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Abstract

A STEP-compliant CNC machine tool that demonstrated a G-code free machining scenario is presented. The aim of this research

is to showcase the advantages of, and evaluate, STEP-NC—a new NC data model—by implementing it in a legacy CNC system. The

work consists of two parts: retrofitting an existing CNC machine and the development of a STEP-compliant NC Converter called

STEPcNC. The CompuCam’s motion control system is used for retrofitting the machine, which is programmable using its own

motion control language—6K Motion Control language and capable of interfacing with other CAPP/CAM programs through

languages such as Visual Basic, Visual C++ and Delphi. STEPcNC can understand and process STEP-NC codes, and interface

with the CNC controller through a Human Machine Interface. It makes use of STEP-NC information such as ‘‘Workplan’’,

‘‘Workingstep’’, machining strategy, machining features and cutting tools that is present in a STEP-NC file. Hence, the system is

truly feature-based. The Application Interpreted Model of STEP-NC has been used.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Modern manufacturing enterprises are built from
facilities spread around the globe, which contain
equipment from hundreds of different manufacturers.
Immense volume of product information must be
transferred with little, if any, loss of information
between the design and manufacturing departments,
and even between various manufacturing facilities such
as machine tools. Today’s digital communication
technologies have solved some critical problems of
reliably transferring information across global net-
works. Much work though still remains to be done in
the field of information exchange standards and
technology. A decade ago, the description of product
data has been standardized by ISO 10303 (STEP) for
mechanical parts [1–3]. This leads to the possibility of
using standard data throughout the entire process chain
e front matter r 2005 Elsevier Ltd. All rights reserved.
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of a manufacturing enterprise. Some of the benefits have
been seen in the early part of the process chain, e.g.
product design and optimization, whereby the STEP
output formats have been made available by most of the
contemporary CAD/CAM systems. However, impedi-
ments to realizing this principle in its entirety are
believed to be the data formats used at the machine tool
level. Most Computer Numerically Controlled (CNC)
machines are programmed in the ISO 6983 ‘‘G-code’’
language [4], a standard developed and effectively
implemented by many CNC machines back in the
1950s through to 1970s. The background of the CNC
equipment at that time is mush like that of the computer
systems in that era where punched cards and tapes were
the main information medium and the computing power
was only a tiny fraction of what the current computers
are offering. The interface between Computer-Aided
Process Planning (CAPP) system and a CNC machine
tool is through programs that are generated by functions
in a CAPP or Computer-Aided Manufacturing (CAM)
system, typically known as ‘‘post-processors’’. Such an

www.elsevier.com/locate/rcim
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interface has long caused bottleneck problems for the
manufacturing industry, in particular limited the pro-
gram portability and that of a CNC machine. First of
all, the language focuses on programming the cutter’s
centre location path (hence the name CL data file) with
respect to the machine axes, rather than the machining
process/tasks with respect to the part. Secondly, the
standard defines the syntax of program statements, but
in most cases leaves the semantics ambiguous. Thirdly,
vendors usually supplement the language with exten-
sions that are not covered in the limited scope of ISO
6983, only to have made the CNC programs more
proprietary and hardware dependent.

ISO 14649 [5], otherwise known as STEP-NC, is a
new model of data transfer between CAD/CAM systems
and CNC machines. It remedies the shortcomings of
ISO 6983 by specifying machining processes rather than
machine tool motion, using the object-oriented concept
of ‘‘Workingsteps’’. Workingsteps correspond to high-
level machining features and associated process para-
meters. As STEP-NC is an extension of STEP to
handling NC processes, it strictly follows the STEP
standard [1]. In a STEP-NC file, for example (Fig. 1),
the HEADER contains general information and com-
ments about the part program, such as filename, author,
date and organization. The DATA section is the main
section of the program, containing all the information
about manufacturing tasks and geometries. The data are
divided in three significant parts, (a) workplan and
executables; (b) technology description and (c) geometry
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Fig. 1. Data structure of
description. CNC machines are therefore provided with
rich information for part manufacture. CNC machine
tools are also made responsible for translating informa-
tion defined by STEP-NC such as Workingsteps to axis
motion and tool operation. Another major benefit of
STEP-NC is its compliance with ISO 10303, offering an
attractive solution to total integration of CAD/CAPP/
CAM/CNC without information exchange barriers [6].
Effectively, the Application Interpreted Model (AIM)
for ISO 14649, which is an Application Reference Model
(ARM), in STEP terminology, is being developed and
will become a STEP Application Protocol AP238 [7].

