAPP 
process data [18].

The different strategies and their major (dis-)advantages 
utilizing either traditional G-Code (ISO 6983) or STEP-NC 
(ISO 14649) are illustrated in Fig. 1.

Fig. 1. Comparison of ISO 6983 and ISO 14649 process chain [13].

2.3. STEP-NC closed-loop process monitoring

Based on STEP-NC conform interfaces between 
CAD/CAM and CNC controls, authors proposed the 
development of closed-loop control architectures to 
contextualize gathered process data with high level planning 
information [19, 20].

In [21] a closed loop STEP-NC architecture is proposed for 
online feedrate adaption. The author uses the underlaying 
STEP-NC data model for an optimization module, calculating 
the new feedrate based on machine feedback [22], highlights 
the required expansion of STEP-NC functions in order to 
monitor NC data points. The STEP-NC based planning and 
scheduling functionality is illustrated in [23]. In [24] the 
author demonstrates a STEP-NC based closed loop system, 
connecting CAM and CNC machines using a knowledge 
database. Additionally, OntoSTEP-NC has been utilized to 
create an ontology-based knowledge base. Further 
information is given in [25].

2.4. Summary of state-of-the-art

The described state-of-the-art highlights feature-based data 
structures as common ground elements for integrated data 
management in machining process chains. Approaches such 
as feature-based machining provide relevant information to 
the CAD/CAM/CAQ chains and support automated 
generation of the respective NC-code. However, today’s CNC 
systems mostly require the traditional ISO 6983 standard, thus 
eliminating high level feature information by transforming 
CAD/CAM planning data into a set of unrelated machine 
movements. STEP-NC provides a new interface between 
CAM and CNC to establish a bi-directional and feature-based 
communication between those systems. Researchers have 
implemented various STEP-NC prototypes and demonstrated 
its capabilities in different machining or inspection processes. 
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Additionally, researchers have focused on the expansion of 
the underlaying STEP-NC data model in order to provide a 
generic representation of planning and process information, 
thus, enabling closed-loop optimization systems.

However, most of the implemented systems are depending 
on STEP-NC controllers to interpret the specific commands 
on the CNC machine. While many STEP-NC controller
implementations can be found at academic institutes, it seems 
that industrial use-cases are limited. Heterogenous system 
landscapes are still a given in the industrial field, hence, 
limiting the industrialization of these approaches. A hybrid 
strategy, focusing on establishing an industrial-oriented 
connectivity layer while utilizing underlaying and 
standardized feature-oriented data models could support a 
faster implementation of envisioned closed-loop optimization 
architectures in the respective industries.

3. System for industry-oriented and bi-directional data
exchange for CNC machining processes

This paper presents an industry-oriented approach for 
automatic and feature-based data collection, enabling 
technological data analytics for process engineers. In this 
work, a feature-based data collection system is developed and 
tested gathering meta and process information from a 
subtractive process chain considering process planning, 
process execution, as well as process quality control. 

3.1. Concept for feature-based data collection

The system builds fundamentally on ideas for bi-
directional data exchange in the CAD/CAM/CNC process 
chain using design and manufacturing features defined in 
standards such as STEP or STEP-NC, however, utilizes 
commercial CAD/CAM software and numerical controls to 
gather required planning and process data.

In the presented approach, the design and manufacturing
feature structure is used as master information element across
different steps in the product lifecycle such as virtual process 
planning, actual manufacturing, and quality control. A feature 
therefore integrates CAD geometry information (e.g. form and 
size of the feature, number of faces, edges, design 
requirements such as tolerances and dimensions.), CAM 
process planning meta information (e.g. work part meta data, 
cutting strategies and operations, tool meta data), actual 
process data gathered from CNC machines and additional 
sensory systems (e.g. spindle loads, axis positions or vibration 
sensors) as well as quality control data from equipment such 
as a coordinate measurement machine (e.g. traditional 
tolerances and dimensions). Combining all those data sets 
using the feature structure enables the generation of an 
advanced feature analytics database, used for automatic and 
data-driven evaluation and interpretation of optimization 
potentials in the CNC machining context.

