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Abstract
Robots play an important role in performing operations such as welding, drilling and screwing parts in
manufacturing. Optimizing the robot arm movement time between different points is an important task
which will minimize the make-span and maximize the production rate. But robot programming is a
complex task whereby the user needs to teach and control the robot in order to perform a desired
action. In order to address the above problem, an integrated 3-dimensional (3D) simulation software
and virtual reality (VR) system is developed to simplify and speed up tasks and therefore enhance the
quality of manufacturing processes. This system has the capability to communicate, transfer, optimize
and test the data obtained from the VR and 3D environment to the real robot in a fast and efficient
manner. In addition, this system eliminates the need for robot programming, and thus it is easily
implemented by users with limited engineering knowledge. The optimization model is tested on a test
case, in which the data are extracted from the VR system. The results show an increase in production
rate and a decrease in cycle time when the make-span is minimized. The virtual reality robotic
teaching system (VRRTS) offers several benefits to users, and will therefore surpass complex and
time-intensive conventional robot programming methods.
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1. INTRODUCTION
Nowadays, with the upsurge in market competition, automated or robotic form of operations
such as welding, suction, drilling and screwing parts are increasingly required [1]. However,
the programming of the robots is an intricate and time consuming task. VR is one of the
promising technologies which can significantly simplify tasks and even eliminate robot
programming.
1.1 Robots in flexible manufacturing systems
Industrial robots are widely used in numerous flexible manufacturing systems in order to
improve efficiency and quality [2]. Robots with vastly different capabilities and specifications
are available for a wide range of applications [3]. The most typical anthropomorphic or
human like characteristic of a robot is its arm. The arm, together with the robot’s capacity to
be programmed, makes it ideally suited for a variety of production tasks, including machine
loading, spot welding, spray painting, as well as assembly of parts such as screwing and
drilling [4-6]. Flexibility and automation in assembly lines can be achieved by the use of
robots [7]. The robot can be programmed to perform a sequence of mechanical motions, and it
can perform the motion sequence repeatedly until it is reprogrammed to perform other
sequences [8, 9]. The robotic assembly line problem arises when there are different assembly
tasks to be assigned [10]. This problem involves assigning tasks based on the assembly
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sequence, operation time and robot arm movement time. Robot arm movement time refers to
the total elapsed time to move a unit of work from the beginning to the end of a physical
process. Optimizing the robot arm movement time can positively minimize the make-span
and maximize the production rate of the line [11].
1.2 Virtual reality

Virtual reality (VR) is a human-computer interface which responds in an interactive way to
the behavior of the user. VR technology can be very helpful in visualizing complicated 3D
models of parts and assemblies. Additionally, VR can be used to visualize how parts fit
together and understand their spatial interrelationships. Another application of VR involves
simulating situations where companies need to test new products, or where there are
hazardous environments which require preventing employee exposure to unnecessary risks
such as painting, screwing and drilling using the robot arm [12]. Using VR in manufacturing
applications such as layout planning, assembly line scheduling and sequencing prevents costly
mistakes in planning and building processes. The production assembly line design is an
important part of the manufacturing system design, which is closely related to the production
line equipment utilization rate, the production cycle time and the efficiency of the production
line [13].
New technologies have emerged in recent years, which enable flexible designs to be
incorporated into production assembly lines involving complicated tasks, and the system can
be simulated prior to execution of the real system. In this regard, VR is one of the main
technologies implemented in manufacturing systems. Table I shows the VR benefits in a
number of areas in the manufacturing process.
Table I: VR benefits in the manufacturing process [14].
Area
Design

Prototyping
Planning

Simulation

Training
Machining
Assemble
Inspection

Benefits

Enables the whole design team to work together in a Virtual Environment (VE).
Improves visualization of the product by allowing the user to coexist in the same environment as the
product model.
Improves interaction with the design in terms of a more intuitive model manipulation and functional
experimentation.
Significantly reduces the amount of hardware prototypes during conception, design and evaluation of new
products.
Provides a VE for innovating, testing and evaluating specific characteristics of a candidate design.
Improves the understanding of the plans and supports interdisciplinary discussions.
Allows users to interact and change the model during runtime.
Enables unskilled users to understand and participate in the planning process.
Supports technological as well as the economic modelling of diverse production planning scenarios.
Convinces the use of simulation tools.
Verifies and validates the simulation model.
Enables the user to understand the results.
Provides a VE for communicating the results.
Achieves the credibility for the simulation [15].
Duplicates an entire manufacturing process to a VE to give trainers their own factory to learn in.
Provides users with an environment to explore the outcomes of their decision without risking themselves
or their equipment.
Allows employees to practice existing and new tasks safely.
Evaluates the feasibility of a part design and selection of processing equipment.
Allows users to study the factors affecting the quality, machining time and cost based on modelling and
simulation.
Reduces design cycle time, redesign efforts and design prototypes [16].
Predicts the quality of an assembly, product cycle and costs.
Addresses assembly and disassembly verification.
Models and simulates the inspection process, and the physical and mechanical properties of the inspection
equipment.
Provides an environment for studying inspection methodologies, collision detection, inspection plan,
factors affecting the accuracy of the inspection process, etc. [17].
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This paper presents a heuristic mathematical model for determining the optimal sequence
of robot movement in order to minimize the make-span and maximize the number of
production units per day in the case of robot cells. Virtual reality technology is used to allow
the user to teach the robot in a virtual environment and make it easier and less complicated for
users.

