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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 theman-
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.

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

I. INTRODUCTION21

Industrial robots are widely used in welding, loading, dis-22

charge, conveying, and painting. They have also been used23

in machining processes such as grinding, polishing, drilling,24

milling, and additive manufacturing in recent years. Unlike25

machining tools, industrial robots are more flexible, cost-26

effective, and can be installed on mobile platform [1].27

The associate editor coordinating the review of this manuscript and

approving it for publication was Tao Liu .

Therefore, it is more suitable for machining large-scale and 28

complex-shape workpieces in single and small batch pro- 29

duction. However, low machining precision and complexity 30

of robot programming are the main problems to be solved 31

in robot machining [2]. Firstly, the relative position from 32

part to machining robot is changeable, especially in mobile 33

machining. In that case, inspection, calibration, and regen- 34

eration of robot program are necessary to reduce position- 35

ing error when a workpiece is newly installed [3]. Sec- 36

ondly, structure deformation and cutting chatter caused by 37
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low structural stiffness of machining robot is another main38

source of machining error. Furthermore, there is a complex39

correlation between structural stiffness of machining robot40

and its pose, making it difficult to predict and compensate41

the deformation or chatter during machining process [4].42

Therefore, to minimize the deformation of robot structure43

and ensure good machining quality, the parameters of robot44

should be considered synthetically at the stage of process45

planning. Moreover, dynamic properties such as cutting force46

and vibration in machining process should be recorded in47

real-time to monitor the machining status, and to get posture48

more suitable for machining or to reduce the chatter in robot49

machining [5], [6].50

Industrial robot manufactures usually have their own pro-51

gram formats, making the programming work complicated52

[7]. Meanwhile, robot control programs contained only tra-53

jectory of end operator and values of input and output ports.54

No high-level information, such as geometrical model of55

parts, manufacturing features, technological data, and robot56

parameters can be integrated in robot control programs. Real-57

time status information in the machining of every part is58

not recorded and associated with high-level information for59

further analysis. In this context, data model contains both60

high-level information of robot machining process and its61

real-time status is needed.62

Closed-loop machining (CLM) is a methodology for con-63

trolling the entire procedure from part design to machining,64

monitoring, and inspection based on integrating of complete65

product manufacturing information including both process66

plan data, inspection data, and real-time monitoring data to67

improve machining accuracy and lower the cost [8]. The68

first step of CLM is to integrate online inspection, real-69

time monitoring with machining. Then adjust machining pro-70

cess according to inspection results and machining status.71

STEP-NC is a new standard that describe machining pro-72

cess using object oriented method retaining all high-level73

information and its interrelationship, which is suitable for74

using in CLM to connect procedures of part design, process75

planning, machining, inspection, and monitoring by a unique76

information stream [9]. Therefore, many research works of77

CLM were based on STEP-NC standard, online inspection78

and real-time monitoring. Brecher et al. defined STEP-NC79

data model related to touch probing as draft of ISO 14649-80

16 and performed inspection tasks on CMM (Coordinate81

Measuring Machine) [10]. The inspection results are written82

into STEP-NC file as feedback to make the machining pro-83

cess closed-loop. Kumar et al. proposed a STEP-compliant84

machining process control framework, using STEP-NC to85

represent machining knowledge for further analysis [8].86

They also built a STEP-NC model for representing machine87

tool information and used ISO 14649-16 for representing88

inspection information, then using the inspection results89

for process control [11]. Zhao et al. proposed a frame-90

work of closed-loop machining based on online inspection91

and developed a STEP-NC interpreter to extract informa-92

tion of machining, inspection, and feedback [12]. They also93

proposed a STEP-NC data model for on-machine dimen- 94

sional measurement and system structure for integrated pro- 95

cess planning and feedback [13]. Wosnik et al. presented a 96

structured STEP-NC model for describing machining pro- 97

cess data and built a process chain framework to opti- 98

mize machining process [14]. Ridwan et al. proposed an 99

architecture for machining condition monitoring based on 100

STEP-NC in order to optimize feed-rate of CNC machin- 101

ing [15]. Sivakumar et al. proposed a methodology for the 102

inspection and feedback of cylindrical parts based on geo- 103

metrical data based on STEP standard to integrate various 104

stages of product lifecycle [16]. The architecture and imple- 105

mentation of closed-loopmachining system for CNCmachin- 106

ing is proposed by the first author of this paper to apply 107

on-machine inspection and process control based on an open 108

STEP-NC controller [17]. Lei et al. built a STEP-NC data 109

model for aligning and laser tracker-measuring process to 110

realize closed-loop machining of large-scale component [18]. 111

Danjou et al. proposed a closed-loopmanufacturing approach 112

focus on machining knowledge feedback based on STEP- 113

NC, which used ontology method to extract and capitalize 114

machining data for guiding future process planning [19], [20]. 115

There is no CLM system for robot machining at present. 116

STEP-NC has been used in industrial robot and robot 117

machining mainly on programming. Solvang et al. built 118

a CAM system, which generate robot machining program 119

based on STEP-NC process information [21]. Xiao et al. 120

defined a STEP-compliant Industrial Robot Data Model 121

(IRDM) for representing information of robot such as kine- 122

matic, geometric and controller and being used in robot 123

off-line programming system [22]. Minango and Ferreira 124

proposed a method for post-process of milling robot con- 125

sists of tool paths generation and kinematic algorithm [23]. 126

Zivanovic et al. developed a RoboSTEP-NC module to gen- 127

erate G codes for robot machining based on STEP-NC file 128

[24]. The robot controller system used in their research is 129

based on LinuxCNC platform, which can interpret G codes 130

directly [25]. Toqiuca et al. built a STEP-NC compliant robot 131

machining platform using PTC Creo, STEP-NC Machine 132

and machining robot with LinuxCNC controller [26], [27]. 133

In their research, kinematic parameters of machining robot 134

are modeled in XML file and input to the system along 135

with STEP format geometric model. Slakovic et al. used 136

Robot Language Converter (RLC) to extract cutter location 137

trajectory from STEP-NC file and transfer it into robot pro- 138

gramming language [28]. Alvares et al. discussed and imple- 139

mented six architectures for applying STEP-NC in robot 140

machining [29]. The key issue is to handle the information 141

in STEP-NC file and then to simulate or machine on robot 142

platform. However, the information flow of robot machining 143

based on STEP-NC in existing research works is unidirec- 144

tional and only part of information is used, so the advantage 145

of STEP-NC is not fully realized. 146

To sum up, it is a potential way to manage inte- 147

grated robot machining process information by combining 148

CLM, STEP-NC with robot machining, and further more 149
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to achieve intelligent manufacturing by comprehensive anal-150