To enable an industry-oriented and flexible approach, the 
envisioned feature-based data collection system needs to be 
decoupled from individual software systems used in the 
CAD/CAM/CNC process chain and act as an intermediate 
layer between virtual process planning and real machining 

entities. It needs to provide flexible interfaces to communicate 
with historically grown system architectures and proprietary 
formats used within systems of the CAD/CAM/CNC chains. 

In this work, a decoupled feature analytics database was 
implemented and connected to exemplary software and 
hardware components in the context of CNC machining. In 
the envisioned system, a feature-based data structure 
responsible for data collection is implemented on an industrial 
PC in the CNC environment and provides interfaces for major 
aspects of subtractive machining and quality measurements. 
Fig. 2 provides an overview about the envisioned system 
architecture.

Fig. 2. Concept for Feature-Based Data Collection Module.

The main advantage of the proposed architecture is its 
flexibility regarding the integration within given industrial 
software system chains. Compared to approaches such as 
STEP-NC, which usually requires new CNC controllers, the 
proposed system acts as a decoupled module, capturing 
relevant data from various software and control systems by 
utilizing individual connector points. Once the connector is 
established, the centralized feature structure of the respective 
part is used as the main data element across all software 
systems. Thus, industrial companies can continue using their 
established software chain but are still benefitting from a 
feature-based data collection and related analytics. Once a 
company decides to exchange various software systems, only 
the connector needs to be adapted/replaced while the data 
collection functionality remains untouched. The proposed 
architecture also supports larger manufacturing companies 
having the need to cope with various historically grown 
setups, including different machine tools, different control 
systems and CAD/CAM software tools. Using the proposed 
system, data from different plants can be collected in a 
centralized, feature-based module. Hence, more data is 
combined and can be used for cross-plant analytics.
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3.2. Prototype development

The described feature-based data collection module has 
been implemented as a prototype in the laboratory of TU 
Wien Pilotfabrik 4.0 in Vienna. The prototype highlights the 
potential in using a feature analytics platform which integrates
various planning, meta and process data from a CNC 
environment. Following the typical engineering process of the 
CAD/CAM/CNC chain, the feature-based data collection 
module gathers process meta data as well as actual machining 
data from the equipment during production. The prototype 
design and implementation focuses on three major elements: 
(a) a feature-based database model, (b) necessary connectors 
to selected CAx software systems, (c) an interface to the CNC
of the used machine tool and (d) the data exchange with the 
measuring equipment at the end of the process chain.

First, a fitting database for feature-based data collection 
has been designed and implemented in a selected software 
environment. The task of the database is to store relevant 
process planning data, machining process data and respective 
quality results in a central, feature-based context. For this, a 
relational database management system was selected 
(PostgreSQL) and required tables and primary keys have been 
modelled. The database separates between (a) meta 
information such as feature structure or machining strategies, 
(b) timeseries data from the CNC and additional sensor 
systems integrated in the machine tool as well as (c) final 
quality measurement data, validating the success of the 
selected machining strategy for a given feature. For every 
part, a specific serial number can be entered, linking part 
individual process data with feature and operation meta 
information. A schematic overview about the developed 
database is given as entity relationship model in Fig. 3.

Fig. 3. Entity Relationship Model for Feature-Database.

