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In our research we examine and use 3D representation of industrial processes, for example the novel
methods of Incremental Sheet Forming. We also test 3D imaging methods on our industrial robot solving
the Rubik’s Cube. We have created 3D models of our robots and their environment in our laboratory to
examine the behavior of different industrial processes both in the real, and in the 3D virtual
environment. We have connected the 3D model with the real system with which we could extend the
features of our robots with some services that exits in the virtual space. We have also established
synchronized connections of the real and virtual systems, which enables us to control the real robots and
machines from its 3D model via the Internet.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The importance of modeling and simulation is rather high in
most industrial processes. Simulation and animation can provide
not only numerical, but visual information about the behavior and
performance of existing systems, with which experiments can be
expensive or dangerous (e.g., nuclear power plants), and about
systems which do not yet exist (just under planning). Traditional
2D animation systems cannot provide the accurate and detailed
information that customers expect today, therefore 3D simulation
and animation methods in virtual and augmented reality systems
[1,2] became more and more popular, besides regular simulation.

Due to the rapid development of the graphical modeling tools,
accurate modeling of complex systems became feasible. More
advanced models require more sophisticated three dimensional
(3D) rendering, that can supply the most realistic feeling in virtual
environment. As a consequence of the advanced 3D technology
considering both input and output devices, there is an increasing
need for creating 3D models.

Powerful PCs, graphic cards, and software tools make spatial
representation of 3D models possible, as well as taking the process
time of the model into consideration, the operation of dynamic 3D
models is available, too. Using the information highway for
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accessing these three dimensional services, state of the art
applications can be created on the Internet, too.

Utilizing the above mentioned trends we are going to create
three-dimensional dynamic representation of some industrial
processes in a virtual reality environment, where the real and
visualized components have direct and synchronized connection
with each other, in order to extend the features of the real
components with the ability and services of the virtual elements.
In this way we can connect virtual elements with their counterpart
in the real system, as well as we can add new features to the real
components that exist only in the cyberspace (like control with
special methods).

In this sense the problem that we are going to solve in this
research concerns on one hand three-dimensional modeling, and on
the other hand concerns distributed collaborative systems. We do
not only want to create three-dimensional models, and place them
in the cyberspace, but we want to operate the virtual elements in the
collaborative environment synchronized with the real system.

2. Some studies on virtual 3D environments and collaborative
systems

One of the most wide spread state of the art 3D simulation
software is RoboLogix 3], that can be used for teaching and testing
the functions of the modeled robot. The robot and the surrounding
environment can be modeled together. Running the RoboLogix
program we can examine the robot, we can walk around it, and we
can test different control algorithms. The simulation program takes
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the working zone of the robot into account to check and avoid
collisions. RoboLogix is effective in testing and teaching, but there
is no physical connection between the real and the modeled
system. Therefore the control of the real system via the model is
not possible.

Another interesting effort is the Simbad Project [4], that is a 3D
robot simulator for scientific and educational purposes. It provides
3D visualization, single- or multi-robot simulation, and many
different built-in sensors (like vision, range, contact) are available,
too. Simbad enables programmers to design the robot and its
environment, to write the robot controller, and to use the available
sensors. In Simbad controlling the real system from its model is not
possible.

Several other systems are devoted to 3D visualization by loosely
or fundamentally integrating 3D visualization components, as e.g.,
RT-Middleware [5], and ROS (Robot Operating System) [6].

The above discussed tools can be used for visualization of
sensual and environmental information, kinematic, dynamic and
sensor simulation. However none of them utilizes the possibilities
of the virtual 3D space in an extensive manner. If we want to use
more features (like cooperation of the components) of the virtual
three-dimensional space, we have to take into account the classical
collaborative environments, too.

One of the most popular collaborative environments is Open
Cobalt [7], which is a multi-platform fully customizable advanced
simulation system. The user can setup virtual workspaces for
custom animation, where the models can be created by open
source authoring tools (e.g., Google SketchUp, Blender) and can be
shared with other users. The applied three-dimensional multime-
dia wiki technology makes it easy to create deeply collaborative
and hyperlinked multi-user virtual workspaces, where the users
can interact with others using voice or text chat. Cobalt supports
collaborative data visualization, virtual learning and problem
solving environments.

Open Wonderland [8] is another collaborative environment with
which we can create interactive, multi-user simulation system, or
collaborative business applications. It is an open source Java toolkit
for developing collaborative three-dimensional virtual worlds. In
the virtual environments users can communicate with each other
using immersive audio, or shared desktop applications. Open
Wonderland is fully extensible, developers and graphic designers
can extend its functionality to create entirely new worlds and add
new features to existing worlds. Virtual content can be created
with open source graphical tools.