ysis of integrated robot machining information. However,151

building a framework of robot machining system that can152

perform machining tasks intelligently and adaptively based153

on closed-loop data chain of high-level information, such154

as robot parameters, online-inspection result and real-time155

machining status, is still a problem to be solved.156

The main purpose of this study is to build a frame-157

work of machining robot system that executing machin-158

ing tasks adaptively, along with a closed-loop data stream159

integrated geometrical data of part, process plan data of160

machining, inspection, and monitoring tasks, robot and tool161

information, and status data during robot machining process.162

A Closed-Loop Robot Machining System (CLRMS) based163

on STEP-NC data model is proposed, implemented and ver-164

ified. The Application Activity Model (AAM) and Applica-165

tion Reference Model (ARM) of the proposed CLRMS are166

built using functional modeling and object-oriented approach167

respectively. An open STEP-NC interpreter supports online168

STEP-NC file interpreting is developed for the implementa-169

tion of the proposed system. The interpreter gets position of170

rawpiece by an industrial camera and generates robot path171

instantly. In this way, programming time for machining robot172

is significantly reduced.173

The rest of paper is organized as follows. Section II174

describes the AAM of STEP-NC compliant closed-loop175

robot machining system, including functional activities and176

information stream. Section III defines the ARM of inte-177

grated STEP-NC data model for closed-loop robot machin-178

ing. Section IV presents an open STEP-NC interpreter, which179

interprets STEP-NC file with no specified tool path directly180

and using an industrial camera for workpiece positioning.181

Finally, the implementation and validation of the proposed182

closed-loop robotmachining system is presented in sectionV.183

II. ARCHITECTURE AND METHODOLOGY OF184

CLOSED-LOOP ROBOT MACHINING SYSTEM185

The model of CLRMS based on STEP-NC consists of AAM186

and ARM, the former defines functional activities of the187

process and the latter defines information needed for the188

functional activities [30]. In this section, AAM of CLRMS189

is defined to illustrate the architecture and information flow190

of the closed-loop robot machining process. The ARM of191

CLRMS will be defined and discussed in section III.192

A. OVERALL STRUCTURE AND INFORMATION STREAM OF193

CLRMS194

The objective of CLRMS is controlling robot machining195

process based on machining status and inspection results.196

As show in Fig. 1, the robot machining process is divided197

into five procedures, namely part design, integrated process198

planning, machining robot path planning, robot machining199

and process control, and machining knowledge management.200

These procedures are not executed sequentially but in parallel201

and collaboratively. All the procedures can get information202

of machining status in real-time and control the process203

FIGURE 1. Closed-loop robot machining procedure and information
stream.

FIGURE 2. Top-level functional activity.

adaptively. An integrated and distributed information stream 204

based on STEP-NC standard is used to represent all data 205

in connection with machining process. Integrated means all 206

information of geometrical data of parts, integrated process 207

plan, robot and tool information, robot path and integrated 208

machining data and their relationship are formatted in a 209

consistent manner. Distributed means information collected 210

during machining of every individual part should be stored 211

separately to make the machining process traceable. 212

B. FUNCTIONAL MODEL OF CLRMS 213

The AAM of closed-loop robot machining process is built by 214

Integration DEFinition method 0 (IDEF0) for detailed analy- 215

sis. The total process and procedures are represented using 216

functional activities of IDEF0 diagram. Streams of input, 217

output, control, and mechanism are represented using four 218

groups of arrows around the functional activities. Fig. 2 is the 219

top-level functional model of closed-loop robot machining. 220

Inputs of activity A0 are rough part, and robot and tool 221

information. Outputs of activity A0 are finished part and 222

machining knowledge. Controls of activity A0 are design 223

requirement and integrated data model standard compat- 224

ible with STEP-NC. Mechanisms of activity A0 are the 225
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FIGURE 3. Functional activities and streams of CLRMS.

equipment, personnel, and other tools used in the robot226

machining process.227

Functional activity A0 is further divided into five func-228

tional activities as shown in Fig. 3. They are part design229

(A1), integrated process planning (A2), machining robot path230

planning (A3), robot machining and process control (A4),231

and machining knowledge management (A5), correspond-232

ing to the five procedures of robot machining process. The233

five functional activities are connected with arrows repre-234

senting streams of information or material used in these235

procedures. All information of robot machining process is236

collected and transferred in format of integrated data model237

standard to preserve and reuse machining knowledge. Every238

functional activity will analyze real-time information along239

with machining knowledge and adjust part design, process240

plan, robot path, and machining parameters adaptively.241

C. FUNCTIONAL ACTIVITIES IN CLRMS242

1) FUNCTIONAL ACTIVITY OF PART DESIGN243

The function of activity A1 is to design the geometric param-244

eters of part according to design requirement, usually con-245

ducted by designer on CAD platform. Machining knowledge246

from activity A5 is considered as the part design will affect 247

the manufacturability of parts. Output of this activity is geo- 248

metrical model of both rough and finished part, which is 249

represented in neutral format compatible with integrated data 250

model standard. This model contained not only the 3D model 251

such as STEP AP203 and STEP AP214 but also the material 252

of part and tolerance of every feature. This will ensure the 253

following activities to have comprehensive characteristic of 254

the object to be machined. By this way activity A2 can make 255

adjustment to geometrical data based on the actual situation in 256

order to optimize the machining process. These adjustments 257

will be inputted to activity A1 and manipulated by designer 258

manually or by CAD platform software automatically. 259

2) FUNCTIONAL ACTIVITY OF INTEGRATED PROCESS 260

PLANNING 261

Activity A2 generates integrated process plan of robot 262

machining contains machining task, online inspection, and 263

machining status monitoring task. All information is repre- 264

sented with STEP-NC compliant data model and connected 265

with geometrical data from activity A1. This procedure is 266

divided into the following steps: 267
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a) Identify and extract features to be machined and their268