Second, the feature-based data collection module needs to 
be interconnected with various CAx software systems. As a 
first step, the main feature structure for a specific work part 
needs to be created and exported to the data management 
application. Such features are typically created by the design 
and manufacturing engineer in the CAD/CAM environment, 
requesting an interface to extract relevant feature information 
into a neutral format. To access required design features and 
geometrical sub-elements (e.g. faces), Siemens NX CAD

software and the provided NX Open Application 
Programmable Interface (API) have been used. Additional 
product manufacturing information such as tolerances can be 
accessed as well. The data is stored in the developed feature 
database and can be used as central information carrier along 
the process chain. Similarly, the NX Open interface was used 
to gather and store respective meta information from the 
Siemens NX CAM module, such as planned operations, 
utilized cutting tools, cutting parameters or calculated cycle 
times. To increase the flexibility of the system, all accessed 
data points are first transformed into a human readable XML 
format before importing the data sets into the developed 
feature database for further processing.

Third, while feature-based software support is state-of-the-
art in common CAx chains, additional effort on CNC level is 
necessary. Traditionally, feature information from CAD/CAM 
environment is lost during the transformation of the planning 
data into machine interpretable ISO 6983 code (“G-Code”),
thus needs to be re-established in order to link relevant 
process data into similar feature structures. In this prototype, 
the link between the feature structure and the process data is 
recovered using unique identifiers defined in the G-code 
either as commentary lines, or utilizing specific commands 
(e.g. ”MSG-Message” command available on Siemens 
Sinumerik controls). By adapting the required post processors, 
feature information key words can be added to every single 
operation when transforming CAM planning data into G-
code. Using this additional information, a data capturing 
process is able to identify current operations during the 
process, hence, is able to flag all gathered process data 
accordingly. For this purpose, a data collection script in 
python programming language has been developed. Once the 
G-code is started at a CNC machine, the data collection 
module activates the python script and starts to gather pre-
defined data points from the numerical control (e.g. actual 
feed, actual spindle speed, override values, axis position) and 
additional sensor systems using OPC UA and MQTT as 
communication technology. A similar approach has been 
chosen to also integrate additional sensor systems. An 
innovative sensory tool holder system developed at the 
Institute for Production Engineering and Photonic 
Technologies, has been setup in the utilized machine tool for 
cutting vibration measurements close to the cutting zone. The 
tool holder is connected to an OPC UA server, providing its 
vibration data to outside systems. Similar to the data gathering 
using machine tools, the external sensory device provides 
relevant data that will be added to the respective feature 
structure by the data collection module.

Fourth, for tactile CAQ inspection planning and respective 
quality data capturing, Siemens NX CMM and the 
Dimensional Measuring Interface Standard (DMIS) have 
been utilized. NX CMM offers similar functionality as a 
traditional CAM software, supporting the programmer with 
functions to plan specific inspection paths for measuring 
tools. DMIS describes general inspection tasks in a neutral 
format and is implemented as interface in the Siemens NX 
CMM environment. Again, the measurement planning data is 
stored in the developed feature database. Once finalized, 
measurement results can be exported via DMIS as well.
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4. Validation

4.1. Experimental setup

The prototype has been implemented at TU Wien 
Pilotfabrik Industrie 4.0 in Vienna. Developed software 
components such as the feature-based data collection scripts 
are deployed on an industrial EDGE computer, which is 
connected to the Siemens NX CAD/CAM software systems, 
and the respective hardware in the laboratory. For the 
experimental setup, a EMCO Maxmill 500 5-axis CNC 
machining center with a Siemens Sinumerik 840d sl 
numerical control has been used. Additionally, an innovative 
sensory tool holder capable to measure cutting vibrations 
during milling was integrated into the machine tool setup. For 
quality measurements, a Wenzel SF87 coordinate 
measurement machine has been utilized. In order to test the 
developed feature-based data collection module, a rectangle 
aluminum workpiece (EN AW 6060, L x W x H: 80x80x30 
mm) has been chosen. The final part geometry consists of two 
simple manufacturing features, a drill hole and a slot, which 
provides different data to be collected during part design 
(CAD), operation planning (CAM), actual machining (CNC 
and sensory tool holder), as well as tactile quality control 
(CMM). Using the developed system, relevant data sets are 
gathered, and stored in the feature database for further 
analysis, thus, the validation of the proposed approach.