The Virtual Collaboration Arena (VirCA) [9], developed by the
Cognitive Informatics Group of our Institute is a component based,
distributed, interactive virtual reality manager system for
connecting virtual and real environments, displaying and
manipulating their devices, and realizing distributed, interactive
collaboration. In this virtual reality environment, there are
representations of virtual and real devices, as well as static and
dynamic virtual objects, to which simulation and animation can
be applied. The single components of VirCA communicate
according to the RT-Middleware [5] standard through typified
ports with each other. Devices and services in VirCA that are far
from each other can be connected through the Internet, hereby the
costs and time of the development of the given application can be
reduced. That way, VirCA provides the realization of knowledge
plug‘n’play, the boost of the connection between different
researches and developments. The user of VirCA can observe
and manipulate the different, usually distant virtual and real
physical devices together. With the help of the virtual objects, the
cooperation of such real devices far from each other can be tested
without development of a simulator, the transport or purchase of
which would be complicated and expensive otherwise, so VirCA is
an efficient test environment, too. VirCA is suitable not only to

model and control but also to monitor the different industrial
processes from different places in 3D space. The first applications
of VirCA proved its capabilities (see [10]).

Since our goal is not just to model and visualize our robots in a
3D virtual reality environment, but to synchronize the model with
the real, operating robot, as well as control real robotic systems
from the virtual world of their model, even by means of remote
control via the Internet, the VirCA system seems to be the best
selection among the studied 3D visualization and collaborative
environments. This way our 3D models become dynamic and alive
in the cyberspace, and we can synchronize the real manufacturing
activity with the virtual processes for test, training and remote
control purposes. None of the above discussed environments,
except VirCA can provide all the functions we need.

3. Experiments with real processes

We have selected some industrial processes with which we can
make experiments in a virtual world and in a real environment. In
our first tests we have examined the different parameters (e.g., size
and form of the tool, depth, speed) of Incremental Sheet Forming
(see below). The accuracy of the model could be tested by the
parallel and synchronized operation of the virtual and the real
environment.

Our second test bed was the solving of the Rubik’s Cube by our
industrial robot. It is not a typical industrial process, but the
methods of synchronized control are rather similar, with which we
could test our system, especially the precise movements of the
robot.

3.1. Incremental Sheet Forming (ISF)

Recent rapid prototyping techniques, as Stereo Lithography,
Laminated Object Manufacturing, Selective Laser Sintering, Fused
Deposition Modeling, Solid Ground Curing and 3-D Ink-Jet Printing
can hardly be used to produce metal or plastic sheet parts.

Incremental Sheet Forming (ISF) [11] is a 3D shaping process of
sheet metals based on a series of small localized deformations,
created by a forming tool with a spherical head which is mounted
on a CNC milling machine or on an industrial robot. In the recent
years the process is tested also on polymer sheets and sandwich
structures. In all cases the starting point of the process is the 3D
CAD model from which the tool path calculation (post processing)
is done by a CAM program.

ISF is a relatively cheap and fast procedure to make one-o-f-a-
kind production (OKP), or rapid prototyping. These applications
would be very expensive with the traditional pressing die-sheet-
die structure, as die production requires a lot of time, energy and
money. On the other hand fast sheet production or OKP is often
necessary. The automotive, aeronautic and space industry [12] are
interested in this new sheet forming technique, and experimental
applications in medical aid manufacturing are also promising [13].

Dealing with ISF we have tested two different configurations. In
the first configuration we used a small robot and a small milling
machine for ISF, while in the second configuration we used a real
industrial robot. Another interesting application was when our
industrial robot solved the Rubik’s Cube.

3.1.1. ISF experiments with a small robot and milling machine

We have set up an experimental two-machine-based environ-
ment for testing the principles of Single Point Incremental Forming
(see Fig. 1), where a hot air gun fixed on a small (Mitsubishi RM
501) robot can synchronously be moved along with the
incremental forming tool mounted on a 2.5D Rieckhoff milling
machine [14]. Heat is applied on the opposite side of the plastic
sheet.
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Industrial Robot with warm |
air heating equipment

with forming tool

Fig. 1. Set-up of Single Point Incremental Forming (see movie in Multimedia
Component 1).

As both the robot and the milling machine used in this
experiment are more than 10 years old, their controllers were
changed recently. They have the same LinuxCNC, which is a free
and powerful machine controller based on the NIST Enhanced
Machine Controller software [15]. In both controllers the default
LinuxCNC configuration (liveCD) was used together with their
Ubuntu Linux based operating system and the real time Linux
patch called RTAI [16].