tolerance items to be inspected by analyzing geometrical data269

of rough and finished parts.270

b) Determine machining and inspection operations for271

every manufacturing feature on the basis of available robot272

and other equipment.273

c) Set machining and inspection parameters for every oper-274

ation according to the characteristic of robot and tool.275

d) Select status parameters to be monitored or controlled276

during execution of machining operation.277

e) Integrate all operations and features to create a machin-278

ing, inspection, or monitoring workingstep.279

f) Arrange the sequence of machining, inspection, and280

monitoring workingsteps.281

g) Generate and output process plan of integrated robot282

machining tasks in format compatible with integrated data283

model standard.284

Machining knowledge of previous machining processes285

are considered when generating new process plan. Adjust-286

ments such as process parameters, machining or inspection287

sequence, and add or remove of workingstep are made by288

activity A3 and A4 then sent back Activity A2.289

3) FUNCTIONAL ACTIVITY OF MACHINING ROBOT PATH290

PLANNING291

Process plan outputted from activity A2 is in STEP-NC data292

standard contains high-level information without tool path or293

motion control program. Then it is read and interpreted by294

STEP-NCfile interpreter to plan robot path for controlling the295

robot. Activity A3 interprets STEP-NC file directly in online296

mode according to the real condition of machining robot and297

workpiece. The main function of activity A3 is divided into298

the following steps:299

a) Read STEP-NC file and extract workingsteps frommain300

workplan, then get machining, inspection, or monitoring301

information of every operation.302

b) Generate machining robot path in work space according303

to the location of features and process routes of workingsteps.304

c) Calculate machining robot path in joint space by inverse305

kinematic algorithm if the path contains complex curves.306

d) Machining interference is checked according to the geo-307

metrical data of manufacturing features, workpiece, robot,308

and tool in STEP-NC file, along with the online positioning309

result in order to prevent collision during machining process.310

e) Generate robot control program according to robot path311

if the robot controller only accepts programs in its own312

format.313

4) FUNCTIONAL ACTIVITY OF ROBOT MACHINING AND314

PROCESS CONTROL315

Function of activity A4 is executing robot machining pro-316

cess plan inputted from activity A2 adaptively. Machining317

status parameters, dimension error, form error, and position318

error are collected and attached with workingsteps and man-319

ufacturing features to generate the integrated and distributed320

machining information. Adjustment of machining process is321

made by analyzing the machining information in real-time. 322

The detailed function of activity A4 will be described in part 323

D of section II. 324

5) FUNCTIONAL ACTIVITY OF MACHINING KNOWLEDGE 325

MANAGEMENT 326

Function of activity A5 is storing, analyzing, and reusing all 327

information collected during machining process, then gen- 328

erating and preserving machining knowledge, which con- 329

tains bothmachining process information and its relationship. 330

Artificial intelligence algorithms such as deep convolutional 331

neural networks, Apriori algorithm, and genetic algorithm 332

can be used in this procedure to obtain machining knowledge 333

and to improve the machining quality [31], [32]. The machin- 334

ing knowledge is outputted to activity A1 to A4 as control 335

streams to guide the machining process such as generating 336

process plan, selecting machining parameters, and generating 337

robot path. 338

D. ROBOT MACHINING AND PROCESS CONTROL 339

Robot machining and process control (A4) is the core func- 340

tion of CLRMS. Its material input stream is rough part, which 341

will be processed into finished part as output stream. During 342

the machining process, activity A4 manipulates information 343

from other activities to make adjustment of process plan, 344

robot path, and process parameters in real-time according 345

to machining status and inspection result, then sends the 346

adjustment to other activities. It is divided into four collab- 347

orative functional activities as shown in figure 4, namely 348

pre-machining inspection (A41), machining and monitoring 349

(A42), online inspection (A43), and adjust machining process 350

(A44). 351

Pre-machining inspection (A41) is needed when a rough 352

part is installed on the fixture for the first time. Its purpose is 353

to get the accurate relative position and orientation between 354

machining robot and rough part. Activity A44 will adjusts the 355

part to the position determined by process plan or recalculates 356

the robot path and sends it back to activity A3. This procedure 357

is necessary owing to machining robot is usually used in 358

single and small batch production without fixture specially 359

customized for the part, or in mobile machining of large-scale 360

workpiece. 361

Function of activity A42 is getting robot path form activity 362

A3 and executing the machining, inspection, and monitoring 363

process determined in the integrated process plan. During 364

machining, sensors are installed on robot, fixture or part to get 365

machining status parameters such as force, torque, velocity, 366

acceleration, and temperature. The collected data is outputted 367

to other activities for further analysis. 368

An online inspection workingstep is added in machining 369

process plan by activity A2 during machining process plan- 370

ning stage and conducted by activity A43 in the following 371

situations: 372

1) The required precision of some manufacturing features 373

is higher than the guaranteed precision of robot machining 374

system. 375
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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-376