4.2. Results

First, data extraction from the CAx software chain was 
successfully implemented. The geometrical feature
information has been designed in Siemens NX CAD 
environment. Using the NXOpen programming interface and 
the developed data extraction script, all CAD feature as well 
as 3D product manufacturing information (flatness, 
circularity) could be extracted into the feature database. In the 
process planning stage, relevant manufacturing planning 
information for the cutting process on the milling machine
was defined in Siemens NX CAM. Specific parameters for the 
slot milling and drilling operation such as machining strategy, 
cutting parameter, used tooling, and material removal volume
were transferred into the feature database using an xml 
intermediate structure and the NXOpen interface. In a similar 
way, planned inspection operations from the NX CMM 
module have been accessed, and relevant parameters such as 
the feature to be measured, measurement type, number of 
measurement points or the used tool were imported into the 
feature-database.

Second, the functionality for feature-based process data 
extraction from a CNC equipment could be demonstrated 
successfully. For communication with the milling equipment,
OPC UA and MQTT technology has been utilized. The 
standard Sinumerik OPC UA interface transfers data from the 
machining center to an MQTT broker, providing a 
standardized access point for the data management 
application. The machining center provides data about current 
spindle load, active tools as well as spindle speeds and 

feedrate. Additionally, the integrated sensory tool holder 
system provides information about cutting vibrations 
measured during slot milling, utilizing similar OPC UA and 
MQTT infrastructure. The process data is gathered with a 
sample rate of 200 milliseconds and added to the database.

Third, the integration of CMM measurement data points 
could not be implemented without manual work. Although the 
specified flatness of 0,05 for the slot feature, and a circularity 
of 0,15 for the drilled hole have been measured successfully, 
the used DMIS interface was not able to transfer all required 
feature master data from the data collection module to the 
used Quartis measurement software. In the demonstration 
scenario, the respective feature link has been established 
manually in order to demonstrate further analysis options.

Lastly, after having stored all relevant data points in the 
developed feature-database, a first exemplary user interface 
for data analysis has been established. Using the proposed data 
collection system, a drill-down from quality related problems, 
towards technology-oriented data sets is possible. For 
example, a selected tool can be analyzed based on maximum 
and minimum cutting vibrations during selected 
manufacturing orders. Also, a history of removed material per 
tool and per serial number is possible. A flatness requirement 
that has not been met can be analyzed using CNC data per 
machining operation and compared to previous manufacturing 
orders. Further analyses are possible using the developed 
feature-based data collection module. Fig. 4 gives an overview 
about the demonstrator process and a used analysis interface.

Fig. 4. Data gathering and analysis using developed prototype system.

5. Conclusion and Future Work

This paper presents an industry-oriented approach for 
machining data management building on the fundamental 
principle of feature-based design and machining. A flexible,
feature-based data collection module is targeted, 
communicating with various CAD/CAM software systems, 
machine tools, additional sensor systems as well as 
measurement equipment using individual interfaces towards 
the commercial systems.

A prototype for the feature-based data collection module 
was successfully implemented in a demonstration scenario at 
TU Wien Pilotfabrik 4.0 in Vienna. Relevant data sets from 
Siemens NX CAD, CAM as well as CMM could be exported 
via the available NXOpen API and integrated in the 
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developed feature database. All data sets and respective 
details are linked via the geometric feature structure defined 
during part design in CAD. However, tests targeting a direct 
and automated feature data transfer between the developed 
system and the CMM equipment failed due to missing 
alignments within the standardized DMIS format, used in the 
demonstration scenario. First examples for new opportunities 
in manufacturing data analytics, using the developed database, 
have been successfully demonstrated.