3.1.2. Incremental Sheet Forming with an industrial robot

In the recently established robot laboratory in MTA SZTAKI [17]
an industrial robot (Fanuc S-430iF) has been set up, which has 6
degrees of freedom, it is able to lift up 130 kg, and has a ~2.5m
horizontal reach. With this industrial robot we have set and proved
some of the process parameters (forming speed: 100 mm/s, tool
diameter: 10 mm, incremental depth with Z-level tool path: 1 mm)
of the ISF (see Fig. 2). We allowed a maximum forming force of
~700 N with a JR3 force-torque sensor (type 45E15A-U760-D)
mounted between the robot and the tool holder by forming a half
hard 0.5 mm thick AA 1070 Aluminum sheet with a size of
500 mm x 500 mm. The desired geometry was a truncated-
pyramid with wall angle 45° in the first experiments, now we
can produce more complex objects due to software purchase and
development.

3.2. Rubik’s Cube
3.2.1. Theoretical background

Rubik’s Cube is a three dimensional mechanical puzzle game,
where each six faces of the cube is divided by nine squares (3 x 3)

Fig. 2. ISF with Fanuc robot (see 2D movie in Multimedia Component 2 or side by
side 3D movie in Multimedia Component 3).

Fig. 3. Rubik’s Cube.

and covered by six different colors - one color per side (see Fig. 3).
These cubes are fixed to each other in a way, that one or two layers
of cubes can be turned around a central spindle by 90, 180 or 270
degrees. There are 8 cubes (on the corners) with 3-3 colored
surfaces, 12 have 2 colors each, there is one little cube in the very
middle with no visible surfaces, and the rest 6 (on the middle of the
6 surfaces) have one-one different colored surface. A special pivot
mechanism makes possible to turn the sides of the cube
independently.

The start position of the game is a mixture of colors on the
sides, while in the goal position each side must consist of one of
the six colors. Solving the cube needs 3D vision and compre-
hension not only on the surface of the cube, but in the inside of
it, as well.

Theoretically we can place the first corner of the cube to 8
places in 3 positions, the second corner to 7 places in 3 positions,
etc. That is 8138, Considering the edges, the first edge of the cube
can be placed to 12 different points in 2 positions, the second one
into 11 places in 2 positions, etc. That is 121*2'2. If we take into
account only those combinations, from which the cube can be
solved, then the last corner should not be turned around (divide by
3), and the last two edges should be sited in certain place and
certain position (divide by 2*2). This way the total number of
possible patterns from which the cube can be solved is
81%37%121%210 = 43 252 003 274 489 856 000 ~ 4.3*10'° [18].

3.2.2. Solving the Rubik’s Cube with industrial robot

Solving the Rubik’s Cube with our industrial robot was a great
challenge, in spite of the fact that there are several similar
applications. Most of the Rubik’s Cube solver robots are dedicated
to this special task, with special gripping and turning methods (see
e.g., [19]) or on the other hand there are general, but even very
efficient applications, like the world’s fastest cube solver using
Lego’s Mindstorm NXT powered by a Samsung Galaxy S II (see
[20]). There are existing solutions with industrial robots, too, see
e.g., [21] or [22].

We wanted to test the precise movements, acceleration,
retardation, change of direction of our robot, so for these purposes
solving the Rubik’s Cube seemed to be an ideal application. The
solving algorithm was developed by the author of [19], while
the mechanical extension and actual moves of the robot
were developed in our laboratory. Our industrial robot can solve
the Rubik’s Cube from any start position in maximum 21 steps
(see Fig. 4).
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'l ' 7.

Fig. 4. Solving the Rubik’s Cube (see 2D movie in Multimedia Component 4 or side
by side 3D movie in Multimedia Component 5).

4. 3D modeling of industrial processes in the cyber space
4.1. 3D representation

3D rendering is available today not only for special devices, but
for TV sets, for desktop and notebook computers, too. There are
several methods for 3D representation, let us have a look at the
most wide-spread techniques, especially at those that we used in
our research.