cess so that the position of next manufacturing feature to be377

machined is changed.378

3) The machining status parameters indicates that the error379

of previously finished manufacturing feature might be out of380

tolerance.381

Inspection tasks of case 1) and 2) are scheduled to perform382

at some critical points of integrated process plan and written383

in STEP-NC file in advance. Inspection tasks of case 3)384

are written in STEP-NC file in forms of if statements and385

added to process plan in real-time by activity A43 if needed.386

Output streams of activity A43 are inspection results of both387

in-process and finished part.388

Activity A44 has seven input streams from other activi-389

ties covering all relevant information of machining process,390

such as integrated process plan, robot path, robot and tool391

information, inspection result of part, and machining status392

data. A process controller analyzes the information compre-393

hensively to obtain the real condition of machining process394

and adjusts the machining process by optimizing cutting395

parameters or process plan in real-time. Take the procedure of396

cutting force control as an example to illustrate the function397

of activity A44 as follows.398

1) Dynamometer is installed under the workpiece or on end399

effector of robot to monitor the cutting force during machin-400

ing process. Multicomponent dynamometers that have been401

pre-encapsulated and calibrated by producer can be used402

directly, such as Kistler 9257B [33]. For self-designed cutting403

force measurement system, accurate calibration and layout404

planning of dynamometers should be conducted to assure the405

measurement accuracy [34].406

2) When the cutting force is greater than the set value, 407

which means deformation of robot and workpiece may be 408

greater than the dimensional tolerance of the manufacturing 409

feature. Then the process controller will adjust feedrate or 410

cutting speed in real-time to reduce cutting force. 411

3) After the machining workingstep, A44 will send a 412

request to A43 to add an online inspection workingstep to 413

examine the actual error. 414

4) After the newly added inspection workingstep, A44 will 415

send a request to A2 to add a new machining workingstep to 416

fix the part if the error is repairable, or to abandon the part if 417

the error cannot be fixed. 418

III. STEP-NC DATA MODEL FOR CLOSED-LOOP ROBOT 419

MACHINING 420

A. INTEGRATED ROBOT MACHINING DATA MODEL BASED 421

ON STEP-NC STANDARD 422

Data model integrating complete machining process infor- 423

mation is the basis of closed-loop robot machining. In this 424

section, the ARM of integrated robot machining data is built 425

based on STEP-NC standard, which uses high-level infor- 426

mation to describe machining process and supports bidirec- 427

tional data transmission between any sections of the robot 428

manufacturing system. Several extensions are made using the 429

descriptionmethod defined in STEP-NC standard to cover the 430

whole closed-loop robot machining process. The overall data 431

model structure contains both original STEP-NC standard 432

and its extensions are illustrated in Fig. 5. All extensions are 433

defined by EXPRESS and EXPRESS-G method and can be 434

integrated seamlessly with other STEP-NC data model [35]. 435
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FIGURE 5. STEP-NC data model for closed-loop robot machining.

As discussed in section II, the information stream should436

contain the following types of information:437

1) GEOMETRICAL DATA438

In conventional manufacturing system, geometrical data439

means 3D model of finished part in universal data format440

such as STEP and IGES. This does not meet the requirement441

of CLRMS as the manufacturing features and their tolerances442

are ignored. In ISO-14649, geometrical data is represented as443

manufacturing features, such as planar_face, closed_pocket,444

round_hole, and so on, while the location, shape, dimension,445

and tolerance of manufacturing features are described by446

their properties [36]. In this context, data model in published447

STEP-NC standards are sufficient for CLRMS, so that this448

part of data model is directly referenced from ISO-14649 part449

10 [36].450

2) ROBOT MACHINING PROCESS PLAN451

This part of data model is the core data of current STEP-452

NC standard, which describes machining process by using453

entity project and its properties. The most significant prop- 454

erty of project is its main_workplan representing by using 455

entity workplan and its property its_elements, which contains 456

one or several executables such as workingstep, nc_function, 457

and program_structure. At present, most machining process 458

information ofmilling and turning are already defined in ISO- 459

14649 part 11 and 12, and can be directly referenced to build 460

robot machining process plan data model [37], [38]. How- 461

ever, data model for machining status monitoring and online 462

inspection are not defined in ISO-14649 or other compliant 463

STEP standards. Therefore, a group of entities are newly 464

defined and integrated with existing ISO-14649 data model. 465

3) ROBOT AND TOOL INFORMATION 466

This part of data model describes the characteristic of robot, 467

tool, inspection equipment, sensor, and other accessories of 468

industrial robot. ISO-14649 part 111 and 121 defines data 469

model for milling cutting tools and turning cutting tools, 470

which can be directly referenced [39], [40]. However, other 471
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equipment used in CLRMS are not included in STEP-NC472

standard. In that case, data model of industrial robot, inspec-473

tion device, industrial camera, machine tool, and sensor are474

defined and integrated with existing ISO-14649 data model.475

4) ROBOT PATH476

In CLRMS, robot path generated by path planning system is477

not only used to control the robot, but also used to calculate478

the posture and speed of robot according predict potential479

problems such as deformation, excessive joint velocity and480

singularity. So, it is necessary for robot machining process481

controller to read and store robot path especially position and482

velocity of every joint in STEP-NC files. Therefore, entity483

robot_joint_positon is defined and integrated in STEP-NC484

data model.485

5) REAL-TIME MACHINING DATA486

Real-time machining data such as cutting force, cutting487

speed, federate, and cutting accelerate are collected dur-488

ing robot machining process. As introduced above, posi-489

tion, velocity, and acceleration of joints contained in entity490

robot_joint_positon are also included, along with joint torque491

and force. Therefore, entities for representing these data are492

defined and integrated in STEP-NC data model.493

B. STEP-NC DATA MODEL FOR ONLINE INSPECTION AND494

REAL-TIME MONITORING495

Inspection and monitoring are necessary to improve the qual-496

ity of finished parts and efficiency of machining process497

in robot machining owing to low stiffness and accuracy of498

robot. Three types of workingstep are defined in ISO-14649499

part 10 namely machining_workingstep, rapid_movement500

and touch_probing [36]. However, entity touch_probing501

describes process of workpiece probing, workpiece complete502

probing and, tool probing by low-level information without503

inspection result. Furthermore, there is no data model for504

real-time robot machining status monitoring. In that case,505

two types of workingstep namely inspection_workingstep506

and monitoring_workingstep are newly defined by using507

EXPRESS method, along with entity inspection_result,508

which is used to preserve results of inspection_workingstep.509

Entity inspection_workingstep contains information of510

online inspection, such as inspection feature, operation and511

position of workpiece. The EXPRESS definition is shown512

in Fig. 6. Entities related to inspection workingstep are513

also defined as shown in Fig. 7. Entity inspection_feature514

describes what to be inspected, while inspection_operation515

describes its inspection method. The results are recorded516

in entity inspection_result, which is linked to inspec-517

tion workingstep. Entity rawpiece_position derived from518

inspection_feature, entity vision_measurement derived from519

inspection_operation, and entity rawpiece_position_result520

derived from inspection_result are defined to describe work-521

piece positioning process using machine vision method.522

Entity monitoring_workingstep describes the real-time523

monitoring process during robot machining, including the524

FIGURE 6. Definition of inspection_workingstep.

FIGURE 7. Definition of online inspection.