A gradual evolution from ISO 6983 programming to
portable, STEP-compliant feature-based programming
has been envisioned [9]. Early adopters of STEP-NC will
need to support data input of legacy G-code manually
or through programs, just as modern controllers support
both command-line interfaces and graphical user inter-
faces. Prototypes of this kind of STEP-NC work have
been demonstrated by both European and American
research groups [6,10]. The next milestone for STEP-NC
enabled CNC is to use a new CNC controller which is
not driven by G-code but by STEP-NC files directly or
indirectly.

The research work reported herein is on the develop-
ment of a CNC controller that is G-code free and
capable of processing STEP-NC information. There are
two pieces of work in this research, retrofitting a legacy
CNC lathe and developing a STEP-NC Converter–
STEPcNC Converter.
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2. Literature review

Substantial research work has been carried out by
research groups from countries such as Germany,
Switzerland, the UK, Korea, the US and New Zealand.
Some of the projects have been coordinated across a few
countries and others are not. The remaining section only
describes the related research work.

A prototype system named STEPturn has been
developed at ISW Stuttgart [11]. It adopts STEP and
STEP-NC standards for turned parts. Generally speak-
ing, STEPturn is a CAPP system bridging CAD and
CAM. STEPturn first reads geometry data from a STEP
AP-203 Part 21 file, and then performs normal process-
planning tasks such as feature recognition and Work-
ingstep sequencing in order to generate a STEP-NC
physical file, that is an ISO 14649 file. The Laboratory
for Machine Tools and Production Engineering (WZL)
at RWTH Aachen University focuses on STEP-compli-
ant CAM and NC controllers. It has developed the first
industrial prototype of a STEP-compliant NC controller
based on the Siemens 840D controller [10,12]. A
graphical user interface has been developed, using Shop
Mill (a shop floor oriented NC programming tool) and
Sinumerik 840D HMI (Human Machine Interface). This
interface, backed up by a so-called STEP-NC Parser
Library [10], can process STEP-NC program files. The
Workingsteps are executed based on the existing NC-
cycles, or directly compiled to yield switching commands
and processed to control specific geometrical interpola-
tion formats. An Agent-Based CAM system (AB-CAM)
has been developed at the Advanced Manufacturing
Sciences and Technology Centre of Loughborough
University [13–16]. It is a system with a STEP compliant
NC data structure. The STEP compliant process plan
generator in the system can select a process type,
machine tool, cutting tool, cutting parameters, fixture
methods and clamping locations to transfer a feature in
AP224 format into a Workingstep in a STEP-NC file.
The AB-CAM system does not have an intermediate
stage. The output from the AB-CAM system is native
STEP-NC files.
CAD Macro
CAPP

Feedbac

AP203
AP224

Requirements

Fig. 2. Integrating design with manu
The Korean STEP-NC system has been developed at
NRL-SNT (National Research Laboratory for STEP-
NC Technology) in Pohang University of Science and
Technology [17–20]. In preparation for executing a
STEP-NC program, two different approaches have been
used, a STEP-NC enabled CNC controller and a
conventional CNC controller. In the STEP-NC enabled
CNC controller, NCK/PLC has been developed and
used to convert the STEP-NC data model into machine
tool motion. It interfaces with machine tool hardware
(drivers and motors) via an I/O board. If a conventional
CNC (only accepting ISO 6983 code) has to be used,
conversion from ISO 14649 to ISO 6983 is necessary.
This requires explicit tool path computation in which
the cutting tools are used should be the same as specified
in the ISO 14649 part program.