Most of the techniques are based on producing two offset
images, one for the left and one for the right eye. The two images
represent two perspectives of the same view with the deviation as
the two eyes can see it. The viewer technology of these images can
be basically passive or active. The cheapest passive technology is
the so called anaglyph method [23], where special glasses — in most
of the cases with red and cyan filters in front of the left and right
eyes respectively should be used, and the color modulated content
will arrive dedicated to the left or right eye, which results 3D image
in the brain. It does not require special monitor, or active devices,
just very cheap, usually paper framed glasses. Viewing side-by-
side images on active or passive monitors [24]| requires special
software that puts the images together and either filters the image
to the left and right eye, or controls the active 3D glasses that
separate the images and causing 3D feeling.

Animated GIF image can also produce 3D-like feeling, where the
image to the left eye, and to the right eye alters each other in a
certain speed. The human brain can put the image together and see
it as a slightly vibrating 3D object. The main advantage of this
method is that it does not require any special equipment for

displaying the 3D image. In the rendering of our 3D models we use
both the red-cyan and active stereoscopic technique supported by
VirCA while in our 3D webpages (http://3dweb.hu) [25], where we
have published some results of this research and development, all
the above mentioned methods of 3D rendering are applied.

4.2. Elements of the 3D environment

The 3D elements (see for example Figs. 5 and 6) and their
environment in our models have been created and finalized in
Google SketchUp 8 [26]. Some of the original 3D visual components
have been created in other graphic modeler programs (e.g.,
SolidWorks, Solid Edge) using different file formats (e.g., IGES) that
have been imported to Google SketchUp. In some cases Autodesk
3ds Max has been used for transforming original files to 3DS format
that has been imported to Google SketchUp, too.

Since the graphic engine of the applied collaborative environ-
ment (VirCA) is Ogre [27], therefore the visual components of the
models have been supplied in Ogre (mesh and material files)
format. The mesh and material files have been exported from
Google SketchUp, using “SketchUp to Ogre Exporter” plug-in.

For all the components an individual cyber device object has
been created keeping their original scale, as they were exported
from Google SketchUp. In most of the cases the original
orientations of the components were also kept, but in the case
of the robot, the orientation of its components has been set up to
the required angles.

5. Synchronized operation of the real system and its 3D model

In order to establish the synchronized operation of the real and
virtual system we had to set up an information system that
consists of three different elements:

o the 3D virtual collaborative environment implemented in VirCA,

e so-called cyber devices in the virtual environment that are
representing the real objects,

¢ and those real objects that have IT parts in the real world (like
controller of the robot).

As the VirCA environment uses the RT-Middleware [5] to
communicate with the external real devices, a special Network
Interface Unit (NIU) has to be developed to communicate with the
machine controller.

The controller sends its status and — when it is moving regularly
- the actual joint coordinates and program line number to the

Fig. 5. 3D Model of the Mitsubishi Robot and Rieckhoff milling machine (see 3D files in Multimedia Component 10).
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Fig. 6. Model of the Fanuc Robot and its environment (see 3D files in Multimedia
Component 11).

virtual world, while it gets commands (start, stop, program
selection, reset etc.) from the cyberspace.

In the two-machine-based environment (see chapter 3.1.1)
both machines have LinuxCNC controllers. The simplest solution
was chosen that ensured that no controller software modification
was needed while it has some rather complex, but poorly
documented key elements. The LinuxCNC can be configured to
run a telnet-based server that allows external clients to remote
control the machine via a so-called emcrsh protocol. So the emcRTC
NIU has an RTM connection toward the VirCA world, and an emcrsh
connection to reach the controller (Fig. 7). Via this protocol a wide
range cooperation could be defined between the controller and the
cyber device. The solution is general so the same NIU is used for the
robot and for the milling machine.

S. Kopdcsi et al. / Computers in Industry 64 (2013) 1282-1289
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Fig. 7. Connecting LinuxCNC to the VirCA through emcRTC NIU.

Fig. 8 shows the structure of the system of the two-machine-
based ISF application, since the industrial solution is rather similar.
In this structure each box represents a separate program. They are
connected to each other based on the Corba naming service that
manages them. The bottom box represents the VirCA system
that has connections with four different cyber devices (two
manufacturing machines, the actual workpiece, and the process
itself) using Internet Communications Engine (ICE) interface [28].
They send visual data to the VirCA system, and get the commands
of the user. The other two boxes without direct VirCA connections
represent the network interface units that couple the two physical
machine controllers to the system.

When these application specific programs want to exchange
data with each other and not with the VirCA system, they are using

Corba Naming service [cis.coginfo.sztaki.hu]

ISF

Controller
{isf2.cd}

Lo

> RTM data port

3 Axis Milling Mitsubishi Robot
Machine RTC > RTC
{rh3mill.emc} {rm501.emc}
ISF Workpiece
Cyber Device
isfplate.cd
s {isfplate.cd)
Mitsubishi Robot
. Cyber Device
Legend: {rm501.cd}

B RTM senice port
I VIrCAICE interface
VPN connection

| [

3 Axis Milling Machine
Cyber Device
{rh3mill.cd}

VirCA Core Component {Windows}

Fig. 8. System architecture.
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Fig. 9. The operation of the model synchronized with the real system (see full video in Multimedia Component 6).

