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ABSTRACT Industrial robots are gradually being employed in machining processes, particularly the cutting
process, owing to their flexibility, mobility, and economic efficiency. However, it is difficult to make the man-
ufacturing process intelligent owing to the complexity of robot machining process information handling and
programming. In this paper, the architecture of a STEP-NC compliant closed-loop robot machining system
was designed, including its function model and information stream. A methodology based on STEP-NC
was established to enable the analysis of high-level information directly and automatically generating robot
program according to the actual machining conditions. The STEP-NC Application Activity Model (AAM)
and Application Reference Model (ARM) of closed-loop robot machining system is built to integrate the
machining process data, monitoring and inspection data, mechanical equipment data, machining status data
and inspection result data within a unified data flow, making it possible to realize intelligent manufacturing
and adaptively adjusting the robot machining process. The proposed closed-loop robot machining system
was implemented based on an open STEP-NC interpreter that interprets the high-level information in STEP-
NC directly to reduce machining robot programming time. An industrial camera was integrated with the
robot for rawpiece positioning, then the STEP-NC interpreter can generate robot path rapidly according to
the parameters of manufacturing features and position of rawpiece. The STEP-NC interpreter can generate a
robot control program or communicate with a software controller using an application program interface, so it
can be integrated with both existing industrial robot controllers and future open robot controllers. Finally,
case studies are conducted for the functional verification of the proposed STEP-NC compliant closed-loop
robot machining system.

INDEX TERMS Closed-loop machining, machining robot, open STEP-NC interpreter, STEP-NC standard.

I. INTRODUCTION

Industrial robots are widely used in welding, loading, dis-
charge, conveying, and painting. They have also been used
in machining processes such as grinding, polishing, drilling,
milling, and additive manufacturing in recent years. Unlike
machining tools, industrial robots are more flexible, cost-
effective, and can be installed on mobile platform [1].
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Therefore, it is more suitable for machining large-scale and
complex-shape workpieces in single and small batch pro-
duction. However, low machining precision and complexity
of robot programming are the main problems to be solved
in robot machining [2]. Firstly, the relative position from
part to machining robot is changeable, especially in mobile
machining. In that case, inspection, calibration, and regen-
eration of robot program are necessary to reduce position-
ing error when a workpiece is newly installed [3]. Sec-
ondly, structure deformation and cutting chatter caused by
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low structural stiffness of machining robot is another main
source of machining error. Furthermore, there is a complex
correlation between structural stiffness of machining robot
and its pose, making it difficult to predict and compensate
the deformation or chatter during machining process [4].
Therefore, to minimize the deformation of robot structure
and ensure good machining quality, the parameters of robot
should be considered synthetically at the stage of process
planning. Moreover, dynamic properties such as cutting force
and vibration in machining process should be recorded in
real-time to monitor the machining status, and to get posture
more suitable for machining or to reduce the chatter in robot
machining [5], [6].

Industrial robot manufactures usually have their own pro-
gram formats, making the programming work complicated
[7]. Meanwhile, robot control programs contained only tra-
jectory of end operator and values of input and output ports.
No high-level information, such as geometrical model of
parts, manufacturing features, technological data, and robot
parameters can be integrated in robot control programs. Real-
time status information in the machining of every part is
not recorded and associated with high-level information for
further analysis. In this context, data model contains both
high-level information of robot machining process and its
real-time status is needed.

Closed-loop machining (CLM) is a methodology for con-
trolling the entire procedure from part design to machining,
monitoring, and inspection based on integrating of complete
product manufacturing information including both process
plan data, inspection data, and real-time monitoring data to
improve machining accuracy and lower the cost [8]. The
first step of CLM is to integrate online inspection, real-
time monitoring with machining. Then adjust machining pro-
cess according to inspection results and machining status.
STEP-NC is a new standard that describe machining pro-
cess using object oriented method retaining all high-level
information and its interrelationship, which is suitable for
using in CLM to connect procedures of part design, process
planning, machining, inspection, and monitoring by a unique
information stream [9]. Therefore, many research works of
CLM were based on STEP-NC standard, online inspection
and real-time monitoring. Brecher et al. defined STEP-NC
data model related to touch probing as draft of ISO 14649-
16 and performed inspection tasks on CMM (Coordinate
Measuring Machine) [10]. The inspection results are written
into STEP-NC file as feedback to make the machining pro-
cess closed-loop. Kumar et al. proposed a STEP-compliant
machining process control framework, using STEP-NC to
represent machining knowledge for further analysis [8].
They also built a STEP-NC model for representing machine
tool information and used ISO 14649-16 for representing
inspection information, then using the inspection results
for process control [11]. Zhao et al. proposed a frame-
work of closed-loop machining based on online inspection
and developed a STEP-NC interpreter to extract informa-
tion of machining, inspection, and feedback [12]. They also
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proposed a STEP-NC data model for on-machine dimen-
sional measurement and system structure for integrated pro-
cess planning and feedback [13]. Wosnik et al. presented a
structured STEP-NC model for describing machining pro-
cess data and built a process chain framework to opti-
mize machining process [14]. Ridwan et al. proposed an
architecture for machining condition monitoring based on
STEP-NC in order to optimize feed-rate of CNC machin-
ing [15]. Sivakumar et al. proposed a methodology for the
inspection and feedback of cylindrical parts based on geo-
metrical data based on STEP standard to integrate various
stages of product lifecycle [16]. The architecture and imple-
mentation of closed-loop machining system for CNC machin-
ing is proposed by the first author of this paper to apply
on-machine inspection and process control based on an open
STEP-NC controller [17]. Lei et al. built a STEP-NC data
model for aligning and laser tracker-measuring process to
realize closed-loop machining of large-scale component [18].
Danjou et al. proposed a closed-loop manufacturing approach
focus on machining knowledge feedback based on STEP-
NC, which used ontology method to extract and capitalize
machining data for guiding future process planning [19], [20].
There is no CLM system for robot machining at present.

STEP-NC has been used in industrial robot and robot
machining mainly on programming. Solvang et al. built
a CAM system, which generate robot machining program
based on STEP-NC process information [21]. Xiao et al.
defined a STEP-compliant Industrial Robot Data Model
(IRDM) for representing information of robot such as kine-
matic, geometric and controller and being used in robot
off-line programming system [22]. Minango and Ferreira
proposed a method for post-process of milling robot con-
sists of tool paths generation and kinematic algorithm [23].
Zivanovic et al. developed a RoboSTEP-NC module to gen-
erate G codes for robot machining based on STEP-NC file
[24]. The robot controller system used in their research is
based on LinuxCNC platform, which can interpret G codes
directly [25]. Toqiuca et al. built a STEP-NC compliant robot
machining platform using PTC Creo, STEP-NC Machine
and machining robot with LinuxCNC controller [26], [27].
In their research, kinematic parameters of machining robot
are modeled in XML file and input to the system along
with STEP format geometric model. Slakovic et al. used
Robot Language Converter (RLC) to extract cutter location
trajectory from STEP-NC file and transfer it into robot pro-
gramming language [28]. Alvares et al. discussed and imple-
mented six architectures for applying STEP-NC in robot
machining [29]. The key issue is to handle the information
in STEP-NC file and then to simulate or machine on robot
platform. However, the information flow of robot machining
based on STEP-NC in existing research works is unidirec-
tional and only part of information is used, so the advantage
of STEP-NC is not fully realized.