2. METHODOLOGY
The first step of the methodology involves creating the 2D drawing using AutoCAD software.
The 2D drawing is the output of the AutoCAD software and is considered as a starting point
for the entire process [18]. The second step involves creating the 3D models based on the
above output. The models are developed using solid modelling software, which mimic the
actual set-up in the laboratory. These samples should be exported in stereolithography (ASCII)
format before loading into the 3D CAD model generator and visualization software
(ModGenSTL). The output of ModGenSTL is a file format having the extension ‘DMG’ and
Models are re-rendered using OpenGL-API. The computer graphics are not only used to
define the shape and geometry of the objects, but also to describe the spatial behavior of the
virtual objects. A database is created to store all information regarding the 3D models and the
virtual environment. This information includes the physical properties and dynamic behavior
of the models. The data from the input devices are also stored in the database [19, 20]. The
whole process is summarized in Fig. 1. Following this, the 3D models are exported into the
virtual reality system. The user may import, move and rotate the parts in the virtual
environment in order to identify the points which the robots will consider as the basic points
in real environment. The virtual software assumes that ‘parts’ are objects that are free to move
or can be gripped by the robot, whereas ‘stations’ are objects that are usually static or cannot
be gripped by the robot. The user keys in the station, unit parts and robot in the simulation
software. Fig. 2 shows the robot, part and station imported into the software.
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Figure 1: Summary of research process.
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Figure 2: Robot, part and station imported into the software.

The virtual teaching system consists of a series of objects, which can be viewed from
various positions and angles. The programmer will feel himself/ herself as part of the virtual
environment via real-time updating of stereoscopic images. The programmer works with the
virtual objects in order to complete the desired task. Therefore a physical environment for
simulation workstation is required to make the users feel, see and interact with objects in the
most natural and ergonomic position. The simulation workstation should be collocated
between the 3D view, virtual objects and the user’s hand. The user can see and interact with
the virtual objects at the same place, as shown in Fig. 3. The structure of the platform is tested
during the design stage in order to ensure that the platform is capable of supporting the weight
of the equipment such as monitor. An adjustable platform is designed to fulfill the variations
in human anatomy. The user may feel as though he or she is in a work cell with the aid of 3D
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glasses, data gloves and sensor tracker [19]. The user can show the points onto which the
robots should screw. The successful environment will be saved and loaded into the VRRTS
for robot teaching. The robot simulation system is developed based on C/C++ programming
language with OpenGL. After filtering, the new set of data is sent to the simulator. The
simulator has the capacity of real-time simulation of a virtual KUKA robot through 3D
animation of a personal computer. The user is able to control and visualize the virtual robot
through a user-friendly interface by using the mouse or keyboard. The movement of the
virtual robot can be simulated numerous times, once the filtered data has been loaded. The
user may change the viewing angle or zoom from any position according to his or her
preference.

Figure 3: Co-location workstation [19].

The processed data obtained from the VRRST is a series of arrays. An automatic robot
path generation algorithm is developed in order to generate a complete robot path based on
the processed data. The algorithm generates the intermediate teaching points within the
processed data which are required by the robot. Fig. 4 shows the virtual objects and simulated
robot workstation based on the actual laboratory set-up.

Figure 4: Virtual objects and actual laboratory set-up.

After reading each line of the processed data generated from the VR and simulation
system, the data will be converted into a text file and will be transferred to the robot
optimization travelling time algorithm in order to determine the optimum task sequence based
on the points that the robot was taught, as shown in Fig. 5. Fig. 6 shows the sequence of the
robot arm movement timein a robot cell. The dependent variables are shown in Table II.
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Figure 5: Robot travelling optimization dialog box.