Fig. 10. Synchronized operation of the Fanuc robot and its model (see video in Multimedia Component 7).

different ports of the RT-Middleware communication. The nature
of the communication assigns which data and service ports are
used for a certain information sharing.

The second ISF application (see chapter 3.1.1) using a Fanuc
robot has been realized with the same structure by leaving out
the RTC (RT-Middleware Component) and the Cyber Device of the
milling machine.

A special web based tool [29] supports the connection of
the different programs with the proper interfaces, and starts
(activates) the whole system via the Internet. It controls the states
and connections of all the affected components, which might be
available even from different parts of the world. There is a living
connection between the real machine controllers and their cyber
devices.

The VirCA environment allows us to be in a virtual space, and
interact with it knowing that all the actions will be also done in
the real environment. This way several parameters, as well as the
model of the industrial process can be examined both in the virtual
and in the real system (Fig. 9).

We had to develop another NIU to connect the Fanuc robot to
the VirCA using the serial port of the robot to exchange data. A
Karel-based program [30] is running in the robot controller that is
able to get motion commands from the NIU, to execute these
commands and to send back continuously the actual coordinates of
the joints (see Fig. 10).

After the successful tests of the synchronized operation of the
model and real Fanuc robot, we performed the Incremental Sheet
Forming (see video in Multimedia Component 8) and Rubik’s Cube
solving (see video in Multimedia Component 9) in parallel in the
virtual and in the real system in a synchronized way.

6. Performance evaluation of the proposed method

Evaluating the performance of the proposed system we can
state, that the connection and synchronization of the real
components were much easier through the virtual cyber space,
than it would have been using direct connection of the available
real interfaces.

Theoretically (e.g., [31]) there are exact ways to run robots and
machine tools in synchronized mode, however, in practice, it is
worth avoiding the modification of the controller kernel. So even in
cases of two machines it is better to take into consideration the
available external communication interfaces of the controllers and
find a way to synchronize the motions via them.

The external software connected to both machine controllers
can provide the synchronization. It requires no modification inside
the controllers. A simple strategy is that none of them can move
further till the other does not reach the corresponding position.
The strategy is good enough if the movements are sufficiently
small. While the external interfaces are used to connect to
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the virtual environment, it was an obvious option to establish
the synchronization through the virtual environment, while these
connections have already existed. According to our qualitative
estimation, the synchronization within the virtual world is about
5% slower than without it, using dedicated software.

Comparing our approach with other methods described in
Section 2 we can state that using the collaborative VirCA
environment we could easier and faster add new features (like
voice control) to the real system, that existed in the virtual
environment only.

7. Conclusions

A challenging manufacturing process (ISF), a 3D puzzle
(Rubik’s Cube) and the operation of their dynamic 3D models in
the virtual collaborative environments of VirCA have been
introduced in this paper. In case of both configurations (two-
machine-based and industrial-robot-based) of ISF, as well as of
the Rubik’s Cube VirCA helped not only in the integration of the
components, and in adding new features to them, but in their
synchronized operation, as well.

We made our robot systems more intelligent by using
sensors coming from the game industry (as e.g., Kinect [32] and
Wii controller [33]), with which we can control the real system
through its virtual counterpart. By controlling the virtual robot
in the cyberspace, that is connected and synchronized with the
real one, we can control the real robot via the Internet even from
a far place. This way tele-presence and tele-operation tasks can
be performed, too. The system provides the possibility to extend
the user communication in a more effective way than ever
before.

In our solution we realized that industrial processes should be
managed logically as normal objects. Applying the 3D representa-
tion of the abstract process as a certain component of the
environment, the user senses it as other objects in the room. In this
way the real machines and the abstract manufacturing processes
have similar potential actions that the user can apply (e.g., choose
part, setup, release, start, stop).

Based on our results we used our 3D visualization and
synchronized control experiments on other fields of industry, as
well, like for visualization of multifunctional furniture.

The main conclusion is that the connection of real industrial
processes and their three-dimensional virtual system provides
faster planning, easier system integration, and more reliable
operation and control, than the currently known methods. With
our system we could establish a very efficient synchronized
operation of a virtual and a real system.
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