FIGURE 8. Definition of monitoring_workingstep.

corresponding machining workingstep, items to be moni- 525

tored, equipment, technology, and functions. The EXPRESS 526

definition is shown in Fig. 8. Entity monitoring_item is 527

an abstract super type of realtime_status_monitoring, more 528

items would be defined base on this super type in the future. 529

In this paper, three real-time monitoring items as shown in 530

Fig. 9 are defined as subtype of realtime_status_monitoring, 531

namely robot_joint_position_monitoring, end_effector_ 532

acceleration_monitoring, and end_effector_force_monitoring. 533

C. STEP-NC DATA MODEL FOR MECHANICAL EQUIPMENT 534

IN CLRMS 535

Process control of robot machining system is more complex 536

than machine tool, so that an abstract super type mechani- 537

cal_equipment and several subtypes are defined to describe 538
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FIGURE 9. Definition of monitoring_item.

FIGURE 10. Definition of mechanical_equipment.

information of various types of equipment, which should be539

considered in both process planning stage and machining540

stage. The EXPRESS definition is shown in Fig. 10. If the541

equipment is installed separately, property its_base should542

not be defined. If the equipment is installed on another equip-543

ment, property its_base should be defined. At the meantime,544

property its_placement should also be defined to describe545

the position of the equipment in coordinate system of kine-546

matic_link defined by property its_base.547

A four-level hierarchical coordinate systems namely548

machine coordinate system (MCS), setup coordinate system549

(SCS), workpiece coordinate system (WCS), and feature550

coordinate system (FCS) are defined in ISO-14649 Part10551

to determine the location of workpiece and manufacturing552

feature [36]. In this system, fixture, workpiece, and cutting553

tool are usually installed on the table of machine tool so that554

MCS can be treated as base coordinate system. Butmachining555

robot has no fixed table while the robot itself can be mobile.556

Furthermore, other equipment such as inspection devices and557

sensors may not be installed on the robot structure. In this558

context, the four-level hierarchical coordinate systems in 559

ISO-14649 are insufficient to describe the relative position of 560

equipment in CLRMS. In this paper, a multi branch frame of 561

coordinate systems for robot machining are designed as show 562

in Fig. 11. The Setup-Workpiece-Feature chain coordinate 563

systems is no longer described in MCS but in a newly defined 564

global coordinate system (GCS), in which machine coordi- 565

nate system (MCS) and its link coordinate systems (LCS) of 566

more than one equipment can be defined in separate chains. 567

MCS of the equipment can also be defined in MCS or LCS 568

of another equipment on which it is installed. For example, 569

the MCS of end effector is usually defined in LCS of the last 570

joint of industrial robot. 571

Entity machine_setup which describesMCS of mechanical 572

equipment is defined as shown in Fig. 12. Property mechani- 573

cal_equipment describes which equipment theMCS is related 574

to. Property its_origin defined the MCS of mechanical equip- 575

ment in GCS or in MCS of another mechanical equipment, 576

depends on the related mechanical_equipment is installed 577

separately or on another equipment. This entity should not be 578

used if the mechanical equipment is installed on a movable 579

part of another equipment. 580

Entitymechanism and entity kinematic_link are referenced 581

from ISO-10303 Part 105 to describe kinematic structure of 582

machining robot [33]. However, these two entities cannot 583

describe D-H parameters of machining robot. In that case, 584

new data model of industrial robot integrating D-H parame- 585

ters, dynamic parameters, and stiffness parameters is defined 586

as shown in Fig. 13. Entity link_parameter describes D-H 587

parameters of industrial robot using the first four properties 588

to represent distance and rotation angle between adjacent 589

joints. Property its_type represents type of joint, which can 590

be revolute or prismatic. 591

Data model for machine vision system is defined as shown 592

in Fig. 14. Entity inspection_device is super type of all 593

inspection devices such as vision measuring system, indus- 594

trial camera, and lens. Entity vision_measuring_system has 595

one or more industrial cameras is used to perform vision mea- 596

surement tasks in robot machining. Entity industrial_camera 597

and industrial_lens and their sub types are used to describe 598

parameters of camera and lens in vision measuring system. 599

D. STEP-NC DATA MODEL FOR ROBOT MACHINING 600

STATUS 601

Entity machining_status and its subtype realtime_machining 602

_status is defined for recording real-time machining status 603

data in robot machining process. The EXPRESS definition is 604

shown in Fig. 15. Its property linked machining status data 605

with corresponding monitoring workingstep. Time domain 606

data of machining status is saved as separate data file owing 607

to its large data volume. Property data_storage indicates the 608

storage location of data file. Only characteristic values of 609

real-time machining status data such as average force, aver- 610

age acceleration, and average velocity are saved in STEP- 611

NC file. Three entities are defined for recording force and 612
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FIGURE 11. Coordinate systems in CLRMS.

FIGURE 12. Definition of machine_setup.

FIGURE 13. Definition of industrial robot and its parameters.

acceleration of robot end effector, along with position of613

joints in real-time during machining process.614

IV. OPEN STEP-NC INTERPRETER AND ONLINE615

INSPECTION616

A. OPEN STEP-NC INTERPRETER FOR CLRMS617

The overall architecture of the proposed CLRMS is pre-618

sented in Fig. 16. Software platform consist of CAD software619

FIGURE 14. Definition of inspection device.

platform, CAPP software platform, open STEP-NC inter- 620

preter, and machining knowledge management system. Hard- 621

ware platform consist of machining robot, machine vision 622

system and hardware interface. Programming interface con- 623

nects software with hardware. CAD software platform cor- 624

responds to functional activity A1 in section II generates 625

geometrical model of machined part and transfers it to CAPP 626

software platform.AnyCAD softwarewith function of geom- 627

etry modeling can be used in CLRMS to accomplish this task. 628

CAPP software platform corresponds to functional activ- 629

ity A2 in section II generates machining process plan inte- 630

grates geometrical information of machined part, mechanical 631

equipment in robot machining system, machining working- 632

step, inspection workingstep, and monitoring workingstep 633
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FIGURE 15. Definition of machining status.