Further research is required to support industrialization of 
the proposed approach. The designed database structure needs 
further alignment with already implemented STEP and STEP-
NC standards. For the communication with the CMM, an 
industrial postprocessor like the ones of typical CNC 
machines need to be developed. This will ensure seamless 
communication and automatic feature-based data collection 
for measurement data. Lastly, a feature analytics platform 
shows potentials when combined with machine learning 
approaches. Here, the specific requirements in regard to 
algorithm training need to be reflected in the feature structure.

Acknowledgements

This work has been partially supported and funded by the 
Austrian Research Promotion Agency (FFG) under the 
contract number 886881 in the project AeroDOM and the TU 
Wien Pilotfabrik Industrie 4.0, Seestadtstraße 27, Vienna, 
Austria. The TU Wien Pilotfabrik has been partially funded 
by the Austrian Research Promotion Agency (FFG) with 
funds of the Federal Ministry for Transport, Innovation and 
Technology under contract number 852105.

References

[1] Kubota, T., Hamzeh, R., & Xu, X. (2020). STEP-NC enabled machine 
tool digital twin. Procedia CIRP, 93, 1460–1465. 
https://doi.org/10.1016/j.procir.2020.06.004

[2] Liu, C., & Xu, X. (2017). Cyber-physical Machine Tool - The Era of 
Machine Tool 4.0. Procedia CIRP, 63, 70–75. 
https://doi.org/10.1016/j.procir.2017.03.078

[3] M. Armendia et al., “Machine Tool: From the Digital Twin to the Cyber 
Physical System”, in TWIN Control, Springer International Publishing, 
2019, pp. 3-21.

[4] Rodriguez, E., & Alvares, A. (2019). A STEP-NC implementation 
approach for additive manufacturing. Procedia Manufacturing, 38(2019),
9–16. https://doi.org/10.1016/j.promfg.2020.01.002

[5] Abu, R., Tap, M.M., 2007. Attribute based feature recognition for machin-
ing features. Jurnal Teknologi 46(A), 87–103.

[6] Gao, J., Zheng, D., & Gindy, N. (2004). Mathematical representation of 
feature conversion for CAD/CAM system integration. Robotics and 
Computer-Integrated Manufacturing, 20(5), 457–467. 
https://doi.org/10.1016/j.rcim.2004.05.001

[7] Tseng, Y.J., Joshi, S., 1998. Recognition of interacting rotational and pris-
matic machining features from 3-d mill-turn parts. International Journal of 
Production Research 36, 3147–3165.

[8] Weber, C., 1996. What is a feature and what is its use? – results of femex 
working group i. ISATA International Symposium on Automotive Tech-
nology and Automation 29, 109–116.

[9] Stanasel, I., Blaga, F., Buidos ,̧ T., 2019. Manufacturing based on feature 
recognition using nx. ANNALS OF THE ORADEA UNIVERSITY. 

Fasci- cle of Management and Technological Engineering. Volume XXIX 
(XIX), 2019/1.

[10] Fang, F. Z., Li, Z., Arokiam, A., & Gorman, T. (2016). Closed Loop 
PMI Driven Dimensional Quality Lifecycle Management Approach for 
Smart Manufacturing System. Procedia CIRP, 56, 614–619. 
https://doi.org/10.1016/j.procir.2016.10.121

[11] Xu, X. W., & He, Q. (2004). Striving for a total integration of CAD, 
CAPP, CAM and CNC. Robotics and Computer-Integrated 
Manufacturing, 20(2), 101–109. 
https://doi.org/10.1016/j.rcim.2003.08.003

[12] Xu, X. W., Wang, H., Mao, J., Newman, S. T., Kramer, T. R., Proctor, F. 
M., & Michaloski, J. L. (2005). STEP-compliant NC research: The search 
for intelligent CAD/CAPP/CAM/CNC integration. International Journal 
of Production Research, 43(17), 3703–3743. 
https://doi.org/10.1080/00207540500137530