To sum up, it is a potential way to manage inte-
grated robot machining process information by combining
CLM, STEP-NC with robot machining, and further more
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to achieve intelligent manufacturing by comprehensive anal-
ysis of integrated robot machining information. However,
building a framework of robot machining system that can
perform machining tasks intelligently and adaptively based
on closed-loop data chain of high-level information, such
as robot parameters, online-inspection result and real-time
machining status, is still a problem to be solved.

The main purpose of this study is to build a frame-
work of machining robot system that executing machin-
ing tasks adaptively, along with a closed-loop data stream
integrated geometrical data of part, process plan data of
machining, inspection, and monitoring tasks, robot and tool
information, and status data during robot machining process.
A Closed-Loop Robot Machining System (CLRMS) based
on STEP-NC data model is proposed, implemented and ver-
ified. The Application Activity Model (AAM) and Applica-
tion Reference Model (ARM) of the proposed CLRMS are
built using functional modeling and object-oriented approach
respectively. An open STEP-NC interpreter supports online
STEP-NC file interpreting is developed for the implementa-
tion of the proposed system. The interpreter gets position of
rawpiece by an industrial camera and generates robot path
instantly. In this way, programming time for machining robot
is significantly reduced.

The rest of paper is organized as follows. Section II
describes the AAM of STEP-NC compliant closed-loop
robot machining system, including functional activities and
information stream. Section III defines the ARM of inte-
grated STEP-NC data model for closed-loop robot machin-
ing. Section IV presents an open STEP-NC interpreter, which
interprets STEP-NC file with no specified tool path directly
and using an industrial camera for workpiece positioning.
Finally, the implementation and validation of the proposed
closed-loop robot machining system is presented in section V.

Il. ARCHITECTURE AND METHODOLOGY OF
CLOSED-LOOP ROBOT MIACHINING SYSTEM

The model of CLRMS based on STEP-NC consists of AAM
and ARM, the former defines functional activities of the
process and the latter defines information needed for the
functional activities [30]. In this section, AAM of CLRMS
is defined to illustrate the architecture and information flow
of the closed-loop robot machining process. The ARM of
CLRMS will be defined and discussed in section III.

A. OVERALL STRUCTURE AND INFORMATION STREAM OF
CLRMS

The objective of CLRMS is controlling robot machining
process based on machining status and inspection results.
As show in Fig. 1, the robot machining process is divided
into five procedures, namely part design, integrated process
planning, machining robot path planning, robot machining
and process control, and machining knowledge management.
These procedures are not executed sequentially but in parallel
and collaboratively. All the procedures can get information
of machining status in real-time and control the process
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FIGURE 2. Top-level functional activity.

adaptively. An integrated and distributed information stream
based on STEP-NC standard is used to represent all data
in connection with machining process. Integrated means all
information of geometrical data of parts, integrated process
plan, robot and tool information, robot path and integrated
machining data and their relationship are formatted in a
consistent manner. Distributed means information collected
during machining of every individual part should be stored
separately to make the machining process traceable.

B. FUNCTIONAL MODEL OF CLRMS

The AAM of closed-loop robot machining process is built by
Integration DEFinition method O (IDEFO) for detailed analy-
sis. The total process and procedures are represented using
functional activities of IDEFO diagram. Streams of input,
output, control, and mechanism are represented using four
groups of arrows around the functional activities. Fig. 2 is the
top-level functional model of closed-loop robot machining.
Inputs of activity AO are rough part, and robot and tool
information. Outputs of activity AO are finished part and
machining knowledge. Controls of activity A0 are design
requirement and integrated data model standard compat-
ible with STEP-NC. Mechanisms of activity AQ are the
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FIGURE 3. Functional activities and streams of CLRMS.

equipment, personnel, and other tools used in the robot
machining process.

Functional activity AQ is further divided into five func-
tional activities as shown in Fig. 3. They are part design
(A1), integrated process planning (A2), machining robot path
planning (A3), robot machining and process control (A4),
and machining knowledge management (AS), correspond-
ing to the five procedures of robot machining process. The
five functional activities are connected with arrows repre-
senting streams of information or material used in these
procedures. All information of robot machining process is
collected and transferred in format of integrated data model
standard to preserve and reuse machining knowledge. Every
functional activity will analyze real-time information along
with machining knowledge and adjust part design, process
plan, robot path, and machining parameters adaptively.

C. FUNCTIONAL ACTIVITIES IN CLRMS

1) FUNCTIONAL ACTIVITY OF PART DESIGN

The function of activity Al is to design the geometric param-
eters of part according to design requirement, usually con-
ducted by designer on CAD platform. Machining knowledge
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from activity AS is considered as the part design will affect
the manufacturability of parts. Output of this activity is geo-
metrical model of both rough and finished part, which is
represented in neutral format compatible with integrated data
model standard. This model contained not only the 3D model
such as STEP AP203 and STEP AP214 but also the material
of part and tolerance of every feature. This will ensure the
following activities to have comprehensive characteristic of
the object to be machined. By this way activity A2 can make
adjustment to geometrical data based on the actual situation in
order to optimize the machining process. These adjustments
will be inputted to activity A1 and manipulated by designer
manually or by CAD platform software automatically.

2) FUNCTIONAL ACTIVITY OF INTEGRATED PROCESS
PLANNING

Activity A2 generates integrated process plan of robot
machining contains machining task, online inspection, and
machining status monitoring task. All information is repre-
sented with STEP-NC compliant data model and connected
with geometrical data from activity Al. This procedure is
divided into the following steps:
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a) Identify and extract features to be machined and their
tolerance items to be inspected by analyzing geometrical data
of rough and finished parts.

b) Determine machining and inspection operations for
every manufacturing feature on the basis of available robot
and other equipment.

¢) Set machining and inspection parameters for every oper-
ation according to the characteristic of robot and tool.

d) Select status parameters to be monitored or controlled
during execution of machining operation.

e) Integrate all operations and features to create a machin-
ing, inspection, or monitoring workingstep.

f) Arrange the sequence of machining, inspection, and
monitoring workingsteps.

g) Generate and output process plan of integrated robot
machining tasks in format compatible with integrated data
model standard.

Machining knowledge of previous machining processes
are considered when generating new process plan. Adjust-
ments such as process parameters, machining or inspection
sequence, and add or remove of workingstep are made by
activity A3 and A4 then sent back Activity A2.