in a unified data stream by using data model described in634

section III. Machining knowledge management system is635

a database storing and analyzing the information of robot636

machining process.637

The implementation work of this paper is focused on638

activity A3 and A4 described in section II. Activity A3 can639

be implemented as an individual system or integrated with640

activity A4. In this paper, an open STEP-NC interpreter641

integrating activity A3 and A4 is proposed and developed642

for robot machining to form a high-level machining robot643

controller. The proposed STEP-NC interpreter can read the644

STEP-NC file and control the machining process adaptively.645

The software kernel of the proposed open STEP-NC inter-646

preter consists of five software modules as described below.647

1) Human machine interface (HMI) module is an input648

and output interface. Its main function is to read and edit649

STEP-NC file, display vision captured by camera and other650

information of robot machining process.651

2) STEP-NC interpreting module is the most important652

part of open STEP-NC interpreter. Core functions such as653

parsing STEP-NC file and mapping it to internal data format,654

checking syntax and logic errors, and generating tool path are655

conducted by this module.656

3) Robot path planning module deals with kinemat- 657

ics calculation and velocity planning problems to generate 658

robot path in Cartesian space or joint space. This mod- 659

ule has two types of implementation mode, namely inte- 660

grated mode and standalone mode. Integrated mode means 661

the STEP-NC interpreter is integrated with an open robot 662

controller with software interfaces and can control the servo 663

drivers directly. Standalone mode means the robot controller 664

is a closed-system that can only accept program of native 665

language. A postprocessor specially developed for the robot 666

controller is needed if this module works in the latter mode. 667

4) Online inspection module communicates with machine 668

vision system through hardware interface such as USB port 669

and Ethernet port to capture image of workpiece. Then the 670

images are processed to measure the shape, dimension, posi- 671

tion, and surface roughness. Inspection results are saved in 672

STEP-NC file and analyzed for adjusting robot machining 673

process. 674

5) Real-time monitoring module communicates with sen- 675

sors through hardware interface such as USB port, serial port, 676

and data acquisition card to record real-time robot machining 677

status data. The collected data is analyzed by using artifi- 678

cial intelligence algorithms to determine the robot machin- 679

ing condition and adjust machining parameters adaptively in 680

real-time to get better machining quality. 681

B. ONLINE WORKPIECE POSITIONING BASED ON 682

MACHINE VISION 683

The proposed STEP-NC interpreter can generate tool path in 684

FCS of every manufacturing feature. Then the robot path is 685

generated based on tool path in FCS and relative position and 686

orientation between coordinate systems in robot machining 687

system. However, the location of workpiece is usually not 688

fixed in robot machining, so that online workpiece position- 689

ing is needed when a new workpiece is to be machined. 690

In this paper, machine visionmethod is used to get the relative 691

position between workpiece and machining robot. 692

The coordinate systems of CLRMS in this paper is shown 693

in Fig. 17. A rectangle shape workpiece clamped on a flat 694

plier which is parallel to the base of machining robot is took 695

as an example to illustrate the process of online workpiece 696

positioning. The top left corner, bottom left corner, and bot- 697

tom right corner of the workpiece, namely P1, P2, and P3 are 698

selected as target points for online workpiece positioning. 699

There are two branches of coordinate systems in the imple- 700

mentation platform of this paper. The first branch is machin- 701

ing robot and its end effectors. The second branch is fixture 702

and workpiece. In the first branch, MSC of machining robot 703

{MR} is coincide with GCS {G}. LCS of 6 joints and ending 704

tool {LT } are linked in series. Industrial camera for online 705

workpiece positioning and motorized spindle with cutting 706

tool for machining are installed on the ending tool of robot. 707

Therefore, MCS of both mechanical equipment {MC} and 708

{MM} are defined in {LT }. In the second branch, SCS {S} 709

is set at the fixture on platform and WCS {W} is coincide 710

with {S}. FCS {F} of every manufacturing feature is defined 711
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FIGURE 16. Architecture of closed-loop robot machining system based on STEP-NC.

FIGURE 17. Coordinate systems of machining robot and workpiece.

in {W} by entities in STEP-NC file. The relative location712

and orientation between {S} and {G} should be determined713

before generating robot path.714

The industrial camera (MV-SUA2000M-T, MindVision) 715

and lens (MV-LD-16-10M-J, MindVision) are firstly cali- 716

brated using the Zhang’s method to get the intrinsic parame- 717

ters [42]. The camera is black-and-white with the resolution 718

of 5488×3672. In total, 20 images of a checkerboard with 719

12×9 squares from different angles are captured for calibra- 720

tion. Part of the images are shown in Fig. 18. The calibration 721

results are 722

fx = 7023.0002, fy = 7023.2098, u0 = 2757.6177, 723

v0 = = 1767.1936, k1 = −0.07221, k2 = 0.04745, 724

p1 = −7.8641× 10−4, p2 = −4.9523× 10−4. 725

The method of online workpiece positioning is shown in 726

Fig. 19. Compared with deep learning method that needs 727

training of a large amount of samples, template match- 728

ing algorithm has low computational complexity and good 729

robustness and is widely used in feature recognition and local- 730

ization [43]. The characteristics of rectangle shape workpiece 731

used in this paper is clear and distinguishable. Furthermore, 732

the shape and dimension of workpiece and the machining 733

environment is usually known in advance, and the axis of 734

camera is perpendicular to the upper planner of workpiece 735

during positioning process, which makes the characteristic 736

more markedly and leads to more accurate measurement 737

results. In this context, it is practicable to make a template 738
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FIGURE 18. Part of images used for camera calibration.

TABLE 1. Recognition results of template matching algorithm.