In the NIST Intelligent Systems Division (ISD), an
ISO14649 (ARM) Interpreter has been developed. The
interpreter reads a STEP Part 21 file based on the
schemas in Parts 10 and 11 of ISO 14649 and generates
canonical machining commands, which are used by the
Enhanced Machine Controller (EMC) developed at
ISD. ISD is now developing an AP238 (AIM) Inter-
preter.
3. Proposed research

The system being developed in the Manufacturing
Systems Group at the University of Auckland has three
objectives: to make product data interchangeable,
product information flow seamless and the system itself
independent of any CAD/CAM systems. STEP-NC is
adopted as the ‘‘common language’’ for NC manufac-
turing as is STEP for the design processes. Fig. 2 depicts
the information flow in the system which is accompanied
by different ‘‘derivatives’’ of STEP standards at
different stages, hence both product data interchange-
ability and seamless product information flow can be
achieved.

The first move toward ‘‘common language’’-based
product development is to work with design models in
CNC
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STEP (AP 203) format. A product model defined in
terms of pure STEP geometry is re-interpreted in terms
of the manufacturing features stipulated by STEP
AP224 [21]. Then, macro process planning is carried
out based on these manufacturing features. The out-
come of this macroprocess planning is a ISO 10303
AP240 [22] file, and the microprocess planning yields
a ISO 10303 AP238 file, i.e. an STEP-NC AIM file.
This file includes the information about the design
model itself, the stock, its manufacturing features, the
tool/fixture requirements, the manufacturing process
sequence and etc. It is self-documenting and allows
complete safety checking. This type of information can
be described as ‘‘what-to-do’’ information, meaning
only manufacturing tasks are described, but not the
way(s) of completing them. This type of ‘‘what-to-do’’
information is then fed to a STEP-NC controller to
generate so-called ‘‘how-to-do’’ information, which may
still be documented in an ISO 14649 file, i.e. an ARM
file. This type of information then becomes machine-
specific and is used to issue low-level NC commands to
drive the machine tool. Following the design-manufac-
turing process chain illustrated in Fig. 2, the system
consists of four main modules (Fig. 3), (A1) Generation
of Generic STEP-NC Programs; (A2) Generation of
Native STEP-NC Programs; (A3) Generation of Native
CNC Commands and (A4) Execution of the Process
Plan on a CNC Machine.

This paper discusses the work being carried out
corresponding to A3 and A4, i.e. interpret the STEP-NC
information in this AIM format, generate the low-level
machine control commands and execute them on the
machine tool. Interested readers can refer to previous
publications [23–25] for details on other parts of the
system. It is worth noting that the low-level machine
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Fig. 3. IDEF0 diagram of the STEP-compl
commands are suppressed, only the STEP-NC is visible
to a user. The user has full control over and access to the
process plan represented in the STEP-NC format
through the interpreter interface. Once the process plan
is confirmed, execution of the program is done
automatically and autonomously by the controller
software. The legacy machine tool is a training lathe,
HERCUS PC200. The work can be divided as two
distinctive parts, retrofitting the machine tool and
developing STEPcNC.
4. Retrofitting a CNC Lathe

Interfacing with STEP-NC information needs a more
open and robust CNC controller. Like all the other
current CNC controllers, the existing controller on the
HERCUS PC200 can only handle G-code commands
for operations. Its interface to outside is limited and not
user-friendly. Therefore, retrofitting the lathe is a must
for deploying the STEP-NC concept.

4.1. The motion control system

The 6K motion control system from Compumotor
[26] has been opted to retrofit the lathe. There are a
number of reasons for such a decision. The 6K offers a
re-configurable multi-axis control (2–8 axes), servo or
stepper interchangeability, expandable I/O, multitasking
and choices of communication means.