3) FUNCTIONAL ACTIVITY OF MACHINING ROBOT PATH
PLANNING

Process plan outputted from activity A2 is in STEP-NC data
standard contains high-level information without tool path or
motion control program. Then it is read and interpreted by
STEP-NC file interpreter to plan robot path for controlling the
robot. Activity A3 interprets STEP-NC file directly in online
mode according to the real condition of machining robot and
workpiece. The main function of activity A3 is divided into
the following steps:

a) Read STEP-NC file and extract workingsteps from main
workplan, then get machining, inspection, or monitoring
information of every operation.

b) Generate machining robot path in work space according
to the location of features and process routes of workingsteps.

c¢) Calculate machining robot path in joint space by inverse
kinematic algorithm if the path contains complex curves.

d) Machining interference is checked according to the geo-
metrical data of manufacturing features, workpiece, robot,
and tool in STEP-NC file, along with the online positioning
result in order to prevent collision during machining process.

e) Generate robot control program according to robot path
if the robot controller only accepts programs in its own
format.

4) FUNCTIONAL ACTIVITY OF ROBOT MACHINING AND
PROCESS CONTROL

Function of activity A4 is executing robot machining pro-
cess plan inputted from activity A2 adaptively. Machining
status parameters, dimension error, form error, and position
error are collected and attached with workingsteps and man-
ufacturing features to generate the integrated and distributed
machining information. Adjustment of machining process is
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made by analyzing the machining information in real-time.
The detailed function of activity A4 will be described in part
D of section II.

5) FUNCTIONAL ACTIVITY OF MACHINING KNOWLEDGE
MANAGEMENT

Function of activity AS is storing, analyzing, and reusing all
information collected during machining process, then gen-
erating and preserving machining knowledge, which con-
tains both machining process information and its relationship.
Artificial intelligence algorithms such as deep convolutional
neural networks, Apriori algorithm, and genetic algorithm
can be used in this procedure to obtain machining knowledge
and to improve the machining quality [31], [32]. The machin-
ing knowledge is outputted to activity Al to A4 as control
streams to guide the machining process such as generating
process plan, selecting machining parameters, and generating
robot path.

D. ROBOT MACHINING AND PROCESS CONTROL

Robot machining and process control (A4) is the core func-
tion of CLRMS. Its material input stream is rough part, which
will be processed into finished part as output stream. During
the machining process, activity A4 manipulates information
from other activities to make adjustment of process plan,
robot path, and process parameters in real-time according
to machining status and inspection result, then sends the
adjustment to other activities. It is divided into four collab-
orative functional activities as shown in figure 4, namely
pre-machining inspection (A41), machining and monitoring
(A42), online inspection (A43), and adjust machining process
(A44).

Pre-machining inspection (A41) is needed when a rough
part is installed on the fixture for the first time. Its purpose is
to get the accurate relative position and orientation between
machining robot and rough part. Activity A44 will adjusts the
part to the position determined by process plan or recalculates
the robot path and sends it back to activity A3. This procedure
is necessary owing to machining robot is usually used in
single and small batch production without fixture specially
customized for the part, or in mobile machining of large-scale
workpiece.

Function of activity A42 is getting robot path form activity
A3 and executing the machining, inspection, and monitoring
process determined in the integrated process plan. During
machining, sensors are installed on robot, fixture or part to get
machining status parameters such as force, torque, velocity,
acceleration, and temperature. The collected data is outputted
to other activities for further analysis.

An online inspection workingstep is added in machining
process plan by activity A2 during machining process plan-
ning stage and conducted by activity A43 in the following
situations:

1) The required precision of some manufacturing features
is higher than the guaranteed precision of robot machining
system.
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FIGURE 4. Functional activities and data streams of robot machining and process control.

2) The workpiece is re-installed during machining pro-
cess so that the position of next manufacturing feature to be
machined is changed.

3) The machining status parameters indicates that the error
of previously finished manufacturing feature might be out of
tolerance.

Inspection tasks of case 1) and 2) are scheduled to perform
at some critical points of integrated process plan and written
in STEP-NC file in advance. Inspection tasks of case 3)
are written in STEP-NC file in forms of if statements and
added to process plan in real-time by activity A43 if needed.
Output streams of activity A43 are inspection results of both
in-process and finished part.

Activity A44 has seven input streams from other activi-
ties covering all relevant information of machining process,
such as integrated process plan, robot path, robot and tool
information, inspection result of part, and machining status
data. A process controller analyzes the information compre-
hensively to obtain the real condition of machining process
and adjusts the machining process by optimizing cutting
parameters or process plan in real-time. Take the procedure of
cutting force control as an example to illustrate the function
of activity A44 as follows.

1) Dynamometer is installed under the workpiece or on end
effector of robot to monitor the cutting force during machin-
ing process. Multicomponent dynamometers that have been
pre-encapsulated and calibrated by producer can be used
directly, such as Kistler 9257B [33]. For self-designed cutting
force measurement system, accurate calibration and layout
planning of dynamometers should be conducted to assure the
measurement accuracy [34].
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2) When the cutting force is greater than the set value,
which means deformation of robot and workpiece may be
greater than the dimensional tolerance of the manufacturing
feature. Then the process controller will adjust feedrate or
cutting speed in real-time to reduce cutting force.

3) After the machining workingstep, A44 will send a
request to A43 to add an online inspection workingstep to
examine the actual error.

4) After the newly added inspection workingstep, A44 will
send a request to A2 to add a new machining workingstep to
fix the part if the error is repairable, or to abandon the part if
the error cannot be fixed.

Ill. STEP-NC DATA MODEL FOR CLOSED-LOOP ROBOT
MACHINING

A. INTEGRATED ROBOT MACHINING DATA MODEL BASED
ON STEP-NC STANDARD

Data model integrating complete machining process infor-
mation is the basis of closed-loop robot machining. In this
section, the ARM of integrated robot machining data is built
based on STEP-NC standard, which uses high-level infor-
mation to describe machining process and supports bidirec-
tional data transmission between any sections of the robot
manufacturing system. Several extensions are made using the
description method defined in STEP-NC standard to cover the
whole closed-loop robot machining process. The overall data
model structure contains both original STEP-NC standard
and its extensions are illustrated in Fig. 5. All extensions are
defined by EXPRESS and EXPRESS-G method and can be
integrated seamlessly with other STEP-NC data model [35].
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FIGURE 5. STEP-NC data model for closed-loop robot machining.

!_ average_joint_acceleration L[1:?]

Status Data

As discussed in section II, the information stream should
contain the following types of information:

1) GEOMETRICAL DATA

In conventional manufacturing system, geometrical data
means 3D model of finished part in universal data format
such as STEP and IGES. This does not meet the requirement
of CLRMS as the manufacturing features and their tolerances
are ignored. In ISO-14649, geometrical data is represented as
manufacturing features, such as planar_face, closed_pocket,
round_hole, and so on, while the location, shape, dimension,
and tolerance of manufacturing features are described by
their properties [36]. In this context, data model in published
STEP-NC standards are sufficient for CLRMS, so that this
part of data model is directly referenced from ISO-14649 part
10 [36].

2) ROBOT MACHINING PROCESS PLAN
This part of data model is the core data of current STEP-
NC standard, which describes machining process by using
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entity project and its properties. The most significant prop-
erty of project is its main_workplan representing by using
entity workplan and its property its_elements, which contains
one or several executables such as workingstep, nc_function,
and program_structure. At present, most machining process
information of milling and turning are already defined in ISO-
14649 part 11 and 12, and can be directly referenced to build
robot machining process plan data model [37], [38]. How-
ever, data model for machining status monitoring and online
inspection are not defined in ISO-14649 or other compliant
STEP standards. Therefore, a group of entities are newly
defined and integrated with existing ISO-14649 data model.

