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Abstract —  This paper presents a design of a compact heavy duty robot for automated CNC loading and unloading process control. 
The robot can load up to 165kg and complete motion control and positioning with high accuracy.    The design has been carried out 
in several modules including mechanical parts, electronic parts, control system, and programming. It brings several innovations 
such as high loading capacity and accuracy, optimized arm structure for torque reduction, advanced interface and programming. 
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I. INTRODUCTION 

In recent years, with intensified market competition and 
rise of labor costs, demands of industrial robots and 
automated equipment have been continuously increasing at 
an annual rate of 15% to 35% for domestic enterprises. At 
present, the international manufacturing center is being 
transferred to China. Using information technology to lead 
industrialization and promoting high-tech transformation of 
traditional industries have become crucial for the 
development of China's industry. Currently the number of 
robots per 10,000 workers in China's manufacturing industry 
is 23-25, which is lower than the global average of 58 units 
[1], whilst fully domestic robot concentration is only 30%. 
More cost-effective robot products that can adapt to the local 
market structure have broad prospects. 

XT165 modular industrial robot is part of the project of 
intelligent CNC machine management and control system, 
which is cooperated by Liaocheng Xintai Machine Tool Co., 
Ltd. and Harbin Institute of Technology (HIT). The project 
includes: autonomous navigation transport unit, modular 
robot unit, intelligent CNC machine unit, and monitoring and 
control unit. This study relates to the modular robot unit 
under this comprehensive project. 

II. THE CONCEPT OF INTELLIGENT CNC MANAGEMENT 

AND CONTROL SYSTEM 

Using robot in CNC machining has also been studied 
elsewhere but not on large scales [2]. The CNC machine 
control system in this project includes: autonomous 
navigation (AGV) transport unit, modular robot unit, 
intelligent CNC machine tool unit, process monitoring unit 
and control unit. The control unit takes the industrial 
computer as the hardware platform, the management 
information system integrated information platform as the 
software, acts as the host computer and takes responsibilities 
for the overall scheduling of other units. The AGV transport 

unit, modular robot unit and intelligent numerical control 
unit have integrated or external control module that 
communicates through the I/O interface, receives control 
signals of the control module according to the 
communication protocol, and executes the demands. The 
hardware of the process monitoring unit is a field level 
controller, and the sensor is connected to other units to 
perform real-time monitoring of the operation process, 
record the relevant statistical data, control quality, and 
communicate with the control unit. The block diagram is 
shown in Fig.1.  

 
Figure 1.  Structure of the CNC management and control system 

The work process of the above system is: a) feed three-
dimensional model diagrams of the mechanical parts to be 
processed into the control unit, b) extract process parameters 
within the control unit, c) determine the work piece amount 
and type, d) coordinate intelligent CNC machine unit, the 
modular robot unit XT165 and the AGV transport unit, e) 
carry out scheduled working process. The AGV transport 
unit receives the command signal to arrive the specified 
position, and the robot XT165 carries the machine tool 
fixtures and perform raw material loading. 



CHONG WANG et al: MODULAR DESIGN OF A COMPACT HEAVY DUTY ROBOT FOR AN INTELLIGENT CNC .. 

DOI 10.5013/IJSSST.a.17.32.45                                             45.2                              ISSN: 1473-804x online, 1473-8031 print 

The AGV transport unit moves to the specified position 
according to demand, the robot carries and assembles the 
fixture and loads raw materials according to instructions, and 
the CNC then carries out machining process according to 
requirements in the diagrams. After machining process, the 
robot unloads the work piece, and the AGV ships out the 
finished products. During the entire process of transportation, 
handling and machining, the monitoring unit uses field level 
sensors to gather information, coordinate with the real-time 
management software and feed signals through the control 
unit. The management and control software carries out 
statistical analysis of relevant data gathered during the whole 
process, and raise alarms if any problems occur. 