[13] Weck, M., Wolf, J., & Kiritsis, D. (2001). STEP-NC–the STEP 
Compliant NC Programming Interface. International Intelligent 
Manufacturing System Forum, 1–4. http://www.step-
nc.org/data/ims_forum_ascona_011008.pdf

[14] Rauch, M., Laguionie, R., Hascoet, J. Y., & Suh, S. H. (2012). An 
advanced STEP-NC controller for intelligent machining processes. 
Robotics and Computer-Integrated Manufacturing, 28(3), 375–384. 
https://doi.org/10.1016/j.rcim.2011.11.001

[15] Hardwick, M., Zhao, Y. F., Proctor, F. M., Nassehi, A., Xu, X., 
Venkatesh, S., Odendahl, D., Xu, L., Hedlind, M., Lundgren, M., 
Maggiano, L., Loffredo, D., Fritz, J., Olsson, B., Garrido, J., & Brail, A. 
(2013). A roadmap for STEP-NC-enabled interoperable manufacturing. 
International Journal of Advanced Manufacturing Technology, 68(5–8), 
1023–1037. https://doi.org/10.1007/s00170-013-4894-0

[16] Brecher, C., Vitr, M., Wolf, J., 2006. Closed-loop capp/cam/cnc process 
chain based on step and step-nc inpsection tasks. Int. J. Computer 
Integrated Manufaturing 19, 570-580. Doi: 10.1080/09511920600622064

[17] Rodriguez, E., & Alvares, A. (2019). A STEP-NC implementation 
approach for additive manufacturing. Procedia Manufacturing, 38(2019), 
9–16. https://doi.org/10.1016/j.promfg.2020.01.002

[18] Pobozniak, J., & Sobieski, S. (2017). Extension of STEP-NC Data 
Structure to Represent Manufacturing Process Structure in CAPP System. 
Procedia Manufacturing, 11(June), 1692–1699. 
https://doi.org/10.1016/j.promfg.2017.07.294

[19] Dharmawardhana, M., Oancea, G., & Ratnaweera, A. (2018). A review 
of STEP-NC compliant CNC systems and possibilities of closed loop 
manufacturing. IOP Conference Series: Materials Science and 
Engineering, 399(1). https://doi.org/10.1088/1757-899X/399/1/012014

[20] Hatem, N., Yusof, Y., Kadir, A. Z. A., & Mohammed, M. A. (2020). 
Reviewing Of STEP - NC Standards Related To Manufacturing 
Industries. 9(04), 99–104.

[21] Ridwan, F., Xu, X., & Liu, G. (2012). A framework for machining 
optimisation based on STEP-NC. Journal of Intelligent Manufacturing, 
23(3), 423–441. https://doi.org/10.1007/s10845-010-0380-9

[22] Campos, J. G., Martín, R. M., López, J. S., & Armesto, J. I. (2007). Step 
model for automation of process monitoring in STEP-NC close-loop 
manufacturing. IFAC Proceedings Volumes (IFAC-PapersOnline), 
8(PART 1), 210–215. https://doi.org/10.3182/20070523-3-es-4908.00035

[23] Liu, R., Nassehi, A., Allen, R., & Newman, S. T. (2006). Feature-based 
process planning for interoperable step-NC manufacture. IFAC 
Proceedings Volumes (IFAC-PapersOnline), 12(PART 1). 
https://doi.org/10.3182/20060517-3-fr-2903.00394

[24] Danjou, C., Le Duigou, J., & Eynard, B. (2016). Closed-loop 
Manufacturing, a STEP-NC Process for Data Feedback: A Case Study. 
Procedia CIRP, 41, 852–857. https://doi.org/10.1016/j.procir.2015.12.034

[25] Peng, L., Hu, T., & Zhang, C. (2011). STEP-NC compliant intelligent 
process planning module: Architecture and knowledge base. Procedia 
Engineering, 15, 834–839. https://doi.org/10.1016/j.proeng.2011.08.155