3) ROBOT AND TOOL INFORMATION

This part of data model describes the characteristic of robot,
tool, inspection equipment, sensor, and other accessories of
industrial robot. ISO-14649 part 111 and 121 defines data
model for milling cutting tools and turning cutting tools,
which can be directly referenced [39], [40]. However, other
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equipment used in CLRMS are not included in STEP-NC
standard. In that case, data model of industrial robot, inspec-
tion device, industrial camera, machine tool, and sensor are
defined and integrated with existing ISO-14649 data model.

4) ROBOT PATH

In CLRMS, robot path generated by path planning system is
not only used to control the robot, but also used to calculate
the posture and speed of robot according predict potential
problems such as deformation, excessive joint velocity and
singularity. So, it is necessary for robot machining process
controller to read and store robot path especially position and
velocity of every joint in STEP-NC files. Therefore, entity
robot_joint_positon is defined and integrated in STEP-NC
data model.

5) REAL-TIME MACHINING DATA

Real-time machining data such as cutting force, cutting
speed, federate, and cutting accelerate are collected dur-
ing robot machining process. As introduced above, posi-
tion, velocity, and acceleration of joints contained in entity
robot_joint_positon are also included, along with joint torque
and force. Therefore, entities for representing these data are
defined and integrated in STEP-NC data model.

B. STEP-NC DATA MODEL FOR ONLINE INSPECTION AND
REAL-TIME MONITORING
Inspection and monitoring are necessary to improve the qual-
ity of finished parts and efficiency of machining process
in robot machining owing to low stiffness and accuracy of
robot. Three types of workingstep are defined in ISO-14649
part 10 namely machining_workingstep, rapid_movement
and touch_probing [36]. However, entity touch_probing
describes process of workpiece probing, workpiece complete
probing and, tool probing by low-level information without
inspection result. Furthermore, there is no data model for
real-time robot machining status monitoring. In that case,
two types of workingstep namely inspection_workingstep
and monitoring_workingstep are newly defined by using
EXPRESS method, along with entity inspection_result,
which is used to preserve results of inspection_workingstep.
Entity inspection_workingstep contains information of
online inspection, such as inspection feature, operation and
position of workpiece. The EXPRESS definition is shown
in Fig. 6. Entities related to inspection workingstep are
also defined as shown in Fig. 7. Entity inspection_feature
describes what to be inspected, while inspection_operation
describes its inspection method. The results are recorded
in entity inspection_result, which is linked to inspec-
tion workingstep. Entity rawpiece_position derived from
inspection_feature, entity vision_measurement derived from
inspection_operation, and entity rawpiece_position_result
derived from inspection_result are defined to describe work-
piece positioning process using machine vision method.
Entity monitoring_workingstep describes the real-time
monitoring process during robot machining, including the
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ENTITY inspection_workingstep
SUBTYPE OF workingstep;
its_feature:
its_operation:
its_workpiece_setup:

END_ENTITY;

inspection_feature;
inspection_operation;
OPTIONAL workpiece_setup;

FIGURE 6. Definition of inspection_workingstep.

ENTITY inspection_feature
its_id: identifier;
its_workpiece: OPTIONAL workpiece;
its_operations: SET [0:?] OF inspection_operation;
END_ENTITY;

ENTITY rawpiece_position
SUBTYPE OF inspection_feature;

its_rawpiece: workpiece;
its_rawpiece_setup: OPTIONAL workpiece_setup;
END_ENTITY;

ENTITY inspection_operation
its_id: identifier;
its_inspection_device: OPTIONAL mechanical_equipment;
its_inspection_technology: OPTIONAL inspection_technology;
its_inspection_functions: OPTIONAL inspection_functions;
END_ENTITY;

ENTITY vision_measurement
SUBTYPE OF inspection_operation;
END_ENTITY;

ENTITY inspection_result
its_inspection_workingstep: inspection_workingstep;
END_ENTITY;

ENTITY rawpiece_position_result
SUBTYPE OF inspection_result;
its_position: axis2_placement_3d;

END_ENTITY;

FIGURE 7. Definition of online inspection.

ENTITY monitoring_workingstep
SUBTYPE OF workingstep;
its_workingstep:
its_machining_equipment:
its_monitoring_equipment:
its_monitoring_item:
its_monitoring_technology:
its_monitoring_functions:

END_ENTITY;

workingstep;

OPTIONAL mechanical_equipment;
OPTIONAL mechanical_equipment;
SET [1:?] OF monitoring_item;
OPTIONAL monitoring_technology;
OPTIONAL monitoring_functions;

FIGURE 8. Definition of monitoring_workingstep.

corresponding machining workingstep, items to be moni-
tored, equipment, technology, and functions. The EXPRESS
definition is shown in Fig. 8. Entity monitoring_item is
an abstract super type of realtime_status_monitoring, more
items would be defined base on this super type in the future.
In this paper, three real-time monitoring items as shown in
Fig. 9 are defined as subtype of realtime_status_monitoring,
namely robot_joint_position_monitoring, end_effector_
acceleration_monitoring, and end_effector_force_monitoring.

C. STEP-NC DATA MODEL FOR MECHANICAL EQUIPMENT
IN CLRMS

Process control of robot machining system is more complex
than machine tool, so that an abstract super type mechani-
cal_equipment and several subtypes are defined to describe
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ENTITY monitoring_item

ABSTRACT SUPERTYPE OF (ONEOF
(realtime_status_monitoring)):
END_ENTITY:

ENTITY realtime_status_monitoring
SUBTYPE OF monitoring_item;

start_point: OPTIONAL cartesian_point;

end_point: OPTIONAL cartesian_point:

sample_rate: OPTIONAL sample_measure;
END_ENTITY:

ENTITY robot_joint_position_monitoring
SUBTYPE OF realtime_status_monitoring;
monitor_joint: LIST [1:?] OF BOOLEAN;

END_ENTITY:

ENTITY end_effector_accelertion_monitoring
SUBTYPE OF realtime_status_monitoring;
monitor_accelertion_x: OPTIONAL BOOLEAN:
monitor_accelertion_y: OPTIONAL BOOLEAN:
monitor_accelertion_z: OPTIONAL BOOLEAN:
END_ENTITY;

ENTITY end_effector_force_monitoring
SUBTYPE OF realtime_status_monitoring;
monitor_force x:  OPTIONAL BOOLEAN;
monitor_force y:  OPTIONAL BOOLEAN;
monitor_force_zz  OPTIONAL BOOLEAN;

END_ENTITY:

FIGURE 9. Definition of monitoring_item.