With 6K motion control system, both servo and
stepper type of controls can be easily catered for.
Extendable digital and analogue I/O modules provide
the necessary flexibility for configuring the machine tool.
Another main reason of selecting the 6K system is that it
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is easy to accomplish multiple independent control
sequences as they are so often seen on a machine tool.
This is accomplished by the Motion Planner which
comes with the system and can interface easily with the
6K Controller in the Windows environment. Applica-
tions can be developed using Visual Basic, Visual C++
or Delphi. Utilizing object-oriented wizards, a user can
easily set up a controller, write a program, check syntax,
download and run programs and tune axes. Commu-
nications can be made in three different ways, RS 232
serial ports, Bus-based control and Ethernet (LANS or
Internet).

4.2. Retrofitting

4.2.1. Hardware connections

The HERCUS PC200 lathe is a typical two-axis lathe
with a tool turret that can hold eight cutters. Both the
chuck and lid are pneumatically driven. Table 1
summarizes the components that have been retrofitted
and their functions.

A number of hardware components have been used
for retrofitting. These components include a Compu-
motor 6K4 Controller, two servo motors and their
drivers for X- and Z-axes, an OEM 1000 watt power
transformer, an EVM32 (expansion input/output mod-
ule) and a VM25 (25 pin extension) unit.

To consolidate the controller, only VM25 is used
alongside a microcontroller powered at a maximum
speed of 20MHz. It converts VM25’s four digital
outputs into 16 digital outputs, though only 10 are
required for the current retrofitting job. This is done by
treating each of the different combinations of the four
outputs as single digital signals. Fig. 4 shows a flow
diagram detailing the physical connections as well as
information flow of the retrofitted lathe.

The 6K4 controller sends and receives feedback/
commands from the computer and transfers the digital
signals through VM25 to and from the limit switches
and the microcontroller. The limit switches are used to
home the X- and Z-axis motors. The microcontroller
controls various lathe components such as tool turret,
lid and chuck. The spindle driver is controlled by a
0–10V analogue signal from 6K4, which provides the
Table 1

Retrofitted components and their functions

Components Functions

X- and Z-axis motors Speed control, bi-directional

Tool turret Index, home and lock in position

Spindle motor Speed control, anticlockwise

Chuck Grip or release

Lid Open or close

Lubricant On or off
spindle motor with a 0–120V signal. The spindle
encoder sends the speed signal back to the controller
and also to an external display panel. To control the X-
and Z-axes, the controller sends 0 to 710V analogue
signals to the X- and Z-axis drivers which provide the
motors with a 0 to 770V signal. The motors also
provide Hall effect (positional) feedbacks to the drivers,
and the encoders provide the motor speed feedback
signals to the controller.
4.2.2. System tuning and set-up program

System tuning is through Compumotor’s Motion
Planner software and a set-up program is created to
forego any application programs. The Motion
Planner can download a program and run it in real
time. Compumotor Motion Planner is a software
package specifically designed for controlling Compu-
motor’s controllers [26]. The software package
utilizes 6K language, a basic ASCII language that
contains commands to control hardware devices
linked to the 6K controller. The 6K language is
capable of sending two types of commands, analogue
and digital. The analog commands are used to set
different parameters of a machining operation
with real numbers, e.g. parameters of distance, velocity
and acceleration, whereas the digital commands use
Boolean operators to set the state of a component,
e.g. the state of a drive (Enable/Disable) and the state of
an output (On/Off). The Set-up program, once com-
pleted, contains all the features which determine the
characteristics of the machine. Four sets of parameters
are of particular importance in a Set-up program. They
are Drive Set-up, Scaling Set-up, Encoder Set-up and
Limits/Home.
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4.2.3. Machining commands

In order to ease the job of linking STEP-NC
information with the retrofitted machine tool, the
turning operations defined by STEP-NC (ISO/DIS
14649 12 [27] and ISO/DIS 14649 121 [28]) are used to
develop the machining commands.