 

III. ROBOT DEVELOPMENT PROGRAM AND TECHNICAL 

CHARACTERISTICS 

A. Design Principle 

Based on the modularization design concept, the robot 
system is divided into functional modules with independent 
functions. A modular framework of robot architecture is 
proposed, which is divided into four functional components: 
mechanical, control, drive and sensing. Each functional 
component is connected with the host computer through the 
middleware and the communication bus and integrated. The 
XT165 robot requires high precision as well as high 
management and production levels. The production process 
is divided into two parts: mechanical assembly and electrical 
assembly.  
 

B. Parts production process 

The production process has been carried out within the 
company to produce major parts of the robot, while some 
other standard parts were purchased from third party 
suppliers. The project team implemented comprehensive 
structural design, following reviews in the field [3-5], and 
carried out precision machining of key work pieces and 
major casting raw materials were outsourcing. Installation 
and commissioning were completed by the assembly 
personnel, with machinery and electrical parts purchased 
from other manufacturers and managed according to process 
requirements. 

 
1）Machining and assembly processes of robot parts 
① The electronic control system, including relays, 

transformers, contactors, button switches, control circuit 
boards, drive circuit boards, circuit boards, etc have been out 
sourced from qualified suppliers through procurement, 
assembled in accordance with industrial standards. 

② Standard parts such as bearings, motors, gears, etc 
were purchased from identified qualified suppliers according 
to the design technical data to fit the model specifications. 

③ Mechanical parts of the key components such as the 
wrist, wrist connection body, small arm, three-axle base, arm, 
waist, base, balance cylinder and other mechanical parts 
were independently manufactured to the highest quality in  

the machining workshop. An example manufacturing process 
of the wrist body can be described below: 

Casting forming → cleaning → rough surface machining 
→ rough finishing → precise finishing of assembly surfaces 
→ finishing hole → grinding positioning holes. 

④ Parts painting and coating were finished according to 
technical requirements of the drawings of the parts after 
surface treatment. 

⑤ Mechanical parts assembly for major devices such as 
the base and waist turning parts, balance cylinder parts, 
forearm components, wrist components, etc have been 
completed in accordance with strict standards. An example 
J1-axis assembly is shown in Fig.2 

 

 
Figure 2.  Assembly of the J1 axle 

⑥  Electrical parts assembly involves welding, 
installation and connection of electrical control cabinet, air 
plug, circuit boards, teaching boxes, industrial cabinets, etc 
in accordance with technical requirements. Fig. 2 represents 
the physical map of parts within the internal control cabinet. 

 
Figure 3.  Electrical control cabinet 

⑦ Robot assembly, commissioning and running include 
connecting the mechanical components and motors, reducer 
assembly together to complete the machine assembly in 
accordance with the product assembly process, and then 
combine with electrical parts of the robot assembly as shown 
in Fig.3, and finally complete debugging and testing in 
accordance with product requirements. 
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Figure 4.  Schematic diagram of the XT165 robot assembly 

2）Work process of main robot components 
①  Raw materials including steel plate, round steel, 

shaped steel and other materials, and raw materials such as 
cast iron, cast steel, etc were purchased from qualified 
suppliers through procurement after strict inspection. 

② Heat treatment such as quenching and aging treatment 
were carried out by the company to complete the production 
of key components.  

③  Machining, including rough machining, semi-
finishing, finishing and other processes rely on the use of 
lathes, milling machines, boring machines, drilling machines, 
machining centers for machining, to drawings standards. 

④ Finishing process includes the removal of impurities 
and oil, deburring and so on. 

 

C. Robot Control System 

The overall framework of the control system is as follows 
 

 
Figure 5.  XT165 electrical control system 

 The control system uses the mainstream configuration 
of the robot industry and mainstream technologies. 

 Portable teaching box, a good human-computer 
interaction interface with commonly used functions, is 
included in the system. 

 The robot is designed with security features that can 
perform fault diagnosis and prompt errors. 

 A network communication interface is included and it 
is easy to transfer program 

 Online teaching and off-line coding can be performed 
based on a common programming environment.  