ENTITY mechanical_equipment
ABSTRACT SUPERTYPE OF (ONEOF (machine_tool,
industrial_robot, inspection_device, sensor));

its_id: label;

its_vendor_id: label;

its_product_id: label;

its_mechanism: OPTIONAL mechanism;

its_base: OPTIONAL kinematic_link;

its_placement: OPTIONAL axis2_placement_3d;
END_ENTITY;

FIGURE 10. Definition of mechanical_equipment.

information of various types of equipment, which should be
considered in both process planning stage and machining
stage. The EXPRESS definition is shown in Fig. 10. If the
equipment is installed separately, property its_base should
not be defined. If the equipment is installed on another equip-
ment, property its_base should be defined. At the meantime,
property its_placement should also be defined to describe
the position of the equipment in coordinate system of kine-
matic_link defined by property its_base.

A four-level hierarchical coordinate systems namely
machine coordinate system (MCS), setup coordinate system
(SCS), workpiece coordinate system (WCS), and feature
coordinate system (FCS) are defined in ISO-14649 Part10
to determine the location of workpiece and manufacturing
feature [36]. In this system, fixture, workpiece, and cutting
tool are usually installed on the table of machine tool so that
MCS can be treated as base coordinate system. But machining
robot has no fixed table while the robot itself can be mobile.
Furthermore, other equipment such as inspection devices and
sensors may not be installed on the robot structure. In this
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context, the four-level hierarchical coordinate systems in
ISO-14649 are insufficient to describe the relative position of
equipment in CLRMS. In this paper, a multi branch frame of
coordinate systems for robot machining are designed as show
in Fig. 11. The Setup-Workpiece-Feature chain coordinate
systems is no longer described in MCS but in a newly defined
global coordinate system (GCS), in which machine coordi-
nate system (MCS) and its link coordinate systems (LCS) of
more than one equipment can be defined in separate chains.
MCS of the equipment can also be defined in MCS or LCS
of another equipment on which it is installed. For example,
the MCS of end effector is usually defined in LCS of the last
joint of industrial robot.

Entity machine_setup which describes MCS of mechanical
equipment is defined as shown in Fig. 12. Property mechani-
cal_equipment describes which equipment the MCS is related
to. Property its_origin defined the MCS of mechanical equip-
ment in GCS or in MCS of another mechanical equipment,
depends on the related mechanical_equipment is installed
separately or on another equipment. This entity should not be
used if the mechanical equipment is installed on a movable
part of another equipment.

Entity mechanism and entity kinematic_link are referenced
from ISO-10303 Part 105 to describe kinematic structure of
machining robot [33]. However, these two entities cannot
describe D-H parameters of machining robot. In that case,
new data model of industrial robot integrating D-H parame-
ters, dynamic parameters, and stiffness parameters is defined
as shown in Fig. 13. Entity link_parameter describes D-H
parameters of industrial robot using the first four properties
to represent distance and rotation angle between adjacent
joints. Property its_type represents type of joint, which can
be revolute or prismatic.

Data model for machine vision system is defined as shown
in Fig. 14. Entity inspection_device is super type of all
inspection devices such as vision measuring system, indus-
trial camera, and lens. Entity vision_measuring_system has
one or more industrial cameras is used to perform vision mea-
surement tasks in robot machining. Entity industrial_camera
and industrial_lens and their sub types are used to describe
parameters of camera and lens in vision measuring system.

D. STEP-NC DATA MODEL FOR ROBOT MACHINING
STATUS

Entity machining_status and its subtype realtime_machining
_status is defined for recording real-time machining status
data in robot machining process. The EXPRESS definition is
shown in Fig. 15. Its property linked machining status data
with corresponding monitoring workingstep. Time domain
data of machining status is saved as separate data file owing
to its large data volume. Property data_storage indicates the
storage location of data file. Only characteristic values of
real-time machining status data such as average force, aver-
age acceleration, and average velocity are saved in STEP-
NC file. Three entities are defined for recording force and
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FIGURE 11. Coordinate systems in CLRMS.

ENTITY machine_setup
its_mechanical_equipment: mechanical_equipment;

its_origin: OPTIONAL axis2_placement_3d;
its_base: OPTIONAL machine_setup;
END_ENTITY;

FIGURE 12. Definition of machine_setup.

ENTITY industrial_robot

SUBTYPE OF mechanical_equipment;

its_parameter: robot_parameter;

its_end_effector: SET [0:?] OF mechanical_equipment;
END_ENTITY:

ENTITY robot_parameter

its_link_parameter: robot_link_parameter;

its_dynamic_parameter: OPTIONAL
robot_dynamic_parameter;
its_stiffness_parameter: OPTIONAL

robot_stiffness_parameter;
END_ENTITY:

ENTITY robot_link_parameter
number_of joints: INTEGER:
link_parameters: LIST [1:?] OF link_parameter;
END_ENTITY:

ENTITY link_parameter

a: REAL;

alpha: REAL;

d: REAL;

theta: REAL:

its_type: joint_type:
END_ENTITY:

TYPE joint_type = ENUMERATION OF (revolute, prismatic);
END_TYPE;

FIGURE 13. Definition of industrial robot and its parameters.

acceleration of robot end effector, along with position of
joints in real-time during machining process.

IV. OPEN STEP-NC INTERPRETER AND ONLINE

INSPECTION
A. OPEN STEP-NC INTERPRETER FOR CLRMS

The overall architecture of the proposed CLRMS is pre-
sented in Fig. 16. Software platform consist of CAD software
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ENTITY inspection_device
SUBTYPE OF mechanical_equipment;
END_ENTITY;

ENTITY vision_measuring_system

SUBTYPE OF inspection_device;

its_camera: ~ SET [1:?] OF industrial _camera;
END_ENTITY;

ENTITY industrial_camera
SUBTYPE OF inspection_device;
its_lens: industrial_lens;

END_ENTITY;

ENTITY general_industrial_camera
SUBTYPE OF industrial_camera;

its_color: camera_color;

its_resolution: camera_resolution;

frame_rate: REAL;
END_ENTITY;

ENTITY camera_resolution
lateral_resolution: REAL
vertical_resolution: REAL;

END_ENTITY;

ENTITY industrial_lens
SUBTYPE OF inspection_device;
END_ENTITY;

FIGURE 14. Definition of inspection device.

platform, CAPP software platform, open STEP-NC inter-
preter, and machining knowledge management system. Hard-
ware platform consist of machining robot, machine vision
system and hardware interface. Programming interface con-
nects software with hardware. CAD software platform cor-
responds to functional activity Al in section II generates
geometrical model of machined part and transfers it to CAPP
software platform. Any CAD software with function of geom-
etry modeling can be used in CLRMS to accomplish this task.
CAPP software platform corresponds to functional activ-
ity A2 in section II generates machining process plan inte-
grates geometrical information of machined part, mechanical
equipment in robot machining system, machining working-
step, inspection workingstep, and monitoring workingstep
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ENTITY machining_status
its_monitoring_workingstep:
END_ENTITY;

monitoring_workingstep:

ENTITY realtime _machining_status
SUBTYPE OF machining_status;

start_point: cartesian_point;

end_point: cartesian_point;

sample_rate: sample_measure;

data_storage: file_save_select;
END_ENTITY:

ENTITY end_effector_force
SUBTYPE OF realtime_machining_status;
average force_x: OPTIONAL force measure;
average_force_y: OPTIONAL force_measure:
average force_z: OPTIONAL force_measure;
END_ENTITY;

ENTITY end_effector_acceleration
SUBTYPE OF realtime_machining_status;

average acceleration_ X: OPTIONAL
acceleration_measure;
average acceleration_y: OPTIONAL
acceleration_measure;
average acceleration_z: OPTIONAL

acceleration_measure;
END ENTITY;

ENTITY robot_joint_position
SUBTYPE OF realtime_machining_status;
average_joint_velocity: OPTIONAL LIST [1:?]
OF velocity _measure
OPTIONAL LIST [1:?]
OF acceleration_measure:

average_joint_acceleration:

END_ENTITY:

FIGURE 15. Definition of machining status.

in a unified data stream by using data model described in
section III. Machining knowledge management system is
a database storing and analyzing the information of robot
machining process.