(1) Turning operations defined by ISO/DIS 14649–12
ISO/DIS 14649 12 defines a base class for all turning

operations, which contains information about ‘‘technol-
ogy’’ and cutting ‘‘strategy’’. It is a subtype of
machining_operation entity defined in ISO 14649–10
[29]. There are two basic categories of machining
operations: roughing and finishing; each can be one
of the following six operations: facing, grooving,
cutting_in, contouring, threading and knurling. The
following EXPRESS schema describes a generic turning
operation,

ENTITY turning_machining_operation
ABSTRACT SUPERTYPE OF (ONEOF(facing,

grooving, cutting_in, contouring, threading, knurling))
SUBTYPE OF (machining_operation);
approach : OPTIONAL approach_retract_strategy;
retract : OPTIONAL approach_retract_strategy;
Fig. 5. Grooving operation.
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its_machining_strategy : OPTIONAL turning_ma-
chining_strategy;

END_ENTITY;
The ‘‘approach’’ strategy is optional. If multiple

layers have to be cut, this strategy will be used to move
from one layer to the start point of the next. Also
optional is the ‘‘retract’’ strategy after finishing the last
cut. By default, the NC controller determines the retract
strategy. It may choose not to use any retract movement
if the end point of cutting coincides with the start point
of next cutting operation. The ‘‘its_machining_strategy’’
attribute describes the detailed strategy for executing a
turning operation, i.e. creating a turning toolpath. It is a
subtype of entity machining_strategy defined in ISO
14649–10.

(2) The Grooving Operation—an example
To illustrate, the development of the 6K grooving

program has been described here. Grooving, as defined
by STEP-NC, is a plunging operation in the direction
perpendicular to the component axis (Fig. 5) [27]. For
machining the side or wall of a groove, other operations
such as facing and contouring are used. The EXPRESS
schema for grooving is given below.

ENTITY grooving
ABSTRACT SUPERTYPE OF (ONEOF(groovin-

g_rough, grooving_finish))
SUBTYPE OF (turning_machining_operation);
return_amount : OPTIONAL length_measure;
dwell_time_bottom: OPTIONAL time_measure;
allowance : OPTIONAL length_measure;

END_ENTITY;
‘‘return_amount’’ is the amount of path return for

cutting the next layer (Fig. 5). ‘‘dwell_time_bottom’’ is
the time the cutter dwells at the bottom of the groove.
‘‘Allowance’’ is a depth of material to be left over for a
   
               

              Home for Y axis

Home for X axis

C
o

�
 S

d

r grooving cut.



ARTICLE IN PRESS
X.W. Xu / Robotics and Computer-Integrated Manufacturing 22 (2006) 144–153150
finishing operation. In order to generate a complete set
of information for a grooving cut, other information
such as the geometry of the groove feature and the
workpiece needs to be utilized. The ‘‘groove’’ feature is a
subtype of ‘‘revolved_feature’’ formed by sweeping an
‘‘open_profile’’. ‘‘revolved_feature’’ is one of the sub-
types of ‘‘turning_features’’,

ENTITY groove
SUBTYPE OF (revolved_feature);
sweep : open_profile;

END_ENTITY;
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‘‘Turning_features’’ are referenced from AP224 of
ISO10303; i.e., fully compliant with ISO10303-224.
These features are taken as standard for STEP-NC data
model, for the sake of compliance with the existing
standard ISO10303-224. The reference path for a groove
feature is as follows:
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For the retrofitted lathe to machine a groove, the
following set of parameters are extracted and used to
create a 6K program (Fig. 6):
�
 stock length (St);

�
 stock diameter (Sd);

�
 STEP-NC File
stock removal (Sr);

�
 cut depth (Cd);

�
 spindle speed (Ss);

�
 groove starting point (Sp);
Load to System
�
 groove starting length (Gs);