that is accurately matched with the three target points in739

Fig. 17 and use template matching algorithm to get the loca-740

tion of feature-point correctly [44].741

The template matching algorithm is carried out as follows.742

1)Make three templates for P1, P2, P3 respectively, namely743

TPL1, TPL2, TPL3, as bitmap files in advance.744

2) Capture the image of one target point.745

3) Transformed the image to gray-scale image.746

4) Transformed the gray-scale image to binary image.747

5) Use the pre-made template to recognize and estimate the748

X and Y coordinate values of target point in the image.749

To validate the validity of the template matching algorithm,750

300 images of the three target points are captured, 100 for751

each. Then use the template matching algorithm to recognize752

the target point in every image. Normalized squared differ-753

ence method is used to find the optimum matching position,754

and the threshold value is set to less than 0.2. The recognition755

results are shown in Table 1, which indicate that the recog-756

nition rate is 100% when using template correspond to the757

target point for recognition, and no target point is recognized758

when using template correspond to another target point for759

recognition. In this context, template matching algorithm760

is suitable for online positioning of simple rectangle shape761

workpiece.762

The procedure of online workpiece positioning is as fol-763

lows.764

1) Install the workpiece parallel to the base platform of765

machining robot. Thenmove the robot to make {MC} parallel766

with {G}. In that case, the axis of camera is perpendicular to767

the base platform. Adjust the camera in Z direction of {G} 768

by moving the robot until it is at appropriate height to take 769

the picture of one corner point of the workpiece clearly and 770

completely. Estimate the pixel distance by use of calibration 771

checkerboard mentioned above, and the result is 0.02893mm 772

per pixel. 773

2) Move the camera above the three target points sequen- 774

tially. At every target point, capture the image and calculated 775

the offset values between target point and the center of image 776

using template matching algorithm. Move the robot accord- 777

ing to the offset values until the two points are aligned in 778

the image coordinate. The alignment error is ±1 pixel due 779

to the movement precision of robot, which is 0.05786mm in 780

positioning error. 781

3) Records the rotation angle of robot joints and calculate 782

the position of camera axis in XY plane using forward kine- 783

matics solution of industrial robot. 784

C. ROBOT PATH GENERATION 785

As described in part B of section IV, the target point coincides 786

with the camera axis at XY plane of {MC} in the workpiece 787

positioning procedure. In that case, target point position in 788

{MC} is represented as 789

MC ptp =
[
0 0 MC ztp 1

]T (1) 790

and in {W} is represented as 791

W ptp =
[
W xtp W ytp W ztp 1

]T (2) 792

The target point position is transformed to {G} in two 793

branches of coordinate systems as 794

G
MR
TMR
LT T

LT
MC
TMC ptp = G

S T
S
WT

W ptp (3) 795

where GMR
T is transformation matrix from {MR} to {G};

MR
LT T 796

is transformation matrix from {LT } to {MR};
LT
MC
T is trans- 797

formation matrix from {MC} to {LT }; GS T is transformation 798

matrix from {S} to {G}; SWT is transformation matrix from 799

{W} to {S}. 800

As described above, {MR} coincide with {G}, and {W} 801

coincide with {S}, so that (3) can be reduced to 802

MR
LT T

LT
MC
TMC ptp = G

S T
W ptp (4) 803

According to the relative position and orientation between 804

{MC} and {LT } in Fig. 17, LTMC
T can be represented as 805

LT
MC
T =


−1 0 0 aMC

0 1 0 0
0 0 −1 dMC

0 0 0 1

 (5) 806

where aMC and dMC are the X and Z coordinates of {MC} 807

origin in {LT }. 808
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FIGURE 19. The framework of online workpiece positioning method.

In vision measurement process, {MC} and {MR} are at the809

same orientation, so that MR
LT T can be represented as810

MR
LT T =


−1 0 0 GxT0
0 1 0 GyT0
0 0 −1 GzT0
0 0 0 1

 (6)811

Axis ZS is parallel with axis ZG and G
S T can be represented812

as813

G
S T =


cos θS − sin θS 0 GxS0
sin θS cos θS 0 GyS0
0 0 1 GzS0
0 0 0 1

 (7)814

where θS is rotational angle from {G} to {S} around axis ZG.815

According to (1)-(7), (3) can be represented as816 
1 0 0 GxT0 − aMC

0 1 0 GyT0
0 0 1 GzT0 − dMC

0 0 0 1




0
0

MC ztp
1

817

=


cos θS − sin θS 0 GxS0
sin θS cos θS 0 GyS0
0 0 1 GzS0
0 0 0 1



W xtp
W ytp
W ztp
1

 (8)818

Take the first two rows of (8) as819 {
W xtp cos θS − W ytp sin θS + GxS0 =

MRxT0 − aMc
W xtp sin θS + W ytp cos θS + GyS0 =

MRyT0
(9)820

The coordinates of the three target points in {W} are821 (
0,W ytp1, 0

)
, (0, 0, 0) ,

(
W xtp3, 0, 0

)
.822

The coordinates of {LT } origin in {MR} when camera is 823

aligned with target point can be calculated using D-Hmethod 824

and represented as 825(
MRxT01,

MRyT01,
MRzT01

)
, 826(

MRxT02,
MRyT02,

MRzT02
)
, 827(

MRxT03,
MRyT03,

MRzT03
)
. 828

Put the three groups of coordinates into (9) and get 829

θS1 = arctan 2(MRxT02 −
MRxT01,

MRyT01 −
MRyT02)

θS2 = arctan 2(MRyT03 −
MRyT02,

MRxT03 −
MRxT02)

GxS0 =
MRxT02 − aMC

GyS0 =
MRyT02

θS = (θS1 + θS2)/2

(10) 830

The cutter tip is coinciding with {MM} origin so its coor- 831

dinate in {MM} is 832

MM pct =
[
0 0 0 1

]T (11) 833

and in {W} is represented as 834

W pct =
[
W xct W yct W zct 1

]T (12) 835

The coordinates of cutter tip can be transformed to {G} in 836

two branches of coordinate systems as 837

G
MR
TMR
LT T

LT
MM

TMM pct = G
S T

S
WT

W pct (13) 838

and reduced to 839
1 0 0 MRxT0 + aMM

0 1 0 MRyT0
0 0 1 MRzT0 − dMM

0 0 0 1



0
0
0
1

 840
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FIGURE 20. Implementation of online inspection and machining in CLRMS.