The implementation work of this paper is focused on
activity A3 and A4 described in section II. Activity A3 can
be implemented as an individual system or integrated with
activity A4. In this paper, an open STEP-NC interpreter
integrating activity A3 and A4 is proposed and developed
for robot machining to form a high-level machining robot
controller. The proposed STEP-NC interpreter can read the
STEP-NC file and control the machining process adaptively.
The software kernel of the proposed open STEP-NC inter-
preter consists of five software modules as described below.

1) Human machine interface (HMI) module is an input
and output interface. Its main function is to read and edit
STEP-NC file, display vision captured by camera and other
information of robot machining process.

2) STEP-NC interpreting module is the most important
part of open STEP-NC interpreter. Core functions such as
parsing STEP-NC file and mapping it to internal data format,
checking syntax and logic errors, and generating tool path are
conducted by this module.
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3) Robot path planning module deals with kinemat-
ics calculation and velocity planning problems to generate
robot path in Cartesian space or joint space. This mod-
ule has two types of implementation mode, namely inte-
grated mode and standalone mode. Integrated mode means
the STEP-NC interpreter is integrated with an open robot
controller with software interfaces and can control the servo
drivers directly. Standalone mode means the robot controller
is a closed-system that can only accept program of native
language. A postprocessor specially developed for the robot
controller is needed if this module works in the latter mode.

4) Online inspection module communicates with machine
vision system through hardware interface such as USB port
and Ethernet port to capture image of workpiece. Then the
images are processed to measure the shape, dimension, posi-
tion, and surface roughness. Inspection results are saved in
STEP-NC file and analyzed for adjusting robot machining
process.

5) Real-time monitoring module communicates with sen-
sors through hardware interface such as USB port, serial port,
and data acquisition card to record real-time robot machining
status data. The collected data is analyzed by using artifi-
cial intelligence algorithms to determine the robot machin-
ing condition and adjust machining parameters adaptively in
real-time to get better machining quality.

B. ONLINE WORKPIECE POSITIONING BASED ON
MACHINE VISION

The proposed STEP-NC interpreter can generate tool path in
FCS of every manufacturing feature. Then the robot path is
generated based on tool path in FCS and relative position and
orientation between coordinate systems in robot machining
system. However, the location of workpiece is usually not
fixed in robot machining, so that online workpiece position-
ing is needed when a new workpiece is to be machined.
In this paper, machine vision method is used to get the relative
position between workpiece and machining robot.

The coordinate systems of CLRMS in this paper is shown
in Fig. 17. A rectangle shape workpiece clamped on a flat
plier which is parallel to the base of machining robot is took
as an example to illustrate the process of online workpiece
positioning. The top left corner, bottom left corner, and bot-
tom right corner of the workpiece, namely P1, P2, and P3 are
selected as target points for online workpiece positioning.

There are two branches of coordinate systems in the imple-
mentation platform of this paper. The first branch is machin-
ing robot and its end effectors. The second branch is fixture
and workpiece. In the first branch, MSC of machining robot
{Mpg} is coincide with GCS {G}. LCS of 6 joints and ending
tool {L7} are linked in series. Industrial camera for online
workpiece positioning and motorized spindle with cutting
tool for machining are installed on the ending tool of robot.
Therefore, MCS of both mechanical equipment {M¢} and
{M;,} are defined in {L7}. In the second branch, SCS {S}
is set at the fixture on platform and WCS {W} is coincide
with {S}. FCS {F} of every manufacturing feature is defined
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FIGURE 16. Architecture of closed-loop robot machining system based on STEP-NC.

The industrial camera (MV-SUA2000M-T, MindVision)
and lens (MV-LD-16-10M-J, MindVision) are firstly cali-
brated using the Zhang’s method to get the intrinsic parame-
ters [42]. The camera is black-and-white with the resolution

Joint4  yoint 5 Motorized

Joint 3 ~— \l
Machining

Camera

Robot 1\>/{1cs of of 5488x3672. In total, 20 images of a checkerboard with
Camera 12x9 squares from different angles are captured for calibra-

MCS of Motorized
Spindle

tion. Part of the images are shown in Fig. 18. The calibration
results are

Joint 1 Ending

Tool

MCS of
fobot fr = 7023.0002, f; = 7023.2098, uy = 2757.6177,
oes vo = = 1767.1936, ki = —0.07221, k = 0.04745,
p1 = —7.8641 x 1074, pp = —4.9523 x 1074,
Joint 2 Workpiece

The method of online workpiece positioning is shown in
Fig. 19. Compared with deep learning method that needs
training of a large amount of samples, template match-
ing algorithm has low computational complexity and good
robustness and is widely used in feature recognition and local-
ization [43]. The characteristics of rectangle shape workpiece
used in this paper is clear and distinguishable. Furthermore,
the shape and dimension of workpiece and the machining
environment is usually known in advance, and the axis of
camera is perpendicular to the upper planner of workpiece

FIGURE 17. Coordinate systems of machining robot and workpiece.

in {W} by entities in STEP-NC file. The relative location
and orientation between {S} and {G} should be determined
before generating robot path.
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during positioning process, which makes the characteristic
more markedly and leads to more accurate measurement
results. In this context, it is practicable to make a template
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FIGURE 18. Part of images used for camera calibration.

TABLE 1. Recognition results of template matching algorithm.

P1 (100 images) | P2 (100 images) | P3 (100 images)
TPL1 | 100 matched 0 matched 0 matched
TPL2 | 0 matched 100 matched 0 matched
TPL3 | 0 matched 0 matched 100 matched

that is accurately matched with the three target points in
Fig. 17 and use template matching algorithm to get the loca-
tion of feature-point correctly [44].

The template matching algorithm is carried out as follows.

1) Make three templates for P1, P2, P3 respectively, namely
TPL1, TPL2, TPL3, as bitmap files in advance.

2) Capture the image of one target point.

3) Transformed the image to gray-scale image.

4) Transformed the gray-scale image to binary image.

5) Use the pre-made template to recognize and estimate the
X and Y coordinate values of target point in the image.

To validate the validity of the template matching algorithm,
300 images of the three target points are captured, 100 for
each. Then use the template matching algorithm to recognize
the target point in every image. Normalized squared differ-
ence method is used to find the optimum matching position,
and the threshold value is set to less than 0.2. The recognition
results are shown in Table 1, which indicate that the recog-
nition rate is 100% when using template correspond to the
target point for recognition, and no target point is recognized
when using template correspond to another target point for
recognition. In this context, template matching algorithm
is suitable for online positioning of simple rectangle shape
workpiece.