 Automatic/manual/teaching mode switch functions 
have been included in the system. 

 The robot cooperates with CNC machining system to 
meet technical requirements and qualities. 

 
① The overall structure 
The robot software system is divided into two parts: the 

human-computer interaction interface and the motion 
controller. The human-computer interaction interface mainly 
completes the system setting, programming and operation 
functions of the robot. It adopts the embedded software 
programming and the Wince operating system. The motion 
controller mainly completes the movement of the robot, logic 
control and algorithm functions, based on the usage of 
PMAC card control and programming language. The 
electronic control system is shown in Fig.10. 

 
Figure 6.  Detailed electrical control system diagram 

② Human-machine interactive interface 
The upper computer uses Wince system, which is 

compact and highly accurate in terms of real-time 
performance, may be coded according to the users’ needs. 
The human-computer interaction interface was developed in 
VS2005 that is effective for embedded system and 
application software development [6].  

The human-computer interaction system function 
consists of five parts including programming, data 
processing, I/O setup, configuration and motion control. The 
graphical programming design process has been carried out 
for each individual module. Demonstration of the software 
blocks for each module is shown in Fig.7. 
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Figure 7.  Software modules 

③ Safety circuit part 
A safety circuit has been designed to ensure security and 

reliability. The functionalities have been developed on a 
safety circuit board and its main functions include: 

 Power management circuit 
 Servo enabling switches and general stop controls. 
 Devices to implement local and external emergency 

stops. 
 Devices to process operation mode selection. 
 The control cabinet access, external safety devices for 

security doors, safety grating, photoelectric switch, etc. 
 Reserved I/O ports for extra processing. 
 State detection including protection of over voltage, 

over current, overheating and accidental power loss. 
 Detection and alarm for backup battery status, servo 

fault, motor overload. 
 Encoder and safety I/O signal and fault detection. 
 Temperature and cooling fan status monitoring. 
 Motor brake control. 

 
④ Teaching box configuration 

The teaching box is a major part of the human-computer 
interface, mainly includes the display unit (output), keyboard 
processing and transmission unit (input). The switch signal 
transmission unit consists of three parts and its structure and 
the real figure are as shown in Fig.8. 

 

 
Figure 8.  The teaching control box 

D. Robot functional parameters 

The functional parameters of the XT165 robot are 
given in Table 1. 

TABLE I.  XT165 TECHNICAL SPECIFICATIONS 

Item Characteristics 

Control Axis 6 axis 

Repeated positioning accuracy ±0.02mm 

Horizontal travel range 1000mm-20000mm 

Vertical travel range 200mm-3000mm 

Horizontal maximum speed 3000mm/s 

Vertical maximum speed 1000mm/s 

Largest radius of motion 3.1m 

Largest wrist load 165Kg 

Noise <80dB 

Maximum speed per axle J1-2-3 90°/s 

J4-5-6 130°/s 

Maximum range per axle J1 ±180° 

J2 +76°~ -60° 

J3 +210°~ -80°

J4 ±180° 

J5 ±120° 

J6 ±360° 

 

IV. INNOVATION AND MATURITY ANALYSIS 

XT165 industrial robot has been designed with a compact 
mechanical structure, using AC servo motor to drive. The 
control system is based on IPC and motion control card 
structure, which can be easily programmed through a 
teaching box. The repeated positioning accuracy is up to ± 
0.3mm [7-10]. The safety and reliability are high, with 
mechanical limit, electrical limit, software protection and 
other functions. 

The robot has been specially designed for CNC material 
handling and work piece loading/unloading processes, able 
to reduce the scrap rate and product costs, improve machine 
utilization, and reduce the misuse of workers caused by risk 
of defective parts. Its specific features are as follows: 
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① The scope of work. 
The figure below shows a map of XT165 industrial robot 

work space, which can be more intuitive to reflect the scope 
of the robot's work. 
 

 
Figure 9.  XT165 spacial range of operation 

②  Robot wrist design is reasonable, and effectively 
improves the overall structural balance of the robot. 