=


cos θS − sin θS 0 GxS0
sin θS cos θS 0 GyS0
0 0 1 GzS0
0 0 0 1



W xct
W yct
W zct
1

 (14)841

where dMM and aMM are the Y and Z coordinates of {MM}842

origin in {LT }.843

Take the first three rows of (14) as844 
MRxT0 =

W xct cos θS − W yct sin θS + GxS0 − aMM
MRyT0 =

W xct sin θS + W yct cos θS + GyS0
MRzT0 =

W zct + GzS0 + dMM

(15)845

Then let the bottom of cutter touch the upper surface of846

workpiece, on which the Z coordinate of {W} is zero. Then847

read robot joint position and calculate the Z coordinate of848

{LT } origin in {MR} by using D-H method, which is rep-849

resented as MRzT04.850

Put MRzT04 into (15) and get 851
MRxT0 =

W xct cos θS − W yct sin θS + GxS0 − aMM
MRyT0 =

W xct sin θS + W yct cos θS + GyS0
MRzT0 =

W zct + MRzT04

(16) 852

Tool paths for approaching, cutting, and retracting every 853

manufacturing feature are planned and generated in FCS. 854

Transformation matrix from {F} to {W}, namely W
F T is 855

calculated by reading properties from entities in STEP-NC 856

file. The tool path is firstly transformed to {W} by W
F T , then 857

use (16) to calculate the robot path. 858

V. IMPLEMENTATION AND VALIDATION 859

The proposed STEP-NC compliant closed-loop robot 860

machining system and methodology is implemented and 861

validated as shown in Fig. 20. The experimental platform 862

consists of SIASUN SR7CL industrial robot, industrial cam- 863

era, industrial lens, ER11-48Vmotorized spindle with φ6mm 864
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end milling cutter, and Latitude 3470 laptop with Intel Core865

i5-6200U CPU and NVIDIA Geforce 920M graphics card.866

The open STEP-NC interpreter is developed on QT and867

Visual Studio using C++. The controller of SIASUN SR7CL868

industrial robot is a closed-system that cannot integrated869

with STEP-NC interpreter directly. Therefore, the robot path870

planningmodule of STEP-NC interpreter works in standalone871

mode. The STEP-NC interpreter developed in this paper can872

be used with industrial robot from other manufactured by873

updating the postprocessor to support more kinds of robot874

program language. A rectangle shape workpiece with one875

round hole and one closed pocket on upper surface is designed876

to be positioned and machined on CLRMS. Real-time moni-877

toring is currently not implemented in this prototype platform878

and will be considered in future research works. The key879

entities of STEP-NC file are show in part 2 of Fig. 20. The880

main workplan contains one inspection workingstep and two881

machining workingsteps along with corresponding features882

and operations.883

The open STEP-NC interpreter reads and interprets884

STEP-NC file and executes the three workingsteps in885

sequence. Firstly, an inspection workingstep is executed to886

determine the position and orientation of SCS in GCS by887

using the approach described in part B and C of section IV.888

Industrial camera and lens are installed on the ending tool of889

robot to conduct the inspection task. Line #241 to #245 are890

added at the end of STEP-NC file to record the inspection891

results. Entity rawpiece_position_result is defined in part892

B of section III is used to link the inspection results with893

corresponding inspection workingstep.894

Tool path for machining each manufacturing feature is895

planned in FCS and transformed to MCS of robot by using896

(16) in part C of section IV. The robot path is shown in part897

3 of Fig. 20. Then the postprocessor generates robot control898

program, which is sent to robot controller through its input899

interface. The motorized spindle with end milling cutter is900

installed on ending tool of robot to conduct the machining901

task. The camera is temporarily dismounted during machin-902

ing to avoid interference. Themachining process and finished903

part is shown in part 5 and 6 of Fig. 20.904

Experimental result indicates that the proposed STEP-NC905

compliant closed-loop robot machining system with open906

STEP-NC interpreter can execute integrated robot machining907

process plan contains workingstep for rawpiece positioning908

and machining appropriately. The positioning results can also909

be recorded and integrated with other entities by using the910

STEP-NC data model designed in section III. The process911

of robot path planning for a STEP-NC manufacturing fea-912

ture takes only a few seconds, which greatly reduced the913

machining robot programming time compared with teaching914

and off-line programming method, especially in small batch915

manufacturing.916

VI. CONCLUSION917

As described above, the architecture and methodology of918

STEP-NC compliant closed-loop robot machining system919

are proposed in this paper to realize integrated bidirectional 920

data stream and simplify robot programming. The AAM of 921

CLRMS is built by using IDEF0 method. There are five func- 922

tional activities in CLRMS namely part design (A1), inte- 923

grated process planning (A2), machining robot path planning 924

(A3), robot machining and process control (A4), and machin- 925

ing knowledge management (A5). The ARM of STEP-NC 926

data for CLRMS is defined by using both EXPRESS-G and 927

EXPRESS method to represent integrated robot machining 928

process plan, inspection data, monitoring data, machining 929

status data, and mechanical equipment. The newly defined 930

STEP-NC data model is integrated with existing data model 931

in ISO 14649. A framework of multi branch coordinate sys- 932

tems is defined in STPE-NC data model to describe the rela- 933

tive position and orientation between mechanical equipment 934

and workpiece in CLRMS. Functional activity A3 and A4 935

are implemented based on an open STEP-NC interpreter, 936

which is developed using C++ to realize online interpreting 937

of STEP-NC file contains entities of the proposed integrated 938

STEP-NC data model. An industrial camera is integrated 939

with the STEP-NC interpreter to determine the position of 940

workpiece using template matching algorithm. Tool path in 941

FCS is planned and transformed to robot path in MCS of 942

machining robot rapidly, which remarkably reduced the pro- 943

gramming time of robot machining. Implementation plat- 944

form of CLRMS is built, on which a case study of inspec- 945

tion and machining of a rectangle shape plastic workpiece 946

is conducted. The feasibility and validity of the proposed 947

framework and methodology of CLRMS is verified by the 948

experimental result. 949

VII. FUTURE RESEARCH 950

Future research works should be carried out to enhance and 951

optimize the proposed system. Firstly, the positional accu- 952

racy of industrial robot is usually limited, which should be 953

calibrated for compensation. However, the commonly used 954

laser tracking system is costly and time-consuming. In that 955

case, high efficiency machining robot accuracy calibration 956

approach based on machine vision will be investigated. Fur- 957

thermore, template matching algorithm may not be suitable 958

if the machining environment is complex and variable. More 959

adaptable machine vision algorithm based on deep learning 960

is needed for online positioning and inspection of workpiece. 961

Secondly, real-time monitoring of machining status and con- 962

trol is necessary to improve the stability of robot machining 963

process. The placement of sensors, real-time data processing 964

algorithm, and real-time adaptive control algorithm will be 965

studied to reduce deformation and chatter in robot machin- 966

ing. The data mining method for extracting the relation- 967

ship between robot parameters, processing parameters, and 968

real-time status information should also be investigated to 969

predict and recognize the deformation and chatter of robot. 970
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