The procedure of online workpiece positioning is as fol-
lows.

1) Install the workpiece parallel to the base platform of
machining robot. Then move the robot to make {Mc } parallel
with {G}. In that case, the axis of camera is perpendicular to

100420

the base platform. Adjust the camera in Z direction of {G}
by moving the robot until it is at appropriate height to take
the picture of one corner point of the workpiece clearly and
completely. Estimate the pixel distance by use of calibration
checkerboard mentioned above, and the result is 0.02893mm
per pixel.

2) Move the camera above the three target points sequen-
tially. At every target point, capture the image and calculated
the offset values between target point and the center of image
using template matching algorithm. Move the robot accord-
ing to the offset values until the two points are aligned in
the image coordinate. The alignment error is £1 pixel due
to the movement precision of robot, which is 0.05786mm in
positioning error.

3) Records the rotation angle of robot joints and calculate
the position of camera axis in XY plane using forward kine-
matics solution of industrial robot.

C. ROBOT PATH GENERATION

As described in part B of section IV, the target point coincides
with the camera axis at XY plane of {M¢} in the workpiece
positioning procedure. In that case, target point position in
{Mc} is represented as

T
Mepyp =[00Mcz, 1] M
and in {W} is represented as
T
Wptp = [Wxtp Wytp Wth 1] 2

The target point position is transformed to {G} in two
branches of coordinate systems as

Mg L
7 T Thie Ty = ST T  py &)

where AG/IR T is transformation matrix from {Mg} to {G}; ILV[TR T
is transformation matrix from {L7} to {Mg}; ]%,ITCT is trans-
formation matrix from {M¢} to {L7}; SGT is transformation
matrix from {S} to {G}; gVT is transformation matrix from
{W}to {S}.

As described above, {Mg} coincide with {G}, and {W}
coincide with {S}, so that (3) can be reduced to

Mp L
1Tyt Ty = §T pyp )

According to the relative }L)osition and orientation between
{Mc} and {Lr} in Fig. 17, TCT can be represented as

1 0 amc
Ly 0 0
mcT = 1 dy, ®)

-10
01
00—
000 1

where ay. and dy are the X and Z coordinates of {Mc}
originin {Lz}.
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FIGURE 19. The framework of online workpiece positioning method.

In vision measurement Agl)rocess, {Mc} and {Mg} are at the
. . ®
same orientation, so that Ly T can be represented as

—1OOGxT0

Mppn | O 1 0 %p

1= 0 0—1 9%y ©
000 1

Axis Zg is parallel with axis Zg and gT can be represented
as

cosfs —sinfg 0 sto

sinfg cosfs 0O Gygo
0 0 1Y%,
0 0 0 1

(N

G
sT =

where 6 is rotational angle from {G} to {S} around axis Zg.
According to (1)-(7), (3) can be represented as

100 %y, — an, 0
010 Yy 0
001 Sz, —du | | Moz
000 1 1
cosfs —sinfs 0 GxSO Wxtp
__ | sinfs cosfs O Gyso Wytp )
1 o 0 1% || "
0 0O 0 1 1
Take the first two rows of (8) as
Wxtp cos Oy — Wytp sin fg + GxSO = MRxTO —auy, 9
w : w G, _ Mg )
Xyp sinfs + 7y cosbs + Vysy = "Ry,

The coordinates of the three target points in {W} are
(0.¥3p1,0).0,0,0), (W3, 0,0) .
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The coordinates of {Lr} origin in {Mg} when camera is
aligned with target point can be calculated using D-H method
and represented as

(MRxTol, Mryr1, MRZT01> ,
(MRxToz, MRy 102, MRZT02> ,
(MRxTO3, Mryr3, MRZT03) .
Put the three groups of coordinates into (9) and get

M M M M
Os1 = arctan 2("®x70 — "Rxpy1, T Ryro1 — T Ry12)

M, M, M, M,
052 = arctan 2("Ryg 3 — " Ry7e2, T Rxm3 — T Rx7,2)
G

G

M
Xsy =" FXT02 — aMc (10
M
¥so = " Ey192

Os = (051 + 052)/2

The cutter tip is coinciding with {Mj,} origin so its coor-
dinate in {My, } is

Mt p =[0001]" (11)
and in {W} is represented as
T
Vper = [Yrer Vyer Vaa 1] (12)

The coordinates of cutter tip can be transformed to {G} in
two branches of coordinate systems as

S TR T3 T ey = §T3, TV pey (13)

and reduced to
1.0 0 Mrxy, + ap,,
010 Mryp

00 1 MRz, — dy,,
000 1

— o O O
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@ Online Inspection

| \ i ]
Open STEP-
NC Interpreter [

\ Conc g e

—ﬂ ®) Robot Path Planning }

@ STEP-NC File

| 1S0-10303-21;

HEADER;

AND ROUND_HOLE), 1');

FILE_NAME('STEPNC_EX.STP',2022-04-18',(HU PO"),('CNC,

STDU'),S,1S0 14649'9);

FILE_SCHEMA((MACHINING_SCHEMA',MILLING_SCHEMA'));
ENDSEC;

Header |+

7

FILE_DESCRIPTION(('STEP-NC EXAMPLE',’A PART WITH POCKET

= Motorized -
Spindle H

DATA;

~

N\

#1=PROJEC T(EXECUTE EXAMPLE I'72,(74).5.5.5);
#2=WORKPLANCMAIN WORKPLAN',(#10,#11,#14),5,#3.9)
#4=WORKPIECE('SIMPLE WORKPIECE',#6,0.01,,5.5,
#6=MATERIAL(PP', PLASTIC',();
#8=SETUP(SETUP1'#71,#62,(49));
#9=WORKPIECE_SETUP(#4#74,3,3,0);

Basic data |

’

\

FT0-INSPECTION_ WORKINGSTEP(WS RAW PIECE
Working | | | POSITION.#62,#16.719.59):

Step #14=MACHINING_WORKINGSTEP(WS FINISH
CLRQCKETI @ 18,1239

#11=MACHINING_WORKINGSTEP('WS DRILL HOLE1'#62.#17.#20,$);

#16=RAWPIECE_POSITION('RAWPIECE POSITION',#4,(#19),$.#9);

Features | | #17=ROUND_HOLE(HOLEI D=6MM'#4,(#20),#81,#64,#58,8,#26);

#18=CLOSED_POCKET(POCKET1',#4,(#23),#84,#65,(),8,#27,8,5,#28);

#19=VISION_MEASUREMENT('RAWPIECE POSITION',$,$,9);
#20=DRILLING($,$,'DRILL HOLEI',10.0,8,#39,#45 #41,$.$.9,8.5.9);
#23=BOTTOM_AND_SIDE_FINISH_MILLING(S,$, FINISH
\LPOCKETI"10.0.$.#39.#52 #41.$.$.$.82.0.6.0.$.8):