�
 cutter offset (Co).
Create a 6K
Program

Create a Report
FileInclude the Set-

up Program

Access
Workplan

Access
Workingstep
Using these parameters, the cutter path is generated
and a program called GROOVE.prg is created, tested
and ‘‘packaged’’ so that the program can be used as a
subroutine with only seven parameters to be specified
before execution. Similar subroutines have been devel-
oped for other Workingsteps defined in STEP-NC.
Therefore, the system effectively contains a library of
Workingstep-based 6K function templates. With this
library, mapping STEP-NC information to 6K com-
mands is made easier. The only work remaining is to
extract the required information from a STEP-NC file
and populate the targeted 6K template for final
execution.
Extract
Machining
Information

Write to 6K
Program

Write to Report
File

More WP or
WS?

END

Y

N

Fig. 9. Creation of a 6K program and report file.
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Fig. 10. Navigating through a STEP-NC file.
5. STEPcNC Converter

The STEPcNC Converter serves as an interface
between a STEP-NC file and the CNC lathe. It is
programmed using Microsoft Visual C++ for an
automatic translation of a STEP-NC program into 6K
language codes—a native CNC language program
(Fig. 7), which can drive the retrofitted lathe.

STEP Tools STIX [30] has been used to extract the
required information. STIX is a STEP IndeX library for
STEP AP-238. It contains a C++ library which
provides useful functions to process manufacturing
data in STEP AP-238 format. Therefore, STIX simpli-
fies implementation and processing of STEP AP-238
information in programs written in Microsoft Visual
C++. STIX uses so-called ‘‘cursers’’ to navigate
through an ordered structure of STEP-NC entity
(Fig. 8). At the present time, mapping ISO 14649–12
and ISO 14649–121 to AP238 is not yet completed.
Accessing turning information is limited with the
current STIX. Therefore, STEPcNC processing cap-
ability is only partial.

There are two files generated, a 6K program file
containing the machining commands and a report file
presenting a readable summary of the machining
operations and errors if any. Fig. 9 shows the conversion
process.
A 6K program always starts with the initialization
information, such as homing the axes, re-setting the
variables, creating a name for the operation, adding a
date and time. For each Workingstep, actions such as
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loading a cutter, turning on coolant, and closing the lid
are saved into the 6K program. Afterwards, machining
parameters such as cutting velocity, federate and depth
of cut are written to the program. Since a Workplan
may include both Workplan(s) (WP) and Working-
step(s) (WS) (Fig. 10), a set of self-looping codes
are used to traverse through all the Workplans and
Workingsteps.

Fig. 11 shows the interface of STEPcNC. In addition
to generating a 6K program and a report file, the
interface can also load an existing 6K program or report
file to browse and/or modify. This is done by evoking a
Motion Planner editing window through the OEM
feature in MFC.
6. Conclusions

Use of STEP standards throughout the design-
manufacturing process chain enables and simplifies data
exchange. The retrofitted CNC lathe has a more open
and flexible architecture, making it easier to integrate
with other manufacturing facilities, e.g. workpiece
handling device. The developed STEPcNC Converter
alongside the retrofitted CNC lathe realized a G-code
free machining scenario. As the retrofitted machine tool
can understand STEP-NC information, the product
design and manufacturing information, once repre-
sented using different STEP Application Protocols as
shown in Fig. 2, can be exchanged with little effort,
hence realization of the first and the second objectives
set up in this research. Complete design information is
passed on, and made available at the machine side,
making editing machining information an easy task.
Availability of design information at the machining
stage also enables a reliable collision check, accurate
simulation and feedback from the machining stage to
the design stage. Since the design and manufacturing
information coded in a STEP-NC file has been kept
machine tool independent, its portability is guaranteed.
It is necessary though that different STEP-NC inter-
preters be used for the machine tools with a different
NC kernel. Admittedly, 6K has no further advantage
over G-code in its role as a control language between
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STEP-NC and the low level motion control commands.
It is nonetheless more open and easier to program and
interface with other applications. It is the motion
control system programmed and driven by the 6K
language that offered far more functionalities to the
machine tool itself.
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