The wrist adopts a long-distance drive, and the heavy and 
large motor is mounted on the arm away from the wrist, not 
only can reduce the overall weight of the wrist, but also 
improves the balance of the overall structure of the robot. 
The layout of wrist component is shown in below Fig.10. 

 
Figure 10.  The structural diagram of the wrist 

③  XT165 industrial robot is a 6-DOF robot and can 
complete complex actions. 

XT165 industrial robot can be equipped with welding 
hand grasp to perform complex arc surface welding 
operations due to the advantages of six degrees of freedom. 
The actual robot work scene is shown in Fig.11. 

④ Carrying capacity is high 
XT165 industrial robot can effectively load up to 165kg 

of weight, which is relatively high in either domestic or 
international market. 

⑤ High accuracy positioning 
Following actual measurement, the robot repeated 

positioning accuracy can reach +/- 0.2 mm, which is rare for 
industrial robots that can carry weight up to 165kg. 

 

 
Figure 11.  Actual XT165 prototype 

V. APPLICATION OF ROBOT IN THE CNC MANAGEMENT 

AND CONTROL SYSTEM  

The robot based CNC machine control system uses 
multi-sensor information technology, automatic control, PLC, 
and numerical control technologies, in conjunction with 
man-machine interface devices and interactive technology, 
monitoring technology, communication technology and 
intelligent motion control technology to construct flexible 
production lines to achieve the automation of CNC machine 
tools and materials handling.  

This system design replaces the CNC operator to 
complete materials handling and perform automated 
processing of various parts, which not only improves 
production efficiency and ensure product quality, but also 
enhances the management level. 

The following diagram Fig.12 describes the processing of 
10 kilograms of small brake disc parts and illustrates the 
loading and unloading process of the CNC control system. 
Each machining process takes no less than 60 seconds. In 
order to use one robot to serve two CNC machines, the 
process must be finished within 30 seconds on each machine. 
The diagram demonstrates that the process can be completed 
around 25 seconds on one machine, which satisfy the above 
requirement. 

 
Figure 12.  Work processures of loading/unloading one CNC machine 
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VI. CONCLUSION AND FURTHER WORK 

 
A compact heavy duty robot XT165 has been 

successfully developed. This design fills the gaps in the 
region of industrial robots and specially adapts to automated 
CNC system. It improves the level of industrial robot 
development in China and receives national development 
support, with the following innovations. 

    1) The design of the robot controller has an open 
structure and the ability to integrate a variety of external 
sensors, and provide backup electrical interface, user-
friendly function expansion, secondary system development 
and integration. 

    2) Based on the modularization design, the robot system 
is divided into functional modules. A modular framework of 
robot architecture is proposed, which is divided into four 
functional components: mechanical, control, drive and 
sensing. Each functional component is connected with the 
host computer through the middleware and the data bus and 
integrated. 

    3) The mechanical structure has been optimized to 
improve the carrying capacity. The robot needs to bear high 
torque, so that the weight and size are relatively large. In 
order to improve the carrying capacity, the structure of the 
robot has been specially designed, for example, the 5th axis 
and 6th axis motors are placed behind the arm, which reduces 
the structural size and weight of the wrist and improves the 
carrying capacity of the robot. 

   4) A method of robot body calibration and error 
compensation is proposed. In order to improve the absolute 
positioning precision of the robot, the absolute positioning 
precision of the system has been analyzed and compensated 
by means of testing instruments, such as the error of the 
structural parameters and the motion variables, and the 
modified kinematics model is used to reflect the real robot 
more truly. The zero positing error is combined with the 
inverse kinematics of the robot to solve the error of the joint 
angle, which makes the positioning datum more accurate. 

In the future, the project team will continue to intensify 
the transformation and achieve serialization of this robot 
family. At the same time, it will further improve the 
processing technology and reduce the production cost, to 

provide a robot with high-quality, high-efficiency and high-
precision to the domestic and overseas markets.  
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