Operation |-

( #241=-RAWPIECE_POSITION_RESULT(#10,#242);

Inspection | |
Result

#243=CARTESIAN_POINT(RAWPIECE POSITION',(723.43,54.564,-
238.28));

#244=DIRECTION(AXIS',(0.0,0.0,1.0));

\ #245=DIRECTION(REF_DIRECTION'(0.999.-0,009.0.0)):

#242=AXIS2_PLACEMENT_3D('RAWPIECE POSITION',#243,#244,#245);

FIGURE 20. Implementation of online inspection and machining in CLRMS.

cosfs —sinbg 0 sto W xer
sinfs cosfs 0 Cys, Y Yer
14
0 0 1% || Vi (9
0 0 0 1 1

where dy,, and ay,, are the Y and Z coordinates of {Myy}
originin {Lz}.
Take the first three rows of (14) as

M w w .
Rxry = " Xer €08 Os — " yer sinfg + sto —amy,
Mg

¥ = " xer sinfs 4+ Wy cos b5 + Oy, (15)

M w G
Reto = " zer + “zsy + duy,

Then let the bottom of cutter touch the upper surface of
workpiece, on which the Z coordinate of {W} is zero. Then
read robot joint position and calculate the Z coordinate of
{L7} origin in {Mg} by using D-H method, which is rep-
resented as M& ZTp4-
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Put Mr 2144 into (15) and get

MRxTO = ch, cos Os — Wyct sin g + sto — amy,

Mryry = Wxer sin s + Y yer cos Bs + Cys, (16)

M, w M,
Rzre = " zet + "R 2mpa

Tool paths for approaching, cutting, and retracting every
manufacturing feature are planned and generated in FCS.
Transformation matrix from {F} to {W}, namely IVDVT is
calculated by reading properties from entities in STEP-NC
file. The tool path is firstly transformed to {W} by IVVVT, then
use (16) to calculate the robot path.

V. IMPLEMENTATION AND VALIDATION

The proposed STEP-NC compliant closed-loop robot
machining system and methodology is implemented and
validated as shown in Fig. 20. The experimental platform
consists of STASUN SR7CL industrial robot, industrial cam-
era, industrial lens, ER11-48V motorized spindle with ¢6mm
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end milling cutter, and Latitude 3470 laptop with Intel Core
15-6200U CPU and NVIDIA Geforce 920M graphics card.
The open STEP-NC interpreter is developed on QT and
Visual Studio using C++. The controller of SIASUN SR7CL
industrial robot is a closed-system that cannot integrated
with STEP-NC interpreter directly. Therefore, the robot path
planning module of STEP-NC interpreter works in standalone
mode. The STEP-NC interpreter developed in this paper can
be used with industrial robot from other manufactured by
updating the postprocessor to support more kinds of robot
program language. A rectangle shape workpiece with one
round hole and one closed pocket on upper surface is designed
to be positioned and machined on CLRMS. Real-time moni-
toring is currently not implemented in this prototype platform
and will be considered in future research works. The key
entities of STEP-NC file are show in part 2 of Fig. 20. The
main workplan contains one inspection workingstep and two
machining workingsteps along with corresponding features
and operations.

The open STEP-NC interpreter reads and interprets
STEP-NC file and executes the three workingsteps in
sequence. Firstly, an inspection workingstep is executed to
determine the position and orientation of SCS in GCS by
using the approach described in part B and C of section IV.
Industrial camera and lens are installed on the ending tool of
robot to conduct the inspection task. Line #241 to #245 are
added at the end of STEP-NC file to record the inspection
results. Entity rawpiece_position_result is defined in part
B of section III is used to link the inspection results with
corresponding inspection workingstep.

Tool path for machining each manufacturing feature is
planned in FCS and transformed to MCS of robot by using
(16) in part C of section IV. The robot path is shown in part
3 of Fig. 20. Then the postprocessor generates robot control
program, which is sent to robot controller through its input
interface. The motorized spindle with end milling cutter is
installed on ending tool of robot to conduct the machining
task. The camera is temporarily dismounted during machin-
ing to avoid interference. The machining process and finished
part is shown in part 5 and 6 of Fig. 20.

Experimental result indicates that the proposed STEP-NC
compliant closed-loop robot machining system with open
STEP-NC interpreter can execute integrated robot machining
process plan contains workingstep for rawpiece positioning
and machining appropriately. The positioning results can also
be recorded and integrated with other entities by using the
STEP-NC data model designed in section III. The process
of robot path planning for a STEP-NC manufacturing fea-
ture takes only a few seconds, which greatly reduced the
machining robot programming time compared with teaching
and off-line programming method, especially in small batch
manufacturing.

VI. CONCLUSION
As described above, the architecture and methodology of
STEP-NC compliant closed-loop robot machining system
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are proposed in this paper to realize integrated bidirectional
data stream and simplify robot programming. The AAM of
CLRMS is built by using IDEFO method. There are five func-
tional activities in CLRMS namely part design (Al), inte-
grated process planning (A2), machining robot path planning
(A3), robot machining and process control (A4), and machin-
ing knowledge management (AS). The ARM of STEP-NC
data for CLRMS is defined by using both EXPRESS-G and
EXPRESS method to represent integrated robot machining
process plan, inspection data, monitoring data, machining
status data, and mechanical equipment. The newly defined
STEP-NC data model is integrated with existing data model
in ISO 14649. A framework of multi branch coordinate sys-
tems is defined in STPE-NC data model to describe the rela-
tive position and orientation between mechanical equipment
and workpiece in CLRMS. Functional activity A3 and A4
are implemented based on an open STEP-NC interpreter,
which is developed using C++- to realize online interpreting
of STEP-NC file contains entities of the proposed integrated
STEP-NC data model. An industrial camera is integrated
with the STEP-NC interpreter to determine the position of
workpiece using template matching algorithm. Tool path in
FCS is planned and transformed to robot path in MCS of
machining robot rapidly, which remarkably reduced the pro-
gramming time of robot machining. Implementation plat-
form of CLRMS is built, on which a case study of inspec-
tion and machining of a rectangle shape plastic workpiece
is conducted. The feasibility and validity of the proposed
framework and methodology of CLRMS is verified by the
experimental result.

VII. FUTURE RESEARCH

Future research works should be carried out to enhance and
optimize the proposed system. Firstly, the positional accu-
racy of industrial robot is usually limited, which should be
calibrated for compensation. However, the commonly used
laser tracking system is costly and time-consuming. In that
case, high efficiency machining robot accuracy calibration
approach based on machine vision will be investigated. Fur-
thermore, template matching algorithm may not be suitable
if the machining environment is complex and variable. More
adaptable machine vision algorithm based on deep learning
is needed for online positioning and inspection of workpiece.
Secondly, real-time monitoring of machining status and con-
trol is necessary to improve the stability of robot machining
process. The placement of sensors, real-time data processing
algorithm, and real-time adaptive control algorithm will be
studied to reduce deformation and chatter in robot machin-
ing. The data mining method for extracting the relation-
ship between robot parameters, processing parameters, and
real-time status information should also be investigated to
predict and recognize the deformation and chatter of robot.
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