The travelling salesman problem is a combinatorial problem with numerous solutions and
therefore it is deemed impossible to probe the problem by using analytical methods. The
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algorithm presents the number of target locations (N points) that can be considered for
optimization. The objective here is to perform drilling and screwing, neglecting the sequence
using the mathematical formula. Planning the robot paths is more complex than the typical
travelling salesman problem due to the fact that the problem does not merely involve the
minimization of the distance travelled. The robot arm does not have a single velocity.
Velocity is highly dependent on the type and direction of the motion, and therefore different
degrees of freedom have different acceleration, deceleration and velocity characteristics. The
velocity of the robot arm is set constant in this algorithm.
Table II: Dependent variables.
Variables
R1
R2
Vr
I
F
OPi

Description of variables
Minimum Reach of Robot Arm
Maximum Reach of Robot Arm
Velocity of Robot Arm
Start Position
Finish Position
Operation Time

 i j ( x, y, z )

Robot Movement Distance

ERT
ORT
TEU
TOU
Min δij
H

Existing Robot Arm Movement Time
Optimum Robot Arm Movement Time
Existing Total Number of Units Produced per Day
Optimum Total Number of Units Produced per Day
Minimum Robot Travelling Distance
Working Hour per Day

Pi ( x , y , z )

Part Position

Sk (k = 0, 1, ...)

Sequence

The existing robot arm movement time is determined using Eq. (1),
Vr

ERT  ( j m

 ( 
i n

TEU 

i

j

 ( x j  xi ) 2  ( y j  yi ) 2  ( z j  zi ) 2 )

n

  OPi)
i 0

(1)

ERT
H

where ERT represents the existing robot arm movement time and TEU represents the total
existing units produced per day.
The optimum robot arm movement time is determined using Eq. (2),

ORT  (

Vr

Min i n (   i j  ( xj  xi ) 2  ( yj  yi ) 2  ( zj  zi) 2 )
j m

ORT
TOU 
H

n

  OPi)
i 0

(2)

where ORT represents the optimum robot arm movement time and TOU represents the total
optimum units produced per day.
It shall be highlighted that the robot arm movement time and total number of units
produced per day are optimized based on the following criteria:
ERT < ORT
TEU < TOU
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Figure 6: Alternative sequences of robot arm movement time in a robot cell.

Figure 7: Data encoding from the 3D simulation software and transferring the data to the actual robot.
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After optimizing the task sequence of the robot traveling time, the data generated from the
VR system and optimization algorithm are transferred into the simulation software for
validation, testing and simulation. Once the user is satisfied with the optimization process in
the simulation software, the database can be translated into KUKA robot language using a
command generator or postprocessor. The commands are then sent to the actual robot for task
execution. The output commands generated by the post-processor is tested by the controller of
the KUKA robot (Model: KRC6), as shown in Fig. 7.

3. RESULTS AND DISCUSSION
The robot arm movement time optimization model is tested using a real test case which
involves a screwing process. The test is carried out using the KUKA robot (Model: KRC6)
located at the Robotics Laboratory, Faculty of Engineering, University of Malaya. The VR
system retrieves the screwing task data from the user and the data is transferred into the 3D
simulation software. The heuristic optimization tool is designed into a single package which
integrates discrete-event, geometric simulation and virtual reality environment. The software
optimizes the task sequence of the screwing points to alleviate the time of the robot’s
movement. The results show that the screwing task of the existing robot produces a total
number of 38 units per day with a total cycle time of 12.4 minutes. However, it is found that
the total number of units produced per day has increased to 43 units and the total cycle time is
reduced to 11.13 minutes upon optimization. The test case reveals an increase in production
rate and a decrease in total cycle time when the robot arm movement time optimization model
is implemented, as shown in Fig. 8.
The above test demonstrates that the RTT heuristic algorithm offers several advantages
for users as follows:
 The existing cycle time for each complete process cycle can be identified;
 The existing total number of units produced per day can be determined;
 The optimal sequence of the screwing task can be determined; and
 The robot arm movement time can be optimized, which in turn increases he total number of
units produced per day, reduces the overall cycle time and reduces robot idle time.
Furthermore, the VR system offers other benefits such as ease of supplying input data
from the VR system to the RTT model, making robot programming simpler, faster and
efficient. This eliminates the need for robot programming, which will be beneficial for users
with limited engineering knowledge. These benefits will greatly facilitate manufacturing
enterprises to meet deadlines, decrease inventories and improve efficiency of assembly
systems by optimizing the robot arm movement time.

Figure 8: Existing and optimum robot arm movement time and total number of units produced per day.
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4. CONCLUSION
In this paper, a heuristic mathematical model has been developed using VRRTS to optimize
the robot arm movement time, which minimizes make-span and maximizes the total number
of units produced per day in robot cells. In this model, the user keys in the station, unit parts
and robot into the simulation software after creating 3D files and sending them to the VR
system. The processed data generated from the VRRST creates the intermediate teaching
points within the processed data which are required by the robot. The data is converted into a
text file and transferred to the robot arm movement time optimization algorithm in order to
determine the optimum task sequence. The results produced by the VR system and the
optimization algorithm are then transferred to the simulation software for validation, testing
and simulation. The simulation data are run directly on a real KUKA robot based on a real test
case. The results show a 10.24 % decrease in cycle time and 10.27 % increase in the total
number of units produced per day. The system is presently under development in order to
improve the performance and robustness of the VR simulation system. This system will be
modified in the near future, in which scheduling and layout for robot cell optimization will be
incorporated into